Diversitat genomica a les

poblacions del nord d’Africa

Elena Bosch Fusté
2000



Diposit legal: B.24348-2003
|SBN: 84-688-2285-X



Departament de Ciencies Experimentals

I de la Salut (en constitucio)

UNIVERSITAT POMPEU FABRA

Diversitat genomica a les

poblacions del nord d’Africa

Memoria presentada per Elena Bosch Fusté

per optar al grau de Doctor per la Universitat Pompeu Fabra

Jaume Bertranpetit i Busquets Elena Bosch Fusté
Director de tesi

Barcelona, febrer del 2000






Als meus pares, al meu germa i a en Francesc






Agraiments

Des de finals d’agost de I'any 1995 s6n moltes les persones que amb paciencia
i bon humor m’han animat, recolzat i ajudat a realitzar aquest treball. Vull expressar-los

ara el meu reconeixement.

En primer lloc, m'agradaria agrair a en Jaume Bertranpetit, director d’aquesta
tesi, 'oportunitat que em dona per introduir-me a aquest mén de la ciéncia. Puc dir ben
alt i amb seguretat que m’honora haver-lo tingut com a mestre. He gaudit enormement

amb el seu entusiasme i gran tafaneria cientifica.

També un agraiment ben carinyés a en Francesc Calafell per la seva
extraordinaria paciéncia, tant dins com fora el laboratori, i per la seva inestimable ajuda

en l'estadistica, redaccio i discussio de tot el que ha passat entre les nostres mans.

Voldria agrair de manera molt especial l'ajuda desinteressada, actitud
diplomatica en tota mena de reunions o comites d’etica d’hospitals i el gran esperit
aventurer de la Cristina Junyent; el bon rotllo i les explicacions per a realitzar les
meves primeres tecniques de laboratori per part d’en David Comas, també company
de viatge juntament amb la Cristina i en Jaume; les pacients classes de tot el que
necessitava saber i més sobre els microsatel-lits i el seu tipatge, aixi com el bon humor
i exageracions catastrofiques de I'Anna Pérez; els petits consells i secrets sobre
alguns protocols a la Blanca Gutiérrez i a la Neus Valveny; I'ajuda de la Rosa Martinez
i 'Eva Mateu en I'expedicié de Valencia i sortides de matinada cap a Vic; el gran esforg
realitzat per la mateixa Rosa, I'Araceli Rosa i en Jordi Clarimén per mimar al maxim els
cultius cel-lulars, aixi com I'ajuda d’en Jordi en I'extraccio de DNA de les darreres

mostres que obtinguerem del Marroc.

El meu sincer agraiment també a tota la resta de companys de laboratori, per la
vostra companyia, acudits, i aventures en els moments de feina, aixi com en els apats i
sobretaules compartides. A la Unitat d’Antropologia (UB) son la Barbara Arias, la
Mireia Esparza, I'Esther Esteban, I'Antonio Gonzélez, en Carles Lalueza, en Toni
Loépez, i en Marc Via; i ara, a Biologia Evolutiva (UPF), I'Aida Andrés, en Xavier

Domingo, en Josep Marmi, en Bernal Morera, I'Stephanie Plaza, i la Monica Valles.



M’agradaria reconeixer també el suport rebut en dues estades a I'estranger. A
Anglaterra, al Departament de Bioquimica de la Universitat d’Oxford on vaig trobar la
calida companyia d’en Fabricio R. Santos, de I'Arpita Pandya, de la Giovanna Arpidia,
d’en Williams, d’en John, de la Milli, d’en Carlos, de 'Angela, d’en Leslie i del professor
Chris Tyler-Smith. Als Estats Units, al Departament de Genética de la Universitat
d’'Stanford on vaig conéixer en Peter A. Underhill, 'Anna Hurlbut, en Peidong Shen,
I’Alice Lin, en Peter J. Oefner, la Phillys, la Silvia, en Titus, I'Adrianne i la Wie. Gracies
també a la Kay, la Cher, la Paula, la Marcie, i la Marga per la seva companyia a

Montain View.

També wull agrair el suport dels professors de la Unitat d’Antropologia de la
Universitat de Barcelona, Lourdes Fafianas, Clara Garcia Moro, Miquel Hernandez,
Pedro Moral, Pasqual Moreno, Txomin Toja i Daniel Turboén. | un record especialment
carinyos al doctor Josep Pons, company d’aventures cientifiques del meu avi, temps

enrere.

Tenen el meu reconeixement també tots aquells donants de sang que
acceptaren participar en aquest estudi. Sens dubte, gracies a ells aquest treball ha
estat possible. Igualment, voldria agrair la col-laboracié inestimable d’'investigadors de
diverses universitats i de metges, infermeres i ajudants de diferents hospitals i
dispensaris durant la recol-lecci6 de mostres. S6n Omar Akhayat, Zahra Brakez,
Hassan Izaabel, Omar Ouakrim (Agadir); Oriol Vall (Barcelona); Noufissa Benchemsi
(Casablanca); Xavier Balanzo, Alba Bosch, Jordi Colomer, Josep Lluis Fernandez
Roure, Carme i Gloria (Matard); Abdelaziz Sefiani (Rabat); Khadietu, Adda Brahim,
Omar Mansur i Baha Mustafa (Sahara Occidental); Elisabeth Pintado (Sevilla); Anne
Cambon-Thomsen, Jean-Michel Dugoujon, Ghania Hariti (Toulouse); Enric Bufill,
Assumpta i Montse (Vic); Enric Padrés, Felip Pi, doctora Prats i Pere Simonet

(Viladecans), entre altres.

Gracies també a I'Amaia, 'Anna, la Carme i en Ramon de la Unitat de
Sequenciacié del Servei Cientifico-Tecnic de la Universitat de Barcelona per la seva

assisténcia, ajuda i consells, setmanana rera setmana.



Un record per a les amigues Anna Campalans i Silvia Busquets, antigues

companyes de carrera, per tots els dinars dels dimecres on sovint reiem de les nostres
petites potineries al laboratori.

Finalment, també wvull agrair als meus pares i al meu germa el seu suport
continu.

Aquest treball 'he dut a terme mentre gaudia d’'una beca de formacié de
personal investigador del Comissionat per a Universitats i Recerca, de gener de 1996
a desembre de 1999 (FI/96- 1.153). A més, el treball ha comptat amb les subvencions
de la Direccion General de Investigacion Cientifica y Técnica als projectes “Variacion
del genoma humano: analisis de diversas regiones gendmicas de especial interés”
(PB95-0267-C0O2-01); i del Comissionat per a Universitats i Recerca com a Grup de
Recerca Consolidat (1996SGR00141, 1998SGR00009).






INDEX

PRESENTACIO

INTRODUCCIO

1. Nord d’Africa
1.1 Marc geografic
1.2 El poblament prehistoric
1.3 Historia de les poblacions del nord d’Africa
1.4 El poble berber, arab i sahraui
1.5 Les llengiies del nord d’Africa.....
2. Marcadors classics
2.1 Descripcio i principals caracteristiques
2.2 Aplicacions a la genética
3. Els microsateél-lits
3.1 Descripci6 i principals caracteristiques
3.2 Mutacié en microsatel-lits
3.3 Aplicacions a la genética
4. El cromosoma Y
4.1 Caracteritzacio
4.2 Tipus de polimorfismes
4.3 Estructura de la diversitat geneética: haplogrups i haplotips

4.4 Aplicacions a la genética

OBJECTIUS

19

28
29
30
32
33

36
37

39
41
42

44
46
47
48

55



MATERIALS | METODES

1. Poblacions estudiades
2. Obtencio, purificacio i quantificacio de DNA
3. Analisi de microsatel-lits
3.1 Caracteritzacio dels microsatel-lits autosomics estudiats
3.2 Caracteritzacio dels microsatél-lits especifics
del cromosoma Y estudiats
3.3 Tipatge
4. Analisi de polimorfismes bial-lelics
4.1 Polimorfismes analitzats per RFLP o Restriction
Fragment Length Polymorphism
4.2 Polimorfismes analitzats mitjancant hibridacio
amb sondes especifiques
4.3 DHPLC o Denaturing High Performance
Liquid Chromatography
4.4 Filogénia de la variacio en el cromosoma Y
5. Tractament estadistic
5.1 Elaboraci6 d’'una base de dades de freqiéncies
al-léliques recopilada de la literatura
5.2 Components principals: concepte estadistic
i aplicacié en genética de poblacions
5.3 Distancies genétiques
5.4 Representacio grafica en arbre
de les distancies genétiques
5.5 Validaci6 de distancies genétiques i arbres: bootstrap
5.6 Coordenades principals
5.7 Detecci6 de fronteres genetiques
5.8 Analysis of Molecular Variance o AMOVA
5.9 Parametres emprats per a la descripcié de
la variacié en haplotips de microsatéel-lits

61
65

66

69

69

72

74

74

78

82

82
85

86

87

88

88

89



RESULTATS

Capitol I: Population History of North Africa: Evidence

from Classical Genetic Markers

Capitol Il: Genetic structure of northwestern Africa

revealed by STR analysis

Capitol 1lI: Y chromosome STR haplotypes in four

populations from northwestern Africa

Capitol IV: Variation in Short Tandem Repeats is deeply

structured by genetic background on the human Y chromosome

Capitol V: Y chromosome lineages and northwestern African populations

DISCUSSIO

BIBLIOGRAFIA

95

115

153

171

193

227

253















PRESENTACIO






El treball que presento a continuacié pretén estudiar la variabilitat genética de
les poblacions del nord d’Africa a partir de I'analisi de diverses regions genomiques per
tal d’entendre les poblacions analitzades per una banda, i compendre la dinamica del
genoma per l'altra. Comencga amb una Introduccio on es caracteritzen les poblacions
del nord d’Africa, aixi com les diferents eines genétiques emprades per al seu estudi.
Segueixen els Objectius on presento les principals fites que es pretenien assolir en
aquesta tesi. A continuacio, a Materials i Métodes s'’introdueixen les poblacions
estudiades, els marcadors tipificats, les tecniques emprades per a la seva analisi i els
principals métodes estadistics utilitzats al llarg del treball.

Els Resultats obtinguts s’exposen en cinc capitols que corresponen a un article
publicat a la revista Human Biology on es realitza una analisi preliminar de la variacié
genética al nord d’Africa a partir de marcadors classics (Capitol I); a dos articles
acceptats, respectivament, a les revistes European Journal of Human Genetics i
International Journal of Legal Medicine en els quals es treballa amb la informacié
genetica aportada pels microsatel-lits autosomics (Capitol Il) i pels microsatél-lits
especifics del cromosoma Y (Capitol Ill); a un article acceptat a la revista American
Journal of Human Genetics on plantegem com s’estructura la variacié dels
microsatél-lits en el cromosoma Y (Capitol IV); i a un article en preparacié basat en la
informacio aportada per marcadors bial-lélics especifics del cromosoma Y tipats
mitjangant DHPLC (Capitol V).

Finalment, la Discussi6 és un assaig d’interpretacié conjunta de tots els
resultats obtinguts.

Noteu que la numeracio de taules i figures comenca de nou a cada apartat.
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L’estudi de la variacié genetica entre els humans esta experimentant un fort
impuls en els darrers anys. Aix0 ha estat possible gracies al gran desenvolupament i
aplicacio de diverses técniques del camp de la biologia molecular. Actualment, sabem
gue entre dos individus qualssevol hi ha diferéncies genetiques i que aquestes
diferencies es troben desigualment repartides en el nostre genoma i entre els humans
de diferents poblacions. Hom esta observant, a més, que gran part d'aquesta variacié
genetica és deguda a processos historics de la formacio de les poblacions. Sens
dubte, cada dia s6n més nombrosos els exemples on hom mostra que la interpretacié
de la variacio genética és fonamental per a arribar a reconstruir parts del nostre passat
encara no del tot resoltes des d’altres disciplines com l'arqueologia o la lingiistica. En
el present treball pretenc aplicar aquest tipus d'inferéncia historica i poblacional a
I'estudi de les poblacions del nord d’Africa. Per altra banda, el tipatge de diferents tipus
de marcadors genétics que evolucionen a velocitats diferents al cromosoma Y ha
permes d’analitzar I'estructura de la variacié genética en aquest cromosoma.

Introduirem, a continuacio, les poblacions del nord-oest d’Africa, llur historia i
varietat linglistica, aixi com les diferents eines genétiques que hem emprat per
intentar reconstruir llur historia poblacional.
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1. Nord d’Africa

1.1 Marc geografic

La zona estudiada engloba tota la regié natural del nord-oest d’Africa, que
s’estén pel Sahara Occidental (antic Sahara Espanyol, des de 1976 annexat al
Marroc), Marroc i Algeria, entre la Mediterrania i el Sahara. Juntament amb Tunisia,
aquest territori rep el nom de Magreb, denominacio que prové dels geografs arabs, els
guals sovint consideraven ajuesta regid0 de forma metaforica com lilla de ponent
(Djezira el Magreb). Es una regio de caracteristiques mediterranies, formada per un
important conjunt de terres altes que basicament comprenen el Rif al nord del Marroc,
el Gran Atlas (Haut Atlas), I'Atlas Mitja (Moyen Atlas) i el Petit Atlas (Anti Atlas) que
travessen de sud-oest a nord-est el Marroc, més I'Atlas Saharia, I'Aurés i el Tell Atlas
al nord d’Algéria i les muntanyes d’Ahaggar al sud; pero que a la vegada engloba, com
a primers indicis de la presencia del gran desert del Sahara, amplies extensions
desertiques, els anomenats ergs i regs, ocasionalment puntejades per algun oasi. Sén
notables també les valls dels rius Dra, Souss, Oum er-Rbia, Sebou, Mouloudauya i
Chelif, entre altres.

Si bé I'ambit geografic sota estudi és la part occidental del Magreb, sovint
trobarem que aquesta regié esta clarament condicionada i lligada a la geografia,
poblament i historia d’'una regi6 més amplia, la del nord d'Africa, entenent com a tal,
larea compresa entre I'Atlantic i el Mar Roig, i entre la Mediterrania i el Sahel.
L’aillament geografic, imposat per la Mediterrania i especialment pel desert del Sahara,
sembla haver condicionat fortament el poblament del nord d'Africa, limitant els
principals moviments humans a una direcci6 estoest. Tanmateix, I'extensio
demografica d’aquests moviments al nord-oest resta, en principi, desconeguda.

Al llarg del pleistoce i I'holoce, hom distingeix en el Sahara un minim de cinc
periodes arids i plujosos. Diferents evidencies mostren que, en époques humides, va
estar més extensament ocupat que en l'actualitat. L’Ultim periode humit engloba part

del paleolitic superior i el neolitic i es considera que finalitza al tercer mil-leni abans de
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Crist. A partir d’aquest moment, comencga el periode arid present (Said i Faure, 1990).
Tot i la preséncia de poblacions nomades i I'existéncia de les rutes comercials trans-
saharianes, en aquest punt el desert clarament limita el contacte de la regio sota estudi
amb la resta del continent africa. Al contrari, al llarg de la historia sbn nombrosos els
exemples en qué la Mediterrania ha permeés el contacte del nord d’Africa amb d’altres
pobles, resultant més un vincle que no pas una barrera entre poblacions.

Per altra banda, la muntanyosa orografia, juntament amb el fet de poder trobar
sovint la possibilitat de petits assentaments envoltats per grans extensions arides, han
afavorit una certa fragmentacio de la poblaci6 nativa dins la regié sota estudi, que s’ ha
vist reforcada per una estructura social tradicional de tipus tribal, tot i la relativa

uniformitat que algunes cultures intentaren imposar.

1.2 El poblament prehistoric

Les primeres evidencies d’ocupacié humana a la zona (Ain Hanech, Ternifine i
Sidi Abderrahman) daten fins a uns 700.000 anys i corresponen a restes classificades
com a Homo erectus, el qual probablement travessa la barrera sahariana per la vall del
Nil (McEvedy, 1980). S’han trobat diferents exemples de la cultura acheuliana
(paleolitic inferior) distribuits al llarg d'una gran regié d’Africa que s'estén des del
Magreb fins al cap de Bona Esperanca (Newman, 1995). Per altra banda, es troba ben
documentat, també, el desenvolupament d’indUstries posteriors, com la mosteriana,
que evoluciona de forma local al nord d’Africa donant lloc a la cultura ateriana
(paleolitic mitja), amb restes al Magreb i gran part del Sahara (Newman, 1995). Les
pogues restes humanes que hom hi troba associades s6n neandertaloides i presenten
una certa diferenciacio est-oest. A les industries ibero-marusianes considerades del
paleolitic superior (Camps, 1974) que s'estengueren per la costa del nord d'Africa,
segueix la capsiana (de Capsa o Gafsa), d’'origen incert. Tot i que és probable que
aguesta cultura vingués d’Europa, els seus origens es podrien trobar més cap a l'est
(Desanges, 1990). Amb el nom de tradici6 capsiana del neolitic va perviure durant
I'expansio de la cultura neolitica. El neolitic entra al nord d’Africa des de I'est, on sens
dubte contribui al sorgiment del Regne d’Egipte, i s’estengué, lentament, al llarg de la
costa mediterrania cap al Magreb (McEvedy, 1980). Hi ha evidéncies que la cultura

neolitica del Magreb no fou introduida per invasié, siné per I'acceptacié de les noves
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tecnologies per part dels pobles capsians, la cultura dels quals es troba fins el primer
mil-leni abans de Crist (aC). La quantitat i abast geografic del flux génic, si n’hi ha

hagut, associat amb I'expansio del neolitic és altament controvertit.

1.3 Historia de les poblacions del nord d’Africa

Exceptuant Egipte, no hi ha una historia escrita pels propis pobles del nord
d’Africa fins les primeres invasions musulmanes del segle VII. Tot el que en sabem
prové dels relats dels pobles que conquereixen o colonitzen la regid, que so6n
nombrosos. Els habitants més antics que han viscut a la mateixa regié des de l'inici de
la historia son els que actualment coneixem com a berbers (Desanges, 1990).

El nord d’Africa entra a la historia de la Mediterrania amb I'arribada dels fenicis,
els quals establiren un imperi centrat a Cartago (814 aC), que monopolitza el comerg
de tota la Mediterrania occidental. Tot i que la influencia fenicia fou considerable, les
relacions amb la poblacié nativa -els components étnics de la qual ja estaven ben
establerts a comencaments del primer milleni aC- es limitaren basicament a
I'esclavitud, pagament d'impostos i subministrament de tropes. Es en el periode de
decadencia de I'imperi cartaginés (segles IlI-1l aC) quan apareixen els primers regnes
natius, mauri (Marroc), numidae (Algeria), gaetuli (Tunisia) i el regne dels libis (a
Libia), que foren posteriorment romanitzats.

La civilitzacié romana (del 146 aC al 250 de la nostra era) s’estengué pel nord
d’Africa desenvolupant-se fonamentalment a la part més oriental (Tunisia i nord
d’Algéria). La magnitud de la romanitzacié és controvertida, amb escas impacte a les
regions de muntanya (Newman, 1995). L'arribada dels vandals (Gaiseric, I'any 429)
gue creuaren l'estret de Gibraltar procedents de la Peninsula Iberica, i posteriorment la
dels bizantins (Belisari, I'any 533) van tenir un efecte purament administratiu i politic
més que no pas demografic.

El trencament entre el mén antic i medieval arriba al Magreb amb les primeres
expedicions musulmanes (I'any 643), inicialment confinades a Egipte. Al segle VII, la
majoria d’habitants del Magreb eren berbers, amb un substrat cultural (llengua i
civilitzacié) comu, pero, amb una estructura social tribal notablement fragmentada.
Després de la fundacio d’al-Qayruan (Tanisia) al 670, tota nord Africa fou rapidament

islamitzada (McEvedy, 1980). Sovint, el poble berber convertit formava part de I'exércit
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arab. Es en aquest periode, concretament al 711, quan Tarik passa a la Peninsula
Ibéerica (al-Andalus en arab), una incursié en part facilitada per la crisi interna del poder
visigot a la Peninsula (Hitti, 1990).

Tanmateix, la primera onada dinvasors arabs no fou realment un
reemplagcament poblacional; només n’arribaren uns quants milers, que romangueren
majoritariament en el que ara és Tunisia i est d’Algéria, i a les grans ciutats (McEvedy,
1980; Newman 1995). La resta de la regié va seguir habitada per berbers pero
organitzada en diversos regnes sota diferents graus de control musulma com el de
Sigilmassa (772-977), el d'ldrissid (788-926, Fes i nord del Marroc), el Rustamid de
Tahart (787-911, Magreb central), i el dels aghlabids (800-909, a Tunisia).

El xiisme penetra al Magreb al segle IX i fou rapidament adoptat pels berbers,
els quals prestaren suport al nou poder fatimita en la seva expansié nord-africana
(Kasule, 1998). Després d'un periode de guerres religioses, els fatimites succeiren els
aghlabids (909) i conqueriren Egipte (964).

A partir del 1051, tingueren lloc les invasions dels arabs beduins Banu Hilal (a
Tunisia, est d’Algeria i Cirenaica), Banu Sulaym (Tripolitania) i Ma’gil. A meitat del
segle Xlll, el poder bedui ocupava tota la part oriental de la regid, mentre la meitat
occidental es mantenia sota altres dinasties berbers. Els arabs beduins, que foren molt
més nombrosos que els primers invasors, si que realment afectaren la situacio
demografica, arraconaren la poblacié berber i arabitzaren la regi6. S'inicia també el
moviment cap al sud dels pobles nomades saharians (Newman 1995).

Entre els segles Xl i XV sorgeixen dues importants dinasties berbers
islamiques: la dels almoravids (1056-1147) i la dels almohades (1121-1269), que
unificaren sota el seu control tot el Magreb des de Sous a Tripoli. Es en aquest periode
quan el domini musulma conjunt, sobre el nord d’Africa i la Peninsula Ibérica, assoleix
la seva maxima expansié. Després de la caiguda dels almohades, aparegueren les
darreres dinasties medievals del nord d’Africa: els hafsids (Tunisia), els Abd al-Wadid
de Tilimsem (oest d’Algéria) i els merinids (Marroc), entre altres (McEvedy, 1980).

Els portuguesos, al llarg de la costa atlantica, i els espanyols a la costa
mediterrania, fundaren els primers forts a partir del segle XV, coincidint amb la caiguda
dels merinids, que foren succeits pels wattasids. Comenca a aquesta epoca
lestabliment de les dues dinasties xarifianes que han existit al Marroc: la saadi (1525-

1659) i la alawita (des de 1659). La presencia de turcs otomans, durant els segles XVI-
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XIX, comporta un nou element de diversitat étnica al nord d’Africa, especialment altre
cop als centres urbans (Newman 1995).

Finalment, entre els darrers invasors del nord d’Africa a partir del segle XV
s’inclouen els europeus: portuguesos i espanyols al Marroc, francesos al Marroc,
Algeria i Tunisia, i italians a Libia. No fou fins el B30 que la presencia colonial
europea comenca a crear les condicions que donaren origen als moviments
nacionalistes que, finalment, portaren a la independéncia dels paisos actuals (Libia
1950, Tunisia i Marroc 1956, Mauritania 1960, Algéria 1962) excepte pel cas del
Sahara Occidental, antic Sahara Espanyol que fou annexat al Marroc al 1976 i resta a

la espera de la celebraci6 del referendum d’autodeterminacio.

1.4 Pobles berber, arab i sahraui

El poble berber representa una de les civilitzacions més antigues de la
Mediterrania. Son els antics pobladors de tot el Magreb, amb grups discontinuament
distribuits des de l'oasi de Siwa a Egipte fins a I'Atlantic, incloent I'antiga poblacié
guanxe de les Canaries, i de fet, es consideren el poble natiu del nord d’Africa. Viuen
en grups compactes, generalment a la muntanya, al Marroc (Rif, Atlas), a Algéria
(Gran i Petita Kabilia, Aurés i Mzab), i en algunes zones del desert de Egipte, Libia,
Tunisia i Mali.

En temps classics els berbers també foren anomenats libis o nimides. Herodot
(446 aC) en fa una de les primeres referéncies en parlar dels pobladors de Libia, la
zona que s’estén des d’Egipte fins a les columnes d’Hércules. La paraula berber, pero,
és d’'origen greco-llati i prové de la paraula barbarus. El poble berber, en canvi, sol
utilitzar el mot amazight, en plural imazighen, que significa “home lliure”. La forma
femenina, tamazight, s’empra per a fer referéncia a la seva llengua.

No és fins el segle VII que el poble arab, provinent de I'Orient Mitja, realitza les
primeres incursions al nord d’Africa i comenca a imposar la seva llengua i religié sobre
la poblacié berber, que acaba convertint-se a l'islam. Tanmateix, es considera que la
veritable onada arab amb impacte demografic es dona a meitat del segle XI.

La diferenciacié entre arabs i berbers no sempre és evident, siné que es basa
essencialment en la llengua: es considera berber aquell que en conserva la llengua.

Molts marroquins arabs, per exemple, originariament eren berbers (o formaven part
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d'una poblacié mixta), que amb el transcurs del temps han perdut la seva llengua i
s’han arabitzat. Actualment, les ciutats més importants sén arabo-parlants, cosa que
no vol dir que no hi hagi ciutats absolutament berbers (com Fes i Agadir,
respectivament, al nord i sud del Marroc o Ghardaia a Algeria). Per altra banda, el mon
rural es divideix en zones de parla arab, a la vora de les ciutats, i zones de parla
berber, normalment més lluny de la influéncia urbana, tot i que sense un aillament total
(Camps, 1994).

El poble sahraui, poblacié natural del Sahara Occidental, és d’origen mixt,
basicament arabo-berber, amb una important contribucié de les tribus berbers dels
Sanhaja. La seva llengua és el hassani, un dialecte de I'arab diferent a I'arab parlat a
la resta de la regid. El sentit d’identitat propia €s molt patent en la poblacio sahraui, i té
la seva expressid en la lluita per 'independencia del seu territori.

1.5 Les llengiies del nord d’Africa

Sovint, lI'evolucié6 de la llengua es déna de manera paral-lela a I'evolucié
genética. Quan una comunitat creix i s’expandeix a noves regions, els grups que la
conformen es van separant de la seva regi6 d’origen i s’estableixen en llocs nous, dels
guals sorgeixen altres grups, que de nou en expandir-se, continuen el seu cami cap a
llocs més distants. En algun punt sera impossible mantenir el contacte amb els llocs i
la poblacié d’origen. L'aillament de molts grups que s’han format d’aquesta manera ha
determinat dos fendmens inevitables: la formacié de diferéncies genétiques i la
formacié de diferéncies linguistiques. Tot i seguir els seus camins propis i la seva
propia dinamica, la historia de les separacions, que son la causa de la diferenciacio
genética i linglistica, és comuna en ambdos casos (Cavalli-Sforza, 1994). Aquest
fenomen ens porta a parlar de linguistica dins un estudi de variabilitat genetica.

La gran majoria de les llengiies que actualment es parlen al nord d'Africa
pertanyen a la familia afroasiatica. Segons Renfrew (1991) les llengues afroasiatiques
(abans denominades camito-semitiques) s’haurien expandit a I'’Africa des de I'Orient
Mitja amb I'anomenada difusié démica del neolitic, juntament amb altres tres families
lingiistiques: l'altaica cap a I'’Asia Central, la dravidiana cap a I'india i la indoeuropea
cap a Europa. Tanmateix, Barbujani i col-laboradors (1994) descriuen que I'evidéncia
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genética més debil per a una expansié demografica de les families linglistiques des
de I'Orient Mitja correspon, justament, a I'afroasiatica.

Dins la familia afroasiatica es troben representades, al nord d’Africa, dues
grans branques: la semitica i la berber. La branca semitica al nord d’Africa inclou
diversos dialectes de I'arab. Arriba a la zona amb I'expansio de I'islam a partir de finals
del segle VII, s’estengué mm a vehicle de la fe musulmana i aviat arracona les
llenglies autoctones de la branca berber, que fins llavors es parlaven per tot el nord
d’Africa. Amb tot, encara existeixen fins a unes 30 llengiies de la branca berber amb
un total aproximat de 20 milions de parlants, que es divideixen en quatre grans grups
(vegeu figura 1.5).

i) les tres llengues tuaregs (el tamahagq, el tamazhig i el tamasheq, que sembla
ser I'lnic parlar que ha conservat fins avui I'escriptura anomenada tifinagh,
segurament derivada de I'antiga escriptura libica) al Sahara central i Niger.

ii) el grup oriental, que inclou les diferents llengles berbers de Libia i Egipte
(nefusi, zwara, siwa, awjila, sokna i ghadames).

iii) el grup occidental, que compren una llengua berber aillada, el zenaga, parlat al
Senegal i sud de Mauritania,

iv) la branca central, que engloba la majoria de les llengies berbers d’Algéria
(amb el shawiya, gourara, kabila o cabilenc, el mzab, i 'ouargla entre altres),
Marroc (amb el tarifit o rifeny propi del nord a la regi6 del Rif, el tamazigh parlat
al nord de I'Atlas marroqui, i el tahelhit o shilha a la vall del Sous i a la banda
occidental del Gran i Petit Atlas) i Tunisia ferba, seud, tamazret, taoujjout,
tmagourt i zawa).

Dos grups extingits pertanyen també a la branca berber: el guanxe parlat pels
primers habitants de les Canaries i I'antic libi. Les llengiies berbers es consideren
parles agrafes; basicament, es transmeten i conserven per mitja de I'Gis i de la tradicié
oral. Recentment, s’'intenta recuperar el seu alfabet mil-lenari, el tifinagh, en la versio
actualitzada anomenada neo-tifinagh, donat que ha estat enriquit amb alguns signes
complementaris per adaptar-lo als usos actuals. Tanmateix, el seu Us per la majoria de
la poblacié resta encara molt llunya.
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Cabilenc Shawiya

Tamazret

Tahelhit

Ghadames

[] Rifeny [] Tahelhit [ Variants locals (grup oriental)

[ Tamazigh  [] Llenglestuareg [] Variants locals (branca central)

Figura 1.5. Distribucio geografica de les principals llengties berbers.

A la periféeria sud de l'area considerada trobem, a més, dues altres grans
families linguistiques: la nilo-sahariana, amb dues subbranques, la sahariana i la
songhai, a Libia, Chad, Niger i Mali, i la del nigero-kordofanés, que s’estén des del
Sahel fins a Sudafrica. Ambdues families s’associen a pobles de pell negra i poden ser

considerades intrusions sud-saharianes.
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2. Marcadors classics

2.1 Descripcio6 i principals caracteristiques

Informalment, s’anomenen marcadors geneétics classics aquells sistemes

polimorfics detectats directament en els productes d’expressié génica, en oposicié a

aquells en qué s’analitza directament la variacio en el DNA. Tanmateix, per a la

majoria d’aquests sistemes hom ja coneix la variacidé de la sequencia de DNA

subjacent a la variabilitat en el producte d’expressio. Convencionalment, hom divideix

aguests polimorfismes en quatre grans blocs:

i)

grups sanguinis: son proteines de la membrana eritrocitaria, sovint amb
cadenes glucosidiques, que sén capaces d'induir la formacié d’anticossos en
determinades circumstancies (en transfusions, en animals de laboratori 0 en
dones multipares). El polimorfisme en els grups sanguinis es troba en el
nombre de sucres que conformen la cadena glucosidica (com a consequéncia
d'una activitat diferencial dels diversos al-lels que codifiquen per I'enzim
responsable d’addicionar aquestes unitats glucosidiques) o bé en la composicid
de la cadena peptidica. L’analisi d'aquests polimorfismes es realitza mitjancant
anticossos comercials que aglutinaran els eritrocits segons posseeixin I'antigen
corresponent.

proteines plasmatiques: la seva analisi es fa mitjancant electroforesi. Sovint, les
diferéncies aminoacidiques es tradueixen en diferents mobilitats
electroforetiques que hom pot resoldre bhé amb  técniques
d’isoelectroenfocament. Posteriorment a I'electroforesi, hom pot revelar la
proteina estudiada mitjan¢ant una tincié inespecifica de proteines o a partir de
les propietats enzimatiques o immunologiques especifiques de la proteina.
enzims eritrocitaris: s6n analitzats també per electroforesi. En el revelat hom
empra la reaccié enzimatica que catalitzen per a produir productes acolorits o

gue es poden tenyir especificament.
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iv) sistema d’antigens leucocitaris humans o antigens HLA: juguen un paper
importantissim en el sistema immunitari. La seva detecci6 es basava, en
general, en la disponibilitat d’anticossos especifics. Tanmateix, actualment hom
els analitza sobre la sequéncia de DNA, ja sigui directament o per tecniques
indirectes (ARMS o Amplification Refractory Mutation System i ASO o Allele

Specific oligonucleotide, entre d’altres).

2.2 Aplicacions a la genética

Els anomenats marcadors classics foren els primers sistemes polimorfics
geneétics de qué hom disposa per a la descripcié i caracteritzacio de la variabilitat
genetica de les poblacions humanes. A partir del descobriment dels grups sanguinis a
principis de segle, s’iniciaren els estudis de les frequéencies dels diferents al-lels
d’aquests marcadors en diversos grups humans dels cinc continents. Tanmateix, la
seva explotacio i interpretacié en termes de genetica de poblacions foren posteriors.
De fet, no és fins els anys 30 que hom comenca a disposar d'una descripcid
matematica per als quatre principals agents de I'evolucio: la mutacio, la seleccio, la
deriva genética i la migracié. Primer, fou necessari reconeixer que gran part d'aquests
marcadors classics eren neutres, fet que implica que l'efecte de la seleccié natural
sobre ells és nul o molt baix i que les freqliéncies poblacionals d’aquests marcadors
deuen haver variat basicament per deriva genética i/o migracié. Cal assenyalar que la
mutacio és un esdeveniment molt rar en aquest tipus de polimorfisme.

La caracteritzacio genetica d’una poblacié es pot fer faciiment a partir de les
frequencies dels al-lels d'un nombre elevat de marcadors classics. Hom troba la
culminaci6 de I'aplicacio dels polimorfismes classics a I'estudi de la variabilitat genetica
humana en la magna obra de L. Luca Cavalli-Sforza, Paolo Menozzi i Alberto Piazza
(1994). En aquesta obra es compilen les dades existents en una vastissima bibliografia
sobre polimorfismes classics a tot el moén, s’analitzen i S'interpreten en termes
d’historia de poblacions. En analitzar diverses poblacions dins una area geografica,
hom pot produir representacions geografiques de llurs frequéncies al-leliques. La
informacié continguda en aquests conjunts de mapes es pot sintetitzar mitjancant
analisi de components principals (vegeu Materials i Metodes, apartat 5.2). A partir

d'aqui és facil observar que una fraccié de la variacid genética presenta estructura
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geografica. Una de les conclusions més importants dins la genética de poblacions
humanes en els darrers anys ha estat la interpretacié d'aquesta variacié. Aquesta és
consequeéncia de la historia de les propies poblacions, especialment, de les grans
expansions demografiques sovint lligades a canvis tecnologics, com el descobriment
de l'agricultura o la domesticacié del cavall (Cavalli-Sforza et al. 1993). En definitiva,

és el resultat d'una historia demografica que podrem identificar.
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3. Els microsatel-lits

3.1 Descripcio i principals caracteristiques

Els microsatél-lits, també anomenats STRs o Short Tandem Repeats, so6n
sequencies de DNA consistents en la repeticié en tandem d’una unitat basica, d’entre
dos i sis nucleotids de longitud. Es troben de forma ubiqua distribuides al llarg del
genoma huma i poden ser extraordinariament polimorfiques entre individus o inclls
entre els al-lels d’'un mateix individu. A més d’en el genoma huma, s’han trobat també
en tots els genomes eucariotes i, encara que de forma molt menys abundant, també
en procariotes.

Tot i que s’ha descrit que en determinades bacteries patdogenes els
microsatel-lits poden promoure I'aparicié de propietats noves que capaciten a aquests
organismes per a sobreviure davant canvis de I'entorn potencialment letals, la funcié
d'aquestes sequencies repetitives en el genoma huma resta encara desconeguda
(Moxon i Wils, 1999). De fet, es considera que els microsatel-lits formen part de
'anomenat DNA escombraria, és a dir, sense funcié coneguda. Com a consequéncia
directa d’aquesta manca de funcidé coneguda, hom pressuposara que la variacié
existent en aguestes sequencies repetitives és selectivament neutra.

El polimorfisme en els microsatél-lits consisteix principalment en la variacié del
nombre d’unitats repetides. Aquesta variabilitat es genera mitjancant un patré de
mutacio peculiar: en cada mutacié, el microsatellit guanya o perd una o diverses
unitats basiques de la seva estructura, sent els guanys o péerdues d’'una sola repeticio
els més freqlients (Weber i Wong, 1993; Amos i Rubinsztein, 1996). Podrem analitzar
les diferéncies en nombre de repeticions directament a partir de les llargades en
parells de bases dels fragments obtinguts en utilitzar una parella de primers o
encebadors que amplifiquin de manera especifica cada microsatel-lit. Convé que els
primers emprats siguin propers a la sequéncia repetitiva per evitar detectar canvis de
llargada o de patr6 de migracio electroforética que no corresponguessin a variacions



INTRODUCCIO - 41

en la sequencia del microsatél-lit sin6 a variacions en les regions flanquejants
d'aquest.

Hom pot classificar els microsatel-lits en base al nombre de nucleotids de la
unitat basica o segons la complexitat de la sequencia repetitiva. Segons el primer
criteri, quan el motiu de la repeticioé consta, respectivament, de dos, tres, quatre, cinc o
sis nucleotids s’anomenaran els respectius microsatel-lits dnucleotids, trinucleotids,
tetranucleotids, pentanucleotids i hexanucleotids. Tanmateix, I'analisi de la seqliéncia
d’aquestes repeticions en tandem indica que I'estructura de molts d’aquests repeats
pot no ser tan simple com hom creia previament, en el sentit que, en determinats
casos, els al-lels poden diferir en la seva composicié de bases aixi com en la seva
longitud. D’aqui sorgi el segon criteri de classificacid en el qual es distingeix entre
microsatel-lits perfectes o purs (quan la variacio en els al-lels consisteix exclusivament
en el nombre de repeticions d’'una Unica unitat basica), imperfectes o interromputs
(quan es presenten interrupcions en la unitat repetitiva) i complexos o compostos

(quan apareixen diferents tipus d’'unitats basiques).

Tipus Exemples

Segons el nombre nucleotids del motiu repetit

Dinucleotid CTTTGACCTA (CA), GAGGTACAT
Trinucleotid CTTTCACCGA (GAC), TAGCCATT
Tetranucleotid CATTG (TTTC), TACCGGATAACGC
Pentanucleotid TCGATATTGCA (TACCA), GGTCA

Segons la complexitat de la seqliéncia repetida
Perfectes o purs TTGACACCTA (GATA),GGTTCATA

Imperfectes o interromputs GACC (GACA), TTTT(GACA),TATA
Complexos o compostos TGGA (TCTG), (TCTA), TCCAACTA

Taula 3.1. Exemples de diferents tipus de microsatél-lits. Nota: n indica un nombre
qualsevol de repeticions.

Cal assenyalar que quan algunes daquestes seqiéncies (totes elles
trinucleodtids) muten produint expansions fora del rang habitual d’al-lels (és a dir, en
passar de poques desenes fins a centenars o milers de repeticions) sén causa directa
d'importants malalties genétiques de tipus neurologic /o neuromuscular (Ashey i

Warren, 1995; Richards i Sutherland, 1994). Entre les més conegudes destaquen la
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malaltia de Huntington, la distrofia miotonica i I'ataxia de Friedreich. Es tracta de
neuropaties rares originades per la disrupcié que causa I'expansié d’un trinucleotid en
el gen que el conté o en un de proxim; en molts casos el trinucleotid codifica per un
aminoacid i 'expansié dona lloc a una proteina amb un tracte molt llarg de repeticio de
I'aminoacid. De fet, hom utilitza els propis microsatél-lits responsables per al diagnostic
d’aguestes malalties neurologiques i per a la detecci6 de persones amb risc de
presentar-les. També s’ha comprovat que els microsatél-lits canvien de longitud en les
fases primerenques de certs cancers, cosa que els converteix en valuosos marcadors

per al diagnostic precog d’aquests (Rampino et al. 1997; Perucho, 1998).

3.2 Mutacié en microsatel:lits

L’augment o disminucié del nombre de repeticions en una o poques unitats de
I'estructura basica en els microsatél-lits molt probablement es deu a fendomens
d’slippage o lliscament durant la replicacié del DNA (Levinson i Gutman, 1987; Weber,
1990; Schlotterer i Tautz, 1992). Aquest patr6 de mutacié ha estat formalitzat
matematicament en el que s'anomena model de mutacié stepwise generalitzat (Di
Rienzo et al. 1994). Tanmateix, no es descarta que els grans salts mutacionals
observats en algunes distribucions d’al-lels de microsatel-lits i especialment en les
dramatiques expansions de triplets en algunes neuropaties puguin ser generats per
altres processos mutacionals com una recombinacio desigual (Freimer i Slatkin, 1996).

Figura 3.2. Representacio del model de mutacié stepwise generalitzat. Les mutacions
poden implicar guany o pérdua de més d’'una unitat de repeticid, encara que els més
probables son els salts que impliquen una sola repeticio.
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Durant molt de temps s’ha discutit quin és el valor de la taxa de mutacio (m) que

presenten aquests marcadors en humans (Weber i Wong, 1993; Edwards et al. 1992;
Cooper et al. 1996; Heyer et al. 1997; Kayser et al. 1997; Bianchi et al. 1998). La
pregunta resta encara oberta i tan sols sabem que dependra de molts factors. Parlar
d’'una Unica taxa, per tant, és potser una falacia. Segurament la taxa de mutacié en
microsatéel-lits és intrinseca de locus i depén de factors com el nombre de repeticions
(Weber 1990; Goldstein i Clark, 1995; Brinkman et al. 1998), perfeccié o imperfeccié
dels repeats (Estoup, 1995), sexe i edat dels progenitors (Henke i Henke, 1999), i
longitud de la unitat repetitiva (Chakraborty et al. 1997) tot i que en alguns d’aquests
casos tampoc esta clar cap a quina direccio. Inclis hom ha suggerit que la seqliéncia
de les regions flanquejants podrien influir també en la taxa de mutacié d’aquestes
sequencies. En general, les estimacions filogenétiques i geneologiques donen taxes
de 'ordre de 10°3-10"* per locus, gameta i generacio.

L’homoplasia (o coexistencia d’al-lels que son idéntics en estat nse ser
idéntics per descendencia) sera una consequencia directa del model i I'elevada taxa
de mutaci6 en aquestes sequéncies repetitives. Dos al-lels son idéntics per
descendéncia si descendeixen sense mutacié d’'un mateix al-lel ancestral. Obviament,
dos al-lels de microsatel-lits poden presentar la mateixa grandaria (ser idéntics en
estat), i no ser identics per descendencia. Tot i derivar d’'un mateix al-lel ancestral

poden provenir de camins o histories diferents.

3.3 Aplicacions a la genética

La seva naturalesa altament polimorfica, el fet que, si més no la gran majoria,
sén polimorfismes selectivament neutres, juntament amb les caracteristiques de
trobar-se ampliament estesos per tot el genoma huma, mostrar unes bases genétiques
de variabilitat conegudes i modelables i poder ser facilment tipificats mitjancant
tecnigues com la PCR, han convertit els microsatéel-lits en importants marcadors
genetics per a la localitzaci6 de gens mitjancant analisi de lligament, la medicina
forense i la genética de poblacions.

La relativa velocitat amb qué hom pot obtenir resultats per a un gran nombre de
microsateél-lits i el fet de poder disposar d’aproximadament un STR cada 30-50 Kb han

facilitat en gran part la seva utilitzacié com a fites per situar la posicié relativa de gens
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de malalties en estudis de lligament, on, sens dubte, sén els marcadors genetics per
excel-lencia (Edwards et al. 1991; Dib et al. 1996).

Dins el camp de la genética forense els microsatél-lits s’empren tant en tests de
paternitat com per a la identificacio individual (Hammond et al. 1994; Urquhart et al.
1994; Blouin et al. 1996). Cal assenyalar que, en casos d’identificacié de criminals o de
reconeixement de victimes en accidents, el material a analitzar sovint es troba en poca
guantitat i degradat. S6n casos on és extremadament util I'aplicacié de marcadors que
puguin ser genotipats conjuntament en una mateixa reacci6 de PCR, tal com
possibiliten els conjunts de microsatel-lits de diversos kits comercials. Mentre
existeixen milers de microsatel-lits mapats al llarg del genoma huma, només una
vintena de loci han estat estandarditzats per a la seva aplicacio en genetica forense.
Els microsatél-lits tetranucleotids son els més utilitzats en genética forense ja que
presenten una separacioé de grandaries més gran entre al-lels, cosa que en facilita la
identificacié (Kimpton et al. 1993), i sbn més abundants que els pentanucleotids i els
hexanucleotids. Entre les caracteristiques més desitjables per als sistemes STRs
utilitzats en genetica forense s’inclouen una elevada heterozigositat, una unitat de
repeticio regular, al-lels distingibles i capacitat d’amplificacio robusta mitjancant PCR
(Gill et al. 1995).

Per altra banda, sén diversos els exemples en la literatura on s’analitza la
variacio del microsatél-lits en poblacions humanes per a intentar inferir la historia
evolutiva dels humans anatomicament moderns, aixi com per estudiar les relacions
filogenétiques entre poblacions i/o espécies properes (Bowcock et al. 1994, Di Rienzo
et al. 1994, Deka et al. 1995, Jorde et al. 1995, Pérez-Lezaun et al. 1997 i Calafell et
al. 1998).

Els microsatéllits s’empren també en consell genétic, per estudiar la
segregacio de cromosomes portadors de mutacions rares per malalties mendelianes
recessives. Finalment, com hem comentat anteriorment, aquestes sequeéncies
repetitives també sén emprades en la deteccié preco¢ d’alguns cancers i en el

diagnostic de determinades neuropatologies rares.
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4. El cromosomayY

4.1 Caracteritzacio

El cromosoma Y, un dels més petits del genoma huma, és una molécula de
DNA lineal, d’aproximadament 60 Mb, amb una seqiiéncia encara no del tot coneguda.
Citologicament, comprén una regio d’heterocromatina a la part distal del brag llarg, que
és de longitud variable entre els individus, i una part de grandaria constant,

d’eucromatina, d’'unes 30 Mb, que conté les regions de major interés genetic.

PAR1 —
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— EUCROMATINA
REGIO NO . (30 Mn)
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. HETEROCROMATINA
PAR2 _— «ommp—

Figura 4.1. Esquema del cromosoma Y huma.

El cromosoma Y conté els gens que determinen la masculinitat, s’hereta
uniparentalment, per via paterna, i en la major part de la seva longitud no presenta
recombinacié. L'excepcio es troba a les regions pseudoautosomiques dels extrems,
anomenades PAR1 i PAR2, les quals recombinen amb el cromosoma X. Per tant, la
major part del cromosoma ('anomenada regié no recombinant) es comportara com un
Gnic bloc o grup de lligament en cada transmissié pare - fill bar6. Ambdues
caracteristiques, herencia paterna i absencia de recombinacid, el converteixen en una

molécula d’especial interés filogenétic, donat que, en retenir el registre
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d’esdeveniments mutacionals ocurreguts al llarg del temps, permet resseguir I'evolucié
dels llinatges masculins en les poblacions.

El seu escas contingut en gens ha fet que inclis s’arribés a considerar un
cromosoma desert. Aproximadament, hi ha descrits uns 26 gens. Tanmateix, destaca
la coheréncia en I'organitzacié d’aquests en dos grans grups segons la seva funcio.
Els del primer grup, anomenats gens de manteniment (housekeeping genes),
s’expressen en gran quatitat d’organs itenen homolegs en el cromosoma X inactivat
gue escapen de la inactivacio. ElI segon grup, format per families de gens del
cromosoma Y que s’expressen de manera especifica en teixit testicular, i que
englobaria els gens determinants del sexe masculi, podria explicar la infertilitat entre
els homes amb delecions en el cromosoma Y (Lahn i Page, 1997).

La mida efectiva dels cromosomes Y (nombre de cromosomes Y que passen a
la descendéncia) en una poblacié qualsevol és quatre vegades més petita que la de
gualsevol autosoma. La consegléncia directa d’aquesta reduccié és que processos
com la deriva genetica tindran un impacte molt més fort sobre les regions lligades al
cromosoma Y que no pas sobre cap altra part del nostre genoma, exceptuant el DNA
mitocondrial (Pérez-Lezaun et al. 1997). Aquest efecte, a vegades, permetra de
discernir colls d’'ampolla no aparents amb d’altres marcadors genomics i poder estudiar
la diferenciaci6 genética entre poblacions properes geograficament o que hagin
divergit en temps recents (de Knijff et al. 1997).

Cal destacar, també, que al llarg de la historia, la dinamica de la poblacié
masculina sovint pot haver estat diferent a la de la poblacié femenina. Activitats
especifiques en quant al sexe, tals com la guerra, la caca o la mateixa poliginia, en
determinats casos, poden haver reduit el nombre efectiu de cromosomes Y a les
poblacions i, per tant, incrementar encara més la seva predisposici6 a la deriva
genética (Seielstad et al. 1998).

Per altra banda, donada l'absencia de recombinacié en la major part de la
longitud del cromosoma, qualsevol mutacié selectivament avantatjosa en els caracters
lligats al cromosoma Y podria haver conduit a una seleccio simultania, per efecte hitch-
hiking, de tots els altres al-lels presents en I'haplotip seleccionat. Tot i que aquesta
situacié podria arribar a comportar una drastica reduccio en els nivells de diversitat
genética del cromosoma Y, només podrem detectar les seves conseqliéncies en
determinats casos, quan l'escombratge selectiu (selective sweep) hagués estat

suficientment important, i sempre que s’hagués donat en temps relativament recents ja
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gue, en cas contrari, hom espera que la propia mutacié hauria tingut temps de
regenerar els nivells de polimorfisme en els sistemes més polimorfics, com els

microsatel-lits.

4.2 Tipus de polimorfismes

Historicament, s’ha donat un retard important en la deteccié de variacié en el
cromosoma Y. La dificultat tecnologica que suposa treballar amb grans quantitats de
DNA repetitiu, que dificulta enormement les tecnologies moleculars, i el fet de
presentar pocs gens que poguessin cridar I'atencio als genétics clinics son factors que
endarreriren, sens dubte, la deteccié de polimorfismes en aquest cromosoma.
Tanmateix, la recerca sistematica de polimorfismes, mitjancant la tecnologia
convencional i, sobretot, amb I'aplicacio del DHPLC o Denaturing High Performance
Liquid Chromatography, esta generant gran quantitat de nous marcadors en els
darrers temps.

Els grans tipus de polimorfismes que es troben en el cromosoma Y inclouen:
substitucions de base, insercions, duplicacions o delecions, rearranjaments
complexos, microsatél-lits, minisatél-lits i DNA satel-lit (vegeu exemples a taula 4.2).
Mentre la gran majoria son facilment tipificables mitjancant técniques com la PCR
(Polymerase Chain Reaction) seguida de l'analisi d’'RFLPs (Restriction Fragment
Length Polymorphisms) o de [laplicaci6 del DHPLC, hom també troba alguns
marcadors de major dificultat de deteccid6 mitjancant hibridaci6 de sondes o amb
electroforesi de camp pulsant.

En un determinat punt del genoma, esdeveniments mutacionals com les
substitucions de base, les insercions, i les duplicacions o0 delecions soOn
extremadament rars i, probablement només s’han donat una vegada en I'evoluci6. Per
la seva propia naturalesa, aquestes mutacions generen polimorfismes bial-lélics, és a
dir, amb dos estats al-lélics. En absencia de recurréncia, el tipatge en primats no
humans d’aquests polimorfismes permet de determinar quin al-lel és ancestral i quin és
derivat.

Per altra banda, en contraposicio als marcadors bial-lelics amb una taxa
d’evolucio lenta, hom troba que el cromosoma Y també presenta polimorfismes amb

elevades taxes d’evoluci6. Entre els més utilitzats en genética de poblacions,
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destacarien els microsateél-lits especifics del cromosoma Y i el minisatél-lit MSY1. Com
veurem, gracies a aquesta gran varietat de taxes de mutacid en els seus
polimorfismes, el cromosoma Y ha estat emprat per estudiar fendomens evolutius a

diferents escales temporals.

Tipus Exemples Métode de deteccié més usual
Substitucions de base SRY-2627, M9 PCR, RFLPs, DHPLC
Insercions YAP PCR

Duplicacions o delecions 1212 Hibridacié en filtre, PCR
Rearranjaments complexos 49 a/f Hibridaci6 en filtre
Microsatél-lits DYS19, YCAlL PCR

Minisatél-lits MSY1 MVR-PCR

DNA satel-lit Yal PFGE, hibridacio en filtre

Taula 4.2. Exemples de tipus de polimorfismes en el cromosoma Y. Notes: MVR-PCR,
minisatellite variant repeat PCR; PFGE, pulsed-field gel electrophoresis.

4.3 Estructura de la diversitat genetica: haplogrups i
haplotips

Gracies a I'absencia de recombinacio i donat que només hi ha una sola dotacio
per individu, la combinaciéo dels estats al-lelics de diferents polimorfismes en el
cromosoma Y permet de reconstruir directament el seu haplotip (genotip haploide
definit per diversos polimorfismes lligats entre ells).

Sovint, hom empra el mot haplogrup per a designar el conjunt de cromosomes
gue presenta un mateix haplotip de marcadors bial-lelics. Donada la naturalesa Unica
(o extremadament rara) de la mutacié en els polimorfismes que els caracteritzen, hom
espera que els haplogrups siguin grups de cromosomes relacionats per descendéncia,
és a dir, grups de cromosomes que deriven d’'un avantpassat comu.

Per contra, els haplotips definits per marcadors amb una major taxa de
mutacio, com els microsatél-lits, poden ser idéntics per descendéncia o per estat. La
natura recurrent de la mutacié en els microsatel-lits permet que un mateix haplotip es
generi més d’'una vegada. Com hem esmentat en parlar de microsatél-lits en general,

aguest fenomen rep el nom d’homoplasia. Tanmateix, com més gran sigui el nombre
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de microsatel-lits considerats, menys probable sera que dos haplotips idéntics per
estat no siguin idéntics per descendéncia. L'elevada taxa de mutacié en microsatel-lits
comporta també que els haplotips de microsatel-lits puguin ser geneticament molt
diversos, inclius en cromosomes filogenéticament propers. Aquesta propietat els fa
idonis per a ser emprats en identificacio individual o en l'estudi de poblacions molt
properes. Per contra, I'estabilitat dels haplogrups permetra d'utilitzar-los per investigar
fendomens poblacionals del passat remot 0 basats exclusivament en deriva i migracio.

4.4 Aplicacions a la genética

Son remarcables les possibilitats que aporta el cromosoma Y dins la genetica
forense. La disponibilitat de diferents marcadors altament polimorfics i tipificables per
PCR, sobretot els de tipus microsatél-lit, ha permes en gran part aquesta aplicacié en
el camp forense, on sovint les quantitats i qualitat del DNA de les mostres a identificar
no son les optimes. Tanmateix, cal recordar les limitacions dels resultats obtinguts a
partir del cromosoma Y com a prova suficient d’inclusié en els casos de genetica
forense. Donada la possibilitat que cada haplotip concret de polimorfismes del
cromosoma Y sigui compartit entre tots els descendents barons d’una mateixa familia,
sovint hom troba que per arribar a obtenir un perfil genetic suficientment informatiu, cal
combinar els resultats dels polimorfismes del cromosoma Y amb els dels
polimorfismes autosomics. Per altra banda, I'exclusivitat masculina del cromosoma Y
resulta especialment util en casos de violacié, on permet I'estudi directe en barreges
de teixit femeni i de I'agressor masculi.

La variacié en el cromosoma Y és d’especial interés també en estudis on es
busca si certs backgrounds genétics en el cromosoma Y confereixen susceptibilitat a la
infertilitat masculina. Aquests seria el cas, per exemple, si certs polimorfismes
bial-lélics predisposessin a I'aparicié de grans delecions en el cromosoma. Com que la
regié no recombinant del cromosoma Y forma un unic haplotip sense recombinacio,
hom espera que sigui facil identificar-hi backgrounds de susceptibilitat. També s’ha
aplicat a estudis d'associacié en cancers testiculars. Si algun gen del cromosoma Y
esta implicat en la etiologia d’aquests cancers, la manca de recombinacié en el
cromosoma Y pot donar associacions significatives amb polimorfismes al llarg del

cromosoma.
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Com ja hem comentat anteriorment, I'abséncia de recombinaci6 i I'heréncia
exclusivament paterna, converteixen a la regié no recombinant del cromosoma Y en
una important eina filogenética per a tracar i comparar els llinatges paterns de les
poblacions humanes, de manera similar a com el DNA mitocondrial s’empra per a
'estudi dels llinatges femenins. Tanmateix, la preséncia en el cromosoma Y de
diferents tipus de polimorfismes amb diferents mecanismes i taxes de mutacio
permeten d’augmentar encara més el seu potencial en els estudis d’evolucié humana,
ja que aquest podra ser informatiu a diferents escales temporals i/o geografiques. Tots
aquests factors han provocat que, subsequientment a la descripcié de polimorfismes en
el cromosoma Y, els estudis sobre evoluci6 humana basats en aquest cromosoma,
tant a nivell d'espécie (Dorit et al. 1995; Whitfield et al. 1995) com a nivell poblacional,
s’hagin incrementat notablement en els darrers anys (Hammer 1995; Jobling and
Tyler-Smith 1995; Cooper et al. 1996; Deka et al. 1996; de Knijff et al. 1997; Hammer
et al. 1998).

Alguns dels nombrosos casos en els que el cromosoma Y ha estat decisiu dins
aquests ambits de la genética inclouen des de lorigen i dispersi6 de I'home
anatomicament modern (Hammer et al. 1997, 1998) fins a I'estudi de certs llinatges
masculins particulars, com els dels jueus amb el cognom Cohen (Thomas et al. 1998)
o el de Thomas Jefferson, tercer president dels EEUU, a qui s'atribueix la paternitat del
fill d’'una de les seves cambreres (Foster et al. 1998). Destaca també, especialment, el
paper protagonista que ha tingut per a resoldre questions sobre el poblament de
determinades regions geografiques i l'origen de la contribuci6 masculina en la
composicié d’algunes poblacions actuals. Entre els exemples més estudiats, en aquest
cas, hi trobem el poblament d’America (Pena 1995; Underhill et al. 1996, Karafet et al.
1997; Santos et al. 1995, 1996, 1999), l'origen de la poblaci6 japonesa (Hammer and
Horai 1995), la contribucié masculina asiatica a les poblacions nordeuropees (Zerjal et
al. 1997), la colonitzaci6 de Polinésia i posterior contribucié europea (Hurles et al.
1998), i la colonitzacié dels habitats muntanyosos a I'Asia central (Pérez-Lezaun et al.
1999).

Dins aquesta linia, en la present tesi s’'intentara, mitjancant I'analisi de diferents
marcadors en el cromosoma Y, la investigacié de la composicié actual i origen dels
linatges masculins de les poblacions del nord-oest d’Africa, aixi com l'estudi de la

possible influencia masculina que deixaren les migracions que tingueren lloc, en el
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passat, entre aquesta regié i la Peninsula Ibérica; i I'estructura de la variabilitat
geneética dels microsatel-lits en diferents rerefons definits per polimorfismes estables.









OBJECTIUS
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Els objectius de la present tesi doctoral han estat:

Recopilar i interpretar totes les dades disponibles sobre polimorfismes classics en
el nord d’Africa per tal d’establir un marc descriptiu i interpretatiu preliminar de la
genética de les poblacions d’aguesta regio.

Analitzar tota la variabilitat genetica coneguda en el cromosoma Y incloent-hi
marcadors de diferents taxa d’evoluci6 com microsatél-lits i polimorfismes que
poden representar esdeveniments evolutius UGnics, mitjancant tecniques
moleculars emergents com el DHPLC.

Genotipar microsatel-lits autosomics i combinar-ne la informacié amb I'obtinguda a
partir del cromosoma Y per tal de verificar diferents hipotesis sobre la historia de

les poblacions del nord d’Africa.

Verificar diferents hipotesis sobre el primer poblament del nord-oest d'Africa; en
concret, intentar establir el pes relatiu del substrat paleolitic i de I'expansio
neolitica.

Reconeixer I'abast de la contribucié arab al nord-oest d’Africa i verificar si es

correspon a I'abast de la influéncia lingtistica, cultural i religiosa.

Mesurar la contribucié dels pobles sud-saharians a la composicié genetica actual

de les poblacions nordafricanes.

Intentar establir I'abast de la contribucié genética nordafricana a les poblacions de
la Peninsula Ibérica, ja sigui vinculada a I'expansié de l'islam o a altres moviments

poblacionals.

Establir una base de dades de referencia per a I'is de microsatél-lits del

cromosoma Y aplicats a la genética forense en poblacions del nord-oest d’Africa.
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Estudiar I'estructura de la variabilitat de microsatél-lits especifics del cromosoma Y
en el rerafons genétic definit per marcadors d'evoluci6 molt més lenta. En
particular, entendre l'estratificacio genetica dels marcadors del cromosoma Y,
especialment l'estructuracié per llinatges, en relaci6 a la que diferencien les
poblacions.
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1. Poblacions estudiades

L’'obtencié de mostres procedents del nord d’Africa no fou senzilla. Implica una

intensa tasca d’establir acords de col-laboraci6 amb diferents universitats, aixi com

amb diversos hospitals i ambulatoris, de Barcelona i rodalia, Andalusia, Franca i

Marroc. Els fruits d’aquestes col-laboracions s’obtingueren de forma gradual al llarg

dels quatre anys d’aquest treball.

i)

Podem distingir quatre fonts diferents de mostres:

a partir de col-laboracions amb d’altres laboratoris que disposaven de mostres
de DNA per a aquestes poblacions. Es el cas de part de la mostra d'arabs
marroquins (obtinguda pel professor Abdelaziz Sefiani de la Universitat de
Rabat), & la mostra de mozabites (obtinguda pels professors Jean-Michel
Dugoujon, Ghania Hariti i Anne Cambon-Thomsen de la Facultat de Medicina
de Toulouse) i de la mostra de tahelhits (obtinguda pels professors Omar
Akhayat, Hassan Izaabel i Zahra Brakez de la Universitat Ibnou Zohr d’Agadir).

a partir d'immigrants nordafricans residents a Catalunya i Andalusia, gracies a
la col-laboracié amb el doctor Enric Bufill de I'Hospital General de Vic; amb els
doctors Felip Pi, Pere Simonet, Enric Padrés i doctora Prats de Hospital i de
'ambulatori Nou de Viladecans; amb el doctors Xavier Balanzé, Jordi Colomer i
Alba Bosch del Consorci de Matard i amb el doctor Josep Lluis Fernandez
Roure del dispensari Cirera-Molins de Mataro; i de la professora Elisabeth
Pintado de la Facultat de Medicina de Sevilla.

a partir d'una campanya de recollida de mostres sanguinies a Valéncia on hi
passaven l'estiu un grup de refugiats sahrauis, la qual fou efectuada per
membres del nostre laboratori gracies a I'ajuda d’Oriol Vall, Khadietu, Omar
Mansur, Baha Mustafa i Adda Brahim, entre altres.

a partir de dues expedicions al Marroc realitzades per membres del nostre
laboratori I'abril i el juny de 1997. En aquest cas, gracies a la col-laboracié amb
la doctora Noufissa Benchemsi del Centre Nacional de Transfusié Sanguinia
del Marroc, hom passa a disposar d’un ampli espectre geografic de mostres
sanguinies que inclouen diversos grups poblacionals arabs i berbers.
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Cal assenyalar que l'obtencié de mostres a partir de ii), iii) i iv) va permetre
desenvolupar técniques d’'immortalitzacié cel-lular per tal de poder disposar d'una font
indefinida del DNA d'aquestes poblacions. En tots els casos, hom ha recollit el
consentiment informat dels individus participants i informacié diversa referent a la
procedéncia geografica, llengua materna i sexe de cada donant, aixi com dels seu
pares i quatre avis.

Chechauen Nador

Rabat

n=50
Casablanca

n=48

*
o Fes g% oudja
R n=22 " |n=21 L
Beni-Melal @ Mozabites
n=109

Tahelhits
n=42

* Berbers del nord A Arabs

del Marroc marroquins

Berbers del centre @ pjres
del Marroc

Sahrauis
n=59

Figura 1. Localitzacié geografica i grandaria mostral del conjunt de mostres recollides.
Les mostres indicades amb un cercle gran i negre constitueixen poblacions analitzades
com a unitats independents. En canvi, les mostres indicades amb altres simbols han
estat reunides per formar les agrupacions poblacionals esmentades en la llegenda de
la figura.

El nombre de cromosomes analitzats per cada agrupaciéo poblacional
nordafricana considerada en els treballs corresponents als capitols II-V s’indiquen a la
taula 1. Cada agrupaci6 poblacional s’ha definit en funcié de la procedéncia geografica

de les mostres i segons criteris culturals o linguistics.

El conjunt de mostres de la Peninsula Ibérica analitzades en I'Ultim capitol
d'aquest treball es trobava disponible en forma de DNA en el nostre laboratori.
Comprén 37 andalusos, 44 bascos i 16 catalans.
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- . Arabs Berbers Berbers . .
Marcadors geneétics estudiats Marroc NC Marroc S Marroc Mozabites Sahrauis
Capitol II: 21 STRs autosomics 94-160 50-126 84-96 88 104-118
Capitol Ill: 8 STRs especifics del 44 3 42 68 29
cromosoma Y
C_ap|t\o_l IV: 8 STRs i 11 marcadors 44 13 44 B 29
bial-lelics cromosoma Y (set 1)
Capitol V: 41 marcadors bial-lélics 44 63 40 B 29

cromosoma Y (set 2 o DHPLC)

Taula 1. Nombre de cromosomes analitzats en cada agrupacido poblacional
nordafricana considerada en els diferents estudis.

En total, hom ha diferenciat fins a vuit poblacions:

i) Arabs marroquins. Inclou individus que s’han autodefinit com a arabs i que
procedeixen de les grans ciutats de la costa marroquina, com Rabat i
Casablanca, aixi com dels seus voltants.

ii) Berbers del nord i centre del Marroc. Inclou individus que s’han autodefinit com
a berbers i que procedeixen de pobles i ciutats del nord i del centre del Marroc
com Nador, Oudja, Chechauen, Taza, Fez, Beni-Melal, Errachidia i Ouarzazat;
o bé individus que s’han autoidentificat com a rifenys o com a tamazights, és a
dir, com a parlants de les llengues berbers predominants, respectivament, al
nord i centre del Marroc.

i) Berbers del sud del Marroc o tahelhits. Inclou individus que s’han autodefinit
com a berbers i que procedeixen de la regié del riu Souss o bé individus
berbers que s’han autoidentificat directament com a tahelhits, és a dir, parlants
de la llengua berber predominant al sud del Marroc.

iv) Mozabites. Inclou individus berbers procedents de la ciutat de Ghardaia a
Algéria, els quals s’autoidentificaren com a membres d’aquest grup berber
culturalment ben definit.

V) Sahrauis. Inclou individus sahrauis procedents del Sahara Occidental pero
actualment localitzats en diversos camps de refugiats al sud d’Algéria.

vi) Bascos. Inclou individus autoctons de la provincia de Guipuscoa, al Pais Basc.
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Vii) Catalans. Inclou individus de les comarques de I'Alt Emporda, el Baix Emporda,
el Girones, el Pla de I'Estany, la Selva i la Garrotxa.

viii)  Andalusos. Inclou individus d’arreu d’Andalusia.
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2. Obtenci6, purificacio i quantificacié de DNA

El DNA de les poblacions s’ha obtingut a partir de mostres sanguinies extretes
amb vacutainers de 5 ml que contenien citrat sodic. En tots els casos, es realitza una
extraccio de DNA mitjancant un metode estandard d’extraccié amb fenol i cloroform
(Sambrook et al. 1989) a partir de la lisi de limfocits i posterior digestio cel-lular amb
proteinasa K en presencia d’EDTA i un detergent, i en el qual s’inclouen una serie
d’extraccions amb fenol i cloroform, a fi i efecte d’eliminar les proteines de la mostra.
Seguidament, es precitava el DNA extret amb etanol.

La determinacio de la quantitat de DNA obtinguda per a cada mostra es feu
mesurant I'absorbancia en un espectrofotometre a 260 nm (una unitat d’absorbancia a
260 nm equival a 50 ng/m de DNA de doble cadena). Es calcula també la relacié
d’absorbancies a 260 nm i 280 nm (D.0O.,60/D.0.250) per a determinar la relacié d’acids
nucleics i proteines de cada mostra (1.8 és el valor optim que hom espera, mentre que
un valor inferior a 1.8 indica una contaminacié per excés de proteines o restes de
fenol). Posteriorment, les mostres es prepararen a una solucio de treball de 100 ng/ni.
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3. Analisi de microsatel:lits

Amb I'excepcié de dos trinucledtids del cromosoma Y, tots els microsatél-lits
analitzats en la present tesi son tetranucleotids. Aquesta eleccié respon basicament a
raons practiques, donada llur abundancia i ubiquitat en el genoma i que, com s’ha
comentat a la introduccid, l'assignacio dels allels en les repeticions de quatre
nucleotids mostra menys problemes que la d’altres microsatél-lits amb longituds de
repeticid menor.

Cal assenyalar també, que certs problemes com la preséncia de bandes
parasites (Weber 1990) i l'addici6 o subtraccié6 d'algunes repeticions per la Taq
polimerasa (Smeets et al. 1989) durant I'amplificacié d’'aquestes sequéncies en el
procés de PCR, son fenomens més freqlents en dinucleotids que en tetranucleotids,
cosa que els confereix un avantatge practic indiscutible.

Per altra banda, I'eleccié de quins loci concrets estudiar vingué condicionada
en gran part a la gran disponibilitat d’'informacié que hom troba en la literatura per a
aguests marcadors en d'altres poblacions que poguéssim utilitzar de referéncia en el

nostre treball.

3.1 Caracteritzacio dels microsatel-lits autosomics
estudiats

El locus, motiu repetit, localitzacid cromosomica, localitzacié genica, nombre
d'allels i rang de repeticions descrites aixi com la sequiéncia dels primers i/o kit
comercial emprats per al seu tipatge, juntament amb la longitud dels productes PCR
obtinguts en parells de bases per al conjunt de 21 microsatél-lits autosomics estudiats

es presenten a les taules 3.1.1i 3.1.2.
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Localitzacio Nombre Rang de Kitcomercial Longitud producte

Locus Motiu repetit cromosomica d'allels  repeticions emprat PCR (pb)
D3S1358  (TCTA)s 3p 13 9-20 Fgg]fiil'grr 114-142
FGA (CTTT)n 4928 21 16-29 Profiler 219-267
D8S1179 (TCTA/G)n 8 10 8-17 Profiler 128-168
D21S11 (TCTGITA)n 21 25 24.2-38 Profiler 189-243
D13S317 (GATA)n 13g22-31 11 5-15 Profiler 206-234
D16S539 (AGAT)n 16924 -qter 11 5-15 Cofiler 234-274
D18S51 (AGAA) 18g21.3 18 9-23 Profiler 273-341
CSFIPO  (AGAT)n 5033.3-34 11 6-15 groef'e'ﬁrl 281-317

Taula 3.1.1. Caracteristiques principals dels microsatél-lits autosomics estudiats (I).

Nota: per a la majoria d'aquests loci la localitzaci6 génica és desconeguda.
Excepcions: FGA, Alpha fibrinogen (intr6 3, nucleotid 2912); CSF1PO, proto-oncogen
c-fms pel receptor CSF-1.



Locus Motiu repetit Clr‘g;zggg;ﬁg Localitzacié genica g%ﬂzg r eszrt]i?:igr?s SeqUéncég’fj;l)s primers I[;?onngt:Lig Kitg%merz: al t?gtiljtcut:

PCR (ph)" pra PCR (pb)?
D5S818 (AGAT), 5q 21-31 Desconeguda 11 7-16 (TSSETTTGCACTATATISETTECT;(T:EC;EX 133-169 Profiler 135-171
D7S820 (GATA), 7q Desconeguda 11 6-15 E?giégﬁiﬁzm%%’ggl&m 198-234 Fggffiil'grr 258-294
D11S2010  (GATA), 11 Desconeguda 7 915 [ ICACBCTTIAICTCATIA 107-131 . .
D13S767  (GATA) 13 Desconeguda 8 8-15 ’T*%TSTTQE&';TT%TAAGGC?ATGT?:TGC 155-179 - -
D14S306 (GATA)n 14912—-q13 Desconeguda 9 9-17 mgéﬁﬁgﬁﬁégxﬁ.ﬁﬁggg$§ge 186-218 - -
D18S848  (GATA), 18 Desconeguda 9 5-13 &iﬂ?gggé}%&iﬁg&%“w 80-112 . .
D2S1328 (GATA)n 2 Desconeguda 12 5-12 ?;gggg;lg?:gféﬁfggé 135-171 - -
D4S243 (AGAT)n 4 Desconeguda 11 8-19 ﬁég;ggg%?ggggg%m 165-205 - -
panowo, e ESGMMSN gy CSCTCACECSCCTT g L
sies G, sgsae CURESOORMER oy CMONCONTGSCET g
Mo @, upes RSSO o py  STCCSCIOMWCCTOOMIN gy GO o
PO uwon aesm  POARENS o o OSISCEGMCEC e S ana
VWFVWA  (TCTA),  12p13.3-p132 ' actor (\i/n()t?éVXi(l)l)ebrand 12 1122 SCCTAGTCGATGATAAGAATANTC oc 126162 Profiler  157-197
D9S926 (GATA)n 9 Desconeguda 8 7-16 gi%ﬁ.%ﬁg%}gi’g’agg ::g g C 198-228 - -

Taula 3.1.2. Caracteristiques principals dels microsatél-lits autosomics estudiats (Il). Notes: Alguns dels loci foren amplificats o0 amb els primers
indicats 0 amb els continguts en els kits comercials. (1) Longitud producte PCR obtingut mitjancant els primers indicats; (2) Longitud producte PCR
obtingut a partir del corresponent kit comercial.
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3.2 Caracteritzacio dels microsatel-lits especifics del
cromosoma Y estudiats

El locus, motiu repetit, nombre dal-lels i rang de repeticions descrites,
sequencia dels primers emprats per al seu tipatge, aixi com la longitud en parells de
bases dels productes de PCR obtinguts per als vuit microsatel-lits especifics del
cromosoma Y estudiats es presenten a la taula 3.2.

L : Longitud
. . Seqgliencia dels primers

Locus Motiu repetit ’(;I'glr-rlflrse reRzrt}gigr?s q o P producte

P (5-3) PCR (pb)

DYS19 (CTAT/C)n 10 10-19 CTACTGAGTTTCTGTTTATAGT 174-210
ATGGCATGTAGTGAGGACA

DYS388 (ATT)n 7 11-17 GTGAGTTAGCCGTTTAGCGA 125-143

CAGATCGCAACCACTGCG
AACTCTCATCTGTATTATCTAT

DYS389I (TCTGITA)n 7 7-13 CCAACTCTCATCTG c G 239-263
TCTTATCTCCACCCACCAGA

DYS389ll (TCTGITA)n 9 23-31 CCAACTCTCATCTGTATTATCTATG 353-385
TCTTATCTCCACCCACCAGA

DYS390 (CTG/AT)n 10 18-27 TATATTTTACACATTTTTGGGCC 191-227

TGACAGTAAAATGAACACATTGC
DYS391 (CTAT)n 6 8-13 CTATTCATTCAATCATACACCCA 275-295
GGATTCTTTGTGGTTGGGTCTG

TCATTAATCTAGCTTTTAAAAACAA

DYS392 (ATT)n 8 7-16 236-263
AGACCCAGTTGATGCAATGT
AACTCTCATCTGTATTATCTAT
DYS393 (GATA)n 6 9-15 CCAACTCTCATCTG c G 108-132
TCTTATCTCCACCCACCAGA

Taula 3.2. Caracteristiques principals dels microsatel-lits especifics del cromosoma Y
estudiats.

3.3 Tipatge

El conjunt de microsatél-lits autosomics inclosos en ds kits comercials (PE
Applied Biosystems) AmpFISTR Profiler Plus, AmpFISTR Green I, i AmpFISTR Cofiler
foren analitzats mitjancant una amplificacié conjunta i determinacid en multiplex
seguint les recomanacions dels propis fabricants. Alguns microsatel-lits autosomics
inclosos en els kits comercials, els microsatel-lits autosomics restants no inclosos i tot

el conjunt de microsatel-lits especifics del cromosoma Y foren amplificats en reaccions



70 - DIVERSITAT GENOMICA A LES POBLACIONS DEL NORD D’AFRICA

individuals utilitzant primers marcats amb fluorocroms que donen fluorescéncia blava,
verda o groga.

Les condicions de la reaccié d’amplificacié i de les condicions de PCR en el
termociclador (Perkin Elmer 9600) s’indiquen a la taula 3.3. Els productes amplificats
es van fer correr en un sequenciador automatic ABI 377™ (PE Applied Biosystems).
La combinacié de les diferents grandaries dels fragments amplificats i la utilitzacié de
diferents fluorescéncies van permetre fer cérrer més d’'un marcador en cada carril.
Hom empra els estandards ABI GS500 Rox o ABI GS500 Tamra (Perkin Elmer) com a
marcadors interns de carril. Les imatges i resultats de cada gel foren recollides pel
software ABI Collection™ (PE Applied Biosystems). Posteriorment, emprarem els
paquets de software GeneScan 672™ i Genotyper 1.1™ i 2.1x3™ per a analitzar la
grandaria dels al-lels en parells de bases i realitzar I'assignacié d’al-lels segons el
nombre de repeticions a partir de la comparaci6 amb escales sequenciades
especifiques de locus.

Marcadors utilitzats  Condicions reaccié PCR Condicions termociclador (PE 9600)

AmpFISTR Profiler 25 m totals amb 0.5 ng DNA, 10.5 ni 95 C 11 min; 28 cicles a 94 C 1 min, 59

Plus, AmpFISTR AmpFISTR PCR Reaction Mix 0.5 C1min,i72C 1 min; 60 C 45 min
Green I, AmpFISTR  m AmpliTag Gold DNA polymerase,
Cofiler 5.5 m AmpFISTR Profiler Plus/

Green |/ Cofiler Primer Set
Altres microsatel-lits 10 i totals amb 100 ng DNA, 50 94 C 1 min; 14 ciclesa 94 C 20 s,63 C
autosomics mM KCI, 10 mM tris-HCI (pH 8.3), 1 min (-0.5 C/cicle), i 72 C 1 min; 20

1.5 mM MgCl, (2.5 mM per F13A1), ciclesa94C20s,56Ca45s,i72C1

250 nM dNTPs, 0.2 nM de cada min; 72 C 5 min.
primeri 1 U Taq DNA polimerasa

DYS390, DYS392 10 ni totals amb 100 ng DNA, 50 94 C 2 min; 8 ciclesa 94 C 20 s, 58 C

mM KCI, 10 mM tris-HCI (pH 8.3), 30 s (-0.5 Clcicle), i 72 C 30 s; 27 cicles
1.5 mM MgCl,, 250 nM dNTPs, 0.2 a94C20s,54Ca30s,i72C 30 min;

mM de cada primer i 1 U Tag DNA 72 C 10 min.
polimerasa

DYS19, DYS388, 10 ni totals amb 100 ng DNA, 50 94 C 1 min; 14 ciclesa 94 C 20 s, 63 C

DYS389l, DYS3891l, mM KCI, 10 mM tris-HCI (pH 8.3), 1 min (-0.5 Cfcicle), i 72 C 1 min; 20

DYS391, DYS393 1.5 mM MgCl, (2.5 mM per DYS19), ciclesa94C20s,56Ca45s,i72C1

250 nM dNTPs, 0.2 nM de cada min; 72 C 5 min.
primeril U Taq DNA polimerasa

Taula 3.3. Sinopsi de les condicions d’amplificacio emprades.
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65 7 B B1011 121314161617 1818 20212223 24 25 26 27 28 2930 3132333

AAAAAAA AAAAAAAAAAAA AAAA AAAAA AAAAA/

Figura 3.3.1 Imatge d'una electroforesi realitzada mitjancant un sequenciador
automatic.

é’i Gfa I'Elé

Figura 3.3.2 Electroferograma dels loci amelogenina (marcador de sexe), THOL,
TPOX i CSF1PO per a I'individu rab63 (carril 3) amb les respectives escales al-leliques
(carril 1).
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4. Analisi de polimorfismes bial-lélics

Mentre la gran majoria de polimorfismes bial-lelics tipificats en el present treball
poden ser facilment analitzats per tecniques com la PCR seguida de I'analisi d’'RFLPs
o de I'aplicaci6 de la metodologia del DHPLC, hom també ha utilitzat alguns marcadors

gue requereixen ser detectats mitjangant hibridacié per sondes especifiques.

4.1 Polimorfismes analitzats per RFLP o Restriction
Fragment Length Polymorphism

Els polimorfismes bial-lélics analitzats mitjangant RFLP es presenten a la taula
4.1.1. Després de la seva corresponent amplificacié mitjangant PCR, foren detectats a
partir del canvi que generen en la diana d’'un enzim de restriccio (vegeu condicions a la
taula 4.1.2). L’excepcio es troba en I'element YAP, on la preséncia de la insercioé Alu
pot analitzar-se directament en agarosa després de la seva amplificacio, donada la
diferéncia de 305 pb entre l'allel amb la inserci6 Alu i l'allel sense insercio.
Posteriorment a la seva separacido mitjancant una electroforesi en gel d'agarosa o
acrilamida, la deteccié dels fragments amplificats i si s’esqueia digerits es feu
mitjancant tincié amb plata, bromur d’etidi o Sybr Green segons el cas (vegeu exemple

alafigura 4.1).

Sequéncia dels primers

Polimorfisme Tipus RFLP
(5-3)
. CoOT TGCATGAACACAAAAGACGTA Sardua
Substitucié de base  CCATTGTTAAATATGACCAGC diana Hindill
cCO®T CGCGGCTTTGAATTTCAAGCTCTG Pardua
SRY-2627 Substitucié de base  CCAGGGCCCCGAGGGACTCTT diana Banl
el A® G AGGCACTGGTCAGAATGAAG Pardua
Substituci de base  AATGGAAAATACAGCTCCCC diana Nialll
SRY.1532 G® A TCCTTAGCAACCATTAATCTGG Guany diana
Substitucié de base  AAATAGCAAAAAATGACACAAGGC Dralll ,
C®A ACAGCACATTAGCTGGTATGAC bardua
SRY-8299 Substitucié de base  TCTCTTTATGGCAAGACTTACG diana BsrBI
L+ ® -Alu CAGGGGAAGATAAAGAAATA
YAP Insercié Al ACTGCTAAAAGGGGATGGAT -

Taula 4.1.1. Polimorfismes bial-lelics del cromosoma Y analitzats mitjancant RFLP
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Polimorfisme Cono!icjons reaccio P(;R i Enzim Longitud dels Deteccié
condicions del termociclador emprat fragments
50 ng DNA, 200 mM dNTPs, 1.5 mM MgCly,
92R7 1 nM primers 0.5 U/tub Taq polimerasa Hindl1 55 (0) PAGE 8%
2min 94 C ;30 ciclesa60C 20s,72C30s ~25+30 (1) Tincio plata
194 C20s; més 72 C5min
50 ng DNA, 200 mM dNTPs, 1.5 mM MgCly,
SRY-2627 1 mvl primers 0.5 U/tub Taq polimerasa _ Banl 264+86+41(0) Agarosa 1.5%
3 min 94C; 30 ciclesa 63 C 30s,72C60si 350+41(1) BrEt
94 C30s; més 72 C5min
50 ng DNA, 200 nM dNTPs, 1.5 mM MgCl,, .
1 mM primers 0.5 U/tub Taq polimerasa ~102+65+42 (0) Nusieve/Agarose
sY81 . . . Nlalll Seakem (3:1) 4%
3 min 94C; 30 ciclesa 60 C 20s,72C 30 s ~144+65 (1)
94 C 20s; més 72 C 5 min SybrGreen
50 ng DNA, 200 nM dNTPs, 1.5 mM MgCla, Nusieve/A
SRY-1532 1 mM primers 0.5 U/tub Tagq polimerasa Bralll 167 (0) Susll(eve 39:‘“;80/9
3 min 94C; 30 cicles a 60 C 20's, 72 C 30 s i ~55+112 (1) eakem (3:1) 4%
94 C 20 s; més 72 C 5 min SybrGreen
50 ng DNA, 200 mM dNTPs, 1.5 mM MgCl,,
SRY-8299 1 n‘M primers 0.5 U/tub Taq polimerasa _ BsrBl ~147+362 (0) Agarosa 1.5%
3 min 94C; 30 ciclesa60C 30s,72C60si 509 (1) BrEt
94 C 30s; més 72 C5min
50 ng DNA, 200 mM dNTPs, 1.5 mM MgCly,
VAP 1 nM primers 0.5 U/tub Tag polimerasa 150 (0) Agarosa 1.5%
3 min 94C; 30 ciclesa 51 C60s,72C60si 455 (1) BrEt

94 C60s; més72C5min

Taula 4.1.2. Sinopsi del tipatge dels polimorfismes bial-lélics del cromosoma Y
analitzats mitjancant RFLP

Figura 4.1. Exemple de tipatge de la mutacié SRY-2627. Carril esquerre, marcador de
longitud de sequéncia. Els tres carrils segients i el darrer contenen DNA d’individus
amb l'estat ancestral d’aquesta mutacid, mentre que el segon per la dreta és un
exemple d’al-lel derivat.
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4.2 Polimorfismes analitzats mitjancant hibridacio amb
sondes especifiques

Els polimorfismes 12f2, 50f2P i 50f2| foren analitzats mitjancant hibridacio amb
sondes especifiqgues seguint els metodes descrits per Casanova et al. (1985) i Jobling
(1994). A partir de la digestio completa del DNA de cada individu a analitzar i posterior
precipitaci6 del DNA amb etanol, es realitza una electroforesi en agarosa que fou
seguida d’'una transferéncia dels fragments digerits i separats a un filtre per Southern
blot. Aquests filtres foren prehibridats amb esperma de salmoé i posteriorment hibridats
amb les corresponents sondes especifiques dels polimorfismes a estudiar, les quals
havien estat préviament marcades amb a*P mitjancant random priming. Després de
diferents rentats per eliminar 'excés de sonda dels filtres, les bandes especifiques de
cada polimorfisme foren visualitzades per autoradiografia mitjancant I'exposicié dels

filtres a films sensibles.

Polimorfisme Tipus Detecci6
122 Duplicacid/delecio Taq | (EcoRlI)
10Kb ® 8Kb Hibridacio
50f2P Substituci6 de base Taq |
8.5Kb® 3.1Kb Hibridacio
50f2I Substitucio de base Taq |
8.5Kb ® 4 Kb Hibridacio

Taula 4.2. Caracteristiques dels polimorfismes bial-lelics del cromosoma Y detectats
mitjangant hibridacié amb sondes especifiques.

4.3 DHPLC o Denaturing High Performance Liquid
Chromatography

Recentment, Peter A. Underhill i Peter J. Oefner, un genetista i un bioquimic del
Departament de Genética de la Universitat d’Stanford (USA), han desenvolupat una
nova estratégia molt eficient i automatitzada per estudiar la variacié bial-lélica en
general, amb una aplicacié inicial en el cromosoma Y. Aguesta nova estratégia,

basada en I'aplicacié de DHPLC per a la detecci6é d’heteroduplexs creats artificialment,
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serveix tant per a descobrir nous polimorfismes com per a tipificar mostres

poblacionals. Aquesta darrera és I'aplicacié que n’he fet en aquest treball.

De manera esquematica aquest nou metode es pot resumir en els segients

quatre passos:

ii)

amplificacié per PCR del segment de DNA que es vol estudiar ja sigui perque
s’hi vol intentar identificar nous polimorfismes o perqué conté una mutacioé que
ja ha estat caracteritzada previament. En el cas de voler tipar dues mostres A i
B (figura 4.3.1) caldra amplificar per a cada una d’elles la regio que conté la
mutacio aixi com un control positiu (individu amb I'al-lel derivat) i una mostra
de referéncia (individu amb I'al-lel ancestral).

barreja equilibrada de cada mostra amplificada amb el producte PCR de
referéncia de seqiiéncia coneguda. Es molt important per a una correcta analisi
en el DHPLC que el nombre de molécules de DNA amplificades de cada
mostra sigui comparable amb el de la mostra de referéncia. Es per aix0 que,
com a pas previ a aquesta barreja, es verifica en agarosa que la intensitat dels
fragments amplificats sigui comparable.

desnaturalitzacio (pujant la temperatura fins a uns 95 C) i reanellament (baixant
gradualment la temperatura fins a 65 C) de cada barreja individual de manera
que sigui possible la formacié de molécules de DNA de doble cadena d’origen
mixt, és a dir, molecules de doble cadena on una de les cadenes correspongui
a la mostra a tipar i I'altra a la mostra de referéncia.

per a cada mostra, analisi mitiancant el DHPLC de la possible preséncia, entre
totes les moléecules de DNA de doble cadena creades artificialment, d’aquelles
molécules on les dues cadenes no siguin complementaries (és a dir, dels

heteroduplexs).

El DHPLC explota la retencio diferencial de les molecules de DNA, segons

siguin heteroduplex o homoduplex, en una columna cromatografica. Permet detectar

d’aguesta manera els desaparellaments creats per un unic nucleotid aixi com petites

insercions o delecions dins un fragment de DNA amplificat de I'ordre de centenars de

parells de bases de longitud quan es compara amb un producte PCR de referéncia.
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Sobretot, esta demostrant ser d’especial interes en aquelles regions del genoma en
gué el nombre de nucledtids variables és baix (fet forca comu en el cas del cromosoma
Y), ja que en aquests casos els patrons d"heterodulplex observats poden ser clarament

caracteritzats i diferenciats per a cada polimorfisme.
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Figura 4.3.1. Tipatge per DHPLC d’'una mutacié qualsevol en el cromosoma Y.

En tots els tipatges, primer s’analitza el producte de referencia o homoduplex
gue donara un unic pic, el control positiu (en general s’esperen dos 0 més pics) i
nomeés si sén correctes (els esperats donada la mutacié a estudiar) es passa a
analitzar les mostres. La temperatura en la que s'analitza cada mutacié és critica i
variara en cada cas en funcié6 de la composicid de la sequiéncia amplificada. Cal
destacar que, només en aquells casos excepcionals on es mostra un heterodlplex
diferent al caracteristic determinat préviament per a cada marcador caldra sequenciar
per a identificar exactament la naturalesa d’un possible nou polimorfisme.

Mitjangcant aquesta nova estratégia, I'equip investigador d”Stanford ha arribat a
identificar i caracteritzar fins el moment un total de 166 polimorfismes bial-lélics

especifics de la regié no recombinant del cromosoma Y (Underhill et al. 1999). Per
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altra banda, la determinacio dels estats ancestrals d’aquests marcadors mitjangant el
tipatge de primats no humans i la caracteritzacié de fins a 1.062 cromosomes d’origen
etnic divers, els han permeés d’establir un nou arbre filogenetic del cromosoma Y molt
detallat, compost per 115 llinatges masculins diferents que es reparteixen en deu
grans grups (Underhill et al. 1999). Sens dubte, la seva descripci6 i interpretacio
detallada en cada regié demostraran ser de vital importancia dins l'estudi de la
diversitat genetica del cromosoma Y en les poblacions humanes. Els resultats
obtinguts en el present treball mostren que és una eina amb un poder de resolucié

enorme per als estudis de diversitat i inferencia evolutiva en humans.
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Figura 4.3.2. Exemples de cromatogrames on es mostra com es distingeixen els
homoduplex (pics 2) dels heteroduplex (pics 1) quan es barregen els productes de
PCR d'un individu bar6 de referéncia amb individus que presenten els estats derivats
dels polimorfismes M4, M7, M9, M18, M19 i M20, respectivament (Underhill et al.
1997).

Hom preveu que tot aquest nou conjunt de marcadors bial-lélics especific del
cromosoma Y estara disponible en una base de dades publica en la qual s’indicara,
per a cada mutacio, les condicions d’amplificacio, sequéncia dels primers utilitzats,
grandaria del fragment a amplificar, posicié on es troba la mutacié respecte el final 5’
del primer F, estat ancestral i al-lel derivat, més la temperatura utilitzada per a la
deteccio del polimorfisme mitjangant DHPLC.

En el present treball, el tipatge d’aquest nou conjunt de marcadors bial-lelics es

realitza de manera sequencial i ordenada, de més antics a més moderns segons la
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seva posicid en les branques de l'arbre filogenétic definit amb el total de 166
polimorfismes descrits fins el moment (figura 4.4.1). D’aquesta manera, sempre ha
estat possible inferir I'estat al-lélic d’aquells marcadors no tipats i, per tant, obtenir per
a cada individu la informacio completa de la combinaci6 dels estats al-lelics de tots els
marcadors en forma d’haplotip.

Mutacié Polimorfisme Mutaci6 Polimorfisme Mutacié Polimorfisme

YAP positius

M1 -->+ Alu M107 A® G M66 A® C
M40 G® A M165 Anc. ® der. M155 G® A
M35 G® C M33 A® C M149 G® A
M34 G® T M44 G® C M58 C® T
M78 C®T M75 G->A M154 T® C
M148 A® G M2 A® G M120 T® C
M81 C® T M116 A® C M124 C®T
YAP negatius

M1 -® +Alu M65 A®T M52 A® C
M89 C® T M153 T® A M172 T® G
M9 C® G M167 C®T M67 A®T
M45 G® A M37 C®T M12 G® T
M173 A® C M17 4G's® 3G's M170 A® C
M150 A® C M73 +® -2pb  M72 A ® der.
M126 +® -4pb M70 A® C M26 G® A
M18 +® -2pb M62 T® C M21 A ® der.

Taula 4.3.1. Conjunt de marcadors bial-lélics especifics del cromosoma Y analitzats
mitjangcant DHPLC en el present treball. Anc.: ancestral; der.: derivat, en els casos de
polimorfismes per als quals hom no disposa d’aquesta informacié.

4.4 Filogenia de la variacio en el cromosoma'Y

L’'andlisi en el DNA de la diversitat genética ha suposat moltes millores i
avantatges en relacié a la genética de poblacions classica. Entre aquests aventatges,
sovint s'esmenta que hi ha un gran nombre de marcadors en el DNA, se’n coneixen les
bases moleculars, es poden tipificar mitjangant metodes estandards de biologia
molecular, i ens podem endinsar a esbrinar-ne les freqiiéncies i patrons de mutacié.

Pero, probablement, el que representa una gran millora és la possibilitat de conéixer la
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filogénia de tota la variacio existent. Aixd, de moment, és factible per a les regions no
recombinants del nostre genoma: mtDNA i cromosoma Y.

Per al mtDNA, hi ha una quantitat extraordinaria de treballs que intenten inferir
el procés evolutiu que ha donat lloc a la variacié observada. Pero, probablement, la
visié que en tenim s’haura de revisar quan es conegui millor la variacio a la regié més
conservada de la molécula.

Per al cromosoma Y, hi ha hagut diversos intents i tot fa pensar que la
descripcié que tenim ara de 166 marcadors bial-lélics és robusta i que presenta una
filogenia amb alta correlacié amb la que hipotéticament donaria la seqliéncia de tot el
cromosoma Y.

A la figura 4.4.1 es presenta larbre filogenetic del conjunt de marcadors
bial-lelics presentats als apartats 4.1 i 4.2. Les relacions entre haplogrups foren
determinades mitjangant un criteri de maxima parsimonia, que és especialment facil
d’aplicar en una regié no recombinant i a polimorfismes amb una baixa taxa de
mutacio. En efecte, només SRY-1532 ha experimentat homoplasia. Els estats al-lélics
ancestrals i derivats s’indiquen al llarg de les branques mitjancant sagetes i foren
determinats mitjancant el tipatge en primats no humans. Dins els cercles, s’indica
mitjancant codis numerics els haplogrups determinats a partir dels estats al-lélics dels
polimorfismes inclosos.

A la figura 4.4.2 es mostra I'arbre filogenetic del cromosoma Y adaptat a partir
de Underhill et al. (1999). Aquest arbre inclou fins a 166 polimorfismes descoberts
mitjangant DHPLC. La construccio d’aquest arbre es féu amb els mateixos criteris que
I'anterior: maxima parsimonia i determinacié dels estats ancestrals a partir de primats
no humans. Cada polimorfisme s’'indica amb M més un nimero. Els haplotips definits
per la combinacio dels polimorfismes s’indiquen al final de les branques amb H més un
namero. Les xifres romanes designen els grups d’haplotips considerats per Underhill et
al. (1999).



Figura 4.4.1 Arbre filogenetic del conjunt de marcadors bial-lélics presentats als
apartats 4.1i4.2.
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Figura 4.4.2. Arbre filogenetic del cromosoma Y adaptat a partir de Underhill et al. 1999.



82 . DIVERSITAT GENOMICA A LES POBLACIONS DEL NORD D’AFRICA

5. Tractament estadistic

5.1 Elaboraci6 d'una base de dades de frequencies
al-leliqgues recopilada de la literatura

Com a primer pas per a la descripcié de la variabilitat genética al nord d’Africa
es recopila una base de dades en Dbase Il plus (Ashton-Tate) que contenia tota la
informacié disponible sobre polimorfismes genetics classics en mostres de poblacions
d’aquesta regio. Diverses recopilacions (Mourant et al. 1976; Steinberg and Cook
1981; Tills et al. 1983; Roychoudhury and Nei 1988 i Cavalli-Sforza et al. 1994) foren
utilitzades com a punt de partida i actualitzades a partir de dades publicades a les
principals revistes del camp (American Journal of Human Genetics, American Journal
of Physical Anthropology, Annals of Human Biology, Annals of Human Genetics, Gene
Geography, Human Heredity, Human Genetics, Humangenetik, Journal of Human
Evolution, Tissue Antigens, Human Biology i Vox Sanguinis) fins desembre de 1995.

Cada registre o entrada correspon a un polimorfisme estudiat en una mostra
poblacional i, a més de les freqiiéncies al-léliques trobades, conté diversos camps amb
informacio relativa a la referéncia bibliografica de I'estudi, localitzacié geografica de la
mostra, aixi com de l'etnicitat, llengua, grandaria mostral, i informacio del polimorfisme
estudiat. En total, la base de dades elaborada conté 1213 registres. El seu abast
geografic engloba els territoris del Marroc, Algéria, Tunisia, Libia, Egipte, Sahara
Occidental i Mauritania. Els polimorfismes inclosos sén detectats, en la seva majoria,
en els productes d’expressié genica. Hom els anomena ja com a classics (per oposicio
als del DNA) i basicament inclouen quatre grans grups: enzims eritrocitaris, proteines

plasmatiques, antigens HLA i grups sanguinis.

5.2 Components principals: concepte estadistic i
aplicacio en genetica de poblacions

L'analisi de components principals, aixi com altres métodes derivats (analisi de
coordenades principals, analisi multidimensional, biplot, etc), sbn metodes estadistics

utilitzats per a simplificar dades multivariants amb pérdua minima d’informacié, a
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través de la reduccié de la dimensié. En disminuir la complexitat inherent a les dades,
permeten d’identificar els patrons de variacié presents en aquestes, els quals, en el
nostre cas, podran ser posteriorment interpretats en termes de genetica de poblacions.
Si considerem un nombre gran de variables, n, mesurades en diferents punts
(individus o poblacions), cadascun d’aquests punts es podra representar en un espai
de n-dimensions, prenent com a coordenades els valors de les variables. Intuitivament,
I'analisi de components principals consistira en trobar quina é€s la recta en aquest espai
n-dimensional tal que la suma de les distancies dels punts originals a ella sigui minima.
Projectant els punts sobre aquesta recta s'obtenen els valors de la primera component
principal. Algebraicament, aquesta transformacié no és més que una combinacio lineal
de les variables originals:
PC=a; Xy + ayX + ... + a, "X,

on x son les variables i a els coeficients que cal derivar. A partir d’aquests coeficients
hom pot trobar la correlacié entre les variables originals i la component principal.
Aquesta propietat sera molt Gtil alhora d'identificar quines son les variables que
contribueixen a crear les diferencies meés grans dins la mostra. Evidentment, no tota la
variacio original és continguda en una component principal, pero és la maxima que
hom pot resumir en una dimensié. Es possible, a més, calcular quina fraccio de la
variabilitat de la mostra és continguda en una component principal.

El seglent pas per explorar la variabilitat restant consisteix en trobar la segona
component principal, altra vegada complint la propietat que la suma de les distancies
dels punts originals a aquesta recta €s minima. Per contruccio, la segona component
principal té correlacio zero amb la primera i explica una menor fraccié de la variabilitat.
El mateix procés es pot repetir obtenint les seglients components principals. Hom para
I'extracci6 de components principals quan assoleix I'equilibri entre la variabilitat
explicada per les components principals i el disposar d'un nombre suficient de
components principals que puguem manejar i visualitzar facilment.

Les diferents components principals o factors obtinguts mitjancant aquest
procediment tenen dues propietats principals. La primera és que el primer factor
acumula el maxim percentatge de variacié possible i que, avancant en les diverses
components, la quantitat de variacié que s’explica cada vegada és menor. | la segona
és que les diferents components principals sén incorrelacionades. Aixo significa que

els processos evolutius que generaren la variabilitat mostrada per cada component
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principal son diferents, i que, per tant, hom pot analitzar i interpretar cada component
principal separadament.

En aplicar I'analisi de components principals a la genetica de poblacions
humanes, les variables més emprades son les freqiéncies genetiques mesurades en
diverses poblacions. Tanmateix, hom també troba exemples amb sequencies de
nucleotids en el DNA mitocondrial i amb dos loci del cromosoma Y (Cavalli-Sforza and
Minch, 1997).

Si tenim dades per a cada polimorfisme a cada poblaci6é, podrem aplicar
directament aquests resultats a I'analisi de components principals i obtenir els diferents
valors de les components principals per cada poblacid. Aquests resultats poden
després representar-se en una grafica bi o tri-dimensional, amb cada poblaci6 situada
amb les seves coordenades principals. Malauradament, hom sovint troba i
especialment amb els anomenats polimorfismes classics, que la cobertura geografica
de les dades genétiques varia molt de polimorfisme a polimorfisme i de poblacié a
poblacié. L'analisi de components principals no admet valors missing. Tanmateix, hom
pot solucionar aquest problema recorrent a la interpolacio de les frequiencies al-léliques
als nodes d'una xarxa imaginaria estesa sobre I'area geografica sota consideracio. Els
valors interpolats son llavors introduits a I'analisi de components principals per a cada
punt de la xarxa.

Posteriorment, hom pot utilitzar aquests mateixos nodes per a generar un
paisatge geneétic: una representacio de les coordenades geografigues més el valor de
component principal com a tercera dimensié. Cal recordar en aquest punt que el signe
d’'un valor de PC és intercanviable, i que, per tant, una ombra clara o fosca (si utilitzem
una gradacié d'intensitats d’'ombres per a representar la tercera dimensio) o0 un pic o
una vall (en una superficie tridimensional) no tenen cap significat intrinsec; és tot el

paisatge genetic el que cal interpretar.

Resumint, I'analisi de components principals permet d’obtenir tres tipus basics
de resultats:
i) els valors de components principals a cada node permeten d’obtenir mapes
sintétics. Aquests resumiran els principals patrons espacials de la variabilitat
geneética, els quals, podran ser interpretats en termes de la historia de la

poblacié (migracié i deriva).
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ii) la correlacié entre les frequiencies geneétiques i la component principal. Aquest
resultat ens permet d’identificar quins al-lels creen les principals diferéncies en
la nostra mostra de dades.

iii) el percentatge de variabilitat explicat per cada component principal. Ens dona
una idea de la importancia relativa del procés que va causar cada component

principal.

Cal tenir present que 'analisi de components principals és un métode purament
estadistic que, contrariament al que fan les distancies genétiques, no incorpora cap

model evolutiu particular a la diferencia en frequiéncies al-léliques entre poblacions.

5.3 Distancies genetiques

Les distancies genetiques s'utilitzen per mesurar de forma global la diferencia
genética entre dues poblacions. Hom ha proposat moltes equacions i models diferents
per a calcular aquesta diferéncia genética. Tanmateix, tot i considerar diferents
assumpcions teoriques i, en alguns casos, haver estat inicialment ideades per a ser
aplicades a determinats tipus de marcadors genétics, trobem sovint que les diverses
distancies genetigues mostren altes correlacions entre elles (Cavalli-Sforza et al.
1994).

Al llarg del present estudi he emprat majoritariament una d’aquestes mesures
genetiques, la distancia Fg, que es defineix com la variancia estandaritzada de les

frequéencies al-leliques (Wright 1951).

var(p,)
pi (1' p,)

st

on var(p;) és la variancia de les frequiéncies genetiques per a un conjunt de poblacions
i “pi és la freqiiéncia genética mitjana en aquestes poblacions. Cal assenyalar que Fy;
representa directament la fraccié de la variacid6 genética total que es troba entre
poblacions en oposicié a la fraccié que es troba dins les poblacions.

Reynolds i col-laboradors (1983) proposaren el parametre coancestry
coefficient (també anomenat distancia Fg per Cavalli-Sforza i col-laboradors, 1994)

com a estimador de la distancia F; per un conjunt de loci i de poblacions que permetia
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estimar el temps de separacié entre poblacions que haguéssin divergit per deriva
geneética. En aquest cas,

= - =t
D =- log, (L- Fy) = Yy,

on N és la gradaria efectiva de la poblacio.
El coancestry coefficient (D) sera idéntic a la distancia Fg per una parella de
poblacions excepte pel que fa a la correccio per les diferents grandaries de les mostres

poblacionals.

5.4 Representacidé grafica en arbre de les distancies
genetiques

Per a visualitzar en forma d’arbre una matriu de distancies genétiques, en la
gue hi ha el valor obtingut per a cada parell de comparacions possible, hom pot utilitzar
diferents algoritmes estadistics.

En el present estudi he emprat I'algoritme neighbor-joining proposat per Saitou i
Nei el 1987, el qual genera arbres sense arrel i tendeix a minimitzar la longitud total de
les branques de l'arbre. En permetre que els extrems de les branques se situin a
longituds diferents no pressuposa una taxa constant d'evolucié. Aquesta darrera
caracteristica permet, a més, obtenir millors correlacions entre les distancies originals i
les distancies al llarg de l'arbre. El neighbor-joining €s un métode ampliament emprat
per la construccio d’arbres, el qual combina la velocitat de calcul amb la singularitat del
resultat: la majoria dimplementacions donen un Unic arbre. Aquestes dues
caracteristiques (és a dir, obtenir un anic arbre, rapid) I'han fet semblar especialment
atractiu. El neighbor-joining és un métode d’'agrupaci6 més que no pas un meétode
d’'optimitzacié i, per tant, presenta la limitacid que no optimitza un criteri d’ajust entre
l'arbre i les dades. Tanmateix, és un bon métode heuristic per estimar I'arbre de
minima evolucié. Una estratégia per a trobar I'arbre de minima evolucié és primer
calcular l'arbre neighbor-joining, i llavors veure si cap reordenacid local d'aquest
produeix un arbre més curt. Tanmateix, a la practica I'arbre neighbor-joining és sovint

el mateix o molt similar a I'arbre de minima evolucié (Page i Holmes, 1998).
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5.5 Validacio de distancies geneéetiques | arbres:
bootstrap

Per a obtenir una estimacié de l'error estadistic associat a les distancies
genetiques i per trobar una mesura de la robustesa estadistica dels arbres genétics
obtinguts, s’ha recorregut a la metodologia del bootstrap. Aquest métode, inicialment
descrit per Efron (1982) per a la estimacioé de la variancia d’estadistics la distribucio
dels quals és desconeguda, es basa en el remostratge. A grans trets, I'estratégia del
bootstrap consisteix en construir remostres dels al-lels que intervenen en el calcul de
les distancies genétiques entre poblacions, de tal manera, que en cada remostra (0
matriu bootstrap) hi ha al-lels originals absents i d’altres representats mes d’'un vegada
perdo sempre conservant el nombre total d'al-lels originals. A partir de cada matriu
bootstrap (se’n generen de l'ordre de 10.000) obtinguda d’aquesta manera es passa a
generar llavors cada nova matriu de distancies entre poblacions i el seu corresponent
arbre.

La desviacié estandar de cada distancia de les matrius bootstrap és un
estimador directe de l'error de la distancia. Per altra banda, cada vegada que un
determinat cluster apareix entre els diferents arbres bootstrap generats es compta i es
dona com a percentatge en l'arbre original. Aquests percentatges seran els indicadors
directes de la robustesa estadistica de cada cluster.

5.6 Analisi de coordenades principals

L’'analisi de coordenades principals forma part d’'un conjunt de métodes
estadistics multivariants destinats a la reduccié de la dimensi6. Permet representar la
matriu de distancies en I'espai, tot adjudicant a cada poblacié un petit nombre de
coordenades (normalment restringides per tal dobtenir una representacio
bidimensional), de tal manera que la distancia entre aquests punts en el pla sigui el
més semblant possible a la matriu de distancies genétiques original. L'analisi de
coordenades principals permet visualitzar les relacions contingudes en una matriu de
distancies genetiques sense pressuposar un model de fissions successives (com fan
els arbres genetics), que és poc versemblant en poblacions humanes genéticament
properes.
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5.7 Deteccio de fronteres genetiques

La deteccid de fronteres genetiques esta demostrant ser una eina especialment
atil per a identificar possibles patrons geografics d’aillament, sigui per raons culturals o
per barreres geografiques, entre poblacions. A partir de la localitzacié geografica de
mostres poblacionals que han estat caracteritzades geneticament, hom pot unir
parelles de poblacions contigiies mitjangcant una xarxa de Delaunay (Brassel i Reif,
1979) i associar cada un dels segments d’aquesta xarxa amb la distancia genética
existent entre les dues poblacions que uneix. Per tal d’identificar les zones de canvi
genetic meés brusc, és a dir, detectar fronteres genetiques, cal comencgar a tracar una
linia perpendicular al segment de la xarxa corresponent a la major distancia genetica.
Aquesta linia sera l'origen de la primera frontera genética. Posteriorment s’estendra la
frontera iniciada tallant els segments adjacents que presentin les distancies genétiques
més grans fins arribar a sortir del limit de la xarxa. EI mateix procés es pot repetir fins a
obtenir el nombre de fronteres genetiques que hom cregui convenient per a la

interpretacio de les dades.

5.8 Analysis of Molecular Variance o AMOVA

L’'analisi de la variancia molecular permet d’analitzar I'estructura genética a
diferents nivells jerarquics (dintre d’individus, dintre de poblacions, entre poblacions
d’'un mateix grup i entre grups) i testar la significacié dels components de la variancia
obtinguts per aquests diferents nivells possibles d’estructura genetica mitjancant
procediments permutacionals no parameétrics (Excoffier et al. 1992). Es un métode
d’analisi molt flexible en el sentit que es pot aplicar a diferents tipus de dades
geneétiques, directament sobre les frequéncies alléligues, o a partir del contingut
al-lélic dels haplotips, o en sequencies de DNA. Aquest métode s’ha emprat per a
testar la significacié genética de grups de poblacions on s’hi ha definit una estructura

jerarquica a partir de criteris geografics, linglistics o culturals.
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5.9 Parametres emprats per a la descripcio de la
variacio en haplotips de microsatel-lits

Per a caracteritzar la variaci6 dels microsatel-lits dins cada poblacié (o
haplogroup segons el cas) hom ha emprat diferents parametres de diversitat com son
el nombre d’al-lels diferents, el nombre d’haplotips diferents, la diversitat haplotipica, la
diversitat genética mitjana per locus, el nombre mitja d’al-lels diferents i el nombre mitja
de diferéncies en el nombre de repeticions.

El nombre d'allels diferents s'obté en comptar el nombre d'allels diferents
presents en els haplotips de la poblaci6 mentre que el nhombre d’haplotips diferents
s’obtindra comptant directament el nombre d’haplotips diferents en a la poblacio.

La diversitat haplotipica (també denominada com a index de diversitat genica)
€s equivalent a I'heterozigositat esperada per dades diploides. Es defineix com la
probabilitat que dos haplotips escollits al atzar en a la mostra siguin diferents. S’estima
a partir de la seguient equacio:

on n és el nombre de copies géniques en a la mostra, k el nombre d’haplotips, i p; la
freqiéncia en a la mostra de l'i-essim haplotip.

El nombre mitja d’'allels diferents s’obté comptant el nombre d’al-lels diferents
entre totes les possibles parelles d’haplotips i divindint pel nombre total d’aquests en la
mostra. El nombre mitja de diferéncies en el nombre de repeticions s’estimara de la
mateixa manera pero en aquest cas comptant la diferéncia en el nombre de repeticions
entre totes les possibles parelles d’haplotips. Cal assenyalar, pero, que aquest Ultim
parametre no només ens indica quants al-lels sén diferents sin6 quant diferents son.
Per tant, sota el model mutacional per microsatél-lits stepwise, hom espera que mostri
una millor correlacié amb el temps de separacio entre poblacions.
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Abstract After an intensive bibliographic search, we compiled all the
available data on allele frequencies for classical genetic polymorphisms
referring to North African populations and synthesized the data in an
attempt to reconstruct the populations’ demographic history using two
complementary methods: (1) principal components analysis and (2) ge-
netic distances represented by neighbor-joining trees. In both analyses
the main feature of the genetic landscape in northern Africa is an east-
west pattern of variation pointing to the differentiation between the Ber-
ber and Arab population groups of the northwest and the populations of
Libya and Egypt. Moreover, Libya and Egypt show the smallest genetic
distances with the European populations, including the Iberian Peninsula.
The most plausible interpretation of these results is that, although demic
diffusion during the Neolithic could explain the genetic similarity be-
tween northeast Africa and Europe by a parallel process of gene flow
from the Near East, a Mesolithic (or older) differentiation of the popu-
lations in the northwestern regions with later limited gene flow is needed
to understand the genetic picture. The most isolated groups (Mauritani-
ans, Tuaregs, and south Algerian Berbers) were the most differentiated
and, although no clear structure can be discerned among the different
Arab- and Berber-speaking groups, Arab speakers as a whole are closer
to Egyptians and Libyans. By contrast, the genetic contribution of sub-
Saharan Africa appears to be small. .

Genetic evidence can contribute to reconstructing the history of a population.
The information contained in allele frequencies and in DNA data may allow
us to identify the ancestors of the present inhabitants of an area and to un-
derstand the demographic processes that led to the current patterns and levels
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of genetic diversity. In this endeavor linguistic and archeological tools pro-
vide independent evidence against which the models suggested by genetic
analysis can be tested.

Northern Africa is a particularly interesting region. Although it belongs
to continental Africa, its light-skinned populations were classified as Cauca-
soid by nineteenth-century anthropologists. The peopling of northern Africa
appears to be conditioned by the barriers imposed to the north by the Medi-
terranean Sea and to the south by the Sahara Desert, which coastrains human
movement to an east-west direction. The harsh landscape, in which moun-
tainous areas are surrounded by arid extensions, favors a dispersed, frag-
mented pattern of human settlement.

The first evidence of hominid occupation (Ain Hanech, Ternifine, and
Sidi’ Abd ar-Rahman) dates to more than 200,000 years ago and consists of
remains classified as Homo erectus (Newman 1995). According to some con-
troversial views (Stringer and Gamble 1993), the transition from archaic
Homo sapiens to fully anatomically modern humans can be traced in northern
Africa through fossils from Jebel Irhoud I (100,000-200,000 years ago), Dar-
es-Soltan V (70,000 years ago; similar to the most ancient anatomically mod-
ern humans from the Levant), and Nazlet Khater (33,000 years ago; linked
to European anatomically modern humans). These findings attest to the an-
tiquity and continuity of human occupation in northern Africa.

Little is known about human population movements during the North
African Upper Paleolithic. Neolithic populations diffused into the region from
the east, where they contributed to the rise of the Egyptian kingdom (Mc-
Evedy 1980). In the west new production techniques appear to be associated
with elements of a previous culture: the Capsian (7000-5000 B.C.) (Desanges
1990). The amount and geographic range of gene flow, if any, associated with
the appearance of Neolithic populations is highly .controversial.

Phoenicians (814 B.c.) and Romans (from 146 B.C.) occupied part of
coastal northern Africa with limited population contributions, which were
even less significant for Vandals (A.D. 429) and Byzantines (A.D. 533) (New-
man 1995). The first Arab invasion, initially confined to Egypt, started in A.D.
643 and may have involved only a few thousand individuals (McEvedy 1980).
The Arabs began to impose their religion and language over the Berber pop-
ulation, a process that culminated with the second and more numerous Arab
wave in which the Bedouin reached the Maghreb (northwest Africa) in the
eleventh century. The Islamic expansion went on to engulf the Iberian Pen-
insula (A.D. 711) and to occupy Sicily for about two centuries (A.D. 827-1016)
(Hitti 1990). The later arrivals to northern Africa in colonial times include
Europeans (Portuguese and Spanish in Morocco; French in Morocco, Algeria,
and Tunista; Italians in Libya) and Ottoman Turks, mainly in Egypt.

Most of the languages spoken today in northern Africa belong to the
Afro-Asiatic (formerly named Hamito-Semitic) family (Ruhlen 1991). The
origins of Afro-Asiatic are controversial: Starostin (1990) lexicostatistically



Population History of North Africa | 297

dates the Afro-Asiatic divergence at 15,000 years ago, whereas Militarev’s
lexical reconstruction (personal communication, 1992) places proto-Afro-
Asiatic in the Natufian culture of the Levant, ca. 10,000 years ago. According
to Renfrew (1991), the Afro-Asiatic languages expanded into Africa from the
Levant with the demic diffusion of Neolithic populations. Three other lan-
guage families also may have expanded in a similar process: Altaic toward
Central Asia, Dravidian toward India, and Indo-European toward Europe.
Barbujani et al. (1994) found that the weakest genetic évidence for all four
expansions was for Afro-Asiatic.

In northern Africa two major branches of the Afro-Asiatic family are
found: Arabic (composed of several dialects) and Berber. Berber embraces
30 extant languages with 11 million speakers divided into 4 main groups: (1)
the central branch, which includes most Berber languages in Morocco, Al-
geria, and Tunisia; (2) the Tuareg languages; (3) the eastern group, which
includes four little used languages in Libya and Egypt; and (4) the western
group, represented by one language, Zenaga, spoken in southern Mauritania
and Senegal [see Ruhlen (1991)].

Two other linguistic families are spoken on the edge of North Africa:
Nilo-Saharan (with languages in southern Libya, Chad, Niger, and Mali) and
the vast Nigero-Kordofanian, which stretches from the Sahel to South Africa.
Both families are associated with dark-skinned people and can be considered
sub-Saharan intrusions.

~ As outlined, several questions about the demographic history of north-
ern Africa remain open, such as the levels of gene flow associated with pop-
ulation movements (e.g., the Neolithic and Arabic expansions), the relative
effect of genetic drift, the extent of sub-Saharan admixture, and the contri-
bution of northern African peoples to the gene pool of the northern Mediter-
ranean shores. We address some of these problems through a study of the
available genetic information (compiled from the literature) for northern Af-
ricans, synthesizing the data by means of genetic distances and principal
components analyses and comparing them with European and sub-Saharan
data.

Materials and Methods

Database.  After an intensive bibliographic search, we compiled a database
containing all the available information on allele frequencies in northern Af-
rica. The geographic scope of our database includes Morocco, Algeria, Tu-
nisia, Libya, Egypt, the Western Sahara, and Mauritania (Figure 1). Several
published compilations were used as starting points for our database (Mourant
et al. 1976; Steinberg and Cook 1981; Tills et al. 1983; Roychoudhury and
Nei 1988; Cavalli-Sforza et al. 1994), which was updated with data published
through December 1995. Each record corresponds to a polymorphism studied
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Figure 1 Political boundaries in North Africa.

in one population sample. Data on the polymorphism and its allele frequencies
and on sample size, ethnicity, language, and geographic location were re-
corded. Genetic polymorphisms include blood groups, red cell enzymes, se-
rum proteins, and HLA antigens (i.e., the so-called classical polymorphisms).
The database contains 1213 records with data on 62 loci, although the number
of systems with an adequate geographic coverage is much smaller. The da-
tabase is available through anonymous ftp at porthos.bio.ub.es, subdirectory
/pub/teu/nafrica.

Principal Components Analysis. The geographic coverage of genetic
data varies greatly from polymorphism to polymorphism. To overcome this
problem, we interpolated allele frequencies into a grid delimited by parallels
20°N and 39°N and by meridians 18°W and 36°E and spaced 1° apart. The
estimated frequency for each node was obtained as an average weighted by
the inverse squared distances between the node and the location of each sam-
ple. Interpolation was performed using the Surfer (v. 415) package (Golden
Software, Golden, Colorado). Samples with fewer than 50 individuals and
alleles with mean frequencies less than 0.01 were not taken into account
because of their high sampling errors.

Seventeen polymorphisms composed of 33 alleles (Table 1) were in-
cluded in‘a principal components analysis. Two basic selection criteria were
followed: For each system samples had to be available for at least four of the
analyzed countries, and differential selection could not be acting on these
genes. These criteria excluded G6PD deficiency.
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Table 1. Genetic Systems Used to Generate the Synthetic Maps

System Number of Alleles® Samples
Blood groups
ABO 3 259
AlA2 (ABO) 2 30
RH 114
CDE 67
MN 94
MNSs (haplotypes) 4 44
KEL 23
FY 14
Pl 3 25
JK 29
Proteins
HP . 1 47
PI 3 4
GC 1 14
Enzymes
ACPI 3 28
PGD 1 16
GLO! 7
PGM1 16
Total 33 831

a. The number of alleles for each locus is that used in the principal components analysis, which is
lower than the total number known or usually considered. Only alleles with a frequency higher
- than 1% have been taken into account.

Principal components analysis was performed on the correlation matrix.
For the top three principal components, scores in every node were charted as
contour plots by dividing the score range into six equal intervals and dis-
playing them as different shades. In this analysis high and low principal com-
ponent scores have no intrinsic meaning, and thus light and dark shades are
interchangeable.

Genetic Distances and Trees. As opposed to the continuous nature of
principal components analysis on an interpolated grid, genetic distances were
computed in discrete population units. In a compromise between the number
of populations and the number of genetic systems that have been typed in
them, we devised two different levels of analysis. In the first approach we
maximized the number of populations studied by including several Berber,
Arab, and*Tuareg groups for which information on 9 loci (ABO, ACPI, HP,
KEL, MN, P, PGM1, RH, and CDE) with 29 alleles was available. The data
matrix contained 17% missing values. In the second approach, to maximize
the genetic information for each population unit, we pooled all Berber groups
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in one unit and pooled the Arab samples from Morocco, Algeria, and Tunisia
in a different group (“northwest Arabs”). This allowed us to consider 16 loci
(ABO, ACP1, AK1, ESD, FY, GC, HP, KEL, MN, MNS, P, PGD, PGM], RH,
CDE, and TF) with 49 alleles. We also included populations from Europe
(especially the Mediterranean), the Middle East, and sub-Saharan Africa to
explore these populations’ genetic relationships with northern Africa. The
populations were Sicily, Sardinia, Greece, and Saudi Arabia (Cavalli-Sforza
et al. 1994); the Basque Country, Andalusia, and the Baléaric kslands (Calafell
1995); and West Africa (Cavalli-Sforza et al. 1994). Only 6% of the allele
frequencies were missing.

An Fgr-based distance, the coancestry coefficient [Reynolds et al. 1983;
see also Cavalli-Sforza et al. (1994, pp. 26-27)], was computed using the
maximum number of loci available for every pair of populations. From the
distance matrix genetic trees were computed by means of the neighbor-joining
algorithm (Saitou and Nei 1987). A few small negatives branches were ob-
tained; these were set to zero. Bootstrap analysis was used to estimate both
distance errors and tree robustness. Genes were resampled with replacement,
producing 1000 bootstrap data sets; we computed the corresponding distance
matrix and neighbor-joining tree for each data set. The standard deviation of
each distance across the bootstrap matrices is an estimator of the distance
error (Efron 1982). In the neighbor-joining trees every occurrence of a par-
ticular cluster was recorded and given as a percentage of the 1000 bootstrap
trees (Felsenstein 1985). Percentages above 50% were regarded as indications
of statistical robustness for a cluster. The PHYLIP 3.5¢ package (Felsenstein
1989) was used throughout this analysis.

A Delaunay network (Brassel and Reif 1979) was used to define pairs
of continuous samples. In this way the 10 estimated localities for the popu-
lation groups used in Figure 5 were connected by 18 edges. The geographic
baricenter of each population was estimated as the mean of the geographic
coordinates of the samples included in each population, weighted by sample
size. Each edge was associated with a genetic distance value. To identify the
zones of sharpest genetic change, or genetic boundaries, we initially traced a
perpendicular line across the edge showing the highest genetic distance,
which was the origin of the first boundary. The boundary was then extended
across the adjacent edges showing the highest genetic distances until it
reached the limits of the network. Because of the small number of samples,
we chose to define only the two most significant boundaries, repeating the
procedure twice.

Results

Principal Components Analysis.  Principal components analysis was per-
formed on 33 allele frequencies (see Table 1). The first principal component
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Figure 2.  First principal component of gene frequencies in North Africa. This factor explains
36.5% of the variation.

(Figure 2) shows an east-west pattern of genetic differentiation with extremes
in Egypt and southern Algeria. The alleles that showed the highest absolute
correlation with the first principal component are listed in Table 2. The first
principal component explains 36.5% of the total variation. The second prin-
cipal component (Figure 3) explains 15.1% of the total variation and separates
southern Libya from all other regions. Finally, the third principal component
(Figure 4), which accounts for 12.8% of the genetic variation, can be inter-
preted as an irregular north-south gradient. The three top principal compo-
nents explain 64.4% of the genetic variation.

Genetic Distances and Trees.  Genetic distances were computed accord-
ing to the method of Reynolds et al. (1983) for 10 northern African popula-
tions (Table 3). Their standard errors were estimated from 1000 bootstrap
iterations and are shown above the diagonal in Table 3. The corresponding
neighbor-joining tree (Figure 5) shows most populations, both Arab and Ber-
ber speakers, in a central cluster with no internal structure, as reflected by the
short interpopulation branches and low bootstrap values. However, several
populations seem to depart from this homogeneity: The south Algerian Ber-
bers, the Tuaregs, and the Mauritanians are linked to the tree through long
branches, whereas the Libyans and Egyptians cluster together, joining the rest
of the populations with the most statistically robust branch (found in 78% of
the bootstrap replications).

Thestrongest genetic boundaries in North Africa (Figure 6), as identi-
fied by overlaying the genetic distances on a Delaunay network, were found
to encircle Libya and Egypt and the Tuareg, in accordance with both principal
components analysis and genetic trees.
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Table 2. Alleles Most Involved in the Three Main Principal Components®

Correlation Positive Negative

First principal component

Irl > 0.9 ABO*Al HP*,
FY*A
K
09>1rl>08 cdE JK*A
PI*S
08>1r1>0.7 GLO*1
GC*l
PGD*A
ABO*0
Second principal component
09>1Ir1>038 cdE
Cde
08 Irl 07 CDE
07 Irl 06 ACPI*A ACPI*B
MS
['hird principal component
0.7 r 0.6 cDE
0.6 rl > 05 Pl*] cde
a. Alleles are listed in descending order of the correlation coefficient (positive or negative) with each
of the three main principal component ax
J -6 -2 2 10 i) 18 22 26 30 34

Figure 3.  Second principal component of gene frequencies in North Africa. This factor explains
15.1% (51.6% accumulated) of the variation.
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Figure 4. Third principal component of gene frequencies in North Africa. This factor explains
12.8% (64.4% accumulated) of the variation.

A larger number of genes and several European populations were added
to the analysis to have a broader context of the genetic variation within North
Africa. The genetic distances and their errors are shown in Table 4. The
neighbor-joining tree (Figure 7) shows that the Libyans and Egyptians are
close to both European Mediterraneans and Saudi Arabians, whereas the
northwest Arabs, Berbers, and Tuaregs are separated from both the cluster of
Europeans and northeast Africans, and the West Africans.

Discussion

Some caution has to be taken when interpreting principal components
maps and genetic trees. Principal components are based on interpolated allele
frequencies, which can create spurious clines (Sokal 1995); on the other hand,
given the complex population history of humans and the pattern of migration
and genetic admixture in this relatively small area, genetic trees should be
regarded only as a reflection of the genetic distance matrix and should not be
interpreted as literal schemes of branching and divergence between popula-
tions. However, it is reassuring to find strong coincidences in the results
provided by both methods.

The first principal component, both neighbor-joining trees, and the ge-
netic boundaries detected through the Delaunay network show a differentia-
tion between Libya and Egypt versus the Berber and Arab populations of
Morocco, Algeria, Tunisia, the Western Sahara, and Mauritania (to which we
refer collectivély as northwest Africa or the Maghreb). Several factors could
have produced such a pattern.



Table 3. Genetic Distance Matrix and Standard Errors for the Populations Used in Figure 5°

North South

Algerian Moroccan Moroccan Atlas Algerian Tunisian
Population Arab Egyptian Libyan Mauritanian Arab Berber Berber Berber Tuareg Arab
Algerian Arab 33 65
Egyptian 313 55 202
Libyan 267 143 60 282
Mauritanian 202 278 267 66 134
Moroccan Arab 102 203 230 235 51 55
North Moroccan Berber 117 130 165 159 84 130
Atlas Berber 112 264 166 194 80 126 70
South Algerian Berber 175 455 514 319 151 237 259
Tuareg 302 416 472 317 213 282 259 533
Tunisian Arab 87 124 92 123 69 47 59 262 222

a. Below diagonal, Reynolds distances; above diagonal, standard errors estimated after 1000 bootstrap iterations.

All values X 10,000.
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S ALGERIA BERBER

EGYPTIAN

Figure 5. Neighbor-joining tree based on Reynolds genetic distances. Numbers in tree nodes
represent the percentage of times that a certain node was found in 1000 bootstrapped
trees. Abbreviations: S Algeria Berber, south Algerian Berbers; N Morocco Berber,
north Moroccan Berbers.

The shape of the whole analyzed area is roughly a rectangle with its
longest side oriented east-west; the area is bounded by the desert to the south.
Thus a purely random isolation by distance process could have produced a
longitudinal genetic cline. However, isolation by distance alone cannot ac-
count for the short genetic distance between Libya or Egypt and the European
populations as far west as the Iberian Peninsula.

Directional migrations can produce genetic clines. In this case no west
to east migrations are known, whereas a major demic diffusion process
(Cavalli-Sforza et al. 1993, 1994) is known to have taken place in the opposite
direction: the advance of Neolithic farmers. Demic diffusion of Neolithic
populations from the Fertile Crescent is thought to have homogenized the
genetic composition of the European populations (Cavalli-Sforza et al. 1993,
1994), and it created a major southeast to northwest gradient (Sokal et al.
1991). However, a steady progression of Neolithic populations, according to
the wave of advance model (Ammerman and Cavalli-Sforza 1984), from the
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Figure 6.  Delaunay triangulation between the estimated localities for the population groups used
in Figure 5 (solid lines) and the two most significant genetic boundaries, recognized on
the basis of the genetic distance approach (shaded lines). Abbreviations: M Arab, Moroc-
can Arabs; NM Berber, north Moroccan Berbers; A Arab, Algerian Arabs; T Arab,
Tunisian Arabs; SA Berber, south Algerian Berbers.

Levant to the Atlantic would have produced a smooth cline rather than the
abrupt separation between Egypt and Libya on the one hand and northwest
Africa on the other. Differences in Mesolithic population size and local eco-
logical factors may account for this pattern: Libya and Egypt are close to the
original area of plant domestication; outside the Nile valley, food resources
in a flat, desert land may have been scarce and Mesolithic population densities
may have been low. Therefore population replacement during the Neolithic
from the Levant could explain the genetic similarity between Libya, Egypt,
and the European populations.
By contrast, the mountainous regions of northwest Africa may have had
a higher carrying capacity for a hunter-gatherer population, which also may
have delayed the adoption of early food production technologies. Thus the
Neolithization of northwest Africa could follow an availability phase model
(Zvelebil and Rowley-Conwy 1986), which would imply a limited or null
gene flow and the preservation of the genetic differentiation generated before,
be it during the Mesolithic or in older times. This model agrees with the
archeological observations that the local pre-Neolithic Capsian culture was
preserved well into the Neolithic, during which communities were both larger
and more sedentary than before (Newman 1995).
- Calafell and Bertranpetit (1993, 1994a,b) proposed a similar scenario
to explain Basque differentiation. As seen in the neighbor-joining tree in



Table 4. Genetic Distance Matrix and Standard Errors for the Populations Used in Figure 7*

Northwest Balearic West Saudi
Population Berber Arab Egyptian Libyan Tuareg Sardinian Sicilian Andalusian Islands Greek African Arabian Basque

38 78 75 106 171 71 58 70 92 133 142 107
159 120 70 94 109 98 93 84 141 173 83 111
265 234 33 114 76 32 49 40 23 241 123 161
233 205 133 110 86 38 41 34 36 313 89 84
284 301 399 410 183 168 188 172 167 150 74 214
592 439 288 293 692 44 80 71 26 423 90 188
331 292 138 102 508 139 12 14 6 329 87 90
299 259 195 112 585 252 65 7 29 277 59 38
21 264 169 78 574 220 53 31 29 315 73 61
448 376 117 152 586 145 34 111 89 302 128 128
385 496 840 854 587 1236 1012 933 1003 1155 208 323
358 323 299 275 347 237 264 312 340 308 750 145

420 410 470 257 728 499 235 93 145 332 1053 457

a. Below diagonal, Reynolds distances; above diagonal, standard errors estimated after 1000 bootstrap iterations.
All values X 10,000.
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Figure 7.  MNelghbor-joining tree based on Reynolds genetic distonces. Nombers i tree nodes
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Figure 7. the genetic distance between the northwest Arabs and Egyptians or
Libyans is comparable to or slightly greater than that between the Basques
and other European populations; it is much greater in the case of Berbers and
Tuaregs, probably because of isolation,

Another migration could have contributed genes from the east: the Arab
invasions of the seventh and eleventh centuries A.n. Although no clear dis-
tinction is seen between Arab and Berber speakers of northwest Africa in
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Figure 5, Arab speakers appear closer to Libyans and Egyptians when a larger
number of genes are incorporated into the analysis (see Figure 7). This can
be interpreted as the result of genetic admixture between the local Berbers
and the Arab migrants. A rough estimate of the genetic contribution of Arabs
into the Maghreb can be produced with the triangle method proposed by
Cavalli-Sforza et al. (1994). With 49 alleles (the same used in the second
discrete approach), the proportion of Libyan genes in northyest Arab speakers
would be m = 0.346, assuming that the present Berber population represents
the genetic background into which the eastern genes were incorporated. This
admixture estimate integrates the total hypothetical gene flow accumulated
throughout history.

Unlike the Basques, the Berbers do not seem to have retained a local,
isolated pre-Neolithic language; the Berber languages clearly belong to the
Afro-Asiatic family. The most widely accepted hypothesis would place the
diffusion of the Berber languages with the advance of the Neolithic popula-
tions, but our genetic analyses cannot determine the date and origin of the
Berber languages. However, the present resuits indicate that the Neolithic
diffusion did not involve massive gene flow, especially into northwest Africa,
where most Berber languages are spoken today. This is in agreement with
Barbujani et al. (1994), who showed that a coupled language-gene expansion
for the Afro-Asiatic family from the Levant has little statistical support. Thus
the Berbers could have an older origin.

- The most widely differentiated populations in the Maghreb, that is,
Mauritanians, Tuaregs, and south Algerian Berbers, are also the most isolated,
with population sizes and mostly nomadic lifestyles that would allow drift to
act deeply. Limited gene flow would not have been able to erase the differ-
entiation generated by drift. It can be hypothesized that high levels of genetic
heterogeneity exist among the numerous poorly, studied Berber-speaking
groups.

The genetic contribution of sub-Saharan Africa appears to be relatively
small. A vague north-south pattern is seen only in the third principal com-
ponent, which is compatible with limited gene flow across the Sahara. More-
over, this contribution should be studied through the analysis of regions of
the genome for which a much clearer difference exists between sub-Saharan
Africa and other populations; mtDNA (Vigilant et al. 1991) or the MS205
minisatellite (Armour et al. 1996) could provide such a genetic tool.

According to historical sources, the Arab invasions of the Iberian Pen-
insula were carried out mostly by Berber men from north Morocco-and Al-
geria under Arab leadership (Hitti 1990). Thus the northwest Arabs are the
present population that best represents the invaders. Nevertheless, the genetic
distance between Andalusia and the northwest Arabs (0.0259 = 0.0058) is
more than twice that between Andalusia and Libya (0.0112 + 0.0041). The
Arab invasion seems to have had a limited impact on the south Iberian gene
pool, as recognized by historians.
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Further information is needed to solve many of the problems that remain
with the population history of northern Africa. The study of new genomic
regions for well-defined populations may provide such new insight into old
and intriguing questions.
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ABSTRACT

We have analysed a large set of autosomal short tandem repeat (STR) loci in
several Arabic and Berber-speaking groups from Northwestern Africa (i.e., Moroccan
Arabs, northern central and southern Moroccan Berbers, Saharawis, and Mozabites).
Two levels of analysis have been devised using two sets of 12 (D3S1358, VWA, FGA,
THO1, TPOX, CSF1PO, D8S1179, D21S11, D18S51, D5S818, D13S317 and D7S820)
and 21 (the former set plus D9S926, D11S2010, D13S767, D14S306, D18S848,
D2S1328, D4S243, F13A1, and FES/FPS) STR loci. For each set, data for a number of
external reference populations were gathered from the literature. Several methods of
analysis based on genetic distances (neighbor-joining trees, principal coordinate
analysis, boundary detection), as well as AMOVA, showed that genetic differentiation
among NW African populations was very low and devoid of any spatial pattern. If the
NW African populations were grouped according to cultural differences in Arabs vs
Berber-speakers and Saharawis, this cultural partition was not associated to genetic
differentiation. Thus, it is likely that the Arabization was mainly a cultural process. A
clear genetic difference was found between NW African populations and Iberians,
although some degree of gene flow into Southern Iberia may have existed. NW
Africans were genetically closer to Iberians and to other Europeans than to African
Americans.

KEYWORDS: STRs, Microsatellites, Population genetics, North Africa
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INTRODUCTION

Microsatellites, also called short tandem repeats (STRS), are tandemly repeated
DNA sequences of 2-5 bp in length, which are found highly widespread throughout the
human genome. They are extraordinarily polymorphic and can be easily PCR-assayed.
Because of these features, STRs are the markers of choice for most genetic mapping
studies™?, forensic applications*®, plus evolutionary and populational studies®*°. Each
unlinked autosomal STR behaves as an independent locus; then, the study of a
number of unlinked autosomal STRs allows to peer at a number of independent
realisations of the evolutionary process. Their joint analysis may reveal overall trends
that may have been obscured by stochastic factors at any single locus. It is worth
noting that mtDNA and the non-recombining portion of the Y chromosome, which have
been largely used to unreavel human population history, contain very informative
markers, but both genome regions behave each as a single locus.

We have analysed a large set of autosomal STR loci in several Arabic and
Berber-speaking populations from NW Africa in an attempt of genetic characterisation
of that region. Berber is a branch of the Afro-Asiatic language family; this branch
embraces more than 30 distinct languages distributed from Egypt to Senegal and were
the only languages spoken in the area until the Arab invasion. Aabic is a language
classified within the Semitic branch of the Afro-Asiatic family and includes several
regional dialects. Part of these Berber languages and Arabic dialects are represented
in our samples. Saharawis, who live in the Western Sahara, speak Hassani, an Arabic
dialect distinct from the classical Arabic introduced into NW Africa from the 7th century
by the Moslem invasions and spoken nowadays by the Moroccan Arab population.
Tachelhit, spoken mainly in the Souss valley, is a Berber language confined to
southern Morocco and distinct from other Berber languages spoken in the northern
(Tarifit) and central (Tamazigh) areas of Morocco. The Mozabites are a very well
defined Berber population in Algeria: they speak Mzab (a distinct Berber language) and
originated from the Ibadite religious community who settled in this region in the 11th
century, creating five neighbouring towns (known as the Pentapole), Ghardaia being
one of them.

We are interested in elucidating the possible structure of STR variation in these

NW African populations, but also in knowing about their relations with the neighbouring
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populations to the north, that is, the Iberians, and to the south, the Sub-Saharan
Africans.

The aims of this study are to approach:
i, the heterogeneity of speakers of different Berber languages. These are the North
African human groups more likely to have preserved ancient charactheristics as they
preserve the oldest known language and social structure. The extent of genetic
differentiation and of the loss of diversity within these groups can be used to ascertain
the historical patterns of gene flow between these populations.
ii, the genetic differentiation between Arabs and non-Arabs. The apportionment of
genetic diversity by ethnicity in NW Africa (Arab vs. Berbers and Saharawis) can
provide information about the demographic impact of the Arab expansions in the late
7th and the 11th centuries AD in the autochthonous populations of the region. Although
there is a clear cultural and linguistic differentiation, it is not clear at all to which extent
a main demographic migration caused the cultural change or it was acculturation
without genetic change.
iii, the extent of population admixture associated with migrations between NW Africa
and Iberia. No significant historical movements are known from the Iberian Peninsula to
NW Africa, except for the expulsions of the Jews in the late 15th century and of the
Moors in the 17th century. The Islamic invasion of the Iberian Peninsula in 711 AD
(with subsequent invasions in the 11th century) appears to be the main migration
event, although its actual demographic impact may have not been large'*™. In our
study, we have compiled Iberian data from the literature that comprise areas with a null
or short Arab occupation (Basques, Catalans and northern Portuguese) as well as
samples from areas with a much longer Arab occupation (Andalusians). Allele and
haplotype frequencies of some loci of a single genetic system (HLA) show certain
similarities for Moroccan, Algerians, Basques and other Iberians™®, which according to

some authors®®?*®

suggests a common origin for the Iberian and NW African
populations. Our data set, which contains data for 12 to 21 highly polymorphic loci, will

also allow to test this hypothesis.
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MATERIALS AND METHODS

Population samples analysed

The NW African samples analysed in the present study include a Moroccan
Arab population (2N= 94-160), a pooled group of Berber speakers from northern and
central Morocco (2N= 50-126), a Berber population from Southern Morocco (2N= 84-
96), a Saharawi populational sample (2N= 104-118) from the Western Sahara plus an
Algerian Berber group, the Mozabites, which were collected in the town of Ghardaia
(2N= 88). Differences in number of chromosomes analysed within a population were
due to DNA availability and to the different methods used for typing each STR.
Geographic location is shown in Figure 4. Allele frequencies for 13 loci in a patrtial
subsample of Arabs and northern Berbers are given in Pérez-Lezaun et al.'’. DNA was
extracted from fresh whole blood using standard phenol-chloroform methods.
Appropriate informed consent was obtained from all participants in this study and, in
most cases information about geographic origin of their four grandparents and maternal
tongue was recorded.

STR typing

Most samples were PCR amplified using commercial kits (PE Applied
Biosystems) AmpFISTR Profiler Plus (D3S1358, VWF/VWA, FGA, Amelogenin,
D8S1179, D21S11, D18S51, D5S818, D13S317 and D7S820) and AmpFISTR Cofiler
(D3S1358, D16S539, Amelogenin, TH/THO1, TPOX, CSF1PO and D7S820) or
AmpFISTR Green | (Amelogenin, TH/THO1, TPOX and CSF1PO) according to
manufacters’ recommendations. Additional samples were genotyped for some STR loci
(VWF/VWA, D5S818, D7S820, TH/THO1, TPOX) overlapping the commercial kits
using fluorescently labelled primers. Other nine STR loci (D11S2010, D13S767,
D14S306, D18S848, D2S1328, D4S243, F13A1, FES/FPS, D9S926) were typed in all
the NW African populations except for the Mozabites, as no sufficient DNA was
available, also using fluorescently labelled primers. Almost all loci map in different
chromosomes. Chromosomal locations for the loci without standard names are 12p12-
pter (VWF/VWA), 4928 (FGA), 11p15.5 (TH/THO1), 2p23-2p (TPOX), 5q33.3-34
(CSF1PO), 6p24.2-p23 (F13A1), and 15g25-gter (FES/FPS). Primer sequences can be

found in Pérez-Lezaun et al.'’. Single locus amplifications were carried out in a final
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reaction volume of 10 n according to the following PCR cycling conditions: 94 C for 1

min; 14 cycles at 94 C for 20 s, with annealing temperatures decreasing from 63 C by
0.5 C successively for 1 min, and 72 C for 1 min, 20 cycles at 94 C for 20 s, 56 C for 45
s, and 72 C for 1 min; plus an extension cycle at 72 C for 5 min. All PCR reactions
were performed using a Perkin Elmer 9600 thermal cycler. Amplification products were
run in an ABI 377™ sequencer using 36/48-cm well-to-read plates. ABI GS500 ROX
and ABI GS500 TAMRA were used as internal lane standards. The GeneScan 672™
and Genotyper 2.1x3™ software packages were used to collect the data, analyse

fragment sizes and to designate alleles by comparison to locus-specific ladders.

Reference populations

A variety of populational samples described in other genetic studies have been
included as reference populations in the present analysis. Original references for
Catalans (2N=100-176) and Basques (2N=98-200) can partly be found in Pérez-

17 1
l. .18

Lezaun et al.”" and in Pérez-Lezaun et al.”*, where they were included in an overall
European sample that comprised two other European samples. Original references for
Portuguese (2N=72) and Andalusians (2N=68-72) can also be found in Pérez-Lezaun
et al.”’. Italians (2N=446) are described in Garofano et al.’®. Populational data for
African Americans (2N=390) and European Americans (2N=400; also called
“Caucasians” in the original reference) is available in AmpFISTR Profiler Plus and

AmpFISTR Cofiler (PE Applied Biosystems) User's Manuals.

Statistical Analysis

In a compromise between the number of populations and the number of STR
loci that have been typed in them, we devised two levels of analysis using two different
data sets, which we call basic and extended. In the basic data set, we use 12 STR loci
(D3S1358, VWA, FGA, THO1, TPOX, CSF1PO, D8S1179, D21S11, D18S51, D5S818,
D13S317 and D7S820) typed in all the NW African populations analysed in this study
(Moroccan Arabs, northern central and southern Moroccan Berbers, Saharawis and
Mozabites) and that are also available in a number of populations compiled from the
literature and used for external reference (Basques, Catalans, Italians, Portuguese,
Andalusians, Italians, African American, and European American). In the extended
data set, we use 21 STR loci (that consist of the 12 included in the basic data set plus
D9S926, D11S2010, D13S767, D14S306, D18S848, D2S1328, D4S243, F13A1, and
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FES/FPS) typed in Moroccan Arabs, northern central and southern Moroccan Berbers,
and Saharawis, and that are also available in the literature for two populations from the
Iberian Peninsula (Basques and Catalans).

We computed F, distances® between each pair of populations from the basic
and extended data sets and represented them as neighbor-joining trees®. Distance
standard errors were approximated through bootstrap analysis®*?* from the standard
deviation of the bootstraped distances obtained from ten thousand resamples drawn at
random with replacement from each locus set. Neighbor-joining tree robustness was
assessed by bootstrap analysis®*; every occurency of a particular cluster was recorded
and given as a percentage of the 10,000 bootstrap trees drawn from the previously
bootstrapped matrix distances. Principal coordinates analysis was performed on the F,
distance matrix by using NTSYS-pc version 1.70 (Applied Biostatistics, Inc.).

A Delaunay network® was used to define pairs of contiguous samples. In this
way, the 9 estimated localities for the NW African and Iberian populations used in the
basic data set were connected by 17 edges. We associated to each edge the Fy
genetic distance between the pair of populations it links. To identify the zones of
sharpest genetic change, or genetic boundaries, we initially traced a perpendicular line
across the edge showing the highest genetic distance, which was the origin of the first
boundary. The boundary was then extended across the adjacent edges showing the
highest genetic distances until it reached the limits of the network. This procedure can
be iterated to define a second, a third or any higher-order boundary.

Analysis of Molecular Variance or AMOVA®® was performed using Arlequin
v.11*" independently for each locus; the resulting genetic variance apportionment
fractions were averaged over loci and their associated pvalues were combined by
means of Fisher's technique?.

RESULTS

We studied Northwest African populations by typing 21 autosomal STR loci in
Moroccan Arabs, northern central and southern Moroccan Berbers, Saharawis, and a
subset of 12 loci in Mozabites. Allele frequencies for each locus and population are

presented in the Appendix. Hardy-Weinberg equilibrium was tested for all possible
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locus-population combinations through two methods: ¢? comparison of observed versus

expected homozygotes, and through an exact test as implemented in the Arlequin
package. Three out of 96 c? tests were statistically significant (p<0.05): D18S51 in
Moroccan Arabs, and D21S11 in Mozabites and in Saharawis. Seven out of 96 exact
tests were statistically significant (p<0.05): D5S818 in Mozabites, D5S818 and TPOX in
Moroccan Arabs, D21S11, FES and F13Al in Saharawis, and D4S243 in northern
central Moroccan Berbers. However, no consistently deviations were observed at all of
the loci in a single population, not at a single locus in all the populations. Given the
large number of locus-population combinations tested we applied Bonferroni correction
to test whether chance departures from Hardy-Weinberg equilibrium due to multiple
testing could explain the observed deviations. No significant deviations remained after
correction for multiple testing; therefore, equilibrium may be assumed for all loci in all

populations.

STR diversity within populations

The amount of internal genetic diversity in a population can be used as a
measure of its present cultural and/or geographical isolation. Within each population of
the basic and extended sets, STR variability has been explored by means of both
mean expected heterozygosity and mean allele length variance per locus (Table 1).
The latter when compared across populations may give an estimate of the relative
effective population sizes.

In the basic set, we found levels of heterozygosity that were very similar across
all the NW African populations (Kruskal-Wallis test, p=0.828). Only the Mozabite
population seemed to present a slight reduction in heterozygosity with a mean value of
0.763 + 0.016, although the differences with the other populations were not statistically
significant (Mann Whitney’s U, p=0.237). When compared to the external populations,
heterozygosities in overall NW Africa (0.782 + 0.016) were very similar to those in
Iberians (0.780 + 0.017) and other Europeans (0.784 = 0.019) (NW African vs. rest of
populations, Mann-Whitney’s U, p=0.672). African Americans, with a heterozygoty of
0.793 = 0.015, were only slightly more diverse. Estimates in the extended set yielded a
very similar pattern.

Variance in allele length per locus displayed the same pattern than
heterozygosity: slight reduction in the Mozabites (4.64 + 1.37) with no statistically

significant differences (Mann Whitney's U, p = 0.605) across the other NW Africans,
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and similar levels of genetic variation (Kruskal-Wallis, p=0.929) in overall NW Africans
(5.31 £ 1.62), Europeans (5.08 = 1.41), and African Americans (5.67 + 1.90).

STR diversity among populations

Genetic differentiation among the populations of both the extended and basic
sets was analysed by computing Fs genetic distances and representing them by
means of neighbor-joining trees. Genetic distances and their standards errors, which
were estimated from 10,000 bootstrap iterations, are presented respectively below and
above the diagonal in Table 2 for the basic set and in Table 3 for the extended set. The
corresponding neighbor-joining trees are presented in Figures 1 and 2. Numbers along
the branches represent the percentage of times that a certain node was found in
10,000 bootstrapped trees. In both trees, the NW African populations cluster together,
although with short and not very statistically robust branches among them. Although
Saharawis and southern Moroccan Berbers cluster together in the basic analysis
(Figure 1) with moderate bootstrap support (55 %), in the extended analysis (Figure 2),
Saharawis join the Moroccan Arabs first with a low bootstrap support (31 %). In the
basic analysis, the Mozabites stand out from the rest of the NW Africans. As stated
above, Mozabites have less internal diversity than other NW African populations. Both
facts seem to indicate that they may have differentiated by drift. It should be noted that
the most robust branch (77 %) in the tree is that separating NW Africans from
Europeans. Within the Iberians, Andalusians and Portuguese are closest to NW Africa.
African Americans appear linked to NW Africa through a long branch. In the extended
data analysis, we find again little structure among NW Africans although with higher
percentages of bootstrap support and a very robust separation from Iberians with a
bootstrap value of 97 %. Clearly, the increase in humber of loci considered in the
analysis has added a significant statistically support to the topologies obtained.

A neighbor-joining tree imposes a bifurcating model onto a distance matrix,
which may be inadequate for close populations with significant gene flow among them.
Therefore, to assess further the pattern of STR diversity between populations, we also
have represented the distance matrix through principal coordinate analysis (Figure 3).
The first principal coordinate, which explains 53% of the total variation, separates
African populations from non-Africans, and the extreme is represented by the Basques.
The second principal coordinate explains 22% of the genetic variance and points to a

pattern of genetic differentiation between Mozabites and African Americans. These two
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populations present extreme and opposite second principal coordinate scores, whereas
the rest of populations show intermediate scores. Together, the first two principal
coordinates account for 75% of the variance in the distance matrix.

The genetic picture obtained in the two-dimensional representation (Figure 3) is
similar to that displayed in the neighbor-joining topologies: all NW Africans, except for
Mozabites, are close to each other and separated from Europeans and African
Americans. The only discordance between the principal coordinate analysis and the
neighbor-joining topologies is found for the Andalusians. Although they occupy an
intermediate position between Africans and Europeans and appear linked to them
through a relatively long branch in the neighbor-joining tree, in this new representation
of the genetic distance matrix Andalusians hardly depart from the European genetic
pool.

The two strongest genetic boundaries in the geographical area comprised by
NW Africa and the lberian Peninsula (see Figure 4) were found to encircle single
populations, the Mozabites and the Basques. The third genetic boundary separated
NW Africa from the Iberian Peninsula and finally, the fourth genetic boundary encircles
the Saharawis.

Apportionment of genetic variance

We also explored how genetic variance is apportioned among different
geographic, cultural or linguistic population groups by means of the Analysis of
Molecular Variance (AMOVA). Within NW Africa, only 0.36% (p=0.0009) of the genetic
variance in the basic data set is found among populations, while the rest is found within
them. In the extended data set (which does not contain the Mozabites), the fraction of
the genetic variance found among NW African populations dropped to 0.05%
(p=0.147). When NW African populations are divided into Moroccan Arabs and non-
Arabs (northern central and southern Moroccan Berbers, Saharawis and Mozabites),
the genetic variance attributable to this partition is not significantly different from zero (-
0.13%, p=0.590 for the basic data set and 0.19%, p=0.633 for the extended data set),
which means that it has no genetic significance. When we compared the NW Africans
to the Iberian populations, the fraction of genetic variance attributable to the difference
between these two groups was 0.54% (p=0.0008) for the basic data set and 0.75%

(p=0.001) for the extended data set. These values are comparable to those found
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between NW Africans and non-lberian Europeans (Italians and European Americans,
0.93%, p<0.0001) for the basic data set.

DISCUSSION

We have typed a large set of autosomal STR loci in several Berber and Arabic
speaking population groups in order to obtain a genetic characterisation of
Northwestern Africa. Different analyses have been performed to test several
hypotheses about the population history in this geographical region and to compare its
genetic composition to that of the surrounding populations.

The most distinctive feature in our results is the substantial genetic similarity
found among most of the NW African populations studied. Although they represent
different cultural and/or ethnical population groups, there is no clear pattern of genetic
differentiation between cultural or ethnic groups. The three Berber-speaking groups
studied here cannot be taken as a unique or homogenous cultural group. However, we
find low levels of genetic differentiation among most of them. The Mozabites, which are
geographically distant to all other populations considered, may be an exception. In this
case, they seem to be the most distinctive and genetically isolated population within
NW Africa. No significant genetic differences were found between Arabs and non-
Arabs (i.e., Berbers and Saharawis). Another significant finding in this study concerns
the comparison of the NW African autosomal gene pool to that of different external
reference populations. The two neighbor-joining trees, the analysis of principal
coordinates, and the analysis of the main genetic boundaries point to the grouping of
all the NW African populations in a cluster quite separated and differentiated from
those of the Iberian Peninsula and other populations within the European genetic
variability. Nonetheless, the difference between the two continents is lower than the
differentiation of some specific populations: Basques in Iberia and Mozabites in NW
Africa.

The heterozygosities observed within the NW African populations studied are
very similar among them and equivalent to those of other populations such as the
Europeans and African American used as a reference. As discussed above, the
Mozabites present slightly reduced heterozygosities, although no statistically significant
differences were found. Heterozigosity in a population can be related to its effective

population size and degree of genetic isolation. Given our results, we can conclude that
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no reductions of the effective population size are apparent from the microsatellite
diversity in the NW African populations and that most of them do not seem to be
especially isolated, again with the Mozabite exception. This is in agreement with the
history and way of life of the Mozabites who are a religious community that obey a strict
rule of the Ibadite tradition and protect its identity with a socially prescribed strong
endogamy?”.

The Fg values obtained among the NW African populations are low and without
a clear structure, as shown by the dar-like shape of the neighbor-joining tree, with
short internal branches among the NW African populations. This observation agrees
with the results derived from the analysis of the apportionment among and within
populations of the genetic variance. Within NW Africa, only 0.36% of the genetic
variance is found among populations. This is a very small figure, about one order of
magnitude less of what was obtained in a previous study with classical
polymorphisms®.

A possible cause for the high observed homogeneity may lie in the specific
properties of loci analyzed. We have used in this study several STR loci included in the
commercial kits AmpFISTR Profiler Plus, AmpFISTR Cofiler and AmpFISTR Green 1.
STR loci tend to be included in forensic kits when they present some desirable
properties, such as good amplification performance even on degraded and scarce DNA
samples, and high heterozygosities. Besides, it may also be the case that some loci
included in the commercial kits showed similar allele frequency distributions among
“European” subpopulations. The forensic community has long debated how to select
for a core set of STRs but low Fg values have not been a condition for inclusion. They
have been selected by high heterozygosity, which has been shown to be correlated
with low F, (Calafell et al., in preparation). Thus, it is possible that some of our results
(such as the absence of a clear genetic structure among the NW African populations)
could be biased by the markers selected as a core set in US forensic genetics and that
constitute the commercial kits used. In order to test this possible bias, we computed
average Fg's among the NW African populations considered in the extended data set,
separately for the STR loci used in the commercial kits and for those STR not included
in the kits (see Materials and Methods). The means obtained were, respectively,
0.0112 + 0.0010 and 0.0104 + 0.0013, which were not statistically significantly different
(Mann-Whitney’s U, p = 0.345). We can conclude that the lack of differentiation among

the Berber and Arabic-speaking populations in NW Africa cannot be due to possible
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biases in the commercial STR set used. Moreover, it has to be noted that it has been
possible to distinguish clearly between Iberians and NW African populations.

Hence, we may reject a spurious cause for our observation of high genetic
homogeneity in NW Africa. On the contrary, our results seem to indicate that there has
been high levels of gene flow among the NW African populations, even across
language barriers. The most plausible explanation for these observations seem to point
that the cultural and ethnic differences among them have been recent and have not
hindered gene flow among populations. Moreover, given that the linguistic and cultural
differences among Arabic and Berber speakers is not reflected by their genes, it is
plausible to consider that the Arabization of NW Africa was only a cultural phenomenon
with subsequently little genetic impact.

We have found a quite clear genetic differentiation between Iberians and NW
Africans in several of the analysis presented. Both groups of populations seem to
belong to two different genetic pools. The strong bootstrap support obtained in the two
neigbor-joining trees for the cluster that groups all the NW African populations and
separates them from those of Iberian Peninsula adds substantial support to this
hypothesis. Furthermore, the same pattern of differentiation is discerned in the third
genetic barrier and repeated in the principal coordinate analysis, where the first
coordinate separates African from non-African populations. It should be noted that
although NW Africans and lberians show a degree of genetic difference, they are
closer to each other than to non-European groups, as depicted by the large genetic
distance to African Americans. This observation is compatible with the hypothesis
suggested by Bosch et al.’>. NW Africa was peopled in the Upper Paleolithic with
anatomically-modern humans roughly at the same time that the same human groups
colonised Europe. Subsequently, the ancestors of the Berbers differentiated in situ
before the Neolithic wave of advance®, and the Neolithic demic diffusion, which
seemed to have a large impact on the genetic make up of Europeans®, may have had
little impact in NW Africa.

We may also wonder to which extent this general genetic differentiation
between NW Africa and the Iberian Peninsula is found for all the populations. While
some lIberians have genetic distances to NW Africans that are as large as those
between other Europeans and NW Africans, others, particularly the Andalusians, seem
to be genetically closer and to have received some gene flow from NW Africa. In order

to test whether this intermediate position could be due to admixture, we estimated the
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possible genetic contribution of NW Africa into the Andalusian population using the
triangle method®. Assuming that Portuguese, Catalans, and ltalians represent the
European gene pool into which the NW African genes (represented here by northern
central and southern Moroccan Berbers, and Moroccan Arabs) were incorporated, the
admixture proportion was estimated at m = 0.317, with 95% bootstrap confidence
interval of - 0.006 to 0.802. Very similar results were obtained when taking only Iberian

populations or only Catalan and Portuguese as European references or a different
method, the my statistic proposed by Bertorelle and Excoffier®®. At face value, this
result may indicate that NW Africa contributed up to a third of the Andalusian gene
pool. However, this admixture estimate carries a large uncertainty and it is not
significantly different from zero. Other genetic systems do not seem to show such gene
flow. A group of mtDNA sequences (called U6) ** seems to be exclusive of NW Africa,
where it reaches frequencies up to 25%. U6 sequences were found in three out of 54
Portuguese® and in two out of 92 Galicians®*, but were absent in a sample of
Andalusians® and in 162 other Iberians®*"*®, Thus, when we combine autosomal, Y
chromosome (Bosch et al., in preparation) and mtDNA data®, we may conclude that
NW African gene flow into southern Iberian seems to be small.

As expected, Basques appeared as the most differentiated population within the
Iberian Peninsula. This result is consistent with the postulated pre-Neolithic
differentiation proposed for them in a wide variety of studies that present them as a
genetic isolate within the European genetic variability*” ***. Some authors'**® studied
HLA variation, and suggested, based on similar frequencies for some haplotypes, that
Basques and Berbers had a common origin. This conclusion was challenged by new
data and a proper numerical analysis®’. The present results, based on up to 21
autosomal STRs, argue against this hypothetic genetic similarity; caution has to be
taken when making population inferences based on a single locus.

The NW Africans have shorter distances to the African Americans than
Europeans do, but it is unclear what we can infer from that about gene flow from Sub-
Saharan Africa. The answer lies in typing the appropriate Western African samples.
This work, plus typing additional NW African populations, is needed to achieve a more

detailed reconstruction of the population history of NW Africa.
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Table 1. Mean expected heterozygosity and allele length variance per locus (%

standard error) for the populations in the basic and extended data sets.

Mean expected heterozygosity

Mean allele length variance

basic extended basic extended

ARA 0.790+0.016  0.758 + 0.015 574+1.76 420+1.10
SAH 0.782+0.019 0.753+0.015 5.30+1.59 3.87£0.99
SOB 0.788+0.017 0.761+0.013 544 +1.63 397+1.01
NCB 0.786 +0.017 0.745+0.019 542+1.73 3.90+1.08
MZA 0.763 £ 0.016 _ 4.64 +1.37 _
CAT 0.782+0.017 0.746 +0.016 5.01+1.43 3.58 £ 0.90
BAS 0.775+0.018 0.736 +0.016 572+1.62 3.96 +1.02
POR 0.782 +0.019 _ 5.05x1.45 _
AND 0.779 £0.015 _ 454+121 _

ITA 0.784 £ 0.019 _ 5.07 £1.37 _
EAM 0.779 £ 0.022 _ 5.04 +1.62 _
AAM 0.793 £ 0.015 5.64 +1.90

Abbreviations: ARA, Moroccan Arabs; SAH, Saharawis; SOB, southern Moroccan
Berbers, NCB, northern central Moroccan Berbers, MZA, Mozabites; CAT, Catalans;
BAS, Basques; POR, Portuguese; AND, Andalusians; AAM, African Americans; EAM,

European Americans; and ITA, Italians.



Table 2. Genetic distance matrix and standard errors for the populations used in the basic data set.

ARA SAH SOB NCB MZA CAT BAS POR AND AAM EAM ITA

ARA .0028 .0012 .0012 .0022 .0034 .0052 .0032 .0043 .0031 .0060 .0037
SAH .0118 .0018 .0025 .0055 .0033 .0049 .0030 .0037 .0021 .0050 .0034
SOB .0093 .0105 .0010 .0040 .0037 .0041 .0036 .0037 .0023 .0054 .0031
NCB .0102 .0136 .0067 .0027 .0023 .0048 .0021 .0022 .0031 .0038 .0018
MZA .0170 .0219 .0233 .0145 .0056 .0059 .0031 .0026 .0064 .0053 .0036
CAT .0180 .0216 .0163 .0132 .0270 .0036 .0017 .0018 .0045 .0008 .0008
BAS .0190 .0282 0211 .0207 .0309 .0160 .0034 .0042 .0083 .0026 .0028
POR .0146 .0178 .0150 0131 0221 .0096 .0156 .0027 .0032 .0013 .0012
AND .0156 .0187 .0160 .0128 .0225 0127 0214  .0121 .0058 .0015 .0014
AAM .0176 0217 .0184 .0150 .0259 .0245 .0367 .0210 .0243 .0067 .0061
EAM .0201 0212 .0187 .0169 .0286 .0054 .0163 .0074 .0129 .0292 .0005
ITA .0142 0171 .0133 .0110 .0200 .0050 0124  .0069 0112 .0240 .0029

Below diagonal, F; distances; above diagonal standards errors estimated after 10,000 bootstraps iterations. Abbreviations as in Table 1
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Table 3. Genetic distance matrix and standard errors for the populations used in the

extended data set.

ARA SAH SOB NCB CAT BAS
ARA .0018 .0011 .0018 .0024 .0038
SAH .0102 .0012 .0019 .0025 .0038
SOB .0087 .0091 .0019 .0025 .0034
NCB .0135 .0123 .0109 .0028 .0053
CAT .0163 .0177 .0145 0151 .0023
BAS .0186 .0231 .0208 .0228 .0129

Below diagonal, F; distances; above diagonal standards errors estimated after 10,000

bootstraps iterations. Abbreviations as in Table 1.
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Figure 1 Neighbor-joining tree based on F; genetic distance for the populations and
loci included in the basic data set. The figures along the tree branches represent the
percentage of times that a certain branch is found in 10,000 bootstrapped trees.
Abbreviations: Arabs, Moroccan Arabs; NC Berbers, northern central Moroccan
Berbers and SO Berbers, southern Moroccan Berbers.

Figure 2 Neighbor-joining tree based on F; genetic distance for the populations and
loci included in the extended data set. The figures along the tree branches represent
the percentage of times that a certain branch is found in 10,000 bootstrapped trees.

Abbreviations as in Figure 1.

Figure 3. Representation of the two first principal coordinate scores derived from the
analysis of the extended F. genetic distance matrix. All score values on the
coordinates have been multiplied by a factor of 10°. Abbreviations: ARA, Moroccan
Arabs; NCB, northern central Moroccan Berbers; SOB, southern Moroccan Berbers;
SAH, Saharawis; AND, Andalusians; POR, Portuguese.

Figure 4 Genetic boundaries found by superimposing an Fg distance matrix on a
Delaunay triangulation. Abbreviations: AND, Andalusians; NCB, northern central
Moroccan Berbers and SO Berbers, southern Moroccan Berbers.
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APPENDIX

Allele frequencies for 21 STR loci in 4-5 NW African populations.

Abbreviations: ARA, Arabs; SAH, Saharawis; SOB, southern Moroccan Berbers; NCB,
northern central Moroccan Berbers, and MZA, Mozabites. Alleles present in AmpFISTR
Profiler Plus™ and AmpFISTR Cofiler™ allelic ladders or described in other populations

but absent in our samples are not indicated.

D3S1358
Allele ARA SAH SOB NCB MZA
2N =108 2N =104 2N =94 2N=84 2N=88

12 0 0.019 0 0 0
13 0 0 0 0.023 0
14 0.037 0.038 0.043 0.048 0.023
15 0.343 0.269 0.298 0.286 0.284
16 0.241 0.279 0.330 0.286 0.250
17 0.176 0.260 0.170 0.214 0.273
18 0.176 0.125 0.160 0.143 0.170
19 0.019 0.010 0 0 0
20 0.009 0 0 0 0

VWA

Allele ARA SAH SOB NCB MZA

2N =160 2N =118 2N=96 2N=122 2N =288

14 0.131 0.076 0.167 0.115 0.114
15 0.150 0.203 0.219 0.131 0.102
16 0.319 0.127 0.208 0.279 0.420
17 0.181 0.288 0.240 0.270 0.125
18 0.163 0.186 0.104 0.107 0.182
19 0.044 0.119 0.031 0.090 0.045
20 0.006 0 0.031 0.008 0.011

21 0.006 0 0 0 0
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FGA
Allele ARA SAH SOB NCB MZA
2N =108 2N =104 2N =94 2N=84 2N=88
16 0 0 0 0.012 0
17 0 0 0.011 0.012 0
18 0 0.019 0 0.012 0
19 0.065 0.058 0.064 0.035 0.011
19.2 0 0 0 0 0.011
20 0.102 0.087 0.181 0.131 0.045
21 0.176 0.231 0.160 0.143 0.318
22 0.111 0.173 0.160 0.143 0.182
23 0.185 0.212 0.170 0.226 0.159
24 0.176 0.106 0.106 0.155 0.170
25 0.120 0.029 0.064 0.095 0.080
26 0.046 0.019 0.064 0.024 0
27 0.009 0.029 0.011 0.012 0.011
28 0.009 0.019 0 0 0
29 0 0.019 0.011 0 0.011
D8S1179
Allele ARA SAH SOB NCB MZA
2N =108 2N = 104 2N =94 2N=82 2N =88
8 0.028 0.029 0.011 0.012 0
9 0.009 0 0 0.012 0
10 0.074 0.096 0.117 0.110 0.205
11 0.093 0.096 0.160 0.159 0.034
12 0.065 0.115 0.074 0.122 0.080
13 0.231 0.202 0.191 0.171 0.148
14 0.259 0.221 0.181 0.195 0.250
15 0.194 0.192 0.202 0.183 0.250
16 0.037 0.048 0.064 0.012 0.034

17 0.009 0 0 0.024 0
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D21S11
Allele ARA SAH SOB NCB MZA
2N =108 2N =104 2N =94 2N=82 2N=88
26 0.009 0.010 0 0 0
27 0.056 0.019 0.021 0.012 0.034
28 0.083 0.087 0.085 0.183 0.159
28.2 0 0 0 0.012 0
29 0.176 0.231 0.234 0.245 0.227
29.2 0.009 0 0 0 0
30 0.231 0.231 0.234 0.232 0.159
30.2 0.028 0.001 0.032 0.012 0.045
31 0.056 0.048 0.074 0.049 0.045
31.2 0.102 0.096 0.128 0.085 0.148
32 0 0.019 0.011 0.012 0
32.2 0.120 0.163 0.085 0.049 0.125
33 0 0 0 0 0
33.2 0.083 0.087 0.053 0.073 0.045
34 0.009 0 0 0 0
34.2 0.019 0 0.021 0.012 0
35 0.019 0 0.011 0.012 0
35.2 0 0 0.011 0 0
36 0 0 0 0.012 0.011
D18S51
Allele ARA SAH SOB NCB MZA
2N =108 2N =104 2N =94 2N=82 2N =88
11 0.019 0.010 0.011 0 0
12 0.111 0.087 0.149 0.146 0.125
13 0.157 0.144 0.128 0.110 0.091
13.2 0 0 0 0.012 0
14 0.083 0.154 0.160 0.171 0.193
15 0.130 0.106 0.106 0.085 0.125
16 0.231 0.154 0.170 0.159 0.148
17 0.102 0.144 0.096 0.134 0.205
18 0.046 0.038 0.096 0.110 0.080
19 0.046 0.048 0.021 0.037 0.023
20 0.028 0.077 0.053 0.024 0
21 0.037 0 0 0.012 0.011
22 0 0.019 0.011 0 0

23 0.009 0.019 0 0 0
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D5S818
Allele ARA SAH SOB NCB MZA
2N =158 2N =118 2N=96 2N=124 2N =88
8 0.082 0.059 0.021 0.024 0.023
9 0.051 0 0.052 0.016 0
10 0.114 0.059 0.052 0.065 0.125
11 0.259 0.263 0.313 0.282 0.159
12 0.329 0.492 0.344 0.363 0.489
13 0.152 0.119 0.208 0.226 0.205
14 0.013 0.008 0.010 0.024 0
D13S317
Allele ARA SAH SOB NCB MZA
2N =108 2N =104 2N=94 2N=82 2N=88
8 0.111 0.058 0.085 0.073 0.080
9 0.028 0.048 0.011 0.061 0.034
10 0 0.077 0.032 0.024 0.045
11 0.380 0.288 0.330 0.317 0.273
12 0.278 0.250 0.298 0.403 0.443
13 0.139 0.221 0.138 0.073 0.080
14 0.065 0.048 0.106 0.049 0.045
15 0 0.010 0 0 0
D7S820
Allele ARA SAH SOB NCB MZA
2N =158 2N =118 2N=96 2N=124 2N =88
7 0.025 0 0.010 0 0.011
8 0.146 0.051 0.083 0.113 0.091
9 0.133 0.127 0.063 0.145 0.148
10 0.380 0.373 0.354 0.323 0.364
11 0.133 0.195 0.229 0.226 0.227
12 0.146 0.237 0.240 0.177 0.080
13 0.025 0.008 0.010 0.016 0.080
14 0.013 0.008 0 0 0

15 0 0 0.010 0 0
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D16S539
Allele ARA SAH SOB MZA
2N =94 2N =104 2N =92 2N =88
8 0.032 0 0.054 0
9 0.138 0.058 0.141 0.159
10 0.043 0.125 0.065 0.091
11 0.309 0.279 0.348 0.205
12 0.191 0.250 0.174 0.239
13 0.234 0.240 0.185 0.273
14 0.053 0.048 0.033 0.034
THO1
Allele ARA SAH SOB NCB MZA
2N =160 2N =118 2N=96 2N=128 2N =288
5 0.006 0 0 0 0
6 0.163 0.153 0.240 0.227 0.159
7 0.244 0.263 0.219 0.203 0.136
8 0.156 0.161 0.219 0.164 0.125
9 0.325 0.297 0.229 0.266 0.375
9.3 0.063 0.102 0.052 0.125 0.193
10 0.044 0.025 0.031 0.015 0.011
11 0 0 0.010 0 0
TPOX
Allele ARA SAH SOB NCB MZA
2N =160 2N =118 2N=96 2N=126 2N =288
6 0 0.008 0.001 0.016 0
7 0.019 0.025 0.021 0 0
8 0.450 0.441 0.438 0.397 0.443
9 0.206 0.237 0.177 0.151 0.159
10 0.113 0.110 0.073 0.135 0.114
11 0.181 0.153 0.260 0.301 0.273
12 0.031 0.025 0.021 0 0.011
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CSF1PO
Allele ARA SAH SOB NCB MZA
2N =108 2N =104 2N=94 2N=84 2N=88
7 0.009 0 0.021 0 0
8 0.019 0.010 0 0.024 0.068
9 0 0.019 0.021 0.024 0
10 0.306 0.327 0.340 0.345 0.227
11 0.324 0.279 0.266 0.321 0.364
12 0.287 0.337 0.298 0.238 0.284
13 0.056 0.029 0.043 0.048 0.034
14 0 0 0.011 0 0.023
D11S2010
Allele ARA SAH SOB NCB
2N =152 2N =118 2N =94 2N =54
9 0.013 0.017 0.021 0
10 0.007 0.034 0.064 0.055
11 0.599 0.492 0.511 0.463
12 0.158 0.186 0.181 0.185
13 0.125 0.195 0.149 0.204
14 0.099 0.068 0.074 0.093
15 0 0.008 0 0
D13S767
Allele ARA SAH SOB NCB
2N = 148 2N =118 2N =84 2N =50
9 0.014 0 0 0
10 0.264 0.220 0.214 0.320
11 0.453 0.500 0.452 0.520
12 0.236 0.220 0.274 0.160
13 0.034 0.034 0.048 0
14 0 0.026 0 0
15 0 0 0.012 0
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D14S306
Allele ARA SAH SOB NCB
2N =152 2N =118 2N =94 2N =52
9 0.013 0 0.011 0.019
10 0.007 0.034 0.011 0.019
11 0.072 0.051 0.096 0.115
12 0.283 0.339 0.298 0.385
13 0.178 0.161 0.181 0.154
14 0.309 0.271 0.330 0.173
15 0.112 0.136 0.064 0.135
16 0.026 0.008 0.011 0
D18S848
Allele ARA SAH SOB NCB
2N =152 2N =116 2N =92 2N =54
6 0.066 0.017 0.076 0
7 0.007 0 0.022 0
8 0.086 0.069 0.043 0.037
9 0.237 0.259 0.228 0.185
10 0.500 0.526 0.500 0.685
11 0.105 0.112 0.130 0.093
12 0 0.009 0 0
13 0 0.009 0 0
D2S51328
Allele ARA SAH SOB NCB
2N =150 2N =118 2N =94 2N =50
8 0.153 0.178 0.106 0.180
9 0.073 0.025 0.021 0.020
10 0.087 0.093 0.117 0.100
11 0.313 0.347 0.245 0.360
12 0.247 0.271 0.351 0.240
13 0.100 0.068 0.106 0.080
14 0.020 0.017 0.053 0.020

15 0.007 0 0 0
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D4S243
Allele ARA SAH SOB NCB
2N = 148 2N =116 2N =94 2N =50
10 0.020 0.043 0.053 0.020
11 0.324 0.397 0.383 0.420
12 0.338 0.207 0.223 0.260
13 0.209 0.147 0.149 0.160
14 0.041 0.060 0.096 0.020
15 0.027 0.017 0.032 0.040
16 0.020 0.086 0.032 0.080
17 0.020 0.009 0.011 0
18 0 0.026 0.021 0
19 0 0.009 0 0
F13A1
Allele ARA SAH SOB NCB
2N =150 2N =118 2N =94 2N =52
3.2 0.153 0.169 0.117 0.173
4 0.093 0.068 0.096 0.058
5 0.260 0.271 0.309 0.365
6 0.153 0.110 0.138 0.135
7 0.260 0.347 0.277 0.192
8 0.040 0.025 0.032 0.058
9 0 0 0 0
10 0.007 0 0.011 0
11 0.007 0 0.011 0
12 0 0 0 0
13 0 0 0 0
14 0.007 0 0 0
15 0 0.008 0.011 0
16 0.013 0 0 0.019
17 0.007 0 0 0
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FES/FPS
Allele ARA SAH SOB NCB
2N =152 2N =118 2N = 96 2N =54

8 0.026 0.042 0.021 0
9 0.007 0.008 0 0
10 0.408 0.314 0.292 0.241
11 0.303 0.331 0.281 0.370
12 0.237 0.263 0.323 0.315
13 0.020 0.034 0.063 0.074
14 0 0.008 0.021 0

D9S926

Allele ARA SAH SOB NCB

2N =152 2N =118 2N =94 2N =54

7 0.020 0 0.011 0
8 0 0 0 0
9 0 0 0 0
10 0.026 0.034 0.011 0.018
11 0.322 0.280 0.362 0.278
12 0.336 0.424 0.351 0.426
13 0.230 0.229 0.191 0.185
14 0.053 0.034 0.064 0.093
15 0.007 0 0.011 0
16 0.007 0 0 0
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ABSTRACT

Eight short tandem repeat (STR) polymorphisms mapping on the male-specific
region of the human Y chromosome (DYS19, DYS388, DYS389I, DYS389Il, DYS390,
DYS391, DYS392, DYS393) have been typed in four populations from Northwestern
Africa (Moroccan Arabs, Southern Moroccan Berbers, Saharawis and Mozabites).
Allele frequency distributions showed statistically significant differences for all loci
among all the populations except for DYS19. Complete typings were obtained for 185
chromosomes, which showed 74 different haplotypes. The two most frequent
haplotypes were found in 16.2 % and 15.1 % of the individuals, although the latter was
almost exclusively found in the Mozabites. Locus and haplotype informativeness were
measured by means of the gene diversity (D). Haplotype diversity ranged from 0.856
(Mozabites) to 0.967 (Southern Moroccan Berbers). For some loci, allele frequencies in
NW Africans were clearly different from those in Europeans. The most common NW
African haplotype was found only in one individual out of a total of 494 Europeans
typed for the whole STR set. Thus, NW African and European Y chromosomes are

clearly differentiated.

KEY WORDS: Y chromosome « Short tandem repeats (STRs) ¢ haplotypes ¢ Northwest

African populations
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INTRODUCTION

Because of its sex-determining function, the human Y chromosome is paternally
inherited and does not recombine on most of its length. Its genetic content is not
homologous to any other part of the genome except for a few housekeeping genes,
that are homologous but highly divergent from genes in the X chromosome (Lahn and
Page, 1997). These special genetic features make the Y chromosome an important
genetic tool for the study of male aspects of human evolution and population diversity,
as well as in forensic practice and paternity testing (Jobling and Tyler-Smith 1995;
Jobling et al. 1997). Different types of genetic markers such as biallellic
polymorphisms, short tandem repeat (STR) polymorphisms (also called microsatellites)
and the MSY1 minisatellite (Jobling et al. 1998; Bouzekri et al. 1998) are now available
on the non-recombining (or male-specific) region of the human Y chromosome. Within
them, the PCR-amplificable Y-STR loci have become some of the most useful markers
to identify male individuals in forensic applications. In a multicenter study, a basic set of
seven STRs (DYS19, DYS389I, DYS389Il, DYS390, DYS391, DYS392, DYS393) has
been recommended for standard Y-haplotyping in forensic and paternity casework
(Kayser et al. 1997; de Knijff et al. 1997). Currently, one of the major goals of the
forensic geneticist community is the compilation of data for this selected basic set in a
number of different reference populations. This will allow to obtain a well-established
ethnic and geographic stratification of Y chromosome STR allele and haplotype
frequencies as is needed in the routine forensic casework.

Previous genetic studies of forensic applicability in NW Africa include a
set of 13 autosomal STRs in Moroccan Arabs and Berbers (Pérez-Lezaun et al.
1999a), HLA class Il in Southern Moroccan Berbers (Izaabel et al. 1998), plus mtDNA
sequences in Mozabites (Corte-Real et al. 1996) and in a number of NW African
populations (Rando et al. 1999). Three autosomal STRs (Meyer et al. 1995) and four Y
chromosome STRs (DYS19, DYS389I, DYS389I1 and DYS390) were typed in a sample
of Moroccans living in Brussels, Belgium (Kayser et al. 1997); in the same sample a
detailed study of DYS389 haplotypes was also performed (Rolf et al. 1998).

This study presents allele and haplotype frequencies for eight Y specific STRs
in four populations from Northwestern Africa (Moroccan Arabs, Southern Moroccan
Berbers, Saharawis, and Mozabites), which represent four distinct ethnical, linguistic
and cultural groups in the area. These populations are of interest not only to the local
forensic geneticists, but to those working in Western Europe, where many immigrants

from NW Africa have settled recently.



158. DIVERSITAT GENOMICA A LES POBLACIONS DEL NORD D’AFRICA

MATERIAL AND METHODS

Samples

Genetic analyses were performed in a sample of Y chromosomes from 185
unrelated healthy men from Northwestern Africa. Appropriate informed consent was
obtained from all participants in this study and, in most cases, information about
geographic origin of their four grandparents and maternal tongue was recorded.
Samples include 44 Moroccan Arabs, 44 Southern Moroccan Berbers, 29 Saharawis
(Western Sahara), and 68 Mozabites from the town of Ghardaia (Algeria). DNA was
extracted from fresh blood by standard phenol-chloroform protocols.

STR polymorphism typing

PCR amplifications for all loci (DYS19, DYS388, DYS389I, DYS389Il, DYS390,
DYS391, DYS392, DYS393) were carried out in a 10 ni final reaction volume
containing 100 ng of genomic DNA, 50 mM KCI, 10 mM tris-HCI (pH 8.3), 1.5 mM
MgCI2 (2.5 mM for DYS19), 250 mM dNTP, 0.2 mM each primer and 1 U Tag DNA
Polymerase (GIBCOBRL) using a Perkin EImer 9600 thermal cycler. Forward primers
were fluorescently labeled. PCR cycling conditions were as described in Pérez-Lezaun
et al. (1999b). PCR products were run in an ABI 377" sequencer. ABI GS500 TAMRA
was used as internal lane standard. The GeneScan 672™ and Genotyper 1.1™
software packages were used to collect the data and analyse fragment sizes. Y
chromosome STR alleles were named according to the number of repeat units they
contain, which was established through the use of sequenced allele ladders and

reference samples kindly provided by P. de Knijff.

Statistical analysis

Population differentiation was tested through an exact test (Raymond and
Rousset 1995) as implemented in the Arlequin package (Schneider et al. 1997). Gene
diversity O, which corresponds to expected heterozygosity for autosomal loci) was
computed for each locus as D = 1- S p?, where p; are the allelic frequencies. Haplotype
diversity was computed with the same equation, using haplotype frequencies instead of
allele frequencies. In the Y chromosome, haplotype diversity, power of discrimination
and change of paternity exclusion are numerically identical, and this parameter is
sufficient to adequately describe the informativeness of Y chromosome haplotypes in a
population.



RESULTATS - 159

RESULTS AND DISCUSSION

Allele frequency distributions for loci DYS19, DYS388, DYS389l, DYS389ll,
DYS390, DYS391, DYS392 and DYS393 in the four NW African populations analysed
are shown in Table 1. An exact test of population differentiation (Raymond and
Rousset 1995) showed statistically significant differences (p < 0.0001 except p = 0.008
for DYS388 and p = 0.020 for DYS390) for all loci among all the populations except for
DYS19 (p = 0.15).

Several loci showed allele frequencies that were very different from those found
in European populations (Kayser et al. 1997). For instance, the most frequent allele for
DYS19 is 13 in NW Africa but 14 in Europe. For DYS389V/Il, the most frequent alleles
in NW Africa are 11/27, whereas in Europe are allele repeats 10/26. It is evident that
European Y chromosome STR allele frequencies should not be used in forensic
casework involving NW African subjects.

Gene diversity (D) by population for each Y chromosome STR and for the whole
haplotype are presented in Table 2. The most informative loci, as measured by their
average gene diversities, were DYS390 (D = 0.637), DYS389Il (D = 0.527), DYS389I
(D = 0.496) and DYS391 D = 0.492). The populations with the highest and lowest
haplotypic diversities were the Southern Moroccan Berbers (0.967) and the Mozabites
(0.856), respectively.

Y haplotype frequency distributions constructed considering the eight Y STR
loci studied (DYS19-DYS388-DYS389FDYS38911-DYS390-DYS391-DYS392-DYS393)
are shown in Table 3. From a total of 185 chromosomes with complete typings, 74
distinct haplotypes were obtained. The two most frequent haplotypes, 19 (13-12-11-27-
24-9-11-13) and 21 (13-12-11-27-24-10-11-13), were found in 30 (12 Moroccan Arabs,
4 Mozabites, 7 Saharawis and 7 Southern Moroccan Berbers) and in 28 individuals (3
Moroccan Arabs, 24 Mozabites, 1 Southern Moroccan Berber) respectively. Fifty-one
haplotypes were observed in unique copies. Out of 74 different haplotypes, 61 (82.4%)
were found only in one population.

Haplotype 19, which is the most frequent in NW Africa (16.2 %), was found in
one of 56 Basques (Pérez-Lezaun et al. 1997), but was not found in 33 Catalans
(Pérez-Lezaun et al. 1997), 125 Central and Southern Italians (Caglia et al. 1998) or
280 Finns (Kittles et al. 1998). In a sample of 93 Galicians (Pestoni et al. 1988) typed
for DYS19, DYS389l, DYS389Il, DYS390 and DYS393, two individuals matched
partially haplotype 19. This is evidence for the specificity of NW African Y chromosome

haplotypes.
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Since the Y chromosome has one quarter of the effective population size of any
autosome, genetic drift acts more strongly on the Y chromosome than on the
autosomes (Pérez-Lezaun et al. 1997), which explains the high levels of between
population differentiation observed in our samples and the reduction of the internal
diversity in the Mozabites. This means that i) gene diversities in the Y chromosome
STRs are lower than those found in autosomal STRs and it is not likely that other Y
chromosome STRs with higher gene diversities will be found and ii) more differentiation
is found among populations for Y chromosome STRs than for autosomal STRs, and
thus more subpopulations need to be typed to obtain reliable population data for Y
chromosome markers. The appropriate reference database must be used for each

case.
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Table 1. Allele frequencies for eight Y chromosome STRs (DYS19, DYS388, DYS389l,
DYS389Il, DYS390, DYS391, DYS392, DYS393) in four NW African populations.

LOCUS Allele ARA SOB SAH MZA
(repeat) n=44 n=44 n=29 n =68
DYS19 13 0.592 0.682 0.760 0.822
14 0.295 0.205 0.172 0.074
15 0.045 0.045 0.034 0.059
16 0.045 0.068 0 0.015
17 0.023 0 0.034 0.015
18 0 0 0 0.015
DYS388 12 0.795 0.841 0.828 0.926
13 0.045 0.045 0 0.059
14 0.023 0 0 0
15 0 0.045 0 0
16 0 0.023 0.034 0.015
17 0.114 0.023 0.138 0
18 0.023 0.023 0 0
DYS389I 9 0.205 0.114 0.103 0.044
10 0.205 0.409 0.138 0.162
11 0.590 0.431 0.759 0.794
12 0 0.023 0 0
13 0 0.023 0 0
DYs38all 23 0 0 0 0.015
24 0.023 0 0 0
25 0.045 0 0 0.015
26 0.136 0.295 0.070 0.118
27 0.728 0.523 0.448 0.764
28 0.045 0.136 0.448 0.059
29 0.023 0.023 0.034 0.029
30 0 0.023 0 0
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Table 1. (continued)

LOCUS Allele ARA SOB SAH MZA
(repeat) n=44 n=44 n =29 n =68
DYS390 20 0 0 0 0.015
21 0.068 0.023 0.034 0.029
22 0 0.068 0.034 0.029
23 0.318 0.250 0.207 0.132
24 0.546 0.545 0.310 0.604
25 0.068 0.114 0.415 0.176
26 0 0 0 0.015
DYS391 8 0 0.023 0 0
9 0.409 0.613 0.794 0.147
10 0.386 0.250 0.034 0.765
11 0.182 0.114 0.172 0.088
12 0.023 0 0 0
DYS392 10 0 0.023 0 0
11 0.932 0.954 0.759 0.956
12 0 0 0.241 0
13 0.068 0.023 0 0.044
DYS393 10 0.023 0 0 0
11 0 0 0 0
12 0.159 0.114 0.172 0.015
13 0.750 0.818 0.828 0.941
14 0.068 0.068 0 0.015
15 0 0 0 0.029

Abbreviations: ARA, Moroccan Arabs; SOB, Southern Moroccan Berbers; SAH, Saharawis; MZA, Mo
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Table 2. Gene diversity (D) by population for the eight Y chromosome STRs analysed,

as well as for the whole haplotype. The mean gene diversity for each locus is also

given. Abbreviations as in Table 1.

ARA SOB SAH MZA Mean
Locus

DYS19 0.572 0.498 0.406 0.317 0.448
DYS388 0.359 0.294 0.305 0.140 0.275
DYS389I 0.580 0.647 0.409 0.346 0.496
DYS389ll 0.458 0.634 0.613 0.403 0.527
DYS390 0.606 0.636 0.712 0.594 0.637
DYS391 0.665 0.560 0.352 0.392 0.492
DYS392 0.130 0.090 0.379 0.086 0.171
DYS393 0.417 0.320 0.296 0.115 0.287
Haplotypic

0.921 0.967 0.867 0.856

diversity
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Table 3. Y chromosome STR haplotypes for the four NW African populations analysed.

Abbreviations as in Table 1.

> 8 2 2 g8 3 & 2 5
n B3 B 3 8 B3 B B <« o T < g
5 & & & & & &5 & 2 3 § 5 9
1 13 12 9 25 24 10 11 13 1 1
2 13 12 9 26 23 10 11 10 1 1
3 13 12 9 26 23 10 11 13 2 2
4 13 12 9 26 23 10 11 14 1 1
5 13 12 9 26 24 10 10 13 1 1
6 13 12 9 26 24 10 11 13 1 1
7 13 12 9 26 25 10 11 13 1 1
8 13 12 10 26 23 9 11 13 2 2
9 13 12 10 26 24 9 11 13 2 1 3 6
10 13 12 10 26 24 10 11 13 3 3
11 13 12 10 27 24 9 11 13 1 1 2
12 13 12 10 28 22 9 11 13 2 2
13 13 12 10 28 24 10 11 13 1 1
14 13 12 10 30 22 9 11 13 1 1
15 13 12 11 27 23 8 11 13 1 1
16 13 12 11 27 23 9 11 13 2 1 3
17 13 12 11 27 23 10 11 13 5 5
18 13 12 11 27 23 11 11 13 1 1
19 13 12 11 27 24 9 11 13 12 7 7 4
20 13 12 11 27 24 9 11 14 1
21 13 12 11 27 24 10 11 13 3 1 24
22 13 12 11 27 24 11 11 13 1 1 2
23 13 12 11 27 25 9 11 13 2 1 3
24 13 12 11 27 25 10 11 13 7 7
25 13 12 11 27 25 10 11 15 1 1
26 13 12 11 28 24 9 11 13 1 1 2
27 13 12 11 28 24 10 11 13 4 4
28 13 12 11 28 25 9 11 13 6 6
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Table 3. (continued)

V101

VZIN

HVS

d0s

vdav

€6ESAd

¢6ESAd

T6ESAA

06ESAd

[168ESAQ

168ESAC

88E€SAd

6TSAd

13
13
13
13
13
13
13
14
13
13
13
13
15
13
13
14
12
12
12
12
12
12
12
12
12
12
12
12

12
11
11
11
11
11
11
11
13
11
11
13
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11

25
23
23
24
25
23
25
23
24
23
25
24
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25
23
24
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23
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23
23
23
23
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28
28
29
26
28
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11
12
13
10
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11
11

12
12
12
13
13
13
13
12
12
12
12
12
12
12
12
12
14
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16
16
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17
17
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13
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14
14
14
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14
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14
14
14
14
14
14
14
14
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35
36
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10
10
11
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27
24
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26
26
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11
11
11
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29
27
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11
11
11
11
11
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11
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27
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29
26
26
27
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48

49

29
26
26
27
27

50
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10
10
10
10
10

52
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27
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Table 3.(continued)

> 2 2 2 8 7 ¥ 9 .

708 2 8 8 2 2% 8 < a < g

52 5 & & & & & & 2 3 § 5 9
57 15 12 9 26 22 11 11 13 1 1
58 15 12 9 27 21 10 11 13 1 1
59 15 12 9 27 21 10 11 14 2 2
60 15 12 10 23 23 10 13 13 1 1
61 15 12 10 27 21 11 11 13 1 1
62 15 12 10 27 25 10 11 13 1 1
63 15 12 10 28 24 10 11 13 1 1
64 15 12 11 27 26 11 13 13 1 1
65 16 12 9 26 21 10 11 14 1 1
66 16 12 10 26 25 11 13 13 1 1
67 16 12 10 27 21 11 11 13 1 1
68 16 12 11 27 24 9 11 13 1 1
69 16 12 11 27 24 11 13 13 1 1
70 16 12 11 28 21 10 11 13 1 1
71 17 12 9 27 22 9 12 13 1 1
72 17 12 11 27 24 11 13 13 1 1
73 17 13 10 25 23 10 11 13 1 1
74 18 12 11 27 25 10 11 13 1 1
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Summary

Eleven biallelic polymorphisms and seven short-tandem-
repeat (STR) loci mapping on the nonrecombining por-
tion of the human Y chromosome have been typed in
men from northwestern Africa. Analysis of the biallelic
markers, which represent probable unique events in hu-
man evolution, allowed us to characterize the stable
backgrounds or haplogroups of Y chromosomes that
prevail in this geographic region. Variation in the more
rapidly mutating genetic markers (STRs) has been used
both to estimate the time to the most recent common
ancestor for STR variability within these stable back-
grounds and to explore whether STR differentiation
among haplogroups still retains information about their
phylogeny. When analysis of molecular variance was
used to study the apportionment of STR variation
among both genetic backgrounds (i.e., those defined by
haplogroups) and population backgrounds, we found
STR variability to be clearly structured by haplogroups.
More than 80% of the genetic variance was found
among haplogroups, whereas only 3.72% of the genetic
variation could be attributed to differences among pop-
ulations—that is, genetic variability appears to be much
more structured by lineage than by population. This was
confirmed when two population samples from the Ibe-
rian Peninsula were added to the analysis. The deep
structure of the genetic variation in old genealogical
units (haplogroups) challenges a population-based per-
spective in the comprehension of human genome diver-
sity. A population may be better understood as an as-
sociation of lineages from a deep and population-
independent gene genealogy, rather than as a complete
evolutionary unit.
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Introduction

Human evolution and population studies based on the
Y chromosome have increased notably during recent
years (Hammer 1995; Jobling and Tyler-Smith 1995;
Santos et al. 1995b; Whitfield et al. 1995; Cooper et
al. 1996; Deka et al. 1996; Roewer et al. 1996; de
Knijff et al. 1997; Hammer et al. 1997, 1998; Pérez-
Lezaun et al. 1997, 1999; Hurles et al. 1998). The
singular characteristics of the Y chromosome, which
include paternal inheritance and absence of recom-
bination through most of its length, make this chro-
mosome a powerful tool for tracing and comparing
paternal lineages of human populations in a way sim-
ilar to the use of mtDNA to study maternal lineages.
In spite of the slow initial discovery of polymorphic
markers on the Y chromosome, which started in the
mid 1980s (Casanova et al. 1985; Lucotte and Ngo
1985), the detection of variation on this chromosome
has grown dramatically during recent years (Jobling
and Tyler-Smith 1995; Hammer and Zegura 1996;
Underhill et al. 1997). The variety of polymorphic
markers now available on the nonrecombining por-
tion of the Y chromosome ranges from base substi-
tutions and deletion/insertion polymorphisms, which
are rare (probably even unique) events in evolution
and which tend to be biallelic, to faster-mutating poly-
morphisms such as microsatellites—also known as
short tandem repeats (STRs)—and the MSY1 mini-
satellite (Bouzekri et al. 1998; Jobling et al. 1998a).

The presence of different types of polymorphisms with
different mutational mechanisms and rates strengthens
even more the applicability of analysis of the nonrecom-
bining portion of the Y chromosome to the study of
human evolution at different geographic and time scales.
Some examples of the wide range of subjects to which
the study of Y-chromosome polymorphisms has been
applied include investigations of both the origin and the
dispersal of anatomically modern humans (Hammer et
al. 1997, 1998), the first settlement of the Americas
(Pena et al. 1995; Santos et al. 19954, 1996, 1999a;
Underhill et al. 1996; Karafet et al. 1997), the Asian
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paternal contribution to northern European populations
(Zerjal et al. 1997), the colonization of Polynesia as well
as later European admixture (Hurles et al. 1998), the
colonization of mountain habitats in central Asia (Pérez-
Lezaun et al. 1999), and the study of both the Cohen
(Thomas et al. 1998) and the Jefferson (Foster et al.
1998) lineages.

The evolution of each of these markers on the Y
chromosome is not independent, since changes to a
particular locus always happen on a well-defined
background for all the other polymorphisms to which
it remains linked because of the absence of recom-
bination. In particular, the absence of recombination
has facilitated the inference of the genealogy of hap-
logroups—that is, groups of chromosomes defined by
the combination of alleles at different biallelic poly-
morphisms. The combination of slow- and fast-mu-
tating systems has added values. The typing of STRs
within haplogroups has allowed the investigation of
the origin and dispersal of certain haplogroups (Zerjal
et al. 1997; Hurles et al. 1998), as well as examination
of the population movements associated with those
dispersals.

Genetic diversity is often thought of as being struc-
tured by population, to the extent that a population
perspective has been thought of as a complete descrip-
tion of the genetic diversity. Classic population-genetics
theory modeled the dynamics of allele-frequency change
among populations, in terms of forces such as drift, se-
lection, and migration. This approach implies that a
mere description of variation is fully informative on ge-
netic grounds. However, genetic diversity may be more
deeply structured by gene genealogy than by the eth-
nogenesis process that gave rise to the population. The
gene genealogy of a particular genome region can be
recognized from the inferred genealogy of its slowly mu-
tating polymorphisms, which constitute the stable back-
ground on which the variation of faster-mutating sys-
tems took place. This rapidly produced variation may
contain information on the evolution of each deep
branch of the gene genealogy and may even include a
detailed footprint of the full gene geneology. The pop-
ulation perspective may thus be out of the scale of the
genetic processes. For instance, Estivill et al. (1994)
found that haplotypes of three STRs in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene
were clearly different in chromosomes bearing the
AF508 mutation (which causes cystic fibrosis) compared
with those found in nonaffected chromosomes. More-
over, STR haplotypes from any of a number of nonaf-
fected European populations were much closer to each
other than were haplotypes from nonaffected and
AF508-bearing chromosomes belonging to the same
population. Therefore, genetic diversity within the
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CFTR gene in Europe is more deeply structured by ge-
netic background than by population.

Since the production of biallelic variation is contin-
uous in time, some of that variation—the most an-
cient—will define haplogroups with wide geographic dis-
tributions; however, most of it, being more recent, will
be found in more-restricted areas and may have occurred
after certain population splits. In fact, there are popu-
lation-specific Y-chromosome biallelic polymorphisms,
such as Tat in northwestern Asians (Zerjal et al. 1997),
SRY-2627 in north Iberians (Hurles et al. 1999), and
DYS199 in Native Americans (Underhill et al. 1996).
The most recent biallelic markers may be population-
specific and even family-specific. However, a character-
istic distribution of haplogroups will be found in each
population, and some of those haplogroups may be
much older than the populations in which they are
found.

In this study, we have scored 11 Y-specific biallelic
markers in men from northwestern Africa; this has al-
lowed the characterization, for the first time, of Y-chro-
mosome haplogroup distribution in this area. We have
also explored Y-chromosome variation at seven STRs in
the same individuals, to characterize genetic variation
by stable genetic background (i.e., by biallelic polymor-
phism haplogroup) and to compare the apportionment
of genetic variation by haplogroup with that appor-
tioned by population. This will allow an alternative per-
spective to the population approach for the comprehen-
sion of human genetic diversity. The time to the most
recent common ancestor (TMRCA) for the STR varia-
bility within haplogroups and the microsatellite diversity
within them were analyzed as well. These analyses were
also done in two population samples from the northern
Iberian Peninsula. Finally, we explored whether STR dif-
ferentiation by haplogroup retains information about
the haplogroup phylogeny.

Material and Methods

Samples

Genetic analyses were performed on a sample of Y
chromosomes from 129 unrelated healthy men from
northwestern Africa. Appropriate informed consent was
obtained from all participants in this study, and, in most
cases, information about both the geographic origin and
native language of each man’s four grandparents was
recorded. The samples obtained were from 44 Arabs,
42 Tahelhits, and 14 other Moroccan Berbers, as well
as from 29 Saharawis. DNA was extracted from fresh
blood by use of standard phenol-chloroform protocols.
For parts of the data analysis, additional samples (from
51 Basques and 27 Catalans) from northern Iberia were
included.
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Biallelic Polymorphism Typing

We typed eight base substitutions, an Alu insertion,
the polymorphic number of adenine residues in its 3’
end, and a duplication/deletion polymorphism (see table
1). Polymorphism 92R7, which was originally described
as an RFLP by Mathias et al. (1994), was converted to
a PCR format by M. E. Hurles, F. R. Santos, and C.
Tyler Smith (unpublished data), by amplification of a
55-bp fragment containing the polymorphic site in the
92R7 system. HindIll digestion was used to detect the
C—T base substitution that destroys a HindIII site equiv-
alent to the presence of the 6.7-kb band in the 92R7
Southern blots (Mathias et al. 1994). SRY-2627 (also
known as pSRY-373) was analyzed by PCR amplifica-
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tion, as reported elsewhere (Bianchi et al. 1997), by use
of the pSRY244 (forward) and pSRY634 (reverse) prim-
ers. Banl digestion was employed to detect the C—T
transition at base-pair position 373 (Santos et al. 1999a).
SRY-1532 screening was performed with primers SRY-
1 and SRY-2 (Santos et al. 1999b), which amplify a 167-
bp male-specific fragment spanning the polymorphic po-
sition 10,831 of region SRY (Whitfield et al. 1995; Kwok
et al. 1996). PCR and cycling conditions were performed
as described elsewhere (Santos et al. 1999a). Amplified
products were digested with Dralll and were incubated
with Pronase (Boehringer Mannheim). The Y-chromo-
some Alu insertion polymorphism (YAP) element at the
DYS287 locus was analyzed by PCR amplification, as

Table 1
Y-Chromosome Biallelic Polymorphisms Analyzed and Their Allele Frequencies in Northwestern Africa
Polymorphism®
and Allele Frequency Type Method References
92R7:
C 124 (.961)  Base substitution HindIII site loss, PCR Mathias et al. (1994)
T 5(.039)
SRY-2627:
C 129 (1) Base substitution Banl site loss, PCR Bianchi et al. (1997); Santos et al. (1999a)
T 0 (0)
SRY-1532:
A 0 (0) Base substitution Dralll site gain, PCR Whitfield et al. (1995); Kwok et al. (1996);
G 129 (1) Santos et al. (1999a)
YAP:®
0 24 (.186)  Alu insertion PCR Hammer (1994); Hammer and
1 105 (.814) Horai (1995)
Poly (A) tail:
L 1(.010) Poly (A) tail-length
S 104 (.990) polymorphism PCR Hammer (1995); Hammer et al. (1997)
SRY-8299:
G 24 (.186)  Base substitution BsrBI site loss, PCR Whitfield et al. (1995); Santos et al. (1999a)
A 105 (.814)
sY81:
A 123 (.953)  Base substitution Nlalll site loss, PCR Seielstad et al. (1994)
G 6 (.047)
M9:d
C 123 (.953) Base substitution PCR, DHPLC* Underhill et al. (1997)
G 6 (.047)
12£2:¢
10 kb 114 (.884)  Duplication/deletion  Tagl (EcoRlI), filter hybridization = Casanova et al. (1985)
8 kb 15 (.116)
50f2 p:¢
8.5 kb 129 (1) Base substitution Tagql, filter hybridization Guellaen et al. (1984)
3.1 kb 0 (0)
50f2 14
8.5 kb 129 (1) Base substitution Tagql, filter hybridization Guellaen et al. (1984)
4 kb 0 (0)

* For each biallelic polymorphism, the ancestral state is presented above the derived state.

® For the YAP polymorphism, “0” denotes absence of the Alu sequence and “1” denotes presence of the Alu sequence.

¢ The poly (A) tail-length polymorphism is found within the YAP element, and four different alleles have been described so far. Of
those, we found two—S (small, 26 bp) and L (large, 46 bp)—in our sample. Their frequencies are given with respect to the total number

of YAP-positive chromosomes.

4 Only YAP-negative individuals were tested for these polymorphisms. YAP-positive individuals were presumed to have polymorphisms

M9 C, 12£2 10 kb, 50£2 P 8.5 kb, and 502 T 8.5 kb.

¢ DHPLC = denaturing high-performance liquid chromatography.
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described by Hammer and Horai (1995). Variation in
the number of adenine residues at the 3’ end of the YAP
Alu sequence, also known as the poly (A) tail-length
polymorphism (Hammer 1995; Hammer et al. 1997),
was typed by resolution of the amplified products of
YAP-positive individuals on 20 x 20-cm (1 mm-~thick)
6% polyacrylamide gels in 1 x Tris-borate EDTA at 40
mA for 5 h and by visualization with silver staining. The
SRY-8299 system was genotyped with the primers and
PCR conditions described by Santos et al. (1999a). The
amplified fragments, which contained the G—A poly-
morphic site at position 4,064 of the SRY region (Whit-
field et al. 1995), were then digested with BsrBI and
were analyzed by electrophoresis (Santos et al. 1999a).
Polymorphism sY81 (DYS271) was amplified as de-
scribed elsewhere (Seielstad et al. 1994). Amplified prod-
ucts were digested with Hsp92Il (isoschizomer of
Nlalll). The M9 C—G base substitution was PCR am-
plified and was typed by denaturing high-performance
liquid chromatography, as described elsewhere (Under-
hill et al. 1997). A total of 1 ug of genomic DNA from
each YAP-negative individual was digested to comple-
tion by use of 20 U of Tagl (Boehringer Mannheim); it
was then electrophoresed on a 1% agarose gel in 0.5 x
Tris-acetate EDTA for 14 h at 25 V and was transferred
to Hybond®™ -N+ nylon membranes, by use of standard
procedures (Southern 1975). DNA probes 50f2 (DYS7)
and 12f2 (DYS11) for Southern blot analysis were ra-
dioactively labeled by random priming (Feinberg and
Vogelstein 1983, 1984). After prehybridization with
salmon sperm DNA, filters were hybridized overnight
with probe 12f2 (Casanova et al. 1985) at 68°C in 1%
SDS § x Denhardt’s solution, 10% dextran sulphate,
and 0.5 M sodium phosphate; they were then washed,
at 65°C, to a stringency of 0.1 x SSC plus 1% SDS.
The filter hybridization and washing conditions used,
plus further details for probe 50f2, can be found in a
report by Jobling (1994). In both cases, bands were vi-
sualized by autoradiography done at —70°C with Fuji
Rx film. Biallelic polymorphism data for Basques and
Catalans were obtained from Semino et al. (1996), Un-
derhill et al. (1997) and Underhill (unpublished results),
and Hurles et al. (1999).

STR Polymorphism Typing

Two trinucleotide repeat polymorphisms—DYS388
and DYS392—and six tetranucleotide repeat poly-
morphisms—DYS19, DYS3891, DYS3891I, DYS390,
DYS391, and DYS393—were typed in all Y chro-
mosomes. A PE Biosytems 9600 thermal cycler was
used. PCR reactions were performed in a 10-ul final
reaction volume containing 100 ng genomic DNA, 50
mM KCl, 10 mM tris-HCI (pH 8.3), 1.5 mM MgCI2
(2.5 mM for DYS19), 250 uM each dNTP, 0.2 uM
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each primer, and 1 U Tag DNA Polymerase (Gibco
BRL). Forward primers were fluorescently labeled.
The PCR cycling conditions used were those described
by Pérez-Lezaun et al. (1999). PCR products were run
in an ABI 377® sequencer. ABI GS500 TAMRA was
used as internal lane standard. The GENESCAN
672® and GENOTYPER 1.1® software packages
were used to collect the data and to analyze fragment
sizes. Y-STR alleles were named according to the num-
ber of repeat units they contain. The number of re-
peats was established through the use of sequenced
allele ladders and reference samples kindly provided
by P. de Knijff. Genome Database primers for the
DYS389 locus amplify a partially duplicated region
and generate two PCR products, which are referred
to as DYS3891(239-263 bp) and DYS38911 (353-385
bp). Both fragments are variable in length, and the
study of their sequence structure has shown that
DYS38911 contains DYS3891 plus two additional
stretches of tetranucleotide repeats (Rolf et al. 1998;
Pestoni et al. 1998). Therefore, we have used only the
length variability of the shorter fragment in the nu-
merical analysis. The STR haplotypes for northern
Iberians were those described by Pérez-Lezaun et al.
(1997).

Data Analysis

Analysis of molecular variance (AMOVA) was per-
formed for STR allele frequencies among haplogroups,
by use of the Arlequin package (Schneider et al. 1997).
A simple hierarchical partitioning of haplotypes in hap-
logroups was tested, without further pooling haplo-
groups. Genetic dissimilarity among STR haplotypes
was weighed by the difference in allele length, which is
equivalent to the R measure (Slatkin 1995; Schneider
et al. 1997). AMOVA was also performed directly on
STR haplotype frequencies; since the results were very
similar to those obtained with Rg;, only Ry, results are
given. Genetic diversity within each haplogroup was
measured by different parameters, such as the mean
number of allele differences between pairs of Y-chro-
mosome haplotypes and the mean number of differences
in repeat sizes between pairs of Y-chromosome haplo-
types. To test whether these parameters were statistically
significantly different between haplogroups, we per-
formed a permutation procedure similar to those de-
scribed in Graven et al. (1995) and in Mateu et al.
(1997). In each iteration, chromosomes are permuted
across haplogroups, the relevant parameter is recom-
puted in both haplogroups, and the difference is re-
corded. In this way, after 10,000 iterations, a distribu-
tion of the difference in the parameter between
haplogroups is obtained under the null hypothesis of no
difference. The probability of obtaining a difference in
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Table 2
Y-Chromosome Haplogroups Studied and Their Frequencies in Northwestern Africa
BIALLELIC HG HG HG HG HG HG HG HG HG HG HG HG
POLYMORPHISM 7 3 2+ 26 1 22 15 6 9 4 21/ 21L 8
Status of Allele
92R7 0 1 0 0 1 1 0 0 0 0 0 0
SRY-2627 0 0 0 0 0 1 0 0 0 0 0 0
SRY-1532 0 0 1 1 1 1 1 1 1 1 1 1
YAP (poly [A] tail) - - - - - - - - - + (S) +(S)/ + (L) + (S)
SRY-8299 0 0 0 0 0 0 0 0 0 0 1 1
sY81 0 0 0 0 0 0 0 0 0 0 0 1
M9 0 1 0 1 1 1 0 0 0 0 0° oP
122 0 0 0 0 0 0 0 0 1 0 o° 0°
50f2 P 0 0 0 0 0 0 0 1 0 0 0° oP
502 1 0 0 0 0 0 0 1 0 0 0 o° 0°
No. (Frequency [# = 129])
0(0) 0(0) 3(023) 1(.008 5(039) 0() 0() 0(0) 15(116) 0(0) 98 (.759)/1 (.008) 6 (.047)

NoTE.—For each biallelic polymorphism, alleles are represented as “0” or “1,” according to the presence of an ancestral or derived state,

respectively (see table 1).

* Minus sign (—) = YAP-negative; plus sign (+) = YAP-postive; (S) = short poly (A) tail; and (L) = long poly (A) tail.

® Assumed but not typed.

the parameter between two haplogroups that was larger
than the observed difference was recorded.

TMRCA of the STR variability generated within the
chromosomes bearing the derived allele of each biallelic
polymorphism was estimated from the mean allele-size
variance of the seven STRs within all chromosomes bear-
ing that derived allele by use of equation 5 in Di Rienzo
et al. (1998): V = Tuy,, where V is the variance in repeat
size, T stands for time in generations after a population
expansion, y is the mutation rate, and 7, is the variance
in the number of repeats gained or lost at each mutation
event. The average mutation rate used was 1.2 x 1077,
with a 95% confidence interval (CI) of 4.6 x 107 to
2.8 x 107° (Bianchi et al. 1998). This estimate com-
prises data from deep-rooting pedigrees (Heyer et al.
1997) and for father-son transmissions (Kayser et al.
1997), as well as from family cell lines from the CEPH.
It has been reported that microsatellites tend to accu-
mulate mutations in lymphoblastoid cell lines, which
would result in an overestimation of germline mutation
rates (Banchs et al. 1994). However, Bianchi et al. (1998)
did not find any mutations in the CEPH cell lines they
typed, and, therefore, this method does not bias their
germline-mutation-rate estimate upward. Since all mu-
tations observed (Heyer et al. 1997; Kayser et al. 1997)
consist of the gain or loss of one repeat, mutation-size
variance (1,) was set to 1; the generation time used was
20 years. The 95% CIs for TMRCAs were estimated by
taking into account both the interlocus sampling vari-
ance and the 95% CI of the mutation rate estimate.

Net genetic distances between haplogroups (D) were
computed, according to the Jensen Difference (Rao
1982), as D, = d,; — ([d, + d;]/2), where d,; is the mean

number of absolute differences in allele length between
pairs of chromosomes of haplogroups i and j and where
d,; and d,; are the mean pairwise allele length differences
within haplogroups i and j, respectively. In its version
for DNA-sequence data, D, is the most common mea-
sure of genetic distance among population samples of
mtDNA sequences (see, for example, Bertranpetit et al.
[1995]). It represents the average genetic difference be-
tween haplotypes belonging to different groups, cor-
rected for the average variability within those groups.

Results

Y-Chromosome Biallelic Polymorphisms

Allele frequencies of the 11 Y-chromosome biallelic
polymorphisms in the total sample of 129 north-
western African men studied are shown in table 1.
The combination of their allelic states allowed us to
identify 6 of the 12 different haplogroups of Y chro-
mosomes that have been described to date with the
same polymorphisms (see table 2). Ancestral and de-
rived alleles for each biallelic polymorphism (92R7 in
Jobling 1994 and in Mathias et al. 1994) were inferred
or were established by typing of nonhuman primates.
These polymorphisms include SRY-2627 (Bianchi et
al. 1997; Hurles et al. 1999), SRY-1532 (Whitfield et
al. 1995), YAP (Hammer and Horai 1995), poly (A)
tail (Hammer et al. 1997), SRY-8299 (Whitfield et al.
1995), sY81 (Seielstad et al. 1994), M9 (Underhill et
al. 1997), 12f2 (Casanova et al. 1985), and 50f2 P
and 50f2 I (Guellaen et al. 1984). Haplogroup dis-
tribution within the northwestern African population
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Figure 1 Parsimony network relating the haplogroups defined
by 10 of the unique-event polymorphisms analyzed. Arrowheads in-
dicate the derived states, as inferred or established by typing nonhuman
primates (Jobling and Tyler-Smith 1995; Jobling et al. 1996, 1997;
Hurles et al. 1998). Blackened circles are proportional to haplogroup
frequency, and unblackened circles indicate haplogroups detectable but
not found in our set of 129 Y chromosomes from northwestern Africa.

studied is also shown in the parsimony network of
figure 1, on the basis of other networks (Jobling and
Tyler-Smith 1995; Jobling et al. 1996, 1997; Hurles
et al. 1998), except for the consideration of the SRY-
8299 polymorphism defining haplogroup (HG) 21,
which will be described elsewhere (Vogt et al. 1997).
All but one of the Y chromosomes carrying the YAP
insertion presented the small allele with respect to the
poly (A) tail-length polymorphism of the YAP element
(Hammer et al. 1997). The exception carried the large
allele and belonged to HG 21. Except where indicated,
this chromosome has been included in HG 21 in nu-
merical analyses. The main feature of Y-chromosome-—
haplogroup distribution within northwestern Africa is
the high frequency (76.7%) of HG 21. This haplo-
group, which is a subset of YAP groups 3 and 4 (Ham-
mer et al. 1997) and which is equal to the YAP groups
later called “3A and 4A” (Altheide and Hammer
1997), has previously been found in Europe (14%),
Egypt (47%), and sub-Saharan Africa (12%), but it
has never been found at such high frequencies (Al-
theide and Hammer 1997; Hammer et al. 1997). No
Y chromosome belonging to HG 4 (which is char-
acterized by the fact that it carries the ancestral allele
of SRY-8299 with respect to HG 21) was found; how-
ever, this haplogroup, which, according to the no-
menclature used by Altheide and Hammer (1997), is
equivalent to YAP haplotype 3G, has so far been
found to be restricted to central and east Asian pop-
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ulations (Hammer et al. 1998). Six (4.7%) of the 129
Y chromosomes analyzed contained the A—G tran-
sition that defines HG 8, which has been found at
high frequencies in sub-Saharan African populations,
in 2% of Egyptians, and in §% of west Asians. This
transition has not been found in 983 chromosomes
from Europe, the rest of Asia, Australasia, and the
Americas (Seielstad et al. 1994; Hammer et al. 1997).
A sub-Saharan African origin for this haplogroup was
suggested (Hammer et al. 1998), and, thus, its pres-
ence in northwestern Africa may indicate sub-Saharan
admixture in northwestern Africa. No other sub-Sa-
haran-specific haplogroups—such as HG 6, which is
present in Pygmies and in San (Jobling 1994; Jobling
et al. 1997), or HG 7 (Jobling et al. 1997)—were
found in our samples. HG 9, seen here with a fre-
quency of 11.6%, has a Mediterranean distribution,
with its highest frequencies occurring in the Near East
(Casanova et al. 1985; Brega et al. 1987; Mitchell et
al. 1993, 1997; Semino et al. 1995). This pattern was
interpreted as being produced either by such coloniz-
ing seafaring peoples as the Phoenicians (Mitchell and
Hammer 1996; Mitchell et al. 1997) or by neolithic
farmers (Gongalves and Lavinha 1994). On the other
hand, HG 1 (3.9%) has been found predominantly in
Europe (Mathias et al. 1994; Jobling et al. 1997;
Mitchell et al. 1997), and HG 2 (2.3%), in Europe
and Asia (Jobling and Tyler-Smith 1995; Jobling et al.
1997). HG 26 was found at a frequency of .8%. No
Y chromosome was found to belong either to HG 3,
which is present in European populations (Jobling et
al. 1997), or to HG 15, which seems to be specific to
Indian populations (Pandya et al., in press).

Y-Chromosome STR Polymorphisms

Allele-frequency distributions for eight Y-chromo-
some STRs are given in the last column (designated as
“Overall”) of table 3; gene diversities and allele-size var-
iances can also be found in the same table. Of a total
of 129 complete haplotypes constructed, considering
seven of the Y-chromosome STR polymorphisms stud-
ied, 56 distinct Y-chromosome-haplotype configura-
tions were obtained. The most frequent Y-chromosome
haplotype, 13-12-11-24-9-11-13 (DYS19-DYS388-
DYS389I-DYS390-DYS391-DYS392-DYS393), was
found in 33 individuals, whereas 42 haplotypes were
observed in unique copies. Haplotype diversity was es-
timated at .93 = .02.

Y-Chromosome STR Polymorphism within Haplogroups

Y-chromosome STR allele frequency distributions,
by haplogroup, are shown in table 3. Clearly, allelic
variation at each STR locus shows striking differences
among haplogroups (see also table 4, in which the



Table 3

STR Allele Frequencies by Haplogroup and by Total in Northwestern Africa

Marker and HG 9 HG1 HG26 HG2+ HG 21 HG 8 Overall
Allele n=15) (=5 (n=1) (n=3) (=99 (n=6) (n=129)
DYS19:*
13 0 0 0 0 .889 0 681
14 1 400 1 667 071 0 209
15 0 .200 0 0 .020 500 .047
16 0 400 0 0 .010 .500 .047
17 0 0 0 .333 .010 0 .016
DYS388:°
12 0 1 1 0 960 1 .827
13 0 0 .333 .040 0 .039
14 .067 0 0 0 0 0 .008
15 .067 0 0 333 0 0 016
16 133 0 0 0 0 0 .016
17 .600 0 0 333 0 0 .078
18 133 0 0 0 0 0 .016
DYS389I:¢
9 .067 .200 1 .333 .091 666 132
10 .800 .600 0 667 172 167 271
11 133 .200 0 0 717 167 581
12 0 0 0 0 .010 0 .008
13 0 0 0 0 .010 0 .008
DYS389II:¢
24 0 0 1 0 0 0 .008
25 0 .200 0 333 0 0 016
26 .200 400 0 667 152 167 178
27 667 400 0 0 626 .500 596
28 0 0 0 0 202 .333 171
29 133 0 0 0 .010 0 .023
30 0 0 0 0 .010 0 .008
DYS390:¢
21 0 0 0 0 0 1 .047
22 0 0 0 0 .040 0 .031
23 .800 0 1 1 172 0 256
24 133 .600 0 0 .606 0 .503
25 .067 400 0 0 182 0 163
DYS391:f
8 0 0 0 0 .010 0 .008
9 0 0 0 0 778 0 597
10 .200 .200 1 667 182 1 .240
11 733 .800 0 333 .030 0 147
12 .067 0 0 0 0 0 .008
DYS392:8
10 0 0 0 0 .010 0 .008
11 1 0 1 1 909 1 .891
12 0 0 0 0 .081 0 .062
13 0 1 0 0 0 0 .039
DYS393:"
10 0 0 0 0 .010 0 .008
11 0 0 0 0 0 0 0
12 1 0 0 667 0 0 132
13 0 .800 0 333 970 333 798
14 0 .200 1 0 .020 667 .062
NoOTE.—Both gene diversity (D) and allele-size variance (V) were computed from the total
sample.
> D =.487; V = .814.
D =.304; V =2.559.
<D =.573; V =.580.
4D =.584; V = .643.
¢D=.654; V = .881.
D =.566; V =.609.
& D =.200; V = .209.
hD = .342; V = 25.
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Table 4
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Most-Frequent STR Alleles within Each Haplogroup Found in Northwestern Africa

STR ALLELES®

HAPLOGROUP DYS19 DYS388 DYS3891  DYS390 DYS391 DYS392 DYS393
HG 9 (n = 15) 14 (100%) 17 (60%) 10 (80%) 23 (80%) 11 (73%) 11(100%) 12 (100%)
HG 1 (n=5) 14/16 (40%) 12 (100%) 9 (60%) 24 (60%) 11 (80%) 13 (100%) 13 (80%)
HG 6 (n=1) 14 12 9 23 10 11 14

HG 2+ (n = 3) 14 (67%) 13-15-17 (33%) 10 (67%) 23 (100%) 10 (67%) 11 (100%) 12 (67%)
HG 21 (n = 99) 13 (89%) 12 (96%) 11 (72%) 24 (61%) 9 (78%) 11 (91%) 13 (97%)
HGSS (n=6) 1516 (50%) 12 (100%) 9 (67%) 21 (100%) 10 (100%) 11 (100%) 14 (67%)

* Unique alleles are underlined.

most frequent alleles are shown for each haplogroup).
Given the variability of a particular STR locus, some
haplogroups display several alleles, but, in others, the
number of alleles is highly restricted and differenti-
ated. When variation at locus DYS390 is taken as an
example, it can easily be seen that allele 21 is present
exclusively in HG 8 (where it is the only allele ob-
served), that allele 23 is the only allele found in HG
2+ and is the most frequent allele in HG 9, and that
several alleles at intermediate frequencies are present
in HG 21 and HG 1. Even when the small number of
individuals in some of the haplogroups is taken into
account, this obvious microsatellite differentiation
among the haplogroups seems to indicate that Y-chro-
mosome genetic variation is strongly structured by
haplogroup background. Of the 56 STR-distinct hap-
lotypes found, only one was shared by two different
haplogroup backgrounds (HG 2+ and HG 9). The
apportionment of Y-chromosome STR-haplotype di-
versity among and within haplogroups was assessed
by AMOVA (table 5): 83.5% (P < .0001) of the total
genetic variation was attributable to differences be-
tween haplogroups. Compared with between-popu-
lation differentiation, this is an extremely high value.
Among the four linguistic subpopulations represented
in our sample, the proportion of STR genetic variance
explained by between-population difference was
3.72% (P =.0088). Of the genetic variability for Y-

Table 5

chromosome STRs, 3.5% could be apportioned to be-
tween-population differences among four European
samples (de Knijff et al. 1997), and that fraction was
20.6% among four central Asian samples (Pérez-Le-
zaun et al. 1999). With the use of 10 Y-chromosome
STRs, the apportionment of diversity between three
African groups of populations was estimated to be
2.52% (Seielstad et al. 1998).

A number of diversity parameters were computed
for each haplogroup, to characterize more extensively
the Y-chromosome STR allelic variation within them
(see table 6). HG 2+, despite having a low frequency,
was found to be the most diverse, as is shown by the
average gene diversity, the mean number of different
alleles, the mean number of differences in repeat size,
and the mean repeat-size variance. However, given the
small sample size for HG 2+, the difference, in those
parameters, between HG 2+ and any other haplo-
group was statistically significant only for the differ-
ence in repeat length among haplotypes against HG
21 (P = .042, by permutation test). As discussed be-
low, HG 2+ is probably the oldest haplogroup among
those found in this study, and, thus, it may contain
distinct, old lineages with heterogeneous STR-hap-
lotype variation. On the other hand, HG 1 seems to
occupy an intermediate position between HG 2+ and
the rest of haplogroups, which were found to be more
compact. Again, these differences were not statisti-

Percent Fractions of the Genetic Variation That Can Be Attributed to
Differences among Haplogroups and to Differences among Populations in Two

Different Geographic Areas

PERCENT FRACTIONS® OF GENETIC VARIATION IN
TwoO DIFFERENT GEOGRAPHIC AREAS STUDIED

Northwestern
DIFFERENCE IN Northwestern Africa and the
GENETIC VARIATION Africa Iberian Peninsula  Iberian Peninsula
Among haplogroups  83.5 (P <.0001) 23.4 (P =.0029) 66.4 (P <.0001)
Among populations 3.7 (P =.0088) 2.2 (P =.0890) 19.2 (P < .0001)

* As measured by AMOVA.
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Table 6

Diversity Parameters in Northwestern Africa by Haplogroup, Except for HG 26, Which Was Found in Only One Individual
HG 9 HG 1 HG 2+ HG 21 HG 8

Diversity Parameters (n=15) (n=235) (m=3) (n=99) (n = 6)

No. of polymorphic sites® 4 N N 7 3

No. of different STR haplotypes 9 5 3 33 5

Haplotype diversity® .80 = .11 1.00 = .13 1.00 + .27 .88 = .03 93 + 12

Mean gene diversity® 26 £ .18 41 = .30 52 £ 45 27 = .17 25 .19

Mean no. of allele differences* 1.81 = 1.10 290 + 1.82 3.67 + 2.52 1.90 + 1.10 1.73 = 1.17

Mean no. of differences in repeat size® 2.38 = 1.85 3.40 + 3.06 6.67 + 424 2.44(2.31)' = 1.85 2.00 + 1.97

* No. of STR loci found to be variable within each haplogroup in this sample.

> Gene diversity computed from STR haplotype frequencies.

¢ Mean gene diversity at each STR locus within each haplogroup.
4 Pairwise average of the number of different STR alleles for all pairs of chromosomes within each haplogroup.
¢ Pairwise average of the cumulative absolute difference in STR allele length for all pairs of chromosomes within each

haplogroup.
f Without large poly (A) tail individual.

cally significant. In table 6, for HG 21, the number
shown in parentheses corresponds to the mean num-
ber of differences in repeat size obtained without tak-
ing into account the individual with the large poly (A)
tail, who seems to contribute disproportionately to
the parameter. In fact, this individual would be clas-
sified as having YAP haplotype 3A, according to Ham-
mer et al. (1998), whereas all other individuals in HG
21 would be classified as having YAP haplotype 4.
This individual may belong to a related, but different,
evolutionary branch in the Y-chromosome genealogy.

For the STR variability generated within the chro-
mosomes bearing derived states in the biallelic markers
that characterize the haplogroups found in northwestern
Africa, TMRCAs were estimated from the mean allele
length variance of the seven STRs considered (table 7).
Mean allele length variances ranged from .181 to .844.
The most ancient TMRCA, estimated at 14,067 years
ago (ya) (95% CI 757-68,782 ya), was for SRY-1532
A—G, which is found in all 129 northwestern African
Y chromosomes analyzed. The TMRCA for STR vari-
ability within substitution SRY-8299 G—A, which de-
fines haplogroups 21 and 8, was estimated to be 6,483
ya (95% CI493-30,782 ya). The TMRCA for mutation
sY81 A—G, which is found solely on chromosomes bear-
ing allele SRY-8299 A and which defines HG 8, was
estimated to be younger (3,017 ya, with a 95% CI
0-18,565 ya), and that for the 8-kb allele at the 12f2
polymorphism was estimated to be 4,583 ya (95% CI
0-27,609 ya). Finally, the TMRCAs for mutations M9
C—G and 92R7 C—T were found to be ~7,867 ya (95%
CI 1,264-33,347 ya) and 5,233 ya (95% CI 0-27,696
ya), respectively.

The mean repeat-number size difference was also com-
puted for pairs of haplogroups, and it was found to be
much larger than the within-haplogroup means (see the
numbers below the diagonal in table 8). With the use

of a stepwise mutation model, the difference in repeat
size between a pair of alleles is expected to grow with
time (Goldstein et al. 19954, 1995b). The mean number
of differences between pairs of haplogroups was con-
verted to genetic distances (which are indicated by num-
bers above the diagonal in table 8), by means of the
Jensen Difference (Rao 1982), which takes into account
variability within each haplogroup. Thus, a measure of
differentiation between haplogroups, which is closely re-
lated to Dyy (Shriver et al. 1995), a measure of genetic
distance for independent STRs, was obtained. HG 26
was not included either in the calculation of the mean
repeat-number size difference for pairs of haplogroups
or in the reconstruction of the haplogroup genealogy,
since it contained only one chromosome. In accordance
with AMOVA results, the average difference in repeat
lengths between pairs of haplotypes belonging to dif-
ferent haplogroups was always larger than the average
differences within the haplogroups being compared.
With a few exceptions (e.g., the average difference be-
tween HG 1 and HG 2+ compared with the internal
differences in either haplogroup or the average difference
between HG 2+ and HG 9 compared with the internal
average difference in HG 2+), this pattern was statis-
tically significant by permutation test (P values
.039-.001). The largest distances were found between
HG 8 and HG 9 (9.68) and between HG 1 and HG 9
(8.10), a finding that is in accordance with the parsimony
network (see fig. 1), where these haplogroups occupy
peripheral positions. On the contrary, the shortest dis-
tance was found between HG 2+ and HG 9, which are
separated by only one unique-mutation event. The dis-
cordant genetic distances obtained between HG 8 and
HG 21 (a large genetic distance for a single point mu-
tation) and between HG 8 and HG 2+ (a rather low
value for haplogroups three mutational events apart), in
relation to those that were expected, could be attributed
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Table 7
TMRCAs Computed from STR Allele-Size Variance in Northwestern Africa
MUTATION
SRY-1532 122 M9 92R7 SRY-8299 sY81

(A—G) (10Kb—8KDb) (C-G) (C-T) (G—A) (A—-G)
Haplogroups containing the derived allele ~ All (z = 129) 9 (n=15) 1+26n=6) 1(n=35) 21+8m=105) 8 (n=26)
Mean STR allele-length variance® .844 275 472 314 .389 181
Expansion time (ya)® 14,067 4,583 7,867 5,233 6,483 3,017
(95% CI°) 757-68,782 0-27,609 1,264-33,347  0-27,696 493-30,782 0-18,565

* Mean STR allele length variance is the average over STRs of allele length variance.
> Times estimates were computed on the basis of equation $ in Di Rienzo et al. (1998; see also the Material and Methods section).
¢ CI was computed by taking into account variance interlocus sampling error and mutation rate estimate error.

to the small sample size of HG 8 (n = 6) and HG 2+
(n = 3), to the high internal diversity within HG 2+, or
to stochastic processes in the generation of STR variation
within haplogroups, which may have played an impor-
tant role, as discussed below. A minimum spanning tree
constructed from the distance matrix showed all other
haplogroups stemming from HG 2+, which matches the
known haplogroup genealogy (fig. 1), with the exception
of the position of HG 8, which derives from HG 21.
The different levels of internal diversity within haplo-
groups could bias the genetic distance estimates among
them (Charlesworth 1998); however, if the correction
for internal diversity was not applied, the haplogroup
phylogeny reconstructed had little resemblance to the
actual known phylogeny.

Replication Analysis

Given the small sample sizes in some of the hap-
logroups, we sought to confirm our results by adding
Y-chromosome data for northern Iberians (51 Basques
and 27 Catalans). The same STRs had been typed
(Pérez-Lezaun et al. 1997) in those samples, and it
was possible to allocate the chromosomes to the hap-
logroups defined by biallelic polymorphisms (Semino
et al. 1996; Underhill et al. 1997; Hurles et al. 1999;
P. Underhill, unpublished data). This sample had a
different, partly overlapping haplogroup composition
with respect to northwestern Africa: 55 (70.5%) chro-
mosomes belonged to HG 1, eight (10.3%) to HG
2+, one (1.3%) to HG 9, two (2.6%) to HG 21, and
12 (15.4%) to HG 22, which has a geographic dis-
tribution that is almost restricted to northern Iberia
and that is suggested to have sprung quite recently
from HG 1 (Hurles et al. 1999).

AMOVA performed on STR-haplotype variability
among haplogroups in northern Iberia showed that
23.4% (P =.0029) of the genetic variation could be ap-
portioned among haplogroups. This result contrasts
with the 83.5% result found among haplogroups in
northwestern Africa (table 5). This may be the result of
the presence, in northern Iberia, of HG 22, which is

suggested to have recently originated from HG 1 in
northern Iberia (Hurles et al. 1999); in fact, all but one
of the Y-chromosome STR haplotypes in HG 22 were
found in HG 1. The fraction of Y-chromosome STR
genetic variation among Basques and Catalans is 2.2%,
which is not significantly different from zero (P =
.0890) and which is still much smaller than the fraction
of genetic variation among haplogroups. When we
pooled the samples from northwestern Africa and north-
ern Iberia, the fraction of genetic variation attributable
to haplogroups was 66.4%, whereas it was 19.2%
among populations (table 5). Thus, although the results
in the pooled sample were not as extreme as those seen
when samples from northern Africa alone were consid-
ered, it still holds that genetic variation is more deeply
structured by lineage than by population.

If we pooled the samples from northwestern Africa
and northern Iberia, we reduced the number of hap-
logroups with small sample sizes and achieved a
greater statistical power. The pattern of genetic di-
versity within haplogroups was confirmed in the
pooled sample: HG 2+ (7 = 11) had the largest in-

Table 8

Genetic Distances among Haplogroups (with One
Exception®) in Northwestern Africa

GENETIC DISTANCES AMONG HGs

HAPLOGROUP 1 2+ 21 8 9
HG 1 3.40 477 4.44 5.9 8.1
HG 2+ 9.80 6.67 4.40 4.56 25
HG 21 7.29  8.95 2.31 6.13 7.76
HG 8 8.60 8.89 8.29 2 9.68
HG 9 10.99 4.78 10.1 11.87 2.38

NoTE.—Distances below the diagonal of underlined num-
bers represent the mean number of repeat differences
among all pairs of STR haplotypes between two haplo-
groups. Distances along the diagonal of underlined num-
bers denote the mean number of repeat differences within
haplogroups. Distances above the diagonal of underlined
numbers denote genetic distances among hap

* HG 26, which was found in only one chromosome,
was not included in the determination of genetic distances.
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ternal diversity (average difference in repeat length
among STR haplotypes 6.67), when compared with
HG 1 (n=60; 3.22), HG 9 (n=16; 2.85), HG 21
(n=101; 2.42), HG 22 (n=12; 2.41), and HG 8
(n=6; 2.00). Using a permutation procedure, we
tested whether this parameter was significantly dif-
ferent between pairs of haplogroups, and we found
that it was significantly different between HG 2+ and
any other haplogroup (P values between .0001 and
.0112), and between HG 1 and HG 21 (P =.0021).

Mutation ages were also estimated from the pooled
sample. Although sample sizes were greatly increased
for the sets of chromosomes bearing some mutations,
mutation ages did not change noticeably. The age of
SRY-1532 A—G was estimated, in the pooled sample
(n =207),to be 13,550 ya (95% C12,279-56,826 ya),
whereas its estimated age in northwestern Africa
was 14,067 ya (table 7). The age of 12f2 10 kb—8 kb
(n = 16) was estimated to be 5,516 ya (95% CI 0-31,
130 ya). The age estimates for M9 C—G (n = 73) and
for 92R7 C->T (n=72) were 6,617 (95% CI
1,236-27,000) and 6,300 (95% CI 1,079-26,304) ya,
respectively. On the YAP-positive branch, the age es-
timate for SRY-8299 (n = 107) was 6,383 ya (95% CI
493-30,304 ya), and that for sY81 remains unchan-
ged, since no northern Iberian Y chromosome was
found in HG 8. The haplogroup phylogeny recon-
structed from STR haplotypes was the same with the
pooled samples as it was with northwestern African
chromosomes alone, with the addition of the correct
link between HG 1 and HG 22.

Discussion

Although biallelic polymorphisms can be regarded as
unique mutational events (or as events of very low prob-
ability) and can allow us to identify deep lineages of Y
chromosomes (called, in the present study, “haplo-
groups”), STR polymorphisms exhibit a faster mutation
rate (0.0012 per locus per generation) (Heyer et al. 1997;
Kayser et al. 1997; Bianchi et al. 1998), producing highly
informative markers for studies of recent evolutionary
(or historical) events (Roewer et al. 1996; Pérez-Lezaun
et al. 1997). As a result of their differential rate of ev-
olution, the combination of the data obtained from both
types of markers on the nonrecombining portion of the
Y chromosome provides an interesting perspective on
different levels of resolution in the phylogeny of Y
chromosomes.

The six different haplogroups found in northwest-
ern Africa may offer clues as to which groups of Y
chromosomes contributed to the composition of the
present-day population. As we have described, HG 21
is the major haplogroup that characterizes Y-chro-
mosome diversity in northwestern Africa. Its high fre-
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quency—the highest ever reported for this haplo-
group—can be interpreted as the result of a specific
founder effect or drift process in this geographic re-
gion. On the contrary, HG 8 and HG 9 may have been
introduced by gene flow from sub-Saharan Africa and
from the eastern Mediterranean basin, respectively
(Jobling and Tyler-Smith 1995; Jobling et al. 1996,
1997).

Compartmentalization of Genetic Variance

Since no recombination occurs between haplogroups,
we can consider that they behave like independent units
(or subpopulations) without migration. Therefore, it
would be expected that the compartmentalization of the
genetic information they carry would be complete.
AMOVA showed that>80% of the genetic variance was
found among haplogroups in northwestern Africa and
that >65% was found in northwestern Africa plus north-
ern Iberia; these levels of compartmentalization are very
high, but they are not complete. There are two comple-
mentary explanations for this result.

First, the origins of haplogroups are not independent.
Each haplogroup arose when a rare mutation occurred
on a given Y chromosome that belonged to a certain
haplogroup and that carried a microsatellite haplotype.
Genetic variation in the new haplogroup was reset to
zero, but the founding haplotype was either similar or
altogether identical to other haplotypes in the parental
haplogroups. Thus, immediately after the origin of a
haplogroup, its genetic background was likely to be
closely related to that of the parental haplogroup, until
mutation and drift differentiated them. Sometimes, it
may be possible to identify this founder haplotype from
the most common haplotype of the new haplogroup. The
signal will generally decrease with time. This is clearly
exemplified by HG 22 chromosomes in northern Iberia,
which contain STR haplotypes that are also found in its
parental HG 1.

Second, the recurrent nature of microsatellite muta-
tion implies that haplotypes that are identical by state
may not be identical by descent. In the same way that
microsatellite haplotypes in each haplogroup will dif-
ferentiate with time from the common ancestor from
which they derive, haplotypes belonging to different
haplogroups could occasionally converge with time as
well. In fact, in our northwestern African sample, two
Y chromosomes belonging to HG 2+ and HG 9 shared
an STR haplotype.

We have analyzed 11 biallelic polymorphisms that de-
fine haplogroups with known phylogeny (Jobling and
Tyler-Smith 1995; Jobling et al. 1996, 1997; Hurles et
al. 1998, 1999) and with only one instance of back-
mutation (SRY-1532; see fig. 1), which does not affect
the present analysis, since neither HG 3 nor HG 7 has
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been found. On that well-defined background, we have
considered seven tri- and tetranucleotide STRs, and, as
noted above, we have observed an almost complete com-
partmentalization. Malaspina et al. (1998) typed four
dinucleotide STRs and found that 36 of 179 STR hap-
lotypes were shared among the four haplogroups
(“frames” in Malaspina et al. [1998]) defined by two
biallelic polymorphisms. The much smaller number of
STR haplotypes shared among haplogroups in our study
may reflect the larger number of biallelic and STR loci
typed.

It could be argued that, if more polymorphic sites were
included and if the haplogroups were further subdivided,
the apportionment of genetic variation among haplo-
groups would be lower. Preliminary results (E. Bosch,
unpublished data) show that our sample of HG 21 Y
chromosomes from northwestern Africa can be subdi-
vided by typing three additional biallelic polymor-
phisms, thereby resulting in three different subhaplo-
groups. When AMOVA was repeated in the whole set
of Y chromosomes from northwestern Africa, and when
the three subhaplogroups of HG 21 were considered,
the fraction of genetic variation among haplogroups was
84.3%, which is very similar to (and is, in fact, slightly
higher than) that found without splitting HG 21.

We have also shown that genomic and population
perspectives on STR genetic variation give very different
results. When we defined groups of chromosomes ac-
cording to the biallelic variants they carry, the fraction
of STR genetic variation found among them was much
higher than that found among groups of chromosomes
defined by their population origin. This may happen if
the origin of the populations (the ethnogenesis process)
is more recent than that of most of the biallelic poly-
morphisms. The compartmentalization of STR genetic
variation is expected to be tighter for haplogroups than
it is for populations, since a haplogroup goes through
a strict bottleneck with a size of one chromosome,
whereas population bottlenecks have not been so nar-
row, and since there is gene flow between populations
but there is no gene exchange between the nonrecom-
bining portion of the Y chromosome. In summary, ge-
netic background determines the STR genetic variation
to a much greater extent than does the population
background.

Variance in Repeat Number: STR Variation and
Mutation Age

The analysis of STR repeat-size variance within line-
ages of Y chromosomes bearing a particular derived al-
lele at a biallelic locus has been used to estimate
TMRCAs (table 7). That is, we have tried to estimate
the time to which the observed STR variation within
each Y-chromosome lineage coalesces. As we will dis-
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cuss, this time is expected to be correlated to the actual
age of the mutation that defines each lineage. Thus, we
found both an old mutation (SYR-1532), which was
borne by all the chromosomes in our sample, and five
younger mutations. These estimated TMRCAs (see table
7) match the known haplogroup genealogy (fig. 1), in
which SRY-8299 precedes sY81 and M9 precedes 92R7.

Hammer et al. (1998) typed a worldwide sample of
Y chromosomes for a set of biallelic markers that partly
overlaps with our set. The authors estimated mutation
ages by use of coalescence analysis (Griffiths and Tavaré
1994), which is done on the basis of both the shape of
the gene tree and the number of chromosomes bearing
each combination of mutations. The ages for those bial-
lelic mutations that overlap with our study were
110,000 + 36,000 ya for the polymorphic site at posi-
tion 10,831.1 of the SRY region (synonymous to SRY-
1532), ~31,000 ya for the polymorphic site at position
4,064 of the SRY region (synonymous to SRY-8299),
~30,000 ya for DYS257 (which seems to have happened
in the same phylogenetic branch as 92R7, as they appear
to be phylogenetically equivalent; Jobling et al. 1998b),
and ~11,000 ya for PN1 (which cosegregates with sY81;
Hammer et al. [1997]). All of them are clearly older
than our estimates for the TMRCAs through STR var-
iation, although both age sets are correlated and have
broad, overlapping 95% ClIs. The largest discrepancy is
found for SRY-1532, a deep mutation in the phylogeny,
from which many different haplogroups—most of which
have not been found in this study—derive. Since most
£80%) of the chromosomes in our sample belong to a
single recent branch of the genealogy (that bearing SRY-
8299 and sY81) and since other branches bearing SRY-
1532 are found at low frequency or are altogether ab-
sent, this could lead to an underestimation of the STR
allele length variance within SRY-1532 and, therefore,
of its TMRCA. However, when we added Y chromo-
somes from northern Iberia, which contributed other
branches derived from SRY-1532, the age estimate
through STR variation did not increase. In a study of Y
chromosomes from Polynesia and Melanesia (Hurles et
al. 1998), the authors also refrained from dating the
TMRCA for SRY-1532 from STR data, on the basis that
mutation/drift equilibrium renders such dating methods
unable to resolve suitably far back in time. Apart from
this particular case, several reasons could account for
the general lag between our TMRCA estimates through
STR variation and mutation ages obtained by coales-
cence analysis in Hammer et al. (1998):

1. Mutation Age Precedes TMRCA by Definition. We
have estimated the time to the current observed STR
variation. The observed STR haplotypes may coalesce
to a time that is more recent than the actual mutation
age, because of the extinction of lineages that appeared
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in the first generations after the mutation arose and that
we are not able to detect. Moreover, the variance in
repeat size, which we have used to estimate the TMRCA,
is zero until the first mutation in a STR. The method
we used (Di Rienzo et al. 1998) dates, in fact, an ex-
pansion that should have happened, obviously, at some
unknown time after the mutation arose. The distribu-
tions of pairwise differences in repeat number found
within the most frequent haplogroups (not shown) are
smooth and bell-shaped, as is expected for a lineage that
underwent an expansion (Shriver et al. 1997). This jus-
tifies the use of the equation given by Di Rienzo et al.
(1998). Coalescence prior to the actual mutation, the
onset of STR mutations, and the expansion detected by
the method suggested in Di Rienzo et al. (1998) all may
contribute to the lag between mutation age and our es-
timate of TMRCA.

2. Population Biases. We have northwestern African
Y chromosomes, which contain a particular set of hap-
logroups as a result of their population history (founder
events, gene flow, and admixture), and this fact could
lead to an underestimation of haplogroup variability and
mutation ages. To test for this possible bias, we used
coalescence analysis on northwestern Africa haplogroup
phylogeny and frequencies, according to the same meth-
ods and parameters used in Hammer et al. (1998), and
we were able to reproduce their mutation age estimates,
with minor discrepancies. Another test for this possible
bias results from the addition of chromosomes from
other populations. When we added two population sam-
ples from northern Iberia, the age estimates through STR
variation of the mutations present in NW Africa did not
change. Therefore, it does not seem that population bias
plays a major role in the discrepant differences between
mutation ages, as seen elsewhere (Hammer et al. (1998),
and our STR-based TMRCA estimates.

3. STR Saturation. Given the fast mutation rate of
STRs, it is possible that they have reached mutation-
drift equilibrium and that, therefore, genetic variation
in STRs would remain constant in time. However, if
STRs have reached a complete saturation, we would not
have observed a correlation between TMRCA and the
relative mutation ages from the gene genealogy.

4. STR Mutation Rate Ouverestimation. If STR mu-
tation rates had been overestimated by a factor of 5-6,
our TMRCAs and the age estimates of Hammer et al.
(1998) would match. Note that mutation rates are not
homogeneous across STR loci (Carvalho-Silva et al.
1999). Then, mutation in genealogies will tend to be
observed preferentially in the STRs with the fastest mu-
tation rates, and the mean mutation rate will be over-
estimated. A similar situation is found in the mtDNA
control region, where the mutation rate estimates per
nucleotide are roughly 20 times higher when derived
from mother-child transmission studies than when es-
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timated from phylogenetic comparisons with nonhuman
primate sequences (Jazin et al. 1998).

In sum, the discrepancy between the mutation age
estimates provided elsewhere (Hammer et al. [1998])
and our estimates of the TMRCA may be mainly the
result of the actual lag between the mutation event and
the lineage expansion we dated and of possible over-
estimation of STR mutation rate, which is impossible to
check, given current knowledge.

Haplogroup Phylogeny and STRs

In the two previous sections of this Discussion, we
have seen that STR haplotypes in a haplogroup can pre-
serve an amount of phylogenetic information about the
parental haplogroup that declines with time and that the
relative time of origin of a haplogroup can be estimated
from STR allele-size variance. We can combine both
types of information, reconstruct a haplogroup phylog-
eny, and compare it with the actual phylogeny con-
structed from the biallelic polymorphisms that define the
haplogroups. The results of this exercise have shown that
STRs within each haplogroup do trace most of the hap-
logroup phylogeny. In spite of the small sample sizes of
some of the haplogroups, the phylogeny obtained from
the STRs matches the known haplogroup phylogeny,
with only one discrepancy: the position of HG 8, which
stems from HG 2+ in our reconstruction but which is
actually derived from HG 21. A similar analysis was
performed (Rocha et al. 1997) with the allele frequencies
of an STR located at the 3 end of the autosomal al-
antitrypsin gene within the electrophoretic variants of
protein «/1-antitrypsin.

We have shown that genetic background prevails over
population background in the determination of STR ge-
netic variation on the human Y chromosome. We have
also used STR variation within lineages to infer the
TMRCAs and have shown that the genetic differentia-
tion that is left among haplogroups contains still phy-
logenetic information but that the overall STR variation
is mainly driven by the haplogroup composition of a
specific population. The genetic composition of humans
may thus be better understood in terms of evolutionarily
related genealogical units rather than in demographic
terms.
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INTRODUCTION

The application of the DHPLC technique is demonstrating to provide a main
step forward the understanding of human Y chromosome biallelic variation. The
DHPLC set of markers contains 166 polymorphisms that have allowed to describe the
most detailed phylogeny known for the Y chromosome (Underhill et al. 1999). Given
the lack of recombination on most of its lenght, the rare event nature of the biallelic
polymorphisms used and the large number of Y chromosomes typed, its structure
appears clearly well defined and all possible homoplasies resolved. While most
markers are located toward the tips of the phylogenetic tree and define haplotypes with
a limited distribution, a few markers are found deeper in the tree. These bifurcating
deep markers or nodes define distinctive major groups of haplotypes with much wider
geographical distributions, which are related to different layers in the history of
populations. This fine level of genetic dissection allows to pinpoint an origin for each Y
chromosome, not only in space but also hints on their origin in time.

We have investigated Y chromosome biallelic variation in populations from
northwestern Africa. Their Y chromosome lineages have been compared to those
found in Iberian populations. We have identified distinctive layers in the history of the
NW African populations: a first colonisation probably from eastern Africa; an Upper
Paleolithic expansion than brought haplotype H38 to a very high frequency; the
influence of the Neolithic from the Middle East, and subsequent gene flow from Europe
and Sub-Saharan Africa. However, Y chromosomes in Iberia display a quite different
picture with an European Paleolithic background with some local derivatives and the
influence of the Neolithic, which probably came from a different route that the one that
reached NW Africa.
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RESULTS

Male lineage structure of Northwestern African populations

Haplotype frequencies for Moroccan Arabs, North Central Moroccan Berbers,
Southern Moroccan Berbers and Saharawis are given in table 1. Differences in
haplotype frequencies among those populations were tested through Analysis of
Molecular Variance (AMOVA). Only 0.84% of the genetic variance was found to be due
to the haplotype frequency differences among them (not statistically significantly
different from zero, p=0.169). H38, which belongs to group lll of Y chromosome
haplotypes according to Underhill et al. 1999, is the most common haplotype in NW
Africa (64%). Its higher frequency is found within the Saharawis (76%). H71, which
belongs to group VI, is the second most frequent haplotype found in the region
(10.8%). Other haplotypes found in decreasing frequencies are H22, H35 (6.25% each)
and H36 (5.1%), all belonging to group lll. The rest of haplotypes, which represent 8%

of the NW African Y chromosomes, are found at frequencies below 3%.

Male lineage structure of Iberian populations

Haplotype frequencies for Basques, Catalans and Andalusians are also given in
table 1. AMOVA showed that 2.48% of the genetic variance was attributable to the
difference in haplotype frequencies among them (non statistically significant differences
from zero, p=0.08). The most frequent haplotype in those populations is H103 (55.7%),
which belongs to group IX. Haplotypes H101 and H102, which also belong to group IX,
are found, respectively, at frequencies around 10%. The frequency of H71 (8.2%) is
similar to that found in NW Africa. The total fraction of Y chromosomes belonging to
group VI (which includes H71) shows a slightly higher frequency in Iberia (16.5%) when
compared to NW Africa (13.7%). H35, H36 and H38, the only haplotypes found to

belong to group Ill, comprise 4.1% of the Iberian Y chromosomes.

Geographical origins of Y chromosome haplotypes found in NW Africa and Iberian
Peninsula

The worldwide distribution of the Y chromosome haplotypes may help to
establish the putative origins of the haplotypes that make up the present NW African
and Iberian populations. Fig. 2 show the detailed frequencies of haplotypes H22, H35,
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H36, H38, H58, H71, H101, H102 and H103 for the populations we have studied, as
well as their worldwide distribution. This type of descriptive analysis will allow to
recognize the haplotypes found as autochthonous or of external origin: Sub-Saharan,
European, or Mediterranean.

Group 1l is the most frequent in North Africa, representing 83% of all
chromosomes analyzed. Its haplotypes are prevalent in Africa: Haplotype H22 (Fig. 2a)
is found in the Middle East (7%) and in Africa, where it shows its higher frequencies
(around 50%) in South and Central Africa, and intermediate frequencies n Ethiopia
(9%), Mali (16%) and in the Khoisans (18%). As discussed below, its presence in NW
Africa (6.25%) is likely to be due to a Trans-Saharan origin. Haplotype H28 is mainly
found in Mali (29.5%) although it has also been described at very low frequency in the
Middle East (3.5%). H28 Y chromosomes in NW Africa (1.71%) could be easily
explained by gene flow from the Sahel. H35 (Fig. 2b) highest frequencies are found in
Ethiopia (22.7%) and Sudan (17.5%). Its geographical distribution includes Sardinia
(18.2%), as well as the Middle East and Central Asia where it is found at very low
frequencies.The highest frequency for H36 (Fig. 2c) has been described in the
Khoisans (10.3%), which is followed by those described in Ethiopia (6.8%) and NW
Africa (5.1%). It is also found in South Africa at a very low frequency (1.8%). Its
presence in Iberia (as that of H35 and H38) can be explained by gene flow from NW
Africa. H38 (Fig. 2d) is the haplotype that clearly charactherises the NW African male
lineages. Although it has also been described in Mali (27.3%) and Sudan (5%), a
specific founder effect is the most likely explanation for its high frequency in NW Africa.

On the contrary, group VI haplotypes are preferently distributed across Europe
and W Asia: H50 highest frequency is found in Sardinia (50%) and its geographical
distribution is mainly limited to Europe. Within NW Africa, it is only found in Moroccan
Arabs. H52 has only been found in Europeans, including Basques. H58 (Fig. 2e) has
been described at low frequencies across Europe and Western and Central Asia. H71
(Fig. &) is found all around the Mediterranean basin as well as in Ethiopia, Sudan,
Central Asia, Pakistan and India. H87, which belongs to group VIII, is represented by
only three chromosomes (found in Morocco, the Indian subcontinent, and in a native
American; Underhill et al., 1999) in a worldwide sample of 1,062 individuals.

Haplotypes belonging to group IX are most prevalent in Europe: H100, H101
(Fig. 2g) and H102 (Fig. 2h) have only been found so far in the Iberian Peninsula. H103

(Fig. 2i) is mainly present in Europe and Central Asia but it is also found in Northern
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Africa. H107 is most frequent in Central and Western Asia although it has also been
found at a low frequency in Europe.

Regarding the specific relation NW Africa-Iberian Peninsula, we find a clear
differentiation of their male lineage content.While group Il haplotypes prevail in NW
Africa, Iberian haplotypes belong mostly to group IX. Moreover, in most cases of
shared haplotypes between NW Africa and Iberia, those seem to show a larger
geographical distribution encompassing Europe or the whole Mediterranean basin. We
performed AMOVA in order to assess the fraction of Y chromosome genetic variance
that could be attributed to the difference between Iberia and NW Africa. Whereas the
fraction of genetic variance found among populations of the same region (NW Africa or
Iberia) was 0.93% (non statistically significantly different from zero, p=0.065), the
fraction of genetic variance attributed to the difference between the NW African and
Iberian populations was 35.17% (statistically significantly different from zero, p=0.024).
This result clearly confirms the large genetic difference between NW Africa and Iberia.

DISCUSSION

Specific founder effect for some NW African haplotypes: an Upper Palaeolithic
differentiation?

H36 and its two directly derived haplotypes, H35 and H38, comprise 75% of the
NW African Y chromosomes. Although these group Il haplotypes are found elsewhere,
their global frequency in NW Africa is by far the highest reported so far. In particular,
H38 stands out, and clearly constitutes the male population core of this area. Their
geographical distributions seem to suggest that they could had been introduced into
NW Africa from Eastern Africa during a population expansion, probably ancient, such
as the expansion of anatomically modern humans at the Upper Palaeolithic. Using
classical genetic markers, Bosch et al. (1997) suggested that the NW African
populations may have an important Upper Paleolithic background. This hypothesised
Upper Palaeolithic expansion could have involved the descendants of the haplotypes
differentiated from M35 that already presented two specific, derived mutations (M78,
originating H35; and M81, originating H38). Alternatively, the expansion could have

been brought Y chromosomes carrying an ancestor of both H35 and H38, although a



200 - DIVERSITAT GENOMICA A LES POBLACIONS DEL NORD D’AFRICA

mutation that links both haplotypes and excludes the rest of group Il is yet to be
discovered. We estimated the age of M35 at 58,000 + 22,000 years ago (ya), that of

M78 at 15,000 + 10,500 ya, and M81 at 30,200 +£11,500 ya. Then, the expansion that
brought the ancestors of H35 and H38 into NW Africa can be bracketed between 30

and 58 Kya, that is, at the putative expansion of anatomically modern humans (or
Upper Paleolithic).

Male Neolithic traces in NW Africa and Iberia

According to Underhill et al (1999), group VI haplotypes could had been spread
with the Neolithic wave of expansion. This possible Neolithic component appears mainly
represented in Iberia and NW Africa by haplotypes H58 and H71. Both haplotypes
include 12f2*8Kb Y-chromosomes (see Appendix), which have been found all around the
Mediterranean basin with their higher frequencies in the Middle East. We find similar
frequencies for group VI haplotypes in Iberia (16.4%) and NW Africa (13.6%). The
presence of this group of chromosomes in both regions could be due to two non-
exclusive historical processes: i) the parallel, independent expansion of the Neolithic
wave dof advance along the northern and southern shores of the Mediterranean and ii)
the early arrival of the Neolithic into one of the two regions and the subsequent crossing
of the Gibraltar Straits. In order to assess the amount of genetic exchange across the
Gibraltar Straits, we compared within each SNP-defined haplotype Y chromosome STR
haplotypes constructed with eight markers that were available for a subset of the
chromosomes currently analyzed (Pérez-Lezaun et al. 1997; Bosch et al. 1999). No STR
haplotypes were shared among Iberian (h=4) and NW African (n=16) H71 chromosomes.
The differences in number of repeat units among lberian and NW African H71
chromosomes ranged from 4 to 13, with a mean of 10.11. Within NW African H71
chromosomes, the mean difference was 2.40. Thus, both sets of chromosomes were
clearly distinct, as confirmed also by a median-joining network (Bandelt, 1995). This
lends support for independent origins of H71 (and probably of the whole haplogroup VI)
chromosomes in Iberia and NW Africa as they have been accumulating STR mutations
independently. The average square distance (ASD; Goldstein et al. 1995) between NW
Africa and lberian H71 chromosomes is 1.99, which translates, for a mutation rate of 2.1
10° (Heyer et al. 1997) into a separation time of 474 generations or 9,480 ya, which is
compatible with a split in the Middle East and subsequent parallel Neolithic expansions
along both Mediterranean shores.
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The European Paleolithic background

Group IX haplotypes show a geographical distribution compatible with a proto-
European, probably Paleolithic, origin (Underhill et al. 1999) well differentiated from
Africa. Group IX encompasses three local haplotypes (H100, H101, and H102) in
Iberia. However, if a wider sample of the European diversity had been analysed they
might have been found within other populations, but at a much lower frequency. All
those Iberian-specific haplotypes have been found in Basques, although H102 is very
frequent in Catalans. Only 2.8% of the NW African chromosomes belong to group IX
and, in this case, all chromosomes present H103, the ancestral haplotype for all group
IX. On the contrary, 55.7% of the Iberian Y-chromosomes present haplotype H103. The
comparison of the STR haplotypes within H103 chromosomes was used to assess
whether that hipothesized proto-European chromosomes found in NW Africa may have
been carried across the Gibraltar Straits. STR haplotypes in four out of five HL103 NW
African chromosomes were one mutation step away from H103 Iberian chromosomes,
while the fifth was two mutation steps away. Moreover, the mean repeat size difference
within 31 H103 Iberian STR haplotypes was 3.29 (0-11). This STR haplotype similarity
seems to indicate that H103 chromosomes found in NW Africa are a subset of the

Iberian gene pool and may have been introduced in recent times.

Sub-Saharan gene flow into NW Africa

H28 and H22, which belong to group Ill, show a Sub-Saharan distribution
pattern (Underhill et al. 1999) with their highest frequencies, respectively, in Mali
(29.5%), and in South Africa (51%) and Central Africa (57%). While H28 probably
originated in the Sahel, the derived haplotype H22 may have arisen in central or
southern Africa. Both haplotypes comprise 8% of the NW African Y chromosomes and,
given their geographical distribution, their presence in NW Africa can be interpreted as
resulting from Sub-Saharan gene flow. The NW African contact with the Southern
peoples was specially important during the Almoravid Berber expansion (1056-1147),
and it has been mainly maintained till recently by the Trans-Saharan commercial routes
(Kasule, 1998).
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NW African homogeneity

Once the major historical components of the NW African Y chromosomes were
identified (i.e., North African, Neolithic and Sub-Saharan), we explored whether there
were differences among the NW African populations. Non statistically significantly
differences were found (c’=4.85, p=0.563). Thus, NW Africa can be considered
homogenous in its male lineage content. Although non-statistically significantly
differences were found €%=3.197, p=0.202), the Moroccan Arabs seem to show an

increase of what has been considered as the possible Neolithic component and a slight
reduction of the NW African autochthonous component. This pattern could be
consequence of the Arabization, the process of cultural change that brought the Arabic
language and the Islamic religion from the Middle East in the 7th — 11th centuries AD.
This process could have brought Middle Eastern Y chromosomes into NW Africa,
enriching the local pool with chromosomes from the center of the Neolithic wave of
advance. However, it must be noted that haplotype frequencies in Moroccan Arabs are
essentially the same as in the other NW African populations, and, thus, the number of
chromosomes brought in with the Arabization may have been low. Thus, the
Arabization could be regarded mainly as a cultural replacement phenomenon, in an

élite dominance process (Renfrew, 1987).

NW Africa and the Iberian Peninsula

The historical origins of the Iberian Y chromosome pool may be summarised as
5.2% NW African, 16.5% Neolithic and 78.4% proto-European or Iberian-specific. No
sub-Saharan African-specific haplotype was found in the Iberian Peninsula. H35, H36
and H38, which have been considered as the possible NW African component in Iberia,
comprise 75% of the Y chromosomes in NW Africa. Thus, the maximum NW African
contribution to the Iberian Y chromosome pool can be estimated at 7%. In particular,
this NW African contribution in Iberia is found in four out of 37 Andalusians (10.8%) and
in one out of 44 (2.3%) Basques. Although the possible difference observed between
northern and southern Iberia, we found non-statistically significant differences among
the Iberian populations (c?=4.038, p=0.133). In fact, the Basque individual presumed to
present a NW African Y chromosome has the same STR haplotype that is most
frequent in H38 Y chromosomes in NW Africa and that is not found in other haplotype
backgrounds. Thus, it can be concluded that the NW African contribution to the Iberian
Y chromosome pool has been very low (7%, maximum value), even in Andalusia
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(14.4%, maximum value), the southernmost Iberian population. From 711 AD, the
Islamic invaders from NW Africa conquered Spain. They left a rich cultural heritage,
from language and religion to agriculture and architecture. Their occupation was
longest in the South, where they were ousted from political power in 1492. However,
our results show that their demographic contribution in Iberia must have been small,
which runs contrary to the historical perception.

The typing of the DHPLC set of markers has allowed a clear dissection of the
NW African male mediated gene pool into several layers of historic origins. Future work
may extend such analysis to other regions, in which the effects of some historical or
demographic processes, as well as, the relation with neighbouring areas are poorly
understood.
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METHODS

Samples

Different autochthonous samples from NW Africa and the Iberian Peninsula
were typed. Northwestern African samples comprised 29 Saharawis, 40 southern
Moroccan Berbers, 44 Morroccan Berbers and 63 northern central Moroccan Berbers;
and the Iberian Peninsula was represented by 37 Andalusians and 16 Catalans, and by
44 Basques typed in Underhill et al. 1999. Ap propriate informed consent was obtained
from all participants in this study and information about geographic origin of their four
grandparents and maternal tongue was recorded. DNA was extracted from fresh blood
by standard phenol-chloroform protocols.

Biallelic polymorphism typing

All samples in this study were characterised by means of a top-down approach
in which markers were successively typed in hierarchical order according to their
position in the genealogy given in Underhill et al. 1999. With the exception of M1 (also
known as YAP polymorphism) denaturing high performance liquid chromatography
(DHPLC) was used to genotype the biallelic markers studied. Marker information such
as ancestral and derived alleles, primer sequences and PCR conditions for their
amplification, as well as additional details for their typing conditions by DHPLC can be
found in Underhill et al 1997, 1999. YAP polymorphism was assayed as described in
Hammer and Horai (1995).

Data analysis

Differences in haplotype frequencies among populations from NW Africa and
the Iberian Peninsula were tested through Analysis of Molecular Variance (AMOVA) by
using the Arlequin package (Schneider et al. 1997). We performed two levels of
analysis, that is, we explored haplotype frequencies among populations within each
region separately, and by pooling them in two hierarchical partitions, corresponding to
NW Africa and Iberian Peninsula. In order to estimate mutation ages for M35, M78 and
M81, we applied coalescence analysis on NW Africa haplotype frequencies using the
same methods and parameters described by Griffiths and Tavaré (1994) and Hammer
et al (1998).
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TABLES & FIGURES

Fig. 1: phylogenetic tree of Y chromosome haplotypes and their absolute frequencies in
NW Africa and Iberian Peninsula.

Fig. 2: frequency of Y chromosome haplotypes in NW Africa and Iberian Peninsula.
Upper right: phylogenetic position of the haplotype. Lower right: worldwide distribution.
Circle areas are proportional to sample size. a, H22; b, H35; ¢, H36; d, H38; e, H58; f,
H71; g, H101; h, H102 and i, H103.



Table 1: haplotype frequencies in NW African and Iberian populations. Groups and haplotypes appear as in Underhill et al. 1999.

Groups 11 VI VIl IX
Haplotypes| H22 H28 H35 H36 H38 Total | H50 H52 H58 H71 Total | H87 | H100 H101 H102 H103 H107 Total
NW Africa
Saharawis
N=29 1 1 - - 22 24 - - - 5 5 - - - - - - 0
SM Berbers
N=40 1 - 5 3 26 35 - - 1 3 4 - - - - 1 - 1
M Arabs
N=44 3 - 5 1 23 32 1 - 1 6 8 1 - - - 3 - 3
NCM Berbers
N=63 6 2 1 5 41 55 - - 2 5 7 - - - - 1 - 1
Total
N=176 11 3 11 9 112 146 1 0 4 19 24 1 0 0 0 5 0 5
Iberian
Peninsula
Andalusians
N=37 - - 1 1 2 4 2 - 2 4 8 - - 1 1 22 1 25
Catalans
N=16 - - - - - 0 - 1 - 3 4 - - - 5 7 - 12
Basques*
N=44 - - - - 1 1 2 1 - 1 4 - 2 7 5 25 - 39
Total
N=97 0 0 1 1 3 5 4 2 2 8 16 - 2 8 11 54 1 76




Abbreviations: SM Berbers, southern Moroccan Berbers; M Arabs, Moroccan Arabs and NCM Berbers, northern central Moroccan

Berbers. Note: (*) Data from Underhill et al. 1999.
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APPENDIX

A different classification of Y-chromosome haplotypes into haplogroups by
using biallelic polymorphisms was described by Jobling and Tyler-Smith 1995; Jobling
et al. 1997; Hurles et al. 1998 among others. Since both sets of markers map onto the
non-recombining portion of the Y chromosome, they have evolved along, a single,
common phylogeny. A subset of the chromosomes analysed in this study had
previously been typed for that set of markers (Bosch et al. 1999). The correspondences
between DHPLC-based haplotypes and haplogroups defined by that other set of
markers are presented in Table a.



Table a relation haplotypes-haplogroups. Notes: (*) In these cases, the same polymorphism defines the last derived

marker in both sets. (*) Last derived marker that defines the haplotypes in the DHPLC set as described in Underhill et al.

(1999) and (%), last derived marker that defines the haplogroups as described in Jobling and Tyler-Smith 1995; Jobling et
al. 1996, 1997; Hurles et al. 1998 among others

HAPLO LAST DERIVED HAPLO- LAST DERIVED Number of Y
GROUPS TYPES MARKER*! GROUPS MARKER? chromosomes typed
H22 M2* HG8 sY81* 6
H28 M33 HG21 (L) SRY-8299 (L) 1
1 H35 M78 HG21 SRY-8299 11
H36 M35 HG21 SRY-8299 4
H38 M81 HG21 SRY-8299 83
H50 M26 HG2 SRY-1532
\ H52 M170 HG2 SRY-1532
H58 M172 HG9 122 2
H71 M89 HG2/HG9 SRY-1532/12f2 5/13
VI H87 M70 HG26 M9
H100 M65 HG1 92R7
IX H101 M153 HG1 92R7
H102 M167* HG22 SRY-2627* 11
H103 M173 HG1 92R7 37
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La recopilacié de dades en la literatura sobre marcadors classics en poblacions
humanes del nord d’Africa ha permés d’establir una primera analisi de referéncia per
emmarcar la variabilitat genética de les poblacions d’aquesta regi6. Clarament, la
principal caracteristica del paisatge genétic obtingut a partir d’aquests marcadors és un
patré6 de variacid est-oest. En l'analisi de deteccié de fronteres genétiques, en els
diferents arbres neighbor-joining calculats i en la primera component principal,
observem una clara diferenciacié entre el nord-est (Libia més Egipte) i les poblacions
arabs i berbers del nord-oest, sent el primer grup el que mostra major semblanca amb
les poblacions europees considerades. Cal assenyalar també que les distancies
genetiques calculades mostren una clara separacio entre les poblacions ibériques i les
poblacions nordafricanes.

El patré observat ens porta a suggerir una primera hipotesi sobre el poblament
del nord d’Africa basada en una onada d’expansié poblacional durant el neolitic, la
gual hauria tingut escas impacte en les regions del nord-oest. La similitud entre el
nord-est d’Africa i Europa seria compatible amb un procés de flux génic des de I'Orient
Mitja, que de manera paral-lela avancaria cap a l'oest al llarg de les dues ribes de la
Mediterrania. Per altra banda, una diferenciacié mesolitica (o anterior, probablement al
paleolitic superior) de les poblacions del nord-oest d’Africa amb un flux génic limitat
posterior podria explicar el paisatge genetic observat. Detectem, per tant, que una part
important del rerafons genetic de les poblacions del nord-oest podria correspondre al
romanent d'una diferenciacié pre-neolitica, de manera similar com s’ha descrit per a la
poblacié basca (Calafell i Bertranpetit, 1994).

A partir de la informacié aportada pels marcadors classics, no podem discernir
cap estructura clara entre els diferents grups arabo- o berber- parlants. Tanmateix, en
conjunt, els arabs sembla que es trobin genéticament més propers a Egipte i Libia. Per
altra banda, tot i que la tercera component principal al nord d’Africa sembla mostrar un
patr6 de diferenciacid6 nord-sud, l'abast d'una possible contribucid genética sud-
sahariana sembla ser petit. Cal assenyalar, pero, que les analisis realitzades a partir

d’aquests marcadors no son les més precises per a quantificar-la.
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L'analisi de polimorfismes classics ens ha servit per a esbossar les principals
questions relatives a la genética de les poblacions del nord-oest d'Africa. A
continuacio, discutiré l'evidéncia genética pertinent a les seglents hipotesis: el
poblament paleolitic al nord-oest d’Africa; 'expansio del neolitic a ambdues ribes de la
Mediterrania i el seu impacte genétic al nord-oest d’'Africa; I'abast de l'aportacio
geneética sud-sahariana; les possibles conseqiiéncies genetiques de I'arabitzacié al
nord-oest d’Africa i, finalment, el flux génic que pot haver travessat I'estret de Gibraltar
en ambdues direccions.

El poblament paleolitic al nord-oest d’Africa

Quan estudiem la composicié dels haplotips construits a partir de marcadors
bial-lelics especifics del cromosoma Y tipificats mitjiancant DHPLC (capitol V), trobem
gue I'haplotip H36 i dos haplotips directament derivats d’ell, H35 i H38, constitueixen el
75% dels cromosomes del nord-oest d’Africa. Aquest conjunt d’haplotips comprenen
tots els cromosomes nordafricans que pertanyen a I'haplogrup 21 (capitol 1V), el qual
suggerim que podria haver-se diferenciat al nord-oest d’Africa per deriva i/o efecte
fundador. La major resolucié que ofereix el nou ventall de marcadors especifics del
cromosoma Y descrits per Underhill et al. (1999) amplia clarament les possibilitats
d’'analisi a I'hora d'establir un origen i situar en el temps els haplogrups descrits
inicialment. Al nord-oest d’Africa, destaca especialment I'elevada freqgiiéncia de
I'haplotip H38 (63.4% del total), la més alta mai descrita, el qual clarament constiuteix
una gran part dels llinatges masculins d’aquesta regio. Les frequencies més altes per a
H36 han estat descrites a Etiopia (6.8%) i entre la poblacié khoisanida (10.3%) mentre
que H35 presenta les seves freqiéncies més altes a Etiopia (22.7%), Sardenya
(18.2%) i Sudan (17.5%). Hem calculat I'edat de la mutacié M35 (que defineix H36) en
58.000 anys, mentre que les dues mutacions (M78 i M81) presents només en
cromosomes derivats per M35 i que defineixen, respectivament, H35 i H38 han estat
datades a 15.000 i 30.000 anys. Per tant, la distribucié geografica de H36 i dels seus
dos haplotips derivats, juntament amb les edats que hem estimat per aquests
polimorfismes i les hipotesis sobre moviments de poblacié que coneixem a partir de
l'arqueologia ens porten a hipotetitzar un origen a I'est d’Africa per a M35, la qual fou

portada, potser ja amb els haplotips derivats H35 i H38 cap al nord-oest d’Africa amb
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el poblament associat a I'expansio del paleolitic superior, fa entre trenta i quaranta mil
anys. Un cop al nord-oest d’Africa, potser per un efecte fundador o per l'acci6 de la
deriva en un temps més perllongat, H38 assoli les elevades frequencies a les quals es
troba actualment. Cal assenyalar que H36 i els seus derivats es troben a frequieéncies
més baixes (inclis en algun cas, son absents) a I'Orient Mitja que no pas a l'est
d’Africa. Aquesta distribucio podria suggerir que el poblament del nord-oest d’Africa fou
independent del de I'Orient Mitja. Hom suposa que els humans anatdomicament
moderns arribaren a Europa durant el paleolitic superior procedents de I'Orient Mitja;
aquest no sembla ser el cas per el nord-oest d’Africa. Es possible que els humans
anatdomicament moderns es desplacessin independentment des de I'est d’Africa cap a
I'Orient Mitja i cap al nord-oest d’Africa. La persisténcia d’un possible substrat paleolitic
suggerida a partir de la compilacié de polimorfismes classics en el nostre primer treball
(capitol I) sembla doncs que caracteritza el llinatge masculi d’aquestes poblacions.

Cal assenyalar que els haplotips H35, H36 i H38 engloben tots els cromosomes
nordafricans que pertanyen a I'haplogrup 21 (capitol IV) i, en el seu conjunt, sén
equivalents a I'haplotip 4 descrit a Hammer et al. (1997; 1998). Aquests autors van
descriure la variabilitat en el cromosoma Y a partir d’'un conjunt de marcadors bial-lélics
especifics del cromosoma Y que se solapen parcialment amb els nostres, la qual cosa
permet d’establir equivaléncies entre els haplotips definits a partir d’ambdds grups de
marcadors. En aquest cas, Hammer i col-laboradors (1997) en analitzar 15 poblacions
d'arreu del mon (sense incloure cap poblacié del nord-oest d’Africa) van trobar que la
freqliéncia més elevada per I'haplotip 4 (aproximadament del 50%) corresponia a una
mostra de 93 egipcis. Posteriorment, Scozzari et al. (1999) analitzaren els mateixos
marcadors que Hammer et al. (1997; 1998) en 25 poblacions africanes que incloien
una mostra de 56 arabs marroquins. En aquesta mostra, la freqiiéncia de I'haplotip 4
era del 70%, altre cop, la més elevada respecte la resta de poblacions analitzades.
Ambdos grups d'investigadors, utilitzant diferents metodologies que comentaré més
endavant, estimen I'edat de I'avantpassat comU més recent per I'haplotip 4 a 38.800
anys (Hammer et al. 1998) i 20.000 anys (Scozzari et al. 1999). Aquestes estimes son
compatibles amb una diferenciaci6 en el paleolitic superior. Per tant, I'analisi de
marcadors geneétics al cromosoma Y per altres autors confirma, per una banda, la
diferenciacio dels llinatges masculins de les poblacions del nord-oest d’Africa tal com
descrivim als capitols IV i V, i per I'altra, apunta també cap a un origen paleolitic per al

principal component d’aquests llinatges masculins.
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Per tant, els diferents marcadors biallelics especifics del cromosoma Y
emprats en aquest treball, i, com s’ha comentat anteriorment, els marcadors classics
semblen revelar un important component paleolitic en el pool geneétic de les poblacions
del nord-oest d’Africa. Per altra banda, la persisténcia d’un substrat paleolitic al nord-
oest d’Africa podria explicar parcialment la diferenciaci6 observada en I'analisi dels
microsatél-lits autosomics entre la Peninsula Ibérica i el nord-oest d’Africa.

Un cop diferenciat el substrat paleolitic de la poblacié del nord-oest d’Africa, cal
intentar entendre com aquest substrat no ha estat diluit per posteriors aportacions
poblacionals, com I'onada d’expansié del neolitic, de la qual tractara la segiient seccié.
Tal i com suggeriem inicialment en el treball del capitol I, la persistencia genetica
paleolitica sembla tenir un reflex cultural. En efecte, la cultura capsiana (7.000 — 5.000
aC) s'’inicia en el paleolitic i molts dels seus elements perviuen en el neolitic tot i el
canvi en el mode d’obtencié de l'aliment que suposa el neolitic (Desanges, 1990;
Newman 1995). Per tant, sembla que la difusié del neoltic al nord-oest d’Africa fou un
procés cultural amb una expansié poblacional limitada, la qual cosa ens ajuda a

entendre la persistencia d'un substrat geneétic paleolitic tan important.

L’expansié del neolitic a ambdues ribes de la Mediterrania i el seu impacte
genétic al nord-oest d’Africa

Segons Underhill i col-laboradors (1999), els haplotips del cromosoma Y
englobats dins el grup IV podrien ser contemporanis a I'onada d’expansio del neolitic.
Aquest possible component neolitic 'hem trobat representat a la Peninsula Ibérica
(16.5% del total) i al nord-oest d’Africa (13.7% del total) majoritariament pels haplotips
de marcadors bial-lelics especifics del cromosoma Y H58 i H71. Cal assenyalar que
ambdés haplotips inclouen cromosomes Y amb l'al-lel derivat per a la mutacio 12f2
(capitol 1V). La distribucié geografica d’aquest al-lel ha estat abastament estudiada per
diversos autors, els quals el troben al llarg de tota la costa mediterrania amb
frequéncies especialment elevades a I'Orient Mitja (Brega et d. 1987, Mitchell et al.
1993, 1997; Semino et al. 1995). Mentre que alguns autors suggereixen que aquest
patré de distribucié podria haver estat provocat pels colonitzadors fenicis (Mitchell i
Hammer 1996) altres suggereixen que podria haver resultat de lonada d’expansié

démica del neolitic (Gongalves i Lavinha 1994; Semino et al. 1996). En el present
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treball, la comparacié d’haplotips de microsatél-lits construits amb vuit d’aquests
marcadors en un total de vint cromosomes H71 procedents del nord-oest d’Africa i de
la Peninsula Ibérica mostra que ambdés grups de cromosomes H71, considerats per
d’altres autors com a neolitics, estaven clarament diferenciats. Aquesta darrera
observacioé és compatible amb la hipotesi suggerida a partir de I'analisi realitzada amb
la informacié aportada pels marcadors classics on, com s’ha comentat anteriorment,
proposem una expansié paral-lela i independent del neolitic al llarg de les dues costes
de la Mediterranea. L'analisi de microsatél-lits autosomics en poblacions d’ambdues
regions mostra igualment una important diferenciacio entre els seus pools genétics tant
en els arbres genétics obtinguts a partir de distancies genétiques, com en la analisi de
coordenades principals i de deteccio de les principals fronteres genetiques.

Simoni i col-laboradors (1999) analitzen deu frequencies al-leliques de
marcadors classics en 39 poblacions de la regié mediterrania i identifiqguen quines sén
les zones de major canvi genétic. En aquest cas, les principals fronteres genétiques
clarament separen les costes nord i sud, especialment en les seves regions més
occidentals. Aquesta observacio ha estat replicada per Kandil et al. (1999) utilitzant
metodes i marcadors classics diferents. En aquest cas, es tracta de set sistemes
genétics estudiats en 22 poblacions d’Europa, nord d’Africa i Orient Mitja que
s’analitzen mitjancant components principals, i de nou sistemes genétics estudiats en
deu poblacions per a calcular distancies genetiques. Simoni i col-laboradors (1999)
atribueixen la gran diferéncia genética observada a la possibilitat que la Peninsula
Ibérica i el nord-oest d’Africa siguin els extrems d’una expansio poblacional paral-lela
al llarg de les dues ribes de la Mediterrania. Donada la natura de les seves dades, no
poden situar amb precisio en el temps aquesta expansio i suggereixen que es podria
haver donat en el paleolitic superior i/0 en el neolitic. En aquest sentit, la seva
interpretacio és compatible amb la nostra hipotesi referent a I'expansio del neolitic per
camins paral-lels a ambdues ribes de la Mediterrania. En el nostre cas, pero, les dades
s6n més detallades, permetent no solament diferenciar els haplotips que s’expandiren
en el neolitic, siné6 també la importancia relativa respecte a cromosomes Y d'altres
origens, ja sigui en el temps (com els paleolitics) o en I'espai (com els d’origen sud-
saharia).

Com s’ha comentat en a la introduccié, I'arqueoleg Colin Renfrew va proposar
una hipotesi que explicava alhora I'expansié de quatre families linguistiques, que,

segons d'altres autors, estan relacionades entre elles: l'afroasiatica cap al nord



232 - DIVERSITAT GENOMICA A LES POBLACIONS DEL NORD D’AFRICA

d’Africa, l'altaica cap a I'’Asia central, la dravidiana cap a I'india i la indoeuropea cap a
Europa. El nexe que uniria totes aquestes families, segons Renfrew (1991), és
I'expansié del neolitic des de I'Orient Mitja, fa entre 12.000 i 10.000 anys, la qual
desplacaria la caca i la recol-leccio per lagricultura i la ramaderia com a fonts
principals d’aliment. Aquest canvi resulta en un increment de la poblacio i la necessitat
d’ocupar nou territoris, provocant una expansio poblacional. La hipotesi d’'una expansio
poblacional i linglistica conjunta des de I'Orient Mitja té conseqgléncies que podem
verificar. Un exemple seria I'existéncia de gradients o clines genétiques. Es a dir, els
parlants d'aquestes families linglistiques s’assemblarien tant menys als habitants
putatius de I'Orient Mitjia com meés lluny en visquessin. Tanmateix, Barbujani i
col-laboradors (1994), a partir d’un estudi amb informacio sobre polimorfismes classics,
van comprovar que aquests gradients genetics es donaven per a totes les families
excepte per a l'afroasiatica, i que aquests gradients desapareixien si no es tenia en
compte la familia linglistica a la qual pertanyien les poblacions. L’excepcio6 afroasiatica
sembla indicar que I'expansié neolitica al nord-oest d’Africa devia constituir una
aportacié genetica relativament petita, tot i que va comportar un canvi drastic en els
mecanismes d’obtencié d’'aliments, i, potser, una substitucio linguistica amb l'arribada
de les llengues berbers (pertanyents a la familia afroasiatica). A la vegada, és
compatible amb el fet de que bona part dels gens dels pobladors paleolitics del
Magreb persisteix en les poblacions actuals tal i com proposavem en la secci6 anterior.

Homogeneitat génetica en les poblacions del nord-oest d’Africa

Al llarg de tot el treball, hem trobat reiteradament un resultat recorrent: la
manca d’'un patro clar i consistent de diferenciacio i/o d’estructuracié geneética de les
diferents poblacions del nord-oest d’Africa. L’excepcié potser es troba en la poblacio
berber mozabita de la ciutat de Ghardaia, a Algéria. Tot i no presentar diferéncies
estadisticament significatives respecte la resta de poblacions, parametres com
I'heterozigositat i la variancia en la longitud al-lelica per locus en l'estudi de
microsatel-lits autosomics ens assenyalen una menor diversitat genética interna en la
poblacié mozabita. L'analisi de les distancies genétiques sembla mostrar la poblacié
mozabita forca separada de la resta de poblacions del nord-oest d’Africa. Ho detectem

tant en I'arbre neighbor-joining, en la detecci6 de fronteres genétiques, com en I'analisi
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de coordenades principals. Els nivells d’heterozigositat poden informar respecte la
grandaria efectiva de la poblacié. La menor diversitat interna observada a partir de
I'analisi de microsatel-lits autosomics sembla indicar, per tant, que la poblacié mozabita
es podria haver diferenciat més extensament per deriva respecte la resta de
poblacions nordafricanes. La construccié i analisi d’haplotips de microsatel-lits
especifics del cromosoma Y sembla confirmar aquesta observacio. De fet, en analitzar
la diversitat genetica tant per loci com per haplotips de microsatel-lits especifics del
cromosoma Y, trobem que és clarament menor en la poblaci6 mozabita que en les
poblacions circumdants. Cal assenyalar que el cromosoma Y té una grandaria efectiva
guatre vegades més petita respecte qualsevol cromosoma autosomic, fet que implica
gue la deriva hi actui més fortament que en els autosomes (Pérez-Lezaun et al. 1997).

Malgrat I'excepcio de la poblaci6 mozabita, els diferents métodes d’analisi
aplicats fins a 21 microsatél-lits, basats tant en distancies genétiques (arbres, deteccio
de fronteres i coordenades principals) com en l'analisi de la variancia molecular
(AMOVA) ens mostra que la diferenciacié genetica entre les poblacions del nord-oest
d’Africa és molt petita i sense un patr6 espacial clar. En concret, en agrupar les
diferents poblacions nordafricanes segons caracteristiques culturals en arabs
marroquins per una banda més berber-parlants i sahrauis per l'altra, la particié no es
troba associada a cap diferenciacioé genética significativa.

Tal i com hem comentat en la introduccid, I'arab no s'introdui al nord d’Africa
fins a partir del segle VII. A partir d’aquest moment és quan el poble arab, procedent
de I'Orient Mitja, realitza les primeres incursions i comenca a imposar la seva llengua i
religié sobre la poblacié berber. La diferenciacio entre arabs i berbers al nord d’Africa
no sempre és evident. Es basa essencialment en la llengua, en el sentit que és berber
aquell gue en conserva la llengua i els costums. En molts casos, la poblacié arab
actual pot haver sorgit d’'una poblacio6 inicialment berber que ha perdut la seva llengua i
s’ha arabitzat. Aquest efecte és més comu a les grans ciutats on la influéncia arab
arriba, sens dubte, més facilment que a les regions muntanyoses.

Els nostres resultats semblen indicar que I'expansio de la llengua arab i la
religié islamica no van comportar una aportacid genetica important de poblacio.
Aquesta observacié queda palesa tant en I'analisi de microsatel-lits autosomics com en
la comparacié de freqliéncies haplotipiques per marcadors bial-lélics especifics del
cromosoma Y. Cal assenyalar que, en aquest Ultim cas, hom disposa d’'un important

conjunt d’haplotips especifics de poblacié que permetrien de detectar aquesta possible
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aportacié genética arab. De fet, sabem que la composicié d’haplotips especifics del
cromosoma Y de les poblacions actuals de I'Orient Mitja, putatives representants del
substrat del qual van sorgir els arabs invasors, és completament diferent a la dels
berbers. Tan sols si observem en detall les frequiéncies haplotipiques del cromosoma
Y en la poblacio arab del Marroc detectem un lleuger increment del que considerem
com a component neolitic acompanyat d’'una lleugera disminucié del substrat autocton
paleolitic. Aquesta petita diferéncia (estadisticament no significativa) podria haver estat
consequeéncia de I'efecte de I'arabitzacié. Podriem pensar que aquest procés de canvi
cultural hauria enriquit el pool local de cromosomes Y nordafricans amb cromosomes
de I'Orient Mitja on el component neolitic s’espera que sigui clarament més important.
Tanmateix, no trobem diferencies significatives, fet que ens confirma de nou que el
nombre de cromosomes Y portats amb I'arabitzacié deu haver estat petit, fins i tot en la
poblacié actual de parla arab; i que, per tant, I'arabitzaci6 molt probablement fou

nomeés un reemplacament cultural per una classe dominant.

L’abast de I'aportacié genética sud-sahariana

Tot i que l'analisi de microsatél-lits autosomics no ens permet de quantificar
amb precisi6 la possible aportacio genética sud-sahariana al nord-oest d’Africa, trobem
gue les distancies genetiques calculades a partir d’aguests marcadors entre
nordafricans i afroamericans (Unica mostra d’ascendéncia sud-sahariana de la que
disposavem) sén meés petites que les que hi ha entre europeus i afroamericans. Per
altra banda, la tercera component principal en I'analisi de marcadors classics sembla
mostrar un patré irregular de diferenciacioé nord-sud, que podria ser consequeéencia d'un
flux génic amb poblacions sud-saharianes més intens a la meitat meridional del
Magreb. La informacié aportada per aquests marcadors €s poc precisa per la seva
mateixa naturalesa: els diferents al-lels es troben en totes les poblacions sense poder-
ne d’estriar I'origen ni I'evolucio, i és la seva frequiéncia la que ens pot indicar cer grau
de barreja entre poblacions. Per altra banda, s’assumeix que les poblacions actuals
sén un reflex de les del passat cosa que pot induir a importants errors en les
estimacions d’admixture.

Es a partir de la informacio aportada pels marcadors bial-lélics especifics del

cromosoma Y que podem detectar i quantificar certa contribuci6 genética sud-
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sahariana al nord-oest d’Africa de manera inequivoca. Com veurem a continuacio, tot
el possible flux génic sud-saharia en el llinatge masculi del nord-oest d’Africa sembla
estar representat pels haplotips H22 i H28, els quals comprenen el 8% de cromosomes
d’aquesta regio.

La preséncia de cromosomes Y amb l'al-lel derivat per a la mutaci6 sY81
(també anomenada M2 en la notacié6 d’Underhill), el qual es troba en fregliéncies
especialment elevades a Africa Central (57%) i Sud Africa (51%) permet detectar part
d’aquest component sud-saharia. Cal assenyalar que l'al-lel derivat per sY81
caracteritza I'haplotip H22 (capitol V), el qual conté tots els cromosomes nordafricans
pertanyents a I'haplogroup 8 (capitol 1V). Aquest darrer haplogrup havia estat descrit,
en estudis anteriors a Underhill et al. (1999), a elevades frequéncies en poblacions
sud-saharianes, i trobat també a molt baixes frequiéncies a Egipte i a I'oest d’'Asia
(Seielstad et al. 1994; Hammer et al. 1997). Underhill et al. (1999) descriu I'hnaplotip
H22 també entre la poblacié khoisanida (18%), a Mali (16%) i a Etiopia (9%), i a un 7%
a I'Orient Mitja. En conjunt, aquest patr6 de distribucié sembla indicar que H22 té un
origen al sud d’Africa i que la seva preséncia al nord-oest d’Africa s’explica per
contactes trans-saharians. Aquests contactes també haurien portat I'haplotip H28
(caracteritzat per la mutaci6 M33) al nord-oest d’Africa, on es troba a baixa frequéncia
(1.7% del total). Aquest darrer haplotip sembla tenir, perd, una distribucio (i
probablement un origen) restringida al Sahel. Tot i que s’ha descrit a baixes
freqléncies a I'Orient mitja, majoritariament el trobem localitzat a Mali on mostra la
freqiéncia més elevada (un 29.5%). Tanmateix, cal assenyalar que en estudiar en
detall la distribucié geografica d’ambdds haplotips considerats com a sud-saharians en
les diferents poblacions del nord-oest d’Africa no trobem cap patr6 regular d’influéncia
sud-nord en el llinatge masculi. Es més, tot i que les diferéncies no son
estadisticament significatives, sembla que detectem major influéncia sud-sahariana en
la poblacié berber del nord i centre del Marroc (12.7%) que no pas en la poblacio
berber del sud del Marroc (2.5%) o entre els sahrauis (6.9%).

Rando i col-laboradors (1998), en estudiar el llinatge matern, detecten també
contribucié sud-sahariana al nord-oest d’Africa. En aquest cas, pero, la influéncia sud-
sahariana que ens mostra la distribucié d’haplogrups definits a partir d’'RFLPs en la
molécula del DNA mitocondrial sembla ser més gran que en el cromosoma Y. En
concret, en analitzar diferents poblacions del nord-oest d’Africa detecten un 21.5% pel

conjunt d’haplogrups L1, L2 i L3A, considerats d'origen sud-saharia per I'elevada
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frequiencia en qué es troben en poblacions sud-saharianes (82% tuaregs, 94% wolof,
95% serer, 99% mandenka 96% senegalesos). Cal assenyalar que, en aquest cas, el
possible component sud-saharia en el llinatge matern mostra cert gradient nord-sud si
hom considera la posicié geografica de les diferents poblacions analitzades: berbers
marroquins (4%), berbers d’Algéria (17%), arabs marroquins (21%), i sahrauis (44%).
Es més, Brakez i col-laboradors (en preparacio), en un estudi preliminar portat a terme
al nostre laboratori, detecten un 20% d’haplogrups mitocondrials sud-saharians en una
mostra de berbers tahelhits (berbers del sud del Marroc). L’'excepcid d'aquest gradient
nord-sud d'influéncia sud-sahariana potser es troba en la poblacié d’arabs marroquins,
gue semblen mostrar major influéncia sud-sahariana del que hom esperaria donada la
seva posicié geografica. En aquest cas, potser podriem pensar que les ciutats, de
component majoritariament arab respecte les regions més muntanyoses, atreuen més
migrants sud-saharians.

Cal considerar que la influéncia sud-sahariana que detectem actualment en les
poblacions del nord-oest d’Africa ha estat el resultat de la suma de tots els contactes
ocorreguts al llarg de la historia. Com que ambdues regions geografiques, nord-oest
d’Africa i regié sud-sahariana, han estat en contacte més o menys permanent, podria
tractar-se d’'un flux genic acumulat al llarg de moltes generacions. Cal assenyalar que
el contacte del nord-oest d’Africa amb els pobles sud-saharians fou especialment
important durant l'expansio cap al sud del I'imperi berber dels almoravids (1056-1147).
Tot i que en menor intensitat, de ben segur, les rutes comercials trans-saharianes
poden haver ajudat a mantenir-lo.

El fet que nomeés es trobi gradient nord-sud d’influencia sud-sahariana en el
llinatge femeni podria indicar certa migracié preferencial de les dones de la regi6é del
sud i a les ciutats (on els seus descendents serien arabs) respecte els homes sud-
saharians, i/o una més facil acceptacié d’'una dona sud-sahariana com a conjuge que
no pas d'un home. Seielstad et al. (1998), en comparar la diversitat genética per
polimorfismes de substitucié nucleotidica (SNPs) entre el DNA mitocondrial,
autosomes i el cromosoma Y, van trobar que les diferents variants en el cromosoma Y
tendeixen a trobar-se més localitzades geograficament que les del DNA mitocondrial i
autosomes. Els autors suggereixen que una major migracié femenina via matrimoni
patrilocal (on la dona emigra al poble del seu marit en casar-se) podria ser la causa
més probable d'aquests resultats. Aquest autors també consideren els possibles

efectes de la poliginia, que redueix la grandaria efectiva dels cromosomes Y respecte
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el mt DNA, pero troben que els efectes que se li podrien atribuir sébn molt menors que
les diferéncies observades entre variabilitat en cromosoma Y i en DNA mitocondrial.
Pérez-Lezaun i col-laboradors (1999) estudien quatre poblacions de I'Asia Central i
observen també una gran diferencia entre els patrons de diferenciacio aportats pel
cromosoma Y i el DNA mitocondrial. Mentre que una part forca significativa de la
variabilitat en el cromosoma Y estudiada a partir d’haplotips de microsatél-lits era
deguda a diferéncies entre poblacions, els resultats a partir del DNA mitocondrial en
les mateixes poblacions no palesaven aquesta diferéncia. En aquest cas, els autors
proposen també que gran part dels resultats observats podrien ser conseqiéncia de
fluxos migratoris diferencials entre homes i dones.

Per tant, la diferent aportacio de llinatges femenins i masculins sud-saharians al
nord-oest d’Africa podria ser el reflex d'un fenomen d’abast molt general: la migracio

diferencial de dones i homes.

Deteccio del flux génic a I’estret de Gibraltar

En diverses de les analisis realitzades trobem una clara diferenciacié entre els
pools genétics de la Peninsula Ibérica i el nord-oest d’Africa. En I'estudi de fins a 21
microsatél-lits autosomics, les poblacions analitzades d’ambdues regions apareixen
clarament separades, ja sigui en I'analisi de coordenades principals, en la detecci6 de
fronteres genetiques o en els arbres genétics on es troben unides per una branca
llarga i molt robusta, tal com indiquen els valors de bootstrap obtinguts.

Aquesta diferenciaci6 és també especialment patent en la composicié
d’haplotips de marcadors bial-lélics del cromosoma Y que trobem en ambdues regions.
Mentre el 83% de cromosomes Y al nord-oest d’Africa pertanyen al grup lll, el 78% de
cromosomes a la Peninsula Ibérica pertanyen al grup IX (capitol V). Per altra banda, la
preséncia d’haplotips considerats especifics del nord-oest d’Africa (especialment H38,
pero també H35 i H36) a la Peninsula Ibérica permet d’estimar la contribucio
nordafricana minima al pool genetic del cromosoma Y ibéeric en un 7%. En aquest cas,
s’ha tingut en compte la frequencia de cada haplotip considerat nordafrica a la
Peninsula Ibérica i s’ha corregit per la freqgiiéncia en que cada un d’aquests haplotips
es troba actualment al nord-oest d’Africa. En concret, aquesta contribucioé I'estimem en

un 14% en la mostra d’andalusos, i en un 3% en la de bascos, fet que potser podria
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ser el reflex d’'una variacié clinal en l'aportacié genética nordafricana en el llinatge
masculi ibéric.

Com s’ha comentat anteriorment, tant Kandil i col-laboradors (1999) com
Simoni i col-laboradors (1999), a partir de I'analisi de polimorfismes classics i emprant
metodes diferents, troben que la diferenciacido genetica més important que hi ha entre
les poblacions mediterranies és la que travessa l'estret de Gibraltar. Aquests resultats
confirmen la diferenciacié trobada entre poblacions d’ambdues ribes en la nostra
analisi inicial, també realitzada a partir de marcadors classics.

Altres sistemes genétics tampoc semblen mostrar un flux génic apreciable del
nord d’Africa cap a la Peninsula Ibérica. Rando i col-laboradors (1998) descriuen
I'haplogrup U6 del DNA mitocondrial i el troben a frequiencies de I'ordre del 10-20% en
nordafricans, mentre que es troba absent o a molt baixes frequencies en europeus i en
altres africans. Per aquest motiu, Rando i col-laboradors (1998) proposen que
I'haplogrup U6 va sorgir al nord d’Africa. Altres estudis sobre DNA mitocondrial
mostren que les seqiéncies U6 es troben a molt baixa frequéencia a la Peninsula
Iberica: 3 de 54 portuguesos, 2 de 96 gallecs, absent en andalusos i en 162 altres
ibérics (Bertranpetit et al. 1995, Corte-Real et al. 1996, Pinto et al. 1996 i Salas et al.
1998). La migraci6 femenina del nord d’Africa a la Peninsula Ibérica sembla ser també
petita. Per tant, quan combinem la informacié aportada pels microsateél-lits autosomics,
pel cromosoma Y i pel DNA mitocondrial podem concloure que el flux génic nordafrica
a la Peninsula Ibérica ha estat petit, tot i que es detecta clarament.

Cal assenyalar que Kandil i col-laboradors (1999), a partir de marcadors de
classics, troben que la major aportacié genética nordafricana en la Peninsula Ibeérica,
correspon a una mostra de las Alpujarras (Granada). Aquest resultat sembla coincidir
amb la posicié intermédia en la que trobem la poblacié andalusa en un arbre neighbor-
joining construit a partir de 21 microsatel-lits autosomics, tot i que aquesta posicié no
es retroba en l'analisi de coordenades principals i que el coeficient de mescla
(admixture) nordafricana en andalusos no és significativament diferent de zero.
Aquestes dificultats en escatir I'aportacié nordafricana a les poblacions del sud de la
Peninsula Iberica pot ser un reflex de la migradesa d’aguesta aportacid, tal com
apareix en els llinatges del cromosoma Y i en les sequéncies de DNA mitocondrial. Cal
assenyalar que els marcadors classics no sén especialment apropiats per fer aquestes
aproximacions ja que donen uns resultats amb uns errors enormes de I'estimacio de

les aportacions de les diferents poblacions, fins al punt que gairebé qualsevol
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interpretacié és possible. Els marcadors emprats del cromosoma Y aporten, en canvi,
unes possibilitats molt més acurades degut a la gran variacié observada, a la seva
interpretacio filogenética i a la distribucio restringida dels haplotips.

De la mateixa manera que estudiem quina ha estat I'aportacié nordafricana a la
Peninsula Iberica, podem preguntar-nos si detectem aportacio genética iberica al nord-
oest d’Africa. Hom disposa de tres haplotips especifics de la Peninsula Ibérica: H100,
H101 i H102, caracteritzats respectivament per les mutacions M65, M153 i M167
(equivalent a SRY-2627 en la notaci6é del capitol 1V) i els quals representen el 21.6%
dels cromosomes Y iberics. Tanmateix, no hem identificat cap d’aquests haplotips a
les poblacions nordafricanes. H103, tot i no ser especific de les poblacions de la
Peninsula Iberica (el seu patré de distribucié inclou la resta d’Europa i a frequéncies
més baixes també Asia Central, Orient Mitja, el Pakistan i I'india), sembla ser I'inic
haplotip que ens permet detectar un possible flux génic des de la Peninsula (on es
troba a una freqiiéncia del 56%) al nord-oest d’Africa (on compren el 2.8% de
cromosomes Y estudiats). La comparacié dels haplotips de microsatellits en
cromosomes H103 d’ambdues regions mostra que els haplotips ibérics i nordafricans
son molt semblants entre ells, fet que és compatible amb una introduccié de
cromosomes H103 des de la Peninsula Ibérica. Considerant les frequéncies d’aquest
haplotip, estimem que la contribuci6 maxima d’aquesta aportacio ibérica al nord-oest
d’Africa seria d’un 5%. Entre els moviments de poblacio des de la Peninsula Ibérica al
nord-oest d’Africa trobem possibles contactes fa 16.000 anys, en el moment en qué les
cultures paleolitiques ibero-marusiana al nord d’Africa i magdaleniana a la Peninsula
Ibérica mostren una gran similitud. Durant I'antiguitat classica, pobles com els fenicis,
els cartaginesos i els romans van ocupar ambdues ribes de la Mediterrania i podien
haver vehiculat el flux génic del nord cap al sud. Al segle V aC, foren els vandals qui
travessaren la Peninsula Ibérica en direccié al nord d’Africa, i podien també haver
aportat cromosomes Y europeus. Tanmateix, el moviment huma millor documentat de
la Peninsula Ibérica cap al Magreb fou I'expulsié dels moriscos el segle XVII. Tot i aixi,
desconeixem el substrat poblacional d’aquesta poblacio i ignorem si es tractava de
descendents dels primers invasors musulmans de la Peninsula Ibérica o si incloien
descendents d’hispano-romans convertits a la fe islamica. En aquest darrer cas,
I'expulsié dels moriscos podia haver portat cromosoma Y de la Peninsula Ibérica al

nord d’Africa.
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Arnaiz-Villena i col-laboradors (1995; 1997) estudien la variacio en el sistema
HLA i troben que les frequiéncies al-léliques i haplotipiques d'alguns loci d’aquest
sistema mostren certa similitud entre el nord d’Africa (marroquins, algerians), la
Peninsula Ibérica (bascos inclosos) i Sardenya. Aquests resultats els portaren a
suggerir un origen comu anterior al neolitic per a les poblacions de la Peninsula
Ibérica, especialment la basca, i el nord-oest d’Africa. Tanmateix, Comas et al. (1998),
en considerar tota la variaci6 en HLA i no només alguns haplotips en el calcul de
distancies genetiques i I'analisi de components principals, no detecten cap relacié
especial entre la poblacio basca i la nordafricana. Es més, en un arbre neigbor-joining
construit a partir de deu poblacions europees i nordafricanes considerant la informacio
de set loci HLA de les classes | i ll, Comas et al. (1998) troben que les poblacions
basca i sarda son les més diferenciades respecte els algerians. Cal assenyalar que la
coincidencia d'alguns al-lels en un sistema pot informar de migracions individuals, pero
Nno pressuposa per se un origen comu. Els nostres resultats, basats en 21 loci
autosomics independents i en els llinatges paterns, contradiuen completament la
hipotesi d’'un origen comu per a les poblacions iberiques i nordafricanes.

En resum, la preséncia arabo-berber a la Peninsula Iberica va aportar un
devesall d’'innovacions culturals en camps tan diversos com l'arquitectura, I'agricultura i

I'astronomia perd no sembla haver afaiconat la genética de les poblacions peninsulars.

Aplicacions en genética forense

Com hem vist, els haplotips de marcadors bial-lélics al cromosoma Y mostren
que el contingut de cromosomes Y al nord d’Africa és diferent al de la Peninsula
Ibérica, i al d’Europa en general. Per tant, no seria correcte emprar dades que no
siguin especifiques del nord d’Africa en casos criminals i/o d’identificacio individual en
genetica forense que impliquin membres d’aquestes poblacions. A part de I'6bvia
necessitat de la propia genética forense en els paisos del Magreb, donada la creixent
inmigracio de la poblacié nordafricana a Europa en els darrers anys, hom preveu una
gran necessitat de disposar d’aquest tipus de caracteritzacid genetica en bases de
dades de referéncia. Si es déna una coincidéncia en les mostres analitzades (preses

del lloc del crim i d’'un sospitds, per exemple), la probabilitat que aquesta coincidéncia
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sigui deguda a l'atzar es calcula a partir de les frequéncies al-leliques en la poblacio.
Per tant, la probabilitat de coincidencia calculada per a un individu nordafrica amb una
base de dades europea pot ser del tot erronia.

Com s’ha comentat en la introduccid, els microsatéllits especifics del
cromosoma Y son facilment tipificables per tecniques senzilles com I'amplificacio per
PCR a partir de petites quantitats de DNA. Aix0 els confereix un avantatge indiscutible
sobre d’altres tipus de marcadors a I'hora de ser emprats en geneética forense.
Tanmateix, cal assenyalar una limitacié de la informacié que ens aporta el cromosoma
Y en els casos d'inclusid, donat que, en no presentar recombinacio, tots els barons
d’'una familia emparentats per linia masculina compartiran el mateix cromosoma tret
gue s’hi hagin produit mutacions de novo.

En el capitol 1l s’han tipificat fins a 21 microsatel-lits autosomics, entre els quals
s'inclouen els 13 marcadors STRs més emprats en genética forense, establerts com a
estandards en la base de dades nordamericana de genotips de convictes, anomenada
CODIS. Les dades de freqguéncies al-leliques que presentem per aquests marcadors
autosdmics en poblacions del nord-oest d’Africa s6n també una significativa
contribucio a la genetica forense. Cal assenyalar en aquest cas que, tot i no permetre
determinar directament I'aportacié masculina en un cas d’agressio sexual, s6n dades

idonies per el seu Us en paternitat i altres casos criminals.

Estructura de la variacié genetica en el cromosoma Y

Fins ara hem considerat la variacié genetica estructurada per poblacié, pero,
sens dubte, la podem considerar des d’altres perspectives. Sovint s’entén la diversitat
genética com a estructurada per poblacions, fins a I'extrem que una perspectiva
poblacional s’accepta com a Unica i completa descripcié de la diversitat genética. La
teoria de la genetica de poblacions classica modela la dinamica del canvi en les
freqiéncies al-leliqgues en termes de les forces evolutives que afecten les poblacions
com la deriva génica, la seleccié i la migracié. Aquest tipus d’aproximacié implica que
una simple descripcio de la variacié per poblacié és totalment informativa en el terreny
genetic. Tanmateix, la diversitat genetica pot presentar una estructura més profunda

causada per la genealogia en la que es troba, més que no pas pel procés d’etnogenesi
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gue dona origen a la poblacié. La genealogia de qualsevol regié gendomica es pot
reconstruir a partir de la genealogia dels polimorfismes d’evolucid lenta, els quals
permetran d’identificar un rerafons genétic estable on d'altres polimorfismes amb major
taxa de canvi evolucionen.

En el treball presentat al capitol 1V, mitjancant la comparacio de dos sistemes
genétics amb diferents taxes d’evolucié en la regié no recombinant més gran del
nostre genoma, el cromosoma Y, intentem comprendre com s’estructura la variacio
genética des d’'una perspectiva innovadora: segons el rerafons genétic en comptes de
segons l'estructura poblacional.

Tipificarem dos tipus de sistemes genetics en 129 cromosomes Y de quatre
poblacions del nord-oest d’Africa: onze polimorfismes bial-lélics estables i set
microsatél-lits multial-lelics. ElI conjunt de polimorfismes bial-lelics va permetre de
definir fins a dotze haplogrups, els quals molt probablement sorgiren un sol cop al llarg
de I'evolucié6 humana. La variacié en els sistemes de majors taxa evolutiva (STRs o
microsatél-lits) fou examinada per a caracteritzar la variacié genética segons els
rerafons genetics anteriorment identificats, i per a questionar si la variacio en els STRs
retenia informacio en quan a la filogenia i el temps de coalescéencia dels haplogrups.

Trobarem una elevada freqiéncia de I'haplogrup 21 (76%) i frequéncies
substancialment menors per cinc altres haplogrups. Aplicarem l'analisi de la variancia
molecular (AMOVA) a l'estudi de la reparticié de la variacié dels microsatel-lits entre
els diferents rerafons genétics (en el nostre cas definits per haplogrups i amb una clara
estructura filogenética) i trobarem que la variabilitat dels microsatél-lits clarament
estava estructurada per haplogrups, els quals expliquen més del 80% de la variancia
genética total al nord-oest d’Africa. En canvi, en analitzar la variancia genética dels
STRs entre poblacions nordafricanes, el percentatge de la variancia atribuible a les
diferéncies entre poblacions fou del 4%. Podem preguntar-nos si aquest resultat és
especific de les poblacions analitzades, les quals presenten una composicié
d’haplogrups molt particular. Per tal de comprovar si aquest resultat és més general,
van afegir dues poblacions iberiques a I'analisi. En aquest cas, tot i que I'estructuracio
de la variaci6 dels microsatél-lits per haplogrups es mantenia, el percentatge de
variabilitat genética atribuible als haplogrups era inferior (20%), tot i que continua sent
molt superior a la variancia explicable per diferéncies entre poblacions (2%). Molt

probablement, aquesta disminucié en el percentatge de variacio explicat per haplogrup
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€s causada per la preséncia de I'haplogrup 22, especific de les poblacions ibériques, i
el qual s’ha originat molt recentment a partir de I'hnaplogrup 1 (Hurles et al. 1999).

El fet de trobar una elevada variancia entre haplogrups respecte una baixa
variancia entre poblacions molt probablement indica un origen molt més recent de les
poblacions respecte la majoria de polimorfismes bial-lélics. La profunda estructuracio
de la variacid genética dels microsatél-lits en unitats genealdgiques antigues o
haplogrups permet fins i tot glestionar una perspectiva poblacional en la comprensié
de la diversitat del genoma huma. Igualment, ens porta a repensar la poblacié com a
constituida per un conjunt de llinatges independents que poden ser molt anteriors a la
propia etnogenesi.

Trobem dos exemples en la literatura on es mostra que la diversitat genética en
d’altres regions del nostre genoma presenta una clara estructuracié per rerafons
genétic. Estivill i col-laboradors (1994) trobaren que els haplotips de tres microsatél-lits
en el gen de la fibrosi quistica (CFTR) eren clarament diferents en cromosomes
portadors de la mutacié DF508 (la més frequent entre les més de 800 que causen la
fibrosi quistica) respecte aquells trobats en cromosomes no afectats. Es més, els
haplotips d’'STRs dels cromosomes no afectats de qualsevol poblacié europea eren
molt més propers entre ells que no pas als haplotips de cromosomes DF508 de la
mateixa poblacié. Per tant, la diversitat genetica en el gen CFTR a Europa té una
major estructura per rerafons genetic que no pas per poblacié. Rocha i col-laboradors
(1997), a partir de les frequéncies al-léliques d'un STR localitzat a I'extrem 5’ del gen

al-antitripsina, aconsegueixen reconstruir la filogenia entre diferents variants

electroforétiques del gen. Sembla, doncs, que aquest microsatel-lit conté informacié
relativa al rerafons geneétic en el que es troba.

Com s’ha demostrat en els reordenaments cromosomics de Drosophila
subobscura, si hi ha un intercanvi restringit d’informacié degut a la manca de
recombinacio, la variabilitat genética (en aguest cas de segiéncia nucleotidica en el
gen rp49) tendeix a compartimentar-se en blocs estancs (Rozas et al. 1999). Tal com
hem presentat, aixd arriba al seu extrem en el cas dels humans en les 30 Mb de la
regié no recombinant del cromosoma Y.

A part d'analitzar I'estructuracio de la variacio dels microsatel-lits per rerafons
genétic, varem utilitzar la variancia del nombre de repeticions en els STRs per a datar
el temps a I'avantpassat comu més recent (TMRCA) en cada branca de la filogenia del
cromosoma Y. Les edats estimades comprenien un rang entre 3.000 i 14.000 anys,
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totes amb amplis intervals de confianga. Les edats estimades es corresponien amb la
posicid de les mutacions datades en l'arbre filogenétic, de manera que obtinguerem
edats més antigues per a mutacions que es troben en les regions més profundes i
ancestrals. Per tant, aquests resultats mostren clarament que la variacié en marcadors
genétics amb elevada taxa d’evolucio encara reté informacio respecte la seva filogénia
i no han assolit una saturacié completa.

Com hem explicat anteriorment, Hammer i col-laboradors (1998) analitzen
polimorfismes bial-lélics que parcialment se solapen amb el conjunt d’'onze marcadors
bial-lelics discutits en aquesta seccidé. A partir de les frequéncies haplotipiques
trobades en poblacions representatives de la variabilitat genética mundial i de la propia
estructura de la filogenia dels marcadors del cromosoma Y, Hammer i col-laboradors
(1998) apliquen els metodes de coalescencia de Griffiths i Tavaré (1994) per a obtenir
estimes de les edats d’aquests polimorfismes. En els casos en qué podem comparar
els resultats de Hammer i col-laboradors (1998) amb els nostres, observem que les
nostres estimes d’edat son sempre forca més recents que les d’aquests altres autors,
tot i que els intervals de confianga se solapen.

Scozzari i col-laboradors (1999) utilitzen els mateixos marcadors bial-lelics que
Hammer i col-laboradors (1998) en un estudi més detallat de les poblacions africanes.
A més, analitzen quatre STRs dinucleotids (diferents dels microsatél-lits analitzats per
nosaltres) en els mateixos cromosomes. Scozzari i col-laboradors (1999) també
estimen dates per els polimorfismes bial-lelics, pero amb un metode diferent: el
proposat per Goldstein i col-laboradors (1996), basat en el model de mutacié stepwise
dels microsatel-lits i que requereix coneixer tant la grandaria efectiva de la poblacio
com la taxa de mutacio. Els valors que Scozzari i col-laboradors (1999) fan servir per
aquests parametres son, respectivament, N, = 4.500 cromosomes i m= 5.6 ~ 10®
mutacions/ gameta/generacio. Cal assenyalar que aquest darrer valor és una estima
mitjana obtinguda a partir de quinze microsatél-lits del cromosoma 19 (Weber i Wong,
1993), mentre que I'estima emprada en el nostre treball és aproximadament el doble i
correspon directament a la taxa de mutacido dels STRs del cromosoma Y que hem
emprat. Malgrat el diferent metode utilitzat, Scozzari i col-laboradors (1999) troben
edats per els polimorfismes bial-lélics del mateix ordre de magnitud que les estimades

per Hammer i col-laboradors (1998).
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Hem suggerit diferents explicacions possibles per a la discrepancia entre les

edats estimades per nosaltres i els valors obtinguts per Hammer i col-laboradors
(1998) i per Scozzari i col-laboradors (1999):

i)

El metode que hem emprat intenta datar el TMRCA de la variacido en els
microsatel-lits, que és, per definicid, posterior a I'edat de la mutacié.

Biaix poblacional. Com que hem analitzat cromosomes d’un grup molt definit de
poblacions, podriem haver subestimat la quantitat de variacié generada dins els
haplogrups. De totes maneres, l'aplicaci6 del métode de Griffiths i Tavaré
(1994) a les nostres dades de frequiéncies d’haplogrups aconsegueix reproduir
forca fidelment les estimes d’edats proposades per Hammer et al. (1998)
Possible saturacio dels STRs. Si aquests loci haguessin assolit I'equilibri
mutacié-deriva, un punt en el qual la variacié s’ha saturat i tota aquella variacio
adquirida per mutacié es perd per deriva, no resultarien informatius per a
estimes d'edats. Tanmateix, hem mostrat que aquests loci contenen encara
informacié filogenética, i que les edats estimades, per bé que en termes
absoluts puguin resultar massa recents, el seu ordre relatiu és correcte.
Sobreestimacio de la taxa de mutacid. Les edats estimades sén una funcio
lineal de la taxa de mutacié. Si aquesta hagués estat sobreestimada en 56
vegades, les nostres estimes coincidirien amb les d’ altres autors. En el cas del
DNA mitocondrial, s’ha observat una amplia discrepancia entre les estimes

genealogiques i filogenétiques de la taxa de mutacié (Jazin et al. 1998).

Hem mostrat que el background genétic predomina sobre el background

poblacional en [l'estructura de la variaci6 genética dels STRs en la regié no

recombinant del cromosoma Y huma. Hem emprat la variacié dels STRs dins els

diferents llinatges per inferir-ne els seus TMRCAs i hem mostrat que la diferenciacio

genetica que roman entre haplogroups conté encara informacio filogenetica. Per altra

banda, trobem que la variacié dels STRs en una poblaci6 ve determinada per la

composicié d’haplogroups en aquella poblacié especifica. Aixi, doncs, la composicio

geneética dels humans molt probablement es pot entendre millor en termes d’unitats

genealogiques relacionades evolutivament més que no pas en termes demografics.
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Hem estudiat la variacié genética de les poblacions del nord d’Africa a partir de
lanalisi de diverses regions genomiques per tal de reconstruir les diferents capes
sobreposades que constitueixen la seva historia. Talment com arqueolegs del nostre
genoma, hem pogut excavar en el jaciment de la historia nordafricana i n'hem
identificat, estrat a estrat, els seus elements constituents. Hem vist perdo que els
llinatges nordafricans son un feix de vimets que conflueixen en un passat molt meés
remot que la historia de les poblacions. | potser sense proposar-nos-ho, hem contribuit
a crear eines per a la justicia. Arribem ara al final del nostre viatge que ens ha dut més
enlla d’exotismes, a un intim coneixement de la historia d’'unes poblacions veines cap
a les quals hem de construir ponts de matua comprensio.
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Since the Y chromosome has one quarter of the effective population size of any autosome,
genetic drift acts more strongly on the Y chromosome than on the autosomes. As demonstrated
by Pérez-Lezaun et al. (1997) this means that:

1. Gene diversities in the Y chromosome STRs are lower than those found in autosomal
STRs. Recently, White et al. (1999) selected, out of 185 possible Y chromosome (GATA),
STRs, six loci with an average D = 0.663 in an unidentified sample, which is still far from the
usual levels of polymorphism in the autosomal STRs used in forensic casework (>0.75,
Pérez-Lezaun et al. 1999a).

2. More differentiation is found among populations for Y chromosome STRs than for
autosomal STRs, and thus more subpopulations need to be typed to obtain reliable
population data for Y chromosome markers.

These basic genetic properties explain the high levels of between population differentiation
observed in NW Africa for the Y chromosome markers and the reduction of the internal diversity

in one of the populations, the Mozabites.
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