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Abstract. Neutral DNA polymorphisms from an 8-kb similarity of the frequencies of the old polymorphisms in
segment of the dystrophin gene, previously ascertainedfricans and non-Africans suggested a similar profile of
in a worldwide samplen( = 250 chromosomes), were genetic variability in the population before the modern
used to characterize the population ancestral to the prestuman’s divergence. This ancestral population was char-
ent-day human groups. The ancestral state of each polyacterized by an effective size of about 10,000 as esti-
morphic site was determined by comparing human varimated from the nucleotide diversity; this size may de-
ants with their orthologous sites in the great apes. Thecribe the number of breeding individuals over a long
“age before fixation” of the underlying mutations was time during the Middle Pleistocene or reflect a speciation
estimated from the frequencies of the new alleles andottleneck from an initially larger population at the end
analyzed in the context of these polymorphisms’ distri-of this period.

bution among 13 populations from Africa, Europe, Asia,

New Guinea, and the Americas & 860 chromosomes Key words: Human evolution — DNA polymor-

in total). Seventeen polymorphisms older tan 100,000-phisms — Dystrophin locus — Population size — Neu-
200,000 years, which contributed®0% to the overall tral evolution — Mutation rate

nucleotide diversity, were common to all human groups.
Polymorphisms endemic to human groups or continen-

tally restricted were younger than 100,000-200,000 )

years. Africans (six populations) with 13 such sites stoodntroduction

out from the rest of the world (seven populations), where

only 2 population-specific variants were observed. TheEarly immunological studies (Goodman 1962; Sarich
and Wilson 1967) showed that the African apes were
much closer relatives oHomo sapiensand that their
lineages diverged more recently than classical primate
* Present addressNIAMS, LSBR, Bethesda, MD, USA systematists and paleontologists maintained. Protein
TPres'ent addresépartement de Biochimie, Universitke Montrel, polymorphisms pointed to the recent origin of modern
Montréal, Quebec, H3T 1C5 Canada . . human groups by indicating that the divergence between
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sity, University Park, PA 16802, USA Africans and non-Africans had taken place about 110 ky
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During the last decade molecular studies in humarcestral state of a polymorphic site is known, a different
population genetics were focused on DNA variability, approach based on calculating the “age before fixation”
particularly that of the mitochondrial genome. The re-of new alleles (Kimura and Ohta 1973; Maruyama 1974)
sulting information played an important role in shaping can be used to incorporate time estimates into the analy-
our views on the origins of modern humans but it did notsis.
settle the debate, which still oscillates between two com- Recently, we have characterized DNA polymor-
peting models: “regional continuity” and “recent Afri- phisms in an intronic segment of the dystrophin gene in
can origin.” According to the first model (Weidenreich @ sample of worldwide populations (Zietkiewicz et al.
1943) different human groups evolved regionally from 1997). This DNA segment has characteristics suggesting
archaic subpopulations dfi. erectus,who colonized thatit might be a good model of nuclear sequence varia-
Eurasia almost 2 million years ago (Swisher et al. 1994%ion to study human evolution. The dystrophin gene
Gabunia and Vekua 1995); in the second model, much o$Pans several centimorgans of the genetic distance (Na-
the present-day diversity of our species has been ad@araja et al. 1997), which substantially reduces the
quired only recently, following dispersal of the anatomi- chances of a hitchhiking effect from any closely linked
cally modern humans from Africa. Although new mo- Strongly selected locus (Maynard Smith and Haigh,
lecular and fossil evidence supports a “recent African1974)- Seventy-nine dystrophin exons [14 kilobases (kb)
origin” (Cann et al. 1987; Scozzari et al. 1988; Stringer N (otal] are spread over 2.4 Mb of DNA on chromosome
and Andrews 1988: Bowcock et al. 1991, 1994: RuvoloXP21 (DenDunnen et al. 1992; Roberts et al. 1993). This
et al. 1993 Cavalli-Sforza et al. 1994: Lahr and Foleylpw gene density _is consistent with the dystrophin loca-
1994; Leakey 1994; Mountain and Cavalli-Sforza 1994;110N in @ DNA region of poor G+C content, correspond-
Horai et al. 1995; Jorde et al. 1995; Batzer et al. 1996'19 to the L1 isochore family _(Betteck(_—:tn et al. 1992)_'
Knight et al. 1996; Tishkoff et al. 1996; Perez-Lezaun et’StructuraI redundancy at t_he middle region of the p_rotem
al. 1997; Shriver et al. 1997; Tattersall 1997), the “mul- may also relax the selective pressure on the coding se-

tiregional” hypothesis still has its proponents (Wolpoff quence itself dystrophy patients with internal in fram_e
. . deletions of large portions of the gene are affected with
and Caspari 1997). Neither of the two models has been ™ .
L . a mild (Becker, in contrast to severe Duchenne) form of
proven and it is well recognized that the extreme forms . : .
) . T the disease (Koenig et al. 1989; Simard et al. 1992).

of the two scenarios are seriously oversimplified.

To ch terize th iral h lation th None of the polymorphic sites (Zietkiewicz et al. 1997)

° (i;rac elrlze i'ances ratbuman E)qpu; |or; Ysed in the present study carry disease alleles. This is
present-day polymorphiSms must be ascertained and angg, ,gisiant with the assumption of neutrality of the ob-
lyzed in an unbiased manner in a global array of extant . .aq variation

populations (Bowcock et al. 1991; Mountain and Cav- Here we report on using Kimura and Ohta’s (1973)
alli-Sforza 1994; Cavalli-Sforza et al. 1994; Rogers andapproach to estimate the age of the44polymorphisms
Jorde 1996). Since an appropriately deep insight into the,m the frequencies of their new alleles, distinguished
past is required, the fact that the average lifetime Ofqm their ancestral state by comparing human variants
quclea_r autosomal variability is four times longer (threeith the orthologous sites in great apes. The age estima-
times in the case of the X chromosome) than that ofjon combined with the information on the geographical
mitochondrial DNA favors studies of the former (_K|m_ura stratification of the polymorphisms in 13 globally dis-
1983; Hartl and Clark 1989). Although recombinations yriputed populations, allowed us to characterize the an-
in the nuclear genome are a potential source of additionaestral genetic stock from which the present-day human

information (Hudson 1983; Hudson and Kaplan 1988;populations originated, thus shedding new light on the
Hey and Wakeley 1997; Labuda et al. 1997), they mayancient history of our species.

constitute a certain drawback in the analysis of non-Y-

chromosome nuclear DNA. In most instances recombi-

nations make it difficult to infer detailed genealogies Materials and Methods

with any reliability (Hudson 1990). This in turn renders

difficult the application of coalescence analysis to esti-Human DNA samples [nonnominative, characterized only by their ori-
mate the time to the most recent common ancestor agn (see Zietkiewicz et al. 1997)] included mixed Europeans (175 un-
well as the age of mutations underling the po|ymor_rela'[ed chromosomes); Asians—Siberian Nentsi (24), Japanese (67),

hi Thi bl b b tricting th and Chinese (85); Amerindians—Maya (80) and Karitiana (83);
phisms. This problem can be overcome by restricting (:T'Dapuans from New Guinea (69); Africans—Biaka Pygmies (89), M'Buti

analysis to the regions without recombination, or practi-pygmies (58), Rimaibe (23), Mossi (25), Nigerians (15), and African
cally without (Harding et al. 1997), or to a manageableAmericans (67). Chimpanzee, gorilla, and orangutan DNAs were ob-
number of recombinants (Hey and Wakeley 1997), bultaine_d from ATC_:C and BIOS or isola'ted from thg peripheral blood
the investigator does not always have such a choicesPecimens obtained from Granby and Qe Zoological ggrdens.
H ithout recurring to the coalescent a DNA sgguencedys44(u94396) span_ned dy‘strolphln exon 44
Owev_er' even wi . _g o r.thNA positions 6499 through 6646) and its flanking introns between
analysis does not have to be limited to a mere descriptiogositions -2853 to -1 upstream and 1 to 5034 downstream (total
of the contributing polymorphisms. Given that the an-length, 8035 bp). Excluding the terminal primers and short internal
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segments where the PCR fragments did not overlap, the total length ofthereH,, is the nucleotide diversity in the group of subpopulations (as
the analyzed sequence was 7622 bp. Polymorphisms were detected bpove), whereabl_n is the average diversity computed by dividing the
single-strand conformational polymorphism (SSCP) combined withsum of the nucleotide diversities of the constituting subpopulations by
heteroduplex analysis (Orita et al. 1989; Zietkiewicz et al. 1992) of their number.
dys44fragments and characterized by sequencing (Zietkiewicz et al. ~ Assuming random mating, neutrality, constant population size, and
1997). In brief, typically 20 chromosomes (15 in Nigerians) from each the infinite-site model of mutation (Kimura 1983), féf, < 1 the
population were analyzed in this way, amounting to the analysis oflong-term effective population siz€, can be obtained from the equa-
almost 2 Mb of DNA to ascertain polymorphisms. The presence of ation H,, = 4N.v, wherev is the mutation rate per nucleotide site per
multiallelic (T), microsatellite polymorphism in a fragment encom- generation. Here, however, since the number of X chromosomes is
passing positions 2453 to 2839 rendered SSCP analysis of the adjacebtS\,, rather than R, (assuming equal contribution of both sexes to
polymorphisms difficult; for this reason, African American and Papuan N,), the population sizé&l, = H,/3v. It is important to emphasize that
samples were omitted in the systematic SSCP screening of this fragthe effective population size is that of the entire species and not of local
ment. A total of 860 chromosomes was subsequently typed by ASCpopulations (Kimura 1983). Thus, whéh was calculated using either
(allele-specific oligonucleotide) hybridization for all polymorphic sites African or non-African chromosomes, both of these samples were con-
excluding the (T) microsatellite, analyzed by denaturing gel electro- sidered as being representative of the world.
phoresis. The average age of an allele before fixatia(p), expressed imN,
Positions orthologous to all human polymorphic sites were exam-generations units as a function of the nonancestral allele frequency, was
ined in DNA from great apes by sequencing PCR-amplified segmentsalculated according to (Kimura and Ohta 1973; see also Maruyama
including these sites or by ASO hybridization. At this stage the analysis1974; Kimura 1983)
was focused on sequence positions corresponding to the human poly-
morphic sites. The human allele 'identical by state to at Ie_gst twp of the aAp)/N, = -3p(1 - p)*1np
great ape orthologues was considered ancestral. In addition, five frag-

ments orthologous to human positions —=1590 to -999, -537 to -67,
661 to 1173, 1663 to 2242, and 4347 to 5034 (a total of 2637 bpwherep denotes the frequency of a new, nonancestral allele (a factor of

excluding primers) were carefully resequenced at their whole length in rather than 4 is used because the polymorphisms considered are on

chimpanzee, gorilla, and orangutan; interspecific genetic distances dethe X chromoso_meﬁ(p)_lr_efers o theftlme spanTsh|_nce the appearance
termined from the comparison of the human and great ape sequencg a new mutation _untl Its present reque_npy IS estimation as-
[according to the Kimura two-parameter model, using the DNADIST sumes the population to be of constant size throughout the relevant

program from Phylip 3.5 (Felsenstein 1993)] were used to compute th(J‘Qeriod of its history. It has to be considered an approximation which is
mutation rate in thelys44region as good as the fulfillment of the underlying model by the analyzed

The population parameter,, H,, F<, and N, were calculated population. The standard deviation of the age estimate was calculated
{1l n ST 'er . . . . . .
from allele frequencies averaged across 13 (world), 6 (African), or 7In units of N, generations as the square root of its variance:
(non-African) corresponding populations. Heterozygosityat each
sequence siteis V(a) = a%(p) - [a(p) 2

where

a
h = Epj(l -p)
=1

a%(p)/N2=18 [p/(l -p- f :(1nz/(l - z)dz]
wherep; is the frequency of thith allele anca is the number of alleles
at theith site.

Average heterozygosity per nucleotitt [sincen > 1, the term
n/(n — 1) can be neglected such thidt, corresponds to nucleotide
diversity] was calculated as a sum of heterozygositieexcluding 12
(T),, microsatellite site heterozygosity, reported separateli,ds di- D=[H.L - (Sa))/[eS+eSS-1)]
vided by the total length (L = 7622) of the DNA segment analyzed:
whereH,,,S,and L are as defined earlien denotes the number of
chromosomes orignally examined by SSCP,

The test for neutrality was performed according to Tajima (1989)
by calculating

L
Ho= D /L
i=1 n-1
a; = El/i,
i=1
The standard error of the nucleotide diversity was calculated as the
square root of its variance divided by the number of analyzed positions:

L
SE= [E(hi —H)Z/(L - 1)|_]1/2
i=1 e =[(n+1)/3(n-1)-(1/a,)]/a,, and

The corresponding,, values for the groups of populations, such as € =[2(n° +n+3)/9n(n - 1) = (N + 2)/an + ay/(a,)°]/(a] +a,).
Africans, non-Africans, and world, were obtained by using allele fre-
quencies averaged across the subpopulations constituting the group.

The F4 statistic was calculated to Hartl and Clark (1989) as Results

Hp — Hy Thirty-six segregating sites were found within the 8-kb

H, dys44DNA segment encompassing exon 44 of the hu-

Fer=
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Fig. 1. Polymorphisms in thelys4d4DNA sequence. The sequence arbitrary names given to polymorphic sites found in this study. Trans-
analyzed spanned exon 44 of the dystrophin gene (cDNA positionsersions are shown in thegpper rowand transitions in theniddle row
6499 through 6646; illustrated by thelack boy, and its flanking above the horizontal line; the change from an ancestral to a new allele
introns between positions —2853 to —1 upstream and positions 1 tas indicated by ararrow. Note that site 95 has three alleles, while nine
5034 downstream. Theumbers beneath the horizontal lidenote alleles were found in the (J)microsatellite (site “73").

Table 1. Population parameters for the world, Africans, and non-Afriéans

World Africans Non-Africans

Nsscp 250 115 135
S 35 33 22

n-1
S/ (W) 5.74 6.21 4.02

i=1
Naso 860 277 583
H, (+SE) 0.00101 (+0.00023) 0.00105 (+0.00023) 0.00090 (+0.00022)
H.L 7.698 7.993 6.860
D 0.962 0.876 2.001
N, (95% ClI) 11,200 (6100-16,200) 11,650 (9100—14,200) 10,000 (5100-15,000)
Fsr (%) 0.147 0.072 0.158
Hn, 0.587 0.792 0.280

#ngscp—number of chromosomes analyzed by SSCP, i.e., used to ascertain the polymorghistamber of segregating sites (substitutions and
small insertion/deletion polymorphisms),sg—number of chromosomes analyzed by ASO hybridization, i.e., used to assess geographic distri-
bution and to determine allele frequencies= 7622 bp.

man dystrophin gene on Xp21 (Zietkiewicz et al. 1997).lying mutations. For this we had to distinguish the new
As illustrated in Fig. 1, one represented a nine-allelicallele from the ancestral one and to determine the fre-
(T)14_03 Microsatellite. Others, due to substitutions andquency of the former. To provide the absolute time es-
small insertions/deletions (referred to as point mutatiortimate for the polymorphisms consider&{q) estimates
polymorphisms), were biallelic except for site “95,” are inNg generation units], we had to estimate the effec-
which had three alleles. These polymorphisms were astive population sizé\, from the nucleotide diversitiA,,
certained in a representative sample of 250 worldwideand the mutation rate.
chromosomes (on average, 20 chromosomes from each Since nuclear genomes bf. sapiensand great apes
of the 13 studied populations) to avoid European or anydiverged relatively little by point mutations, the ancestral
regional bias (Zietkiewicz et al. 1997). Population fre- state was inferred by comparison with the orthologous
guencies of thelys44polymorphisms were investigated great ape DNA positions (Mountain and Cavalli-Sforza
in an extended sample of 860 chromosomes by AS994). In the case of point mutation polymorphisms, the
hybridization or by denaturing gel electrophoresis. allele shared with the chimpanzee, gorilla, and/or orang-
Because recombination played a significant role in theutan was considered ancestral (see results reported in
evolution of thedys44segment (work in progress), the Fig. 1). Detailed comparative analysis of a 2637-bp frag-
available tools of coalescence analysis could not be apment of humandys44with the orthologous sequences
plied to analyze the age of the constituting polymor-from great apes revealed 46, 49, 55, and 75 differences
phisms (Hudson 1990). We therefore used the approaciom two chimpanzee subspecies, gorilla, and orangutan,
of Kimura and Ohta (1973) and estimated the so-calledespectively. The mutation rate of 1.5 x 2hucleotide/
“age before fixation” (Maruyama 1974) for the under- year, similar to values reported elsewhere (Goodman
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in the backgroundhars).

JM

! -l o nuclear loci (Harding et al. 1997; Hey 1997), is consis-
L o Africans tent with the neutral evolution of theys44segment.
E’ 04 ||||| Figure 2a presents a histogram of the world frequen-
2 o .J.._A.||||IIII||| 1 cies of new (nonancestral) alleles ordered from the least
¢) PR *2"*ME”“mfﬁ:“f’fz“”s‘@“ﬁ“gagﬁﬁf to the most frequent (left scale) and the corresponding
T, 0af I"I"" estimates of the age before fixation (right scale). The age
2 04T non-Africans values fell within a time frame of 3 K, generations. For
i° os N, of (110,000, as estimated from our data, and a gen-
4 1.0

eration time of R0 years, this corresponds to about 600
Fig. 2. World distribution ofdys44point mutation polymorphisms. ky. Because of their great variance (Kimura and Ohta
Histogram of new allele frequenciebars), ordered from the least to 1973: Kimura 1983) these estimates should be taken

the most frequent, and their estimated age “before fixatiofille@ ith fi t | that th for th lati
diamondsconnected by a line); the scale on tight corresponds to a with caution (note also that they are for the population

time interval of (600 ky, equivalent to I8, generationsb Occurrence ~ @nd not for the sample frequencies). Their uncertainty is

of a new allele among the studied populations: presegiay (boxe} illustrated in Fig. 3, showing the corresponding values
absencewhite boxe} and fixation plack boxey ¢ Frequencies of new plus and minus one standard deviation. On the other
alleles in Africans and in non-Africans. hand, this approach appears to be more robust than ex-

pected when applied to a number of polymorphisms

originating from a short DNA segment. Intuitively, when
1985; Britten 1986; Bailey et al. 1991), was obtainedthe polymorphisms considered are in allelic association
from the human—chimpanzee (an average), humanand their frequency changes are correlated, the magni-
gorilla, and human-orangutan genetic distances, assuniade of the variance within the analyzed segment should
ing a divergence of 5, 7, and 12 million years, respec-be reduced because the underlying gene trees are either
tively. The nucleotide diversityH, of 0.001 (Table 1) shared or, to a large extent, overlapping (Pluzhnikov and
was consistent with other studies (Li and Sadler 1991Donnelly 1996). Figure 4 presents the analysis of re-
Zietkiewicz et al. 1992; Fullerton et al. 1994; Harding et cently published polymorphisms from a nonrecombino-
al. 1997; Hey 1997) and indicated that, on average, 1 sitgenic segment of thgd-globin locus (Harding et al.
per 1000 would differ between two randomly chosen X1997). The age before fixation is compared here with the
chromosomes. The corresponding long-term effectiveage of mutations estimated by the coalescence approach
sizeN, of the human population was estimated as 11,20Griffiths and Tavarel994) as reported by the authors.
(95% CI: 6100-16,200), a value consistent with thoseFor most positions the relative ages of the contributing
obtained from other molecular data (Nei and Graur 1984 polymorphisms are very similar and the absolute differ-
Li and Sadler 1991; Rogers and Harpending 1992; Taences between the two age estimates are smaller than
kahata 1993; Horai et al. 1995; Rogers 1995). Tajima’scould be expected given the great variance of the age
(1989) D parameter, which compares two measures obefore fixation. We have to remember, however, that
the genetic variation at the DNA level (one being a func-both models assume constancy of the population size
tion of the number of segregating sit8and the other of throughout the relevant evolutionary period and thus
the nucleotide diversityH,), calculated fordys44was  should be considered with caution.
positive but did not differ significantly from 0 (Table 1). The distribution of thedys44polymorphisms among
Inclusion of the triallelic site “95,” which did not obey the populations sampled was not uniform (Fig. 2b). Since
the infinite-site model and formally should be disre- the number of segregating sites was significantly higher
garded, did not affect this analysis. Our result of Taji-in Africans than in non-Africans, we considered these
ma’s test, similar to the earlier observations for othertwo groups separately (see Fig. 2c and Table 1). Nine-
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& o

1.0

teen of the 36 new alleles were found both in AfricansFig- 5. World distribution of the (T) alleles.a The presencegtay

. . oxed and absencewhite boxe} of the alleles among the studied
and in nonAfricans, and 17 of these had a frequenc opulations; alleles are ordered from the shortest< 14) to the

=0.15, corresponding to an e.Stim‘."‘ted age of 200 ky Oﬁmgesto = 23).b Allele frequencies in Africans and in non-Africans.
more (Fig. 2a). At 13 segregating sites found only among

Africans, the world frequency of a new allele we&$.1,

corresponding to an age of less than 150 ky. In contrast, The shortage of new alleles outside Africa was more
only two such polymorphisms were observed in non-griking at thedys44(T),, site (Fig. 5), although here the
Africans. The new alleles at sites “10” and “85,” con- gncestral state could be only tentatively associated with
sidered earlier (Zietkiewicz et al. 1997) as the Europeanne most frequentT),s variant. The phylogenetic com-
admixture among African Americans (Chakraborty et al.parison was not informative here: the orthologous sites in
1992), were recently found on two different chromo- chimpanzee [12 chromosome®) ] and gorilla [3 chro-
somes from sub-Saharan Africa (not shown), thus CONmosomes, ), ] were monomorphic, while orangutan (6

firming their dispersion among continents (Fig. 2b). In- chromosomes) had two alleled){, and ().
terestingly, of the six polymorphisms in the intermediate

range (new allele frequency 0.05-0.15; i.e., estimated

age of 100-200 ky), two (“12” and “72") were re- , i

stricted to Africans, two (“10” and “85") were found ~ DP!SCUssion

mostly in non-Africans, and two (“65” and “40”) were

shared among the continents. This patchy distributiorA significant portion of the polymorphic sites ascer-
suggests that these sites could have originated in the tim@ined in this study has an estimated age of 200 ky or
period when the ancestral population of the anatomicallynore (Fig. 2a). Their ubiquity among globally distrib-
modern humans started to diverge. With the exception ofited human groups (Fig. 2b) indicates that these sites
site “30,” where a new allele appeared fixed among represent a record of the nucleotide diversity of the an-
seven non-African populations, the relative shortage otestral population. Frequency profiles of these polymor-
rare alleles outside Africa was related to the deficiency ofphisms do not differ between Africans and non-Africans
new polymorphisms, rather than to the loss of preexistingFig. 2c), which suggests that a profile characterizing the
ones. The data at ttgeglobin locus (Harding et al. 1997) population before the divergence was similar to that ob-
show a similar pattern (Fig. 4). New alleles representingserved today and that the ancient human population was
12 variants common to Africans and non-Africans be-relatively homogeneos until 100—-200 ky ago. Polymor-
long to the old category (the age before fixation is greateiphisms estimated to be younger are restricted to Africans
thanN, generations for 10 variants). At four sites the newor non-Africans, indicating that after this date these
allele is restricted to Africa and at three it is found only groups must have diverged and subsequently stayed
outside; here, again, the age of new alleles is lessithan separated. This date is in good agreement with the age of
generations (Fig. 4). paleontological findings of modern human fossils in Af-
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Fig. 6. Model explaining the patterns afys44polymorphisms among human populatioBack circlesrepresent globally distributed polymor-
phisms of the ancestral populatioN,([110,000 individuals); outegray ringsindicate younger polymorphisms, particular for either Africans or
non-Africans, that were acquired after divergence of these grdumsk arrowsrepresent geographic expansions of modern hunthimsarrows
symbolize gene flow between African populations.

rica and the Middle East (Stringer and Andrews 1988;Lazaun et al. 1997; Shriver et al. 1997), the highest level
Lahr and Foley 1994; Leakey 1994; Tattersall 1997). of within-population variation at thelys44locus was
Thus, theN, of about 10,000 estimated from the seen in sub-Saharan Africans. This effect was much
nucleotide diversity appears to reflect the size of themore pronounced in the number of segregating si#gs (
ancestral population before its diversification and geo-than inH,, (Table 1) and resulted from the accumulation
graphical expansion. Since the ubiquitous polymor-of new polymorphisms in Africa following the diver-
phisms contributed 90% to the nucleotide diverskiy, ( gence of modern humans. However, provided that this
of 0.0009 was obtained when the sites restricted to Af-observation is not a particularity ofys44or merely the
ricans and non-Africans were disregarded), the effectiveesult of sampling, it is the paucity of young polymor-
population size of11.0,000 was also obtained when either phisms outside Africa, rather than the relative excess of
Africans or non-Africans were considered as being rep-African polymorphisms, which requires explanation. The
resentative of the world population (Table 1). Simidyr  greater African diversity is consistent with a scenario in
values could also be computed from individual nucleo-which the ancestral population remained in Africa and
tide diversities of the 13 analyzed populations [mediannon-Africans migrated outside (Tishkoff et al. 1996).
= 0.00084 (Zietkiewicz et al. 1997)]. Geographic Nevertheless, the older age of Africans does not have to
isolation favors speciation, and it could have played suclbe implied to explain the results, since these might reflect
a role in the emergence &f. sapiens.The number of the size differences of the divergilktpmo sapienpopu-
10,000 breeding individuals might thus reflect a speciadations (Relethford and Harpending 1995; Relethford
tion bottleneck rather than a long-term size of the ances1995; Rogers and Jorde 1995), whereby the greater num-
tral population throughout the Middle Pleistocene [for ber of young polymorphisms among Africans could be
discussion on the meaning of the effective populationattributed to their greater population size following the
size, see Harding (1996)]. divergence from the ancestral stock. At the same time, a
Consistent with a number of molecular studies inhigher population turnover outside Africa could account
which the highest genomic variability and/or the deepesfor the differences in the African and non-African diver-
phylogenetic branching were seen among Africanssities observed (Takahata 1994).
(Cann et al. 1987; Scozzari et al. 1988; Ruvolo et al. The model proposed in Fig. 6 summarizes our con-
1993; Bowcock et al. 1994; Cavalli-Sforza et al. 1994; clusions. An ancient population of about 10,000 breeding
Mountain and Cavalli-Sforza 1994; Horai et al. 1995; individuals diverged 100-200 ky ago. An African or
Jorde et al. 1995; Batzer et al. 1996; Knight et al. 1996;Middle Eastern origin of the ancestral human population
Tishkoff et al. 1996; Nei and Takezaki 1996; Perez-could not be inferred from our data; placing here the



153

ancestral population in Africa follows the paleontologi- ones (Krings et al. 1997), are also compatible with the
cal evidence (Stringer and Andrews 1988; Lahr andrecent paleontological evidence, which suggests that the
Foley 1994; Leakey 1994; Tattersall 1997). The AfricangenusHomo, during the Paleolithic until as recently as
population subsequently divided into subpopulations thaB0-50 ky ago (Swisher et al. 1996), coexisted as a num-
remained in contact, allowing a certain amount of geneder of species rather than as regional lineages represent-
flow, as indicated by the lowe$ts; of 0.072 (Table 1). ing the same species (Tattersall 1997).

In contrast, non-African populations became isolated fol- A variety of molecular data is needed to characterize
lowing their geographical expansion. This rendered théhe ancient population of modern humans. While studies
exchange of genetic material less probable, as reflecte@f nuclear loci will provide a body of new evidence,
both by the higheFg; (0.158) and by the smaller num- Progress in theoretical work is also required. Models and
ber of rare new polymorphisms shared within this group.methods need to be developed that would allow analysis
While the Fg; of 0.147 characterizing the world com- Of DNA segments taking into account not only mutations
posed of 13 populations (Zietkiewicz et al. 1997) Wascharactgrized by Qifferent rates but also recombinations
similar to estimates reported earlier (Relethford 1995)(S€e Wiuf and Hein 1997).
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