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Abstract

Nucleotide variation was examined in an 8 kb intronic DNA bordering exon 44 of the human dystrophin gene on Xp21. Thirty-
six polymorphisms (substitutions, small insertions/deletions and one (T), microsatellite) were found using SSCP/heteroduplex
analysis of DNA samples from mixed Europeans, Papua New Guineans as well as from six African, three Asian and two
Amerindian populations. In this way the European bias in the nuclear polymorphism ascertainment has been avoided. In a
maximum likelihood tree constructed from the frequency data, Africans clustered separately from the non-African populations.
Fifteen polymorphisms were shared among most of the populations compared, whereas 13 sites were found to be endemic to
Africans and four to non-Africans. The common sites contributed most to the average heterozygosity (H,=0.101% +0.023),
whereas the endemic ones, being rare, had little effect on this estimate. The Fg, values were lower for Africans (0.072) than for
non-Africans (0.158), suggesting a higher level of gene exchange within Africa, corroborating the observation of a greater number
of segregating sites on this continent than elsewhere. The data suggest a recent common origin of the African and non-African
populations, where a greater geographical isolation of the latter resulted in a smaller number of newly acquired polymorphisms.
© 1997 Elsevier Science B.V.
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1. Introduction tides of the DNA message will soon be completely

known. The second dimension of the human genetic

Disclosure of the content and organization of the
genetic information in human DNA is a goal of the
ongoing genome project. The linear sequence of nucleo-
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heritage, its sequence variability within populations, has
only started to be explored, both in qualitative and
quantitative terms. According to the neutral theory
(Kimura, 1983) most of the intra-specific variability at
the molecular level is selectively neutral. It is maintained
within the species by the balance between the mutational
input and random extinction. The DNA polymorphisms
represent a transient situation where one allele chosen
at random is on its way to fixation. In the absence of
selection the amount of genetic variation among subpo-
pulations is shaped by mutation rate, random fluctua-
tions in allele frequences (drift) and gene flow (exchange
of alleles between populations), and strongly depends
on demography (effective population size, migration
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etc.). For this reason the genomic variability observed
in the present-day human population is not only a
record of the history of our genes but also of our species;
knowing it better is crucial to solving the questions
concerning the evolution of modern humans.

The knowledge of human DNA diversity originates
to a large extent from studies using markers developed
for linkage mapping and ascertained in a small number
of samples, primarily of European origin. As a result of
the European ascertainment, the human genomic vari-
ability has suffered from the frequency bias of the
polymorphisms tested (e.g. Bowcock et al., 1991;
Mountain and Cavalli-Sforza, 1994; Rogers and Jorde,
1996). Furthermore, the use of RFLP markers was a
source of sequence-based bias, since recognition sites of
frequently used restriction enzymes often included CpGs
of which the human genome is depleted (Bird, 1987;
Labuda and Striker, 1989), and had an average G+C
content that did not match the base composition of
human DNA (see ¢.g. Cooper and Schmidtke, 1984;
Cooper et al., 1985).

As a result of the limited sampling of individuals
and/or populations as well as the differences in detection
methods, the estimates of genome variability differed
significantly. The density of segregating sites on the
autosomes ranged from 1/370 to 1/108 (e.g. Murray
et al., 1984; Cooper et al., 1985; Chakravarti et al.,
1986; Hofker et al., 1986; Antonarakis et al., 1988;
Fullerton et al., 1994), whereas the values reported for
the X chromosome were from 1/732 to 1/190 (Cooper
et al., 1985; Hofker et al., 1986; Zietkiewicz et al., 1995).
The estimates of nucleotide diversity H, ranged from
0.1 to 0.39% on the autosomes (Murray et al., 1984;
Cooper et al., 1985; Chakravarti et al., 1986; Hofker
et al., 1986; Antonarakis et al., 1988; Li and Sadler,
1991; Fullerton et al., 1994) and from 0.04 to 0.09% on
the X (Cooper et al., 1985, Hofker et al., 1986;
Zietkiewicz et al., 1995).

To obtain unbiased information on the human
genome diversity we investigated sequence variability in
13 globally distributed human populations. An 8 kb
DNA segment of the human X chromosome was exam-
ined using SSCP combined with the heteroduplex analy-
sis, a direct and objective technique comparable to DNA
sequencing but more cost-effective (Orita et al., 1989;
Zietkiewicz et al., 1992). The analysis of the distribution
of the new (non-ancestral) allele frequencies at the 35
segregating sites in all the populations studied provided
us with new information, shedding light on the history
of modern humans.

2. Materials and methods

2.1. Genomic samples

Human DNA samples from the existing collections
in the authors’ laboratories are listed in Table 1.

2.2. Dysd4 sequence polymorphisms

We analysed a total of 7622 nucleotides out of the
8035 nucleotide-long dys44 sequence, spanning exon 44
of the dystrophin gene (cDNA positions 6499-6646)
and its flanking introns between positions —2853 to —1
upstream and 1 to 5034 downstream. The numbering
refers to the GenBank sequence U94396, where the
following modifications to the previously deposited
sequence (M81257) were introduced: a G-to-A change
at position 710 of intron 44, a one-nucleotide insertion
at position 1754 of intron 44, and a 195-nucleotide
‘insertion’ including positions —2347 to —2541 (replac-
ing a 10-nucleotide segment —2347 to —2356) in intron
43. To search for gel mobility variants the dys44 segment
was divided into 30 fragments ranging from 92 to
480 bp, obtained by PCR combined where indicated
with restriction enzyme digestion (Fig. 1 and Table 2).
The amplification was in 20 pl, in 20 mM Tris—HCI
(pH 8.4) (at 25°C), 50mM KCI, 1.5mM MgCl,,
0.2mM dNTPs (each), 0.2 pl (2 uCi) of «-[**P]dCTP,
with 1 uM primers (each), 1 unit Tag DNA polymerase
(BRL) and 5 ng DNA. Following denaturation (3 min,
94°C), the amplification was performed for 30-35 cycles
(94°C for 30 s, annealing temperture as in Table 2 for
45s and 72°C for 90 s), terminated at 72°C (10 min).
The PCR products were examined using SSCP/
heteroduplex analysis, as described (Zietkiewicz et al.,
1992). For typing length variants the PCR step at 72°C
was 30 s rather then 90 s, the primer was radioactively
labelled at its 5’-end (see Zietkiewicz et al., 1992 and
below), and the electrophoresis was carried out under
denaturing conditions. DNA mobility variants were
characterized by direct dideoxy-sequencing of the PCR
products (ABI 373A DNA sequencer).

2.3. Allele specific oligonucleotide, ASO, hybridization

Pentadecanucleotides were synthesized complemen-
tary to each allelic variant identified, to serve as ASO-
probes for DNA typing by dot-blot hybridization
(Table 3). 2—-8 kb (kilobase) dys44 fragments (depending
on DNA sample quality) were amplified as above using
combinations of primers from Table 2, except that the
volume was 50 pl, the radioactivity was omitted, and a
two-step PCR-program was applied (first 14 cycles were
as above but the 72°C incubation was 120 s; in subse-
quent 25 cycles the 72°C incubation time increased in
7 s increments per cycle). Each reaction was brought up
to 100 ul with water, incubated at 94°C for 2 min and
cooled on ice; the solution was then made 10 x SSC
(1.5 M Na(l, 150 mM sodium citrate, pH 7) by addition
of 100 ul 20 x SSC. Aliquots of 100 pl were then applied
in parallel onto a Hybond@-N* membrane (Amers-
ham) to create two identical twin 48-dot blots. After
rinsing with 100 pl of 10 x SSC the membranes were
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Table 1

Population parameters for the 13 groups studied

Population Number of chromosomes S H,x10° (+S.E) Hopuro % 103 H,
African Americans 67 31 1.06 (+0.23) 0.91 0.813
Mossi (Burkina Faso) 25 24 1.05(+0.23) 0.81 0.883
Rimaibe (Burkina Faso) 23 24 1.06 (£0.23) 0.79 0.786
Biaka Pygmies (Central Africa Republic) 89 21 0.98 (+£0.23) 0.89 0.618
Nigerians i5 21 0.92(+0.22) 0.76 0.558
M’Buti Pygmies (Congo) 58 18 0.82 (£0.21) 0.63 0.517
Europeans (mixed) 175 20 0.74 (£0.18) 0.74 0.394
Siberians® 24 19 0.93 (+0.22) 0.93 0.360
Papua New Guineans® 69 16 0.71 (£0.20) 0.70 0.205
Chinese 85 18 0.76 (£0.20) 0.76 0.131
Japanese 67 16 0.70 (+£0.20) 0.69 0.061
Maya 80 16 0.84 (£0.22) 0.84 0.353
Karitiana (Brazil) 83 15 0.60 (+£0.16) 0.60 0.281
World 860 35 1.01(£0.23) 0.90 0.579
Africans 277 33 1.05(+0.23) 0.84 0.773
Non-Africans 583 22 0.90 (+0.23) 0.90 0.270

S, Number of segregating sites (including substitutions and small indels); H, average heterozygosity per nucleotide site (nucleotide diversity);
H,r.. ‘H, taking into account only the polymorphisms found in Europeans; H,, average heterozygosity of the (T), microsatelite; *Tundra and

Forest Nentsi; ®?Coastal and Highland.

immersed in 1.5 M NaCl, 0.5 M NaOH for 10 min and
in 1.5M NaCl, 0.5M Tris-HCI (pH 7.2) for 15 min
DNA was fixed by exposing the membranes to 254 nm
UV at the energy of 120 000 uJ/cm? in Stratalinker 1800
(Stratagene).

Blots were pre-hybridized for 30 min (rotary oven) in
20ml 1xSSPE (150 mM NaCl, 10mM NaH,PO,
1.1mM EDTA, pH74), 075M NaCl, 70 mM
Tris—HCI (pH 7.4), containing 1% SDS and 200 pg/ml
heparin, at hybridization temperature, Ty (see Table 3).
ASO probes, 50pmol, were 5'-labelled wusing
y-[32P]ATP (6000 Ci/mmol) and T4 kinase (Gibco BRL)
to a specific activity of 1-3x10°cpm/pmol
(250 000-750 000 cpm/ng). Hybridization with the
0.8-2.0 pmol ASO probe (~2 000 000 cpm) was carried

out for 40 min at Ty. The membranes were then washed
with 2 x SSPE, 0.1% SDS for 10 min at room temper-
ature, two times for 10 min at Ty, rinsed with 2 x SSC
at room temperature, and exposed overnight at —80°C
with a screen. Identical twin membranes were probed
by the allelic ASOs and always read in parallel. This
compensated, if necessary, for varying concentrations
of the individual amplified DNA samples and, by the
same token, for the variance in the probe activity. In
addition, DNA samples of known allelic content (SSCP
variants of known sequence) served as positive controls
for the allelic probes. After stripping (5 min in boiling
0.5% SDS) the membranes were stored at —20°C and
reused (up to 12 times) for hybridization with other
probes.

500 nt
Exon 44 —
6499\ 6646
-2853 +5034
L | | ] | | ] ‘w | | { { | Ll | J
— —_— y_ ¥ ¥ _
1A 2 X ¥ A 5 TA Y 10 Y 12 3B 15
1B 3 4B 6 B 9 1 13A 14
1] i | Jl. | [ L1 1

O | | Ll
* k% &&1*6{1 IR’

Fig. 1. Dys44 DNA segment. Flanking nucleotides —2853 and 5034 delimit dys44 region within the upstream and the downstream intron of
dystrophin exon 44 (cDNA positions 6499-6646), respectively. Short horizontal lines below correspond to the overlapping PCR fragments (Table 2)
used in the SSCP analysis, some of which were restriction digested (double-head arrows). The approximate distribution of the polymorphic sites

(asterisks) is shown at the bottom.
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Table 2
PCR amplification of dys44 fragments
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Dys44 fragment

ATT
AGA
TGG
ATT
GGC
GAG
GGC
GTC
CAG
CTG
TAT

1A
CAG
GAG
AGC
TTC
GCA
CCT
TTG
ATA
ACA
AAT
CAT
TAA
TAT
GAT
ATC
TTT
TTG
ATC
TGT
CTA
CccA
TGG
CAG
GCT
ACA
TAT
TAC
AGG
GAA
GAA
AAT
GGC
ACA

1B

2

3

4A

4B

CTT
ATT
cca
ACC
GTT
CTG
GTA
AAT
AAT

TA

7B

8

ATT
AGA
CCT
CTG
GCT
ATG
ACC
AAC
CTT
GTC
AGG
TTA
GCA
GGC
GAT
ATG

9
10

11
11A

11POL

12
long12-15

13A
ATG
CAG
TGC
TTC
AAG
TCC
ATT
CTG
GCT

13B

AGA
CAG
GTT
TGC
TGT

b e B B = B B B B~ - B e T B e I e B T IR B e B B = s e B o B s I T B T e I B - R I I B T I

PCR primers

TGT
AGT
AGA
TTG
TAC
AAR
TAT
ACC
ccce
TAC
TGA
CTG
TGT
TTT
TAT
CTT
TTT
TTA
ACA
AAR
TAC
TTC
cce
AAR
TAA
TTC
TTG
AAC
ATT
CGT
AAT
TAA
AGA
TGT
CAT
TGC
GTA
GAA
ATA
AAT
GTC
TCT
CAC
ATG

TGA
ACC
CTG
GTA
CTT
GGA
TAG
TTC
TGG
[elele)
TTT
AAR
TCA
TGG
GCT
CAG
TCG
CGA
GCA
CAC
ATA
ACT
AAT
GAG
AGT
TGG
TTA
TGA
AGA
TGT
cTC
TGG
TTA
GCG
AAT
TTG
GAC
CCa
TAC
CAG
CTT
ACT
AGG
TCT

AT

AGT
ATG
GCA
cG

ATT
TAA
CAG
TecC
ATA
ATT
GGA
TAT
TTA
TTT
AAC
AAA
TGC
AGG
AGT
GTT
TC

CTG
AGA
GCC
TCA
TGA
TCA
CAT
AG

CcT

TCC
AGT
TGT
GTA
GTT
AGT
GAT
TGA
AGA
TAG
GGC
TTT
GCG

GG
GT
TA
TA
ACC
CTG
T

T

G
TAG

cc

TAA
cc
AG
TC

TC
TCA
AT
cc
GT
GG

CTG
CAT
of

AAC
GAA
ACA

Ta RE Fragment size (bp)

52 - 296

58 - 427

52 HindIII 206, 294

60 Hinfl 197, 303, 92

56 - 390

52 - 301

52 Alul 326, 145
TGC A 56 - 267
ATC T

52 - 3

56 - 444
GC 52 - 329

58 EcoRI 463, 169

56 Ddel 178, 251, 150
¢ 52 HindIIl 265, 385

52 Alul 44, 98, 285

48 - 85

56 Haelll 377,255

54 - 2334

59 - 291

59 - 350

52 - 490

56 Pstl 262, 426
III\'TC GAA 50 - 8181
ACG TTC

T4, Annealing temperature in °C; RE, restriction enzyme applied; F, forward; R, reverse.

2.4. Data analysis

Allele frequencies were determined by direct gene

counting. A maximum likelihood tree was constructed
using the coNTML program from Phylip package 3.5
(Felsenstein, 1993). Heterozygosity A; at each sequence

site i was calculated as: h;= Y p;(1—p;), where p; is a

frequency of the jth allele aljldla is a number of alleles
at the ith site. Microsatellite heterozygosity, H,, for the
(T), site, was calculated accordingly and reported sepa-
rately from H, calculated below. Average heterozygosity
per nucleotide H, (nucleotide diversity; including here
substitutions and small insertions/deletions) was calcu-
lated as a sum of heterozygosities 4; divided by the total
L

DNA length L(L=7622): H,= ) h;/L; standard error:

i=1

L 1/2
SE=[ Z(hi_Hn)z/(L“I)L] . The H, values for the
i=1

groups of populations, such as Africans, non-Africans
or the world, were obtained as above, using allele
frequencies p; averaged across the constituting subpopul-
ations. Fg; statistics were calculated according to Hartl

Hy

Hp— .
, where H; is the

and Clark (1989): Fgp=

T
nucleotide diversity in the group of subpopulations and

Hg is computed by dividing the sum of nucleotide
diversities of the constituting subpopulations by their
number. Fgr values for individual polymorphic sites
were obtained using A; rather than A, values to calculate
H; and H,.
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Table 3
Oligonucleotide probes used in ASO hybridization

Polymorphic ASO sequence Ty Polymorphic ASO sequence TH
site site
2A-3A F TCT GTG AAA CAG GTT 37 45 R GGC c/aTT AAA AAT TGG 37
2C-3C F TCT GTG CCA CAG GTT
2C-3A-5 F TCT GTG CAA CAg/a GTT 48 R TCT ATA TCT Aec/tC CCA 37
8 F AGT AGC TAA a/cAG TGT 37 50 F AGG TTA Ac/tT AGG GAG 37
10 F TTC t/cGA CTC TCA ATA 37 55 F CCA TGT AGT Ata/g TAT 37
12 F Tga/g TGC AAA TGC ATG 38 58T-59 R CCA Aec/aT TTT ACT TCT 37
58A-59 R CCA Ac/aT TAT ACT TCT
14 F CTT e¢/tGG CTA CCT TCG 38
64A-65 F AAT ATT CTC AAc/a CCT 37
15 F GAA ACA AGA GAt/g ATT 38 64C-65 R AGG t/gCT GAG AAT ATT
18 F ATC CAt/e TGC TTC TTA 38 70 F TTT AAC Ag/aA AGC CTC 37
20 F ATG CTT GCT TGG a/gCA 43 71 F AAC CGt/c TGT AGC ATA 37
25 F ATG Ce/gC CAG TTG ATT 38 72 R AGA CAA a/tAT ATA TGC 37
30 F AGG TAA ACA TAc/t AGC 43 85 F CTG GTC TAG ATC TC- === =-~- =C 37
F G ATC TCt aga tct cC
32 F ATA At/eT TCT CTG TGG 37
86 F GTG AARA AAA a/gTC AAC 37
33 F AAT GTt gtG TGT ACA 37
F AAT GT- --G TGT ACA TGC 87 F TGG AGA Ac/tC TCT CTA 37
35 R AGT TTC e/tT1G CAT TTG 37 88 F CAT TTT TTT ACC t/cGA 37
38 F GTT GTC ate ATT ATA 37 90 F ATC CAC CAA ARAc/t AGT 38
F GTT GTC --- ATT ATA TTA
93 F ACT GAA TTA Tec/tG TCT 38
40 F ATA Ga/gG AAA CAG CAT 37
95 F CTA Tg/a/cA TAG AAT GAG 35

Ty, Hybridization temperature in °C; F and R, oligonucleotides complementary to the — and + strand, respectively; allelic positions within the
oligonucleotide sequence are in bold; whenever possible allelic probes are shown as a single sequence within variants in lower case separated by /.

3. Results and discussion

3.1. DNA sequence variants and their frequency profiles
in populations

An 8 kb region spanning exon 44 in the dystrophin
gene (dys44, Fig. 1) was examined for the presence of
DNA polymorphisms by combined SSCP/heteroduplex
analysis (Fig. 2(a)). On average 20 chromosomes from

each of the 13 subpopulations listed in Table 1 were
investigated, which amounts to a survey of almost 2 Mb
DNA for the presence of mutations. ASO hybridization
(Fig. 2(b)) was used to determine allele frequencies in
the extended, global population sample (Table 1). The
characterization of gel mobility variants (Fig. 2(a)) by
DNA sequencing revealed a nine-allele (T),,_,; length
variation (Fig. 2(c)) and 35 ‘point mutation’ polymor-
phisms due to 11 transversions, 22 transitions, two
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A B
Niat 1 1 AGG TTA ACT AGG GAG  AGG TTA ATT AGG GAG
D232222323111223133123
123456
AQ A
B B
C ¢ C
D D
Fr@ F
G G4
C
15 15 17 15 14
15 39 22 1420 5, 221522 15 1571515 | 15 1619 1715 16
DS

Fig. 2. Polymorphism detection and genotyping. (A) SSCP/heteroduplex analysis (moblity variants are denoted at the top, ND is the non-denatured
control, DS indicates migration of double-stranded DNA); (B) ASO dot-blot hybridization (positions B5 and G6 correspond to ‘no DNA’ controls;
the sequences of ASO probes are shown at the top); (C) denaturing gel electrophoresis of (T), variants (# is indicated at the top).

3-nucleotide deletions and one 8-nucleotide duplication
(Table 3). The ratio of substitutions to small
insertions/deletions was approximately 10, and that of
transitions to transversions was 2.

Frequency data (excluding length polymorphism)
were used to construct a maximum likelihood tree
(Felsenstein, 1993): the African populations clustered
together separately from the non-African ones (Fig. 3).
The ancestral state of each polymorphic site was inferred
by comparison with the orthologous non-human pri-
mates: allele shared with at least two great apes, i.e.
chimpanzee, gorilla and/or orangutan, was considered
ancestral (Zietkiewicz et al., submitted). A theoretical
ancestral population obtained by setting ancestral allele
frequencies at 1.0 (see Batzer et al., 1994; Mountain and
Cavalli-Sforza, 1994; Nei and Takezaki, 1996) joined
the tree between M’Buti Pygmies and other African
populations, consistent with the African origin of
modern humans (Stringer and Andrews, 1988; Lahr and
Foley, 1994; Tattersal, 1995).

The number of segregating sites (Table 1) was typi-
cally higher in African subpopulations than in non-
African ones and ranged from 15 in Karitiana, a small
inbred Amerindian tribe (Kidd et al., 1991), to 31 in

Karitiana

PapuanNG

M'Buti

Fig. 3. Maximum likelihood tree of human populations. The genetic
distances are proportional to the branch lengths; bootstrap values (100
replicates) are shown at the branching points; the putative root (indi-
cated by an arrow) was obtained by setting the ancestral allele frequen-
cies at one (see text).

African Americans, a highly heterogeneous and admixed
group (Chakraborty et al., 1992). The frequency profiles
of polymorphisms in populations are compared in a
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series of histograms in Fig. 4. Fifteen segregating sites,
with an overall new (i.e. non-ancestral ) allele frequency
>0.1 were observed in all the populations. We conclude
that these polymorphisms had to be present in an
ancestral population, which gave rise to both African
and non-African groups. Thirteen polymorphisms were
endemic to Africa and only four such sites were found
outside Africa (new alleles at positions ‘10’ and ‘85°,
frequent in Europeans, Siberians and Amerindians,

World ||
X _FrRAK ..-nnl;lll"“"l"l

AfrAmer

|
-*. ’.‘.hll_nﬂ_l.llh"lll“l
T

1 Mossi

. ,,..,..l,u|||,|!||,|”
-

4 Rimaibe

—
Nigerian

Biaka

PR
-
v
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:
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L RFTARRXSNU = 0D DM DR
EEIILECLERSAECRaER SRR

always occurred together; in African Americans they
were considered as European admixture). These African
and non-African polymorphisms were rare, with new
allele frequencies <0.1. Four out of the 13 African and
two out of the four non-African polymorphisms were
‘private’, i.e. a new allele was present in a single popula-
tion only (indicated by asterisks in Fig. 4). The polymor-
phism at site ‘55’ was found only in Europeans and
African Americans. A new allele was fixed at site ‘30

]
| European "Il"ll
a il Ilg,l,l, L

Siberian

LI S s e e e

1 Chinese

r

Japanese |
Maya
B 111
Karitiana

J— 11T
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Fig. 4. Distribution of dys44 polymorphisms among populations. Histograms of new allele frequencies are ordered according to their increasing
abundance in the world population. Globally distributed polymorphisms are represented by dark grey bars, endemic African *positions in black
and those found only in non-Africans in light grey. Asterisks indicate polymorphisms found in a single population. Arbitrary names of the

polymorphisms (Table 3) are shown at the bottom histograms only.
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in all non-African populations; at site ‘14’ this occurred
in some of the African populations, whereas at site
‘58’ in a number of African and non-African populations
(Fig. 4).

In Africans the profiles of new allele frequencies
(Fig. 4) are similar in all the populations, except for the
most distant M’Buti Pygmies (Fig. 3). In Biaka Pygmies
we noted the shortage of rare new alleles; in Mossi,
Rimaibe, Nigerians and Biaka Pygmies the new allele
was fixed at position ‘58’ whereas in Mossi, Nigerians
and M’Buti Pygmies this occurred at position ‘14°. In
non-Africans, Fig. 4 reveals differences among popula-
tions at a number of positions. In Chinese, Japanese
and Papua New Guineans the new alleles ‘95-1° and
‘14’ are fixed whereas those at positions ‘10’ and ‘85
are missing. Papua New Guineans share with the
Amerindian populations a higher level of new alleles at
positions ‘8’, 2’ and ‘71’. Maya and Karitiana also
share new alleles at positions ‘10’ and ‘85’; these are
also present at significant frequency in Europeans and
Siberians. Otherwise the frequency profiles in
Amerindians appear different; the distinct one in
Karitiana may be ascribed to the effect of the genetic
drift expected to be more pronounced in a small and
inbred population (Kidd et al., 1991). Due to their
physical proximity dys44 polymorphisms are in linkage
disequilibrium, which can be seen as correlated changes
in certain allele frequencies within populations.
However, based on tests by Tajima (1989) and Kimura
and Crow (1964), these sites appeared as independent,
neutral polymorphisms (data not shown).

Four to nine alleles were observed at the (T), micro-
satellite in African populations and from two to four in
non-Africans (Fig. 5); a similar pattern to that seen in
Fig. 4, but even more pronounced. The (T, allele had
the highest frequency in all but one (M’Buti Pygmies)
population; it could be considered the oldest or the most
stable among the inter-converting length variants.

3.2. Fyy

Fy; values, reflecting the contribution of differences
among subpopulations to the total divergence, strongly
depend on how these subpopulations are defined within
the total population (Fig. 6). The Fgr value of 0.147
characterized the world composed of 13 subpopulations.
When the world population was considered to be com-
posed of only two groups, Africans and non-Africans,
the corresponding value was 0.036. This indicated that
most of the divergence within the world was caused by
differences among particular populations and not by the
difference between Africans and non-Africans.
Furthermore, the Fg; values for Africans and non-
Africans were 0.072 and 0.158, respectively. The same
overall tendencies were observed when Fg was calcu-
lated for each polymorphic site separately (Fig. 6). In
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Fig. 5. Allele frequencies of the (T), microsatellite among Africans
and non-African populations (#, 14 to 24, are shown at the bottom).

non-Africans the Fg, values were much higher at the
sites considered to represent old polymorphisms,
whereas in Africans the Fg, values were similar across
most of the polymorphic sites, except for the African-
specific positions ‘12°, ‘72’ and ‘30’

In Africans the major contribution to their overall
divergence comes from M’Buti Pygmies: excluding this
population resulted in lowering the African Fgp from
0.072 to 0.027. Among non-Africans the two groups
contributing most to the Fyr value were Papua New
Guineans and Karitiana. When both these populations
were omitted from the calculation, the Fg; dropped
from 0.158 to 0.059 (excluding only Papua New
Guineans or Karitiana resulted in Fg; of 0.127 or 0.121,
respectively). Nevertheless, in spite of these different
representations of non-Africans and Africans, Fgr
remained higher outside Africa. This is understandable
in the light of the difference in geographical areas
occupied by Africans and non-Africans.
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Fig. 6. Fg; values at each of the 35 polymorphic positions (bars) and based on the average heterozygosty per nucleotide (numbers). (a) World
composed of the 13 populations studied; (b) world composed of two groups, Africans and non-Africans; (c) Africans (six populations); and (d)

non-Africans (seven populations).

In conclusion, our Fg; data are consistent with earlier
reports on a variety of markers (Relethford, 1995;
Hammer et al., 1997) and suggest a higher level of gene
exchange within Africa than among non-African popula-
tions. This in turn may explain the greater number of
polymorphic sites seen in Africa. However, the same
effect could also result from a larger population size on
the Old Continent (Relethford and Harpending, 1995;
Stoneking et al., submitted). On the other hand, higher
nuclear DNA variability among Africans cannot be
taken by itself as an indication of the African origin of
modern humans. African and non-African populations
share all old segregating sites and differ in rare, new
polymorphisms (as measured by the frequency of the
new, non-ancestral allele). These results are therefore
consistent with a scenario where Africans and non-
Africans diverged recently from a common ancestral
population, with more opportunities (see above) to
accumulate new variants existing subsequently in Africa
than outside (Zietkiewicz et al., submitted).

3.3. Nucleotide diversity and the ascertainment bias

The density of segregating sites reported previously
for the X chromosome ranged from 1/732 to 1/190
(Cooper et al., 1985; Hofker et al., 1986; Zietkiewicz
et al., 1995). In dys44, with 35 sites within 7622 bp, this
density is 1/218 and is probably an underestimate given
the limitations of SSCP/heteroduplex analysis (Hayashi,
1992; Sheffield et al., 1993). Interestingly, using 34

restriction enzymes commonly applied in the earlier
RFLP studies (e.g. Cooper and Schmidtke, 1984; Cooper
et al., 1985; Antonarakis et al., 1988), five variant
positions would be revealed within 540 bp of dys#4
screened in that way. The resulting polymorphism den-
sity of 1/108 would therefore be twice as large as our
SSCP-based estimate. If only Europeans were analysed,
the RFLP density would have been 1/180, compared to
1/382 (20/7622) based on the SSCP screening of the
same population.

In our data set the H, values follow the same relative
tendency as the number of polymorphic sites S
(Table 1). H, is estimated at 0.101% for the world and
its highest values are seen in Africans. When dys44
polymorphisms are ascertained in European DNAs only
(Fig. 4), the resulting biased heterozygosity values
H,;, are lower. A significant effect of such a bias is
only seen in African populations (Table 1); but even
there, it does not exceed 25%. This is because European
polymorphisms represent practically all common fre-
quent sites, whereas rare new polymorphisms, particu-
larly abundant in Africa, increase S but contribute little
to the overall heterozygosity. However, if only European
markers are considered, the ratio of nucleotide diversity
in Africa and non-Africa becomes inverted (in Africans
H,g,, of 0.084% is lower than in non-Africans, 0.09%).
Furthermore, by typing only European markers we
inadvertently lose the qualitative and quantitative infor-
mation concerning polymorphic sites endemic to
Africans or to other non-European populations (Fig. 4).
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The knowledge of such polymorphisms is necessary to
reconstruct the evolutionary history of our species.
Those that can be considred ‘private’, may be important
for detecting gene flow and reconstructing demographic
history and relations among particular populations.
Unbiased ascertainment of the polymorphisms thus
appears to be essential to recognize the differences
among the diversified human groups. In contrast to
early nuclear data, mitochondrial DNA studies from
the beginning included globally distributed human
samples (Cann et al., 1987); this can be at least partly
responsible for the conflicting portraits of human origins
emerging from these two types of data (Hey, 1997). The
microsatellites (Bowcock et al., 1994) and minisatellites
(Armour et al., 1996) do not suffer from ascertaiment
bias to the same extent (Rogers and Jorde, 1996), since
these sites are often conserved across species
(Zietkiewicz et al., 1994) so that their genomic distribu-
tion as polymoprhic sites is usually pan-specific. The
microsatellite heterozygosity H,, values in dys44
(Table 1) are higher in Africa; this is related to the
greater number of (T), alleles, and resembles the nucleo-
tide diversity in a sense that finding a new microsatellite
allele is like adding a new polymorphic site in the
analysed sequence segment. However, we need nuclear
markers with different characteristics, and ideally their
combinations (Batzer et al., 1994, Tishkoff et al., 1996)
to study the evolutionary origin of Homo sapiens, which
thus requires samples from different and globally distrib-
uted human populations (Cavalli-Sforza et al., 1991;
Cavalli-Sforza et al., 1994).

4. Conclusions

(1) European bias leads to an inadvertent loss of the
important genomic record concerning the recent
evolution of our species. Therefore, it is essential to
ascertain nuclear polymorphisms in a worldwide-
distributed human population.

(2) Our data are consistent with the recent common
origin of modern humans and indicate that differ-
ences between Africans and non-Africans are a
result of the recent history of these populations.
African populations staying on a single continent
remained in closer contact, whereas those outside,
being dispersed over larger geographical areas, were
more isolated, which reduced opportunities for
exchange of the genetic material.
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