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ABSTRACT Haplotype analysis of the ,3-globin gene clus-
ter shows two regions of DNA characterized by nonrandom
association of restriction site polymorphisms. These regions are
separated by a variable segment containing the repeated
sequences (ATTTT). and (AT)XTy, which might be involved in
recombinational events. Studies of haplotypes linked to the
sickle cell gene in Africa provide strong argument for three
origins of the mutation: Benin, Senegal, and the Central
African Republic. Nevertheless, the haplotype determination
does not give any information about the variable segment and
does not totally exclude the possibility of recombination leading
to different haplotypes linked to the mutation. The structure of
the variable segment in the three African populations was
studied by S1 nuclease mapping of genomic DNA, which allows
a comparison of several samples. A 1080-base-pair DNA
segment was sequenced for one sample from each population.
S1 nuclease mapping confirmed the homogeneity of each
population with regard to both (ATTTT). and (AT)XTy repeats.
We found three additional structures for (AT)XTy correlating
with the geographic origin of the patients. Ten other nucleotide
positions, 5' and 3' to the (AT)XTy copies, were found to be
variable when compared to homologous sequences from human
and monkey DNAs. These results allow us to propose an
evolutionary scheme for the polymorphisms in the 5' flanking
region of the (-globin gene. The results strongly support the
hypothesis of three origins for the sickle mutation in Africa.

Haplotype analysis of the P-globin gene cluster shows two
regions of DNA characterized by nonrandom association of
restriction site polymorphisms, as first defined by Antona-
rakis et al. (1). One extends over 38 kilobases (kb) 5' to the
8 gene, and the other (3' to the 8 gene) includes the P gene and
extends 20 kb downstream. Between these two regions lies a
9-kb DNA segment, which is immediately 5' to the ,8-globin
gene and includes the 8 gene. In this segment, restriction
polymorphism sites show random association with both 5'
and 3' sides of the 13-globin gene cluster, which leads to no
significant linkage disequilibrium between the 5' and 3' sides.
This segment is assumed to be a "hot spot" for recombina-
tion (1). By population genetic analysis, Chakravarti et al. (2)
estimated that the recombination rate was 3-30 times higher
than that expected for a segment of this size, compared to
surrounding DNA sequences. Some curious features are
apparent in this 9-kb region. There are areas of tandemly
repeated sequences, among them (AITTT)- and (AT)XTy,
located 1.4 and 0.5 kb 5' to the cap site, respectively. The
ATTlTIl motif has been found in four, five, and six copies (3).

Three structures of (AT)XTY have been described in human
DNA: (AT)7T7, (AT)9T5, and (AT)11T3 (4-7). When these
sequences in human and monkey DNAs are compared, it is
obvious that they display a high degree of variability (3-9).
These repeats may participate at a high frequency in recom-
bination events, and an example of such a recombination
occurring in this DNA segment has already been described
(10).

In contrast to the normal pA chromosome, the 5' and 3'
subhaplotypes linked to ,-gene mutations were found to be
nonrandomly associated (11-15). The sickle mutation is
associated with more than 30 haplotypes, but most of these
are rare. Three types are largely predominant in Black
populations (13-15) and are found with a high degree of
homogeneity and specificity in three separate areas of Africa
(15). The geographical specificity of the three major hap-
lotypes strongly supports the hypothesis of three origins of
the mutation. However, this conclusion may be disputed for
three reasons: (i) the distance between the restriction poly-
morphic sites defining the haplotype is long enough to allow
recombination events; (ii) the "framework," defined for
normal p-globin genes by polymorphisms and nucleotide
sequence data (11), is identical in the three cases (framework
1); and (iii) no difference other than the Hpa I polymorphism
was observed in the 3' subhaplotype between Benin chro-
mosomes on the one hand and Senegal and Central African
ones on the other hand. Senegal and Central African hap-
lotypes can be derived from each other by a single crossing-
over event leading to the hypothesis of only two different
origins. Moreover, most of the minor haplotypes associated
with the mutation in American and Jamaican Black popula-
tions could be accounted for by one or two recombination
events in the characteristic segment 5' to the f3-globin gene
(13). Thus, the possibility of recombination events leading to
the three major haplotypes cannot be totally excluded.
We have previously devised a technique of S1 nuclease

mapping of genomic DNA suitable for studying polymor-
phisms deriving from (ATTTT), and (AT)XTy repeats (6, 16).
In an attempt to obtain more information about the origin of
the sickle mutation and possible recombinational events
within this DNA segment, we first performed S1 nuclease
genomic mapping on the DNA of several sickle cell anemia
(SCA) patients originating from three different regions of
Africa. We found three additional structures of the (AT)XTY
repeat, which correlate with the geographical origin of the
subjects. One }s chromosome of each origin was analyzed by
sequencing, and ten more nucleotide positions were found to

Abbreviations: SCA, sickle cell anemia; CAR, Central African
Republic.
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Table 1. Sequences of the characteristic segments in the
single-stranded probes used for S1 nuclease mapping

Structure
of the repetitive

Probe segments
ssl (P9,8N2) (ATT1T)4 (AT)7T7
ss2 (P9f3T2) (ATTTT)5 (AT)jjT3
ss3 (P8,3T1) (ATTTT)5 (AT)7T7
ss4 (M,8Sen) (ATTIT)4 (AT)8T9

be variable. These results constitute a confirmation of the
previous hypothesis of three origins for the sickle mutation
(15).

MATERIAL AND METHODS
Source and Preparation ofDNA. The patients were selected

from previously reported groups of SCA individuals; they
were homozygotes for the S mutation and for the associated
specific haplotype. They originated from three different
countries in Africa: 13 from Benin, 12 from Senegal, and 15
from the Central African Republic (CAR) (15). DNAs were
prepared from leukocytes by standard methods as described
(17).
S1 Nuclease Mapping of Genomic DNA. Ten to 20 ,ug of

genomic DNA was denatured for 2 hr at 37°C in 0.2M NaOH,
neutralized, and ethanol precipitated. The pellet was dis-
solved in 30 ,ul of deionized formamide. The DNA was then
annealed to 50-200 ng of a single-stranded DNA probe in a
final volume of 40 ul of 40 mM Tris HCl, pH 7.9/600 mM
NaCl/4 mM EDTA. The DNA solution was incubated 5-10
min at 85°C and was quickly cooled in ice before overnight
incubation at 37°C. The heteroduplex mixture was diluted 1:
10 in 30 mM sodium acetate, pH 4.5/200 mM NaCl/4 mM
ZnSO4 and was incubated for 1 hr at 37°C with 20-50 units of
S1 nuclease (Bethesda Research Laboratories). DNA was
then ethanol precipitated in the presence of 5 ,ug of sonicated
salmon spermDNA as carrier (6, 16). The resulting fragments
were separated on an agarose gel and transferred onto a
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nitrocellulose filter (18); bands were detected by autoradio-
graphy after hybridization with a 32P-labeled (3-globin probe as
previously described (17). The position of putative S1-
nuclease-sensitive sites and the sizes of the expected frag-
ments in the different cases are illustrated in Figs. 1C and 2B.
Double-Stranded DNA Clones. The 4.4-kb ,1 Pst I clone was

obtained from T. Maniatis (19). The 5.5-kb 3N1 clone was
obtained from a normal subject (6) and the 5.5-kb f3T1 and
fT2 clones were obtained from each of the thalassemic
chromosomes from an Algerian patient (6). In the present
work, the 5.5-kb EcoRI DNA fragment from one SCA patient
of each origin was cloned in A Wes vector. Each ofthe cloned
DNA fragments was isolated from its cloning vector by
appropriate endonuclease digestion and purified by either
sucrose gradient centrifugation or electroelution from a
preparative agarose gel.

Single-Stranded Probes. The 3.7-kb Pst I/EcoRI and 2-kb
BamHI fragments were isolated from the double stranded
clones and transferred into the single-stranded vectors
pEMBL8 + /9 + and M13mplO/mpll, respectively. The P918-
N2 probe (ssl) was obtained starting from the double
stranded Maniatis (3 Pst I clone. The characteristics of the
single-stranded probes are given in Table 1. Phage growth
and isolation of recombinant DNA were performed as de-
scribed (16, 20).
DNA Sequencing. The 2-kb BamHI DNA fragments con-

taining the 5' end of the 8-globin gene and 1.5 kb of the
flanking sequence were either digested by Sau3A or sequen-
tially degraded by BAL-31 (21). The resulting fragments were
subcloned in the M13mplO/mpll vector and sequenced by
the dideoxy chain termination method (22, 23).

RESULTS
S1 Nuclease Mapping of DNA from SCA Patients. The

structures of two arrays of tandemly repeated sequences
located immediately 5' to the f-globin gene locus were found
to be highly polymorphic in human DNA. We first investi-
gated the structure of these regions in the DNAs of SCA
patients by S1 nuclease mapping by using four different
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FIG. 1. S1 nuclease mapping of the &8- intergene region of genomic DNAs from African SCA patients. Genomic DNAs were hybridized
with the ssl (A) or ss2 (B) probe, which contains a 3.7-kb Pst I/EcoRI DNA fragment that includes the ,-globin gene. Hybrids were submitted
to S1 nuclease treatment, electrophoresed on an agarose gel, transferred onto a nitrocellulose filter and hybridized with a 32P-labeled f3 Pst I
probe (19). (C) Interpretation ofthe patterns shown inA and B. Arrows indicate the location ofpossible mismatches in heteroduplexes. Fragments
of 1.9 and 0.9 kb reveal the presence of S1-nuclease-sensitive sites at the (ATTTT), and (AT)XTy positions, respectively. Partial digestion by
the enzyme results in the presence of 3.7- and/or 1.8-kb fragments. P, Pst I; E, EcoRI; Ben, Benin; Sen, Senegal.
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FIG. 2. S1 nuclease analysis ofSCA patients' DNA using the ss4
probe prepared from Senegalese patient DNA. (A) Genomic DNAs
from Benin, CAR, and Senegalese patients were hybridized with the
ss4 probe, a 2-kb BamHI DNA fragment cloned in M13 phage DNA.
The resulting fragments were analyzed as described in Fig. 1. (B)
Interpretation of the patterns shown in A. Arrows indicate the
location of possible mismatches in heteroduplexes. Fragments of 1
kb reveal the presence of a sensitive site at the (AT)XTy position. B,
BamHI; Ben, Benin; Sen, Senegal.

single-stranded DNA probes containing the variable seg-

ments (ATTTT),1 and (AT)XTy (Table 1).
When the single-stranded probe and the genomic DNA are

identical, the hybrid does not present any sites sensitive to Si
nuclease, which results in a 3.7- or a 2-kb fragment by
Southern analysis, depending on the length of the sequence

protected by the probe on the target genomic DNA (Figs. 1

and 2). A difference at the (ATTTT)111 or the (AT)XTY position
generates a single-stranded loop sensitive to Si nuclease. The
cleavage is total or partial, depending to the size of the loop.
The lengths of the expected fragments are indicated in Figs.
1 and 2. The presence of a 3.7-kb fragment (when using the
ssl, ss2, or ss3 probe) or a 2-kb fragment (when using the ss4
probe) as well as smaller fragments may therefore result
either from partial cleavage with S1 nuclease or from heter-
ozygous individuals.

Total genomic DNAs from Benin, Senegalese, and CAR
SCA patients were first hybridized with the ssl and ss2
probes (Fig. 1) and with the ss3 probe (not shown); after Si
nuclease assay, the fragments were mapped according to
Southern (18) by using a 32P-labeled /3 Pst I probe. With any

of the single-stranded probes, the patterns obtained with
CAR and Benin DNAs were identical (Fig. 1). The sizes ofthe
fragments are listed in Table 2. These patterns showed that
no Sl-nuclease-sensitive site was created when Benin and
CAR DNAs were hybridized with an (ATTTT)5 structure, so

the number ofrepeats in the probe and the genomic DNA was

identical. The pattern was different with Senegalese DNAs,
which revealed an (ATTTIT)4 structure (no cleavage with the
ssl probe). In all cases, differences were detected at the
(AT)XTy locus. Fragments of 3.7 and 2.8 kb are the result of
partial digestion during Si nuclease treatment. When the
DNAs were hybridized with the ss2 probe (Fig. 1B), it was
observed that the cleavage at the (AT)XTy site was always
complete (no 3.7-kb fragment), which reveals a more exten-
sive mismatch than with the other probes and excludes the
possibility of heterozygotic subjects.
DNAs from the three origins were then hybridized to the

ss4 probe [prepared from the Senegalese DNA sample
sequenced in the next step (see below)]. As expected, no

cleavage was observed with any of the Senegalese DNAs
studied. The hybrids formed with the Benin DNAs were

partially digested during the Si nuclease treatment at the
(AT)XTy position, whereas the cleavage was total when CAR
DNAs were tested (Fig. 2). These results attest to the
differences between the (AT)XTy structures of Benin, CAR,
and Senegalese DNAs.
DNA Sequence Analysis. A 1080-base-pair (bp) region 5' to

the ,-globin gene was sequenced for one sample of DNA
from each origin. The results confirmed the structure deter-
mined by Sl mapping regarding the ATTTT repeat:
(ATT117T)4 for Senegalese DNA and (A'1TI-)5 for Benin and
CAR DNA. The sequences of the (AT)XTy tract are shown in
Fig. 3. They are aligned with homologous sequences from
human and monkey DNAs by using the human DNA se-

quence published by Poncz et al. (5) as a reference. As
expected from Si nuclease analysis, each of the Bs chromo-
somes showed a specific structure of the alternating purine/
pyrimidine track. Presently six different allelic forms are

known to exist at this locus; four ofthem are presented in Fig.
3. Two others have been described previously; one of them
is associated with an Algerian f3-thalassemic chromosome
(6), and the other is associated with an Albanian P-thalas-
semic gene (7).
Ten other nucleotide substitutions were observed among

the four human chromosomes shown in Fig. 3; eight could be
aligned without any ambiguity with the homologous se-

quences ofthe same region from monkey DNAs (5, 8, 9). Two
positions (- 543 and - 535) were not used in the nucleotide
comparison because of the ambiguity in the sequence align-
ment due to the high variability of the (AT)XTy repeat. These
results are illustrated in Fig. 3. At seven positions, two
possible nucleotides were observed. Only the - 491 position
displayed three possibilities. These observations, together
with the monkey nucleotide at each position, allow us to infer
the most probable ancestral nucleotide (see Discussion).

Table 2. Sizes of the fragments obtained after S1 nuclease mapping and Southern analysis using
various single-stranded probes

Fragment size, kb Sequence homology*

Probe CAR Ben Sen CAR Ben Sen

ssl [(AT1T1TT)4 (AT)7T71 3.7 3.7 3.7 None None (ATTTT)4
2.8 2.8 1.9
1.9 1.9 1.8
0.9 0.9

ss2 [(ATTTIT)5 (AT)jjT3] 1.9 1.9 1.9 (ATM)5 (AT7Il'-)5 None
1.8 1.8 0.9

ss3 [(ATITf)5 (AT)7T7] 3.7 3.7 3.7 (ATTTT-)5 (ATTTT)5 None
1.9 1.9 1.9
1.8 1.8 0.9

Ben, Benin; Sen, Senegal.
*Sequence homologies between the single-stranded probe and the target genomic DNA at the level of
repeated segments are indicated.

Genetics: Chebloune et al.
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-560 -511
-1073 -1069 -780 -710 -543 -535 -521-520 491 -414
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x
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x x
Ben T A A T ATGTGTGTAT ATATACATAT ATATATATAT ATAT---TTT TCTTTTCTTA CC C G

x x
CAR C A T T ATGTGTGTAT ATATACATAT ATATACAT-- -----TTTTT TCCTTTCTTA CC C A

tATATfATA,
Chi T A T T ATGTGTGTAT ATATACATAC ATATATATAT ATATATATTT TCTTTTCTTA CC

Mac T A T T ---------- ---------- ---------- -------TTT TCTTTTCTTA CC

Anc T A T T CT

G A

C A

C A

FIG. 3. Nucleotide sequence comparison of a 1080-bp DNA segment 5' to the ,3-globin gene from human and monkey chromosomes.
Numbering is that of the human sequence used as a reference (5) with the origin (0) at the cap site of the f3-globin gene. The central part of the
figure displays the nucleotide sequence between positions - 560 and - 511, including that of the (AT)XT repeat (underlined for the reference
DNA). Also shown are the variable positions 5' and 3' to the segment. Ref, human sequence used as a reference (5); Sen, Senegal; Ben, Benin;
Chi, chimpanzee (8); Mac, macaque (9); Anc, hypothetical ancestral nucleotides at the variable positions; x, substitution; -, deletion or gap.

In conclusion, (i) the number of ATTTT repeats was
determined by using S1 nuclease mapping and was confirmed
by sequencing. The value of5 found in Benin and CAR DNAs
is the more common. Up to now, only one case was described
with n = 4, which appears to be characteristic of Senegalese
SCA chromosomes.

(ii) In all cases, the structure of the (AT)XTy fragment was
different from that of the single-stranded probes used as a
reference [i.e., different from (AT)7T7 and (AT)11T3]. The
analysis with the Senegalese probe demonstrated that this
structure was different for each population. To date six
different (AT)XTY structures have been described for human
chromosomes, including those found in this work. Moreover,
this region is also known to be variable in monkeys.

(iii) Specific substitutions were found at 10 positions as
compared to homologous sequences from human and mon-
key DNAs (Fig. 3).

DISCUSSION
Haplotype determinations strongly argue in favor of three
origins for the ps mutation in African populations (15).
Nevertheless, this argument is indirect and cannot totally rule
out the possibility of recombinational events. Analysis of the
5' flanking region of the P-globin gene, including repeated
sequences, could therefore be informative. Such analysis was
performed in two ways: (i) S1 nuclease mapping allowing
analysis of multiple DNA samples from subjects from three
regions of Africa and (it) sequencing of the 1080-bp region 5'
to the 8 gene from one sample of each origin.

S1 nuclease mapping confirmed the homogeneity and the
specificity of each population with regard to the structure of
a highly variable region of the DNA characterized by the
presence of the (ATTTT)n and (AT)XTy repeats.
Among the three P5 chromosomes, each originating from

a different population, 10 other nucleotide substitutions were
detected along a 1080-nucleotide segment containing the
(AT)XTy sequence. Fig. 3 displays the nucleotides found at
the same location in the normal human DNA sequence used
as reference (5) as well as those found in the chimpanzee and
macaque sequences (8, 9). The nucleotide differences at these
positions allow us to characterize three chromosomes, each
of which bear the p5 mutation. These observations confirm
the geographic specificity of 3S.-bearing chromosomes, with
regard to a short sequence ofrepeated segments, known to be
highly variable.

Using the method ofmaximum parsimony (i.e., an analysis
based on the smallest number of independent mutations), it
is possible to infer the relationship between the six different
chromosomes. The ancestral nucleotide at each position can

be deduced from the monkeyDNA sequences. Among the six
sequences compared, two distinct nucleotides are present at
each position, with the exception of position -491, where
three different possibilities are observed. In the latter case,
we assume that there has been a cytidine-*guanosine sub-
stitution in the chimpanzee lineage, as cytidine is present in
both macaque and some human chromosomes. The (AT)XTY
segment is presumed to be a recombinational hot spot. This
hypothesis stems from its particular structure of alternating
purine/pyrimidine repeats and its high level of polymor-
phisms. Accordingly we determined separately the hypothet-
ical phylogeny of the DNA segments lying 5' and 3' to this
locus. The results are graphically presented in Fig. 4. A
parallelism was observed in the diagram obtained with the
two segments. In both cases, the CAR and Benin nucleotide
sequences differ from the ancestral sequence by only one
substitution, whereas the reference and the Senegalese chro-
mosomes are more distant from the ancestral sequence and
have two and three substitutions, respectively. These data do
not bear any evidence of a recombination event at the
(AT)xTy locus between two different chromosomes after the
occurrence of the pS mutation. The evolution of these two
segments, each about 500 bp long, involves three comparable
levels of substitution, which make it possible to propose a
hypothetical evolution diagram (Fig. 5).

5' to (AT)x Ty
TATT

-1073 -780/-710

JATT TApJT TJa T T ga

CAR Ben Ref Sen

3' to (AT)x Ty

-520/

CIcCA

CAR

CTCA

-41 -491 -521

CrTCID CT9g NTag
Ben Ref Sen

FIG. 4. Hypothetical phylogenetic tree ofDNA segments both 5'
and 3' to the (AT)XTy region.
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Ancestor
TATT CTCAl
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H1' (-1073 or - 520) H1 (-780 or -414)

2

[ITTCOCA TAjT CTC0]

CAR Ben

3
H2 (-1069 or -491)

4

TMAT CT&jG
Ref

5

H3 (-710 or -521)

6 ,

pT GAQ3TBAG|
Sen

FIG. 5. Rooted parsimonious tree describing the emergence of
polymorphisms in the 5' flanking region of the human f3-globin gene.
H1, Hi', H2, and H3 are hypothetical intermediary sequences.

These phylogenetic trees tend to demonstrate that the
origin of the polymorphisms associated with the Is mutation
in the 5' flanking region is quite ancient. They can be
compared with those obtained for the evolution of the
3-globin gene cluster based on sequencing data (24). These
authors estimated that the divergence of the /3-globin allele
occurred 1.5 million years ago. The ps mutation would have
occurred after the divergence of the analyzed region. This is
in agreement with different features, among them the geo-
graphical distribution of the sickle mutation, which suggest
that it is quite recent. Accordingly, it has been estimated that
it occurred a few thousand years ago (25).

In conclusion these studies support the hypothesis of three
origins of the 8s mutation in African populations. We add
more direct arguments based on the nucleotide structure of
these alleles to the observations concerning the geographical
distribution of the different alleles.

Note Added in Proof. Since this paper has been accepted, the 1080-bp
segment 5' to the 83-globin gene was sequenced for three samples of
DNA from SCA Benin patients and two from Senegalese patients.
The results confirm the sequence homogeneity in each population.
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