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ABSTRACT The predominant P-thalassemia in Sardinia
is the P9 type in which no P-globin chains are synthesized in the
homozygous state. We determined the (3-thalassemia mutations
in this population by the oligonucleotide-probe method and
defmed the chromosome haplotypes on which the mutation
resides. The same 39(CAGTAG) nonsense mutation was found
on nine different chromosome haplotypes. Although this mu-
tation may have arisen more than once, the multiple haplotypes
could also be generated by crossing over and gene conversion
events. These findings underscore the frequency of mutational
events in the ,3-globin gene region.

The DNA sequences along the human ,B-globin cluster are
highly polymorphic; over 20 polymorphic restriction endo-
nuclease sites along this 60-kilobase (kb) region ofDNA have
been described (1). The polymorphic restriction sites serve as
useful genetic markers, and analyses for the presence or
absence of these restriction sites generate chromosome
haplotypes (2). Chromosome haplotypes have provided
effective strategies for defining various thalassemia lesions
(3) and for prenatal diagnosis of 18-thalassemia (4-8). In
addition, polymorphic restriction sites have been used as
markers for tracing the origin and migration of mutant genes
(9-13). As with other genetic markers, the haplotypes have
characteristic distributions in a given population (3, 14-16).
Mutations of the 83-globin gene occurred on chromosomes
with these haplotypes, and hence, each mutation became
strongly linked to the haplotype from which it arose (3).
However, as more ,3-thalassemia lesions are defined, it
becomes apparent that more than one thalassemic mutation
can be associated with one haplotype, and conversely, a
single mutation may be found on several chromosome
haplotypes. In this study we describe an extreme example of
heterogeneity in chromosome haplotypes found in Sardinian
,3-thalassemia.

Previous studies demonstrated that the predominant 1-
thalassemia in southern Sardinia is the f30 type in which no
13-globin chains are produced from the affected chromosome
(17, 18). We have now identified the /30-thalassemia lesion in
affected Sardinian individuals and compared the chromo-
some haplotypes to those in unaffected Sardinian subjects.
The results revealed that a single ,-thalassemia lesion resides
on nine different chromosomes. Although the same nucleo-
tide mutation could have arisen more than once on several
occasions, the multiple haplotypes could also be generated by
crossing over and gene conversion events.

MATERIALS AND METHODS
Subjects. The haplotypes ofthe polymorphic sites along the

P-globin gene cluster were analyzed initially in 50 Sardinian
patients affected with homozygous f30-thalassemia. Normal
chromosome haplotypes were determined either from normal
individuals or derived from the nonthalassemic chromo-
somes from parents of the homozygously affected subjects.
Haplotype analysis was also performed on a family with the
Sardinian A_8P thalassemia mutation (19, 20) and on a
patient with triplicated 'y-globin genes due to the addition of
an extra Gy-globin gene (M.P. and A.C., unpublished data).

Restriction Endonuclease Analysis. DNA was prepared
from peripheral white blood cells as described (21). The
following polymorphic restriction sites were determined in all
patients and controls: the HincII 5' to the e-globin gene, the
two HindIII sites at the intervening sequence of the 0y- and
Ayglobin genes, the two HincII sites at the qi3-globin gene
and 3' to it, the Ava II site at the ,B-globin gene, and the
BamHI site 3' to it. Additional sites determined in patients
with homozygous /3-thalassemia included the HgiAI site in
exon I of the /3-globin gene and the Hpa I, HindIII, and Rsa
I sites 3' to the ,B-globin gene. The locations of these sites are
summarized in Fig. 1.

Oligonucleotide Probes. The presence of the P39(CAG-.TAG)
nonsense mutation on the chromosomes of the e3-thalas-
semic patients was analyzed by the oligonucleotide method
(22). Two nonadecamer probes, 5'-CCTTGGACCCAGAG-
GTTCT-3' and 3'-GGAACCTGGATCTCCAAGA-5', were
synthesized and were complementary to each other except
for the underlined nucleotides, which correspond to the first
nucleotide of the ,B-globin position 39 codon. The former
probe (pA) corresponds to the coding strand of the normal
P-globin gene at the position corresponding to amino acid
numbers 36-42. The latter probe (pth) corresponds to the
sequence of the noncoding strand of the e3-thalassemia gene
at the same position. Ten micrograms of genomic DNA was
digested with BamHI, and the DNA fragments were sepa-
rated by agarose gel electrophoresis. The gels were dried,
hybridized with the oligonucleotides that had been 32P-
labeled at the 5' termini by phosphorylation, washed at 55°C,
and autoradiographed. Two parallel gels were run and hy-
bridized with the /3A and 1th probes. The experimental
procedures have been described in detail (23).

RESULTS
Chromosome Haplotypes in 100 Normal and 100 f3-Thalas-

semia Chromosomes. Table 1 shows the distribution of the
chromosomes containing the various polymorphic restriction
endonuclease sites in the ,B-globin cluster. More heterogene-
ity was found in the haplotypes of the normal population than
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FIG. 1. The P-globin gene cluster and the location of the poly-
morphic restriction endonuclease sites studied. The sites in the upper
row were examined in all patients and controls; those in the lower
row were defined for the P-thalassemia chromosomes only. The sites
are divided into 5' and 3' blocks as indicated.

in those from the thalassemic patients. For purposes of
analysis, these sites were divided into two blocks: a 5' block
consisting of sites associated with E-, Gy_, A'y, and 4qp-globin
genes, and a 3' block that includes the Ava II sites at the
f3-globin gene and the BamHI site 3' to it. Five different
patterns were associated with the 5' block, and three patterns
were associated with the 3' block. Of the 15 possible
haplotypes that could result from the combination of these
two blocks, 13 were found in the 100 normal chromosomes,
but only 5 in the 100 0-thalassemia chromosomes. Of these 5,
both the Ava II site at the P-globin gene and the BamHI site
3' to it were present, suggesting that this region is similar in
all chromosomes.

Definition of the f3-Thalassemia Mutation in the B-Thalas-
semia Chromosome. Of the five haplotypes containing the
13-thalassemia chromosome, haplotypes la and 3a (Table 1)
have previously been characterized as p39(CAGTAG) non-

sense mutation by molecular cloning and sequence analysis
(3, 24). We used oligonucleotide probes to determine whether
the other haplotypes contained the same mutation. Two
oligonucleotides corresponding in sequence either to the
normal P-globin gene or to the p39 nonsense mutation served
as hybridization probes for DNA digested with BamHI and
fractionated by agarose gel electrophoresis. Under stringent
hybridization and washing conditions, DNA from normal
chromosomes hybridized only with the pA, whereas DNA
from thalassemic chromosomes hybridized to the pth probe
(23). This analysis revealed that DNAs from the patients who
are heterozygous for P-thalassemia hybridized to both
probes, whereas DNAs from the homozygous patients hy-
bridized only to the pth probe, irrespective ofwhich one of the

five haplotypes was associated with the P-thalassemia lesion
(Fig. 2). These results demonstrate that all five haplotypes
contain the same p39 nonsense mutation.
Extended Analysis of the .8-Thalassemia Chromosome. The

similarity of the Ava II and BamHI sites in all five (3-

thalassemia chromosomes suggests that the DNA sequences
at this region of the P-globin gene cluster are also similar. We
therefore examined four additional sites at the P-globin gene
and 3' to it: HgiAI at exon I of the P3-globin gene, Hpa I,
HindIII, and Rsa I 3' to the 8-globin gene and extended the
haplotype analysis to additional patients with the 309 non-
sense mutation. The results of these studies raised the
number of chromosome haplotypes that harbored the p39
nonsense mutation to nine (Table 2). The six polymorphic
sites at the 3' block, which include sites at the f3-globin gene
and 3' to it, were identical in the nine haplotypes with two
exceptions: (i) the Rsa I site was present in an individual with
haplotype 1 (designated 1' in Table 2); (ii) one chromosome
with haplotype 2 (designated 2") did not have the HgiAI and
Ava II sites that were present in all the other p-thalassemia
chromosomes.

In the 5' block two other variations were found. One
chromosome that harbored the Sardinian nondeletion Afar
thalassemia mutation also contained a /39 nonsense muta-
tion. This chromosome (2') had all the other characteristics
of haplotype 2. Another chromosome (5') containing tripli-
cated y-globin genes due to the addition of a Gy-globin gene
also harbored the f339 nonsense mutation. Otherwise, the
restriction sites of this chromosome resembled haplotype 5.

DISCUSSION
In this study we examined the chromosome haplotypes of
Sardinian patients with 030-thalassemia and found that nine
different chromosomes harbored the same p39 nonsense
mutation. There are three possible explanations for this
remarkable degree of heterogeneity of haplotype distribu-
tion. (i) The p39 nonsense mutation in Sardinia arose more

than once, although the chances of the same mutation
occurring nine times in a single population are extremely
remote. (ii) The p39 mutation occurred only once, and the new
chromosome haplotypes were generated by recombination
events. (iii) The diversity results from a combination of
multiple mutations and recombination events.

Antonarakis et al. (2) described nonrandom distribution of
restriction sites along the P-globin gene cluster and divided
these sites into two blocks-one encompassing the E-, Gym

Table 1. Haplotypes of polymorphic restriction endonuclease sites in the P-globin gene cluster in Sardinia

HincII HindIII HincIl Ava II BamHI Frequency, % Mediterranean
Haplotype 5'E G7 A7y tfo 3' ip p 3' p Normal p-thalassemia haplotype*

la - + + - + + + 6 64 II
b - + 12 0
c + - 4 0

2a + - - - - + + 32 22 I
b - + 12 0 VII
c + - 14 0 V

3a - + - + + + + 10 4 IX
b - + 3 0 IV
c + - 2 0 III

4a - + - - + + + 1 4
b - + 0 0
c + - 1 0

5a - + + - - + + 0 6
b - + 1 0 VI
c + - 2 0

One hundred chromosomes each from normal and 80 thalassemic subjects were studied.
*These Mediterranean thalassemia haplotypes are classified according to Orkin et al. (3).
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FIG. 2. Autoradiographs of gels used to detect the p39(CAC-TAG)

nonsense mutation. N denotes normal chromosomes, and the num-

bers designate (3-thalassemic chromosomes according to their re-

spective haplotypes shown in Table 1. (a) Gels hybridized with the

normal probe and (b) gels hybridized with the 3-thalassemia

probe. The codon resides in the 1.8-kb BamH1 fragment.

Ay- and q438-globin genes, and the other at the /3-globin gene

and 3' to it (Fig. 1). The nonrandom association of these 'two
blocks of sites indicates that a hot spot for recombination

exists somewhere between the q43- and /3-globin genes (Fig.

3a). Most of the multiple haplotypes found in Sardinian

/3-thalassemia can be explained by such recombination

events because the restriction sites at the 3-globin gene and

3' to it are identical. The differences in the restriction sites in

the 5' block could then be generated by homologous recoin-

binationl events that link the mutant w-globin gene to different

restriction sites in the 5' block. Because haplotype 1 [Med-

iterranean haplotypege of Orkin et al. (3)] is the most

common, the original mutation probably occurred on a

parental chromosome containing this haplotype.
We noted two exceptions to the uniformity of restriction

sites in the 3' block. In chromosome 1' (Table 2), the single
difference was the presence of the Rsa I site, which could

have arisen from a recombination event between the BamHI

a
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++ +
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FIG. 3. The two types of recombination events that can alter the
chromosome haplotypes. (a) Crossing over between the (3- and
4'p-globin genes; (b) gene conversion that transfers a P39TAG muta-
tion from a P3-globin gene that contains the HgiAI and Ava II sites to
a normal chromosome that lacks these two sites.

and Rsa I sites. Indeed in their study of the inheritance of
P3-globin haplotypes in a nonthalassemic family, Gerhard and
coworkers detected a de novo recombination event that
changed this Rsa I site (26).

In another chromosome (2" in Table 2), the HgiAI and Ava
II sites were absent rather than present, as they were in all the
other chromosomes. Interestingly, the p39 mutation lies in
between these two restriction enzyme sites. This haplotype
could have been generated by a new mutation, or, alterna-
tively, a gene conversion event could have transferred a p39
mutation to a chromosome that lacks both the HgiAI and Ava
II sites (Fig. 3b). The distance between the HgiAI and Ava II

sites, -300 base pairs, defines the limits within which gene
conversion might have occurred. Because this haplotype (2a
in Table 1) is common in the nonthalassemic Sardinian
population and examples of gene conversion events in the
human globin genes have been described (27, 28), such an

event could conceivably have generated haplotype 2".
Two other changes in the 5' block are also of interest. In

haplotype 2', a chromosome 2 haplotype is associated with
increased Ay production. The Ay-globin gene from this chro-
mosome has been cloned and sequenced and a cytosine--'
thymine point mutation was found 196 nucleotides upstream
from the Ayglobin gene (25). The increased Ay production is
attributable to this mutation as similar point mutations have
also been found in other examples of nondeletion Sp3 thalas-
semia and hereditary persistence of fetal hemoglobin
(HPFH). The same mutation at position -196 was also found
in China and in southern Italy in chromosomes not associated

Table 2. Haplotypes of p39 nonsense mutation

HincII HindIII HincII HgiAI Ava II Hpa I HindIII BamHI Rsa I
Haplotype* 5' E Gy AY O4 3q4p p p 3'p 3'p 3'p 3' P

1 - + + - - + + + + + _
1' - + + - - + + + + + [+]
2 + - - - - + + + + + _
2' + _ [tft _ _ + + + + + _
2" + - - - - [-] [-] + + + -
3 - + - + + + + + + + _
4 - + - - + + + + + + _
5 - + + - - + + + + + _
5' -[3y]t + + - - + + + + +

The p39 codon is situated between the HgiAI and the Ava II sites.
*The subtype within each haplotype is denoted by ' or ", and the differences between the subtypes are indicated within the
brackets [ ].
tAy.globin synthesis is increased due to the mutation at position -196 (25). [3-y] refers to triplicate y-globin gene.
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with the P39 mutation of the A-globin gene (29, 30). Thus,
chromosome 2' could have arisen from the crossing over of
a p thalassemia chromosome with another chromosome
harboring the Ay mutation at position -196. A chromosome
carrying such a double mutation could be expected to impart
distinct selective advantages, because the /3-thalassemia
lesion would protect against malaria, while the increased
y-globin production would ameliorate the severity of the
03-thalassemia gene. A similar mechanism could account for
chromosome 5', which is identical to chromosome 5 except
for the triple y loci produced by the addition of the Gy-globin
gene. Such a chromosome has been found in other popula-
tions-also without the presence of the p39 nonsense muta-
tion (30).
The finding of nine different haplotypes in a single popu-

lation underscores the frequency of mutational events in the
P-globin gene region and perhaps in the human genome in
general. However, it is difficult to determine precisely which
type of mutational event created this diversity. The simplest
explanation is that a single mutation arose initially on
chromosome haplotype 1, and subsequent crossovers be-
tween the 5' and 3' blocks (Fig. 3a) produced six other
chromosomes (2, 2', 3, 4, 5, 5'). Chromosome 1' was then
generated by the crossing over between the BamHI and Rsa
I sites, and chromosome 2" was generated by a gene conver-
sion event between a /8-thalassemia chromosome and a
normal chromosome that lacks the Ava II and HgiAI sites on
either side of the 839 position (Fig. 3b). Other explanations
are also possible. For example, the difference in the HincII
sites at the q,f3 gene between haplotypes 3 and 4 could have
been generated by a gene conversion event. Additional
diversity could have arisen via de novo P39 nonsense muta-
tions. We recently detected the identical cytosine-*thymine
mutation at codon 39 that arose spontaneously in a family of
northern European origin, suggesting that this position of the
/3-globin gene is a hot spot for mutation (31).
These findings in the Sardinian population also indicate

that mutational events occur at a rapid rate in the human
genome. It is generally believed that f3-thalassemia assumes
a high frequency because the gene provides protection
against malaria (32). Hence the diversity in the Sardinian
/8-thalassemia haplotypes must have occurred over the past
few thousand years with the introduction of malaria.
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