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Ectopic recombination between locally repeated DNA sequences is
of fundamental importance in the evolution of gene families,
generating copy-number variation in human DNA and often lead-
ing to pathological rearrangements. Despite its importance, little is
known about the dynamics and processes of these unequal cross-
overs and the degree to which meiotic recombination plays a role
in instability. We address this issue by using as a highly informative
system the duplicated �-globin genes in which ectopic recombi-
nation can lead to gene deletions, often very prevalent in popu-
lations affected by malaria, as well as reduplications. Here we
show that spontaneous deletions can be accessed directly in
genomic DNA by using single-DNA-molecule methods. These de-
letions proved to be remarkably common in both blood and sperm.
Somatic deletions arise by a strictly intrachromosomal pathway of
homologous exchange that also operates in the germ line and can
generate mutational mosaicism, whereas sperm deletions fre-
quently involve recombinational interactions between homolo-
gous chromosomes that most likely occur at meiosis. Ectopic
recombination frequencies show surprisingly little requirement for
long, identical homology blocks shared by paralogous sequences,
and exchanges can occur even between short regions of sequence
identity. Finally, direct knowledge of germ-line deletion rates can
give insights into the fitness of individuals with these �-globin
gene deletions, providing a new approach to investigating histor-
ical levels of selection operating in human populations.

ectopic � recombination � selection � mutation � mosaicism

Ectopic recombination is initiated by the misalignment of non-
allelic but homologous DNA sequences and can result in

rearrangements such as deletions, duplications, inversions, and
translocations (1, 2). Ectopic recombination contributes to the
extensive copy-number variation seen in the human genome (3–5)
and can lead to changes in gene number in gene families as well as
segmental duplications and deletions, often with pathological con-
sequences (6, 7). The dynamics of ectopic recombination have been
extensively characterized in model organisms such as yeast (8). In
contrast, relatively little is known about these processes in humans,
with most analyses to date having focused on descriptions of
pathological DNA changes seen in patients (9, 10).

Analysis of familial and de novo DNA rearrangements in
genomic disorders, both in patients and by accessing mutations in
sperm, has established the importance of ectopic recombination
(nonallelic homologous recombination) between widely separated
repeated DNA elements in driving large-scale duplications and
deletions in the human genome (1, 11). For example, ectopic
recombination between a pair of 24-kb-long repeat elements on
chromosome 17 can lead to duplication or deletion of the inter-
vening 1.4-megabase segment of DNA, resulting in the inherited
disorders Charcot–Marie–Tooth type 1A (CMT1A) and hereditary
neuropathy with liability to pressure palsies (HNPP), respectively
(12–14). Ectopic exchange points within the repeat elements cluster
within a 0.7-kb hot spot and often show patchy gene conversion near
the site of crossover (14–16). Similar hot spots in widely separated
repeat elements have been seen in other genomic disorders (1, 11,

17) and are reminiscent of hot spots for allelic recombination at
meiosis (18), although whether they also function as allelic cross-
over hot spots remains unknown. There are distinct sex-dependent
mechanisms of CMT1A�HNPP ectopic recombination, with du-
plications of paternal origin generated by unequal meiotic recom-
bination between homologous chromosomes, whereas maternal
duplications and deletions are produced by ectopic exchanges both
within and between homologous chromosomes (19).

In contrast, little is known about the dynamics of ectopic
recombination between locally repeated DNA sequences that
can lead to copy-number changes in human gene clusters. Classic
examples are provided by the �- and �-globin gene families in
which homologous regions (homology blocks) shared by dupli-
cated genes only kilobases apart can promote ectopic exchanges,
leading to duplications, deletions, and the creation of fusion
genes as in Hb Lepore (20, 21). Extensive work on these
rearrangements in patients and populations has revealed basic
information on patterns of local exchanges between these ho-
mology blocks (21, 22). However, little is known about the
dynamics and processes of these ectopic exchanges given that
they rarely arise de novo. For example, recent studies have shown
that Hb Lepore rearrangements between �- and �-globin genes
occur with extremely low frequency in sperm, preventing de-
tailed analysis of deletion processes (23).

The �-globin gene family provides a potentially very infor-
mative system for studying the dynamics of copy-number change
in gene clusters. The �1- and �2-globin genes are associated with
homologous regions that can be subdivided into several homol-
ogy blocks with different degrees of sequence identity (24).
Ectopic exchanges between these homology blocks can lead to
various types of chromosome with a single �-globin gene (��
chromosomes) depending on the sites of unequal exchange (21,
25, 26). Chromosomes bearing these deletions can be extremely
common in malarial regions and are most likely maintained by
malaria selection (27, 28). Such chromosomes represent the most
common pathological DNA rearrangement in the world, al-
though in themselves they are not severe; ����� homozygotes
show only a mild and sometimes asymptomatic form of ��-
thalassemia (�-thalassemia trait with microcytosis), whereas
����� carriers are generally normal (29, 30). These �-globin
gene deletions occur on diverse haplotypic backgrounds (21, 27,
31) and, therefore, must be recurrent in human populations.
However, selection on this region of DNA makes it impossible
to estimate rates of germ-line deletion from population frequen-
cies, and the dynamics of deletion remain unknown.

Here we show that it is possible to detect de novo �-globin
gene-deletion molecules directly in genomic DNA. We have used
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these deletions to study basic features of ectopic exchange
between locally repeated DNA sequences, including the germ-
line specificity of deletion, the role of meiotic recombination in
the deletion process, and the dynamics of ectopic exchange.

Results and Discussion
Physical Enrichment of �-Globin-Deletion Molecules. Studies of pa-
tients with � thalassemia have revealed two classes of deletion
that can arise by ectopic exchange between homology blocks in
the �-globin gene region (Fig. 1A): ��4.2 deletions that extend
leftward from the �2-globin gene and lose 4.2 kb of DNA and
smaller ��3.7 deletions that extend rightward (25) (Fig. 1B). We
used physical enrichment (23) to recover simultaneously both
classes of deletion directly from genomic DNA by digestion with
BamHI to cleave outside the �-globin gene region (Fig. 1 A)
followed by gel electrophoretic fractionation to recover size

fractions heavily depleted in progenitor molecules and enriched
for mutant DNA molecules. Nested PCR analysis revealed
deletions in these fractions plus some remaining progenitor
molecules (Fig. 1C). These mutants were distributed correctly
across the size fractions. Thus, the ��4.2 deletion molecules
showed the same distribution as a control 10.0-kb genomic DNA
fragment matched in size to this deletion. Likewise, the ��3.7

deletions showed a similar distribution but shifted to somewhat
larger DNA fractions, as expected because these deletion mol-
ecules are 0.5 kb larger than ��4.2 mutants (Fig. 1D). This size
validation (23) established the authenticity of �99% of these
mutants and showed that they were not PCR artifacts arising
from intact or broken progenitor DNA molecules.

Deletion Rates. These deletions were analyzed in blood and sperm
DNA from two men, one of north European descent (man 1) and

Fig. 1. Detection of de novo deletions in the �-globin gene region. (A) The region analyzed, showing the �-globin genes and pseudogene, plus BamHI cleavage
sites used for size fractionation of genomic DNA and nested PCR primers (arrows) used to amplify deletion molecules. Similar sequences are colored to highlight
homologies, with levels of sequence divergence between each homology block and its paralog immediately to the right shown below. (B) Leftward and rightward
deletions that can arise by ectopic exchange. SNP heterozygosities [white (haplotype A) and black (haplotype B) circles] make it possible to distinguish
interchromosomal recombinants showing exchange of flanking markers (AB and BA) from intrachromosomal deletions (AA and BB). (C) Examples of detection
of deletion molecules. Aliquots of one of the fractions of blood DNA (10.2- to 11.4-kb BamHI DNA fragments), each derived from 1.1 � 105 amplifiable haploid
genomes and containing �0.5 remaining 14.1-kb progenitor DNA molecules, were amplified by nested PCR, and products were analyzed by agarose gel
electrophoresis. M, � DNA � HindIII. Some reactions show PCR products derived from deletion mutants, and some others show progenitor molecules. Differential
amplification results in mutant molecules being substantially overamplified relative to the longer progenitor. (D) Cumulative frequencies of deletion molecules
across size fractions of BamHI-digested sperm DNA, determined from a total of 90 ��3.7 and 19 ��4.2 deletion mutants recovered from 6.7 � 106 progenitor
molecules. Size ranges covered by fractions are shown as gray bars. The control is a 10.0-kb genomic BamHI fragment matched in size to the ��4.2 deletion mutant.
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one of mixed north European�south Asian ancestry (man 2).
Neither man carried a constitutional �-globin gene deletion or
reduplication. Substantial instability was seen in all samples.
Blood-deletion frequencies were very similar in both men, at
6.7 � 10�6 and 6.8 � 10�6 per haploid genome in man 1 and man
2, respectively. Sperm-deletion frequencies were significantly
higher than in blood in both men (P � 0.001), with man 1
showing a 4-fold higher frequency than man 2 (68 � 10�6 vs.
16 � 10�6 per sperm, P � 0.001).

Structures of Deletions. All deletion mutants recovered from
blood and sperm were characterized for sequence differences
between homology blocks [paralogous sequence variants
(PSVs)] to locate ectopic exchange points. These exchange
points were confirmed by sequence analysis of 131 assorted
deletions representing 20% of all mutants recovered. Deletion
molecules were also analyzed for single-nucleotide polymor-
phism (SNP) heterozygosities to determine whether exchanges
were intrachromosomal (AA or BB type) or had occurred

Fig. 2. �-globin gene deletions detected in sperm and blood DNA. (A) The region analyzed, as described for Fig. 1. (B) Structure of ��4.2 (Left) and ��3.7 (Right)
deletions, with PSVs marked as rectangles. (i) Examples of typical deletions mapping to a single interval between PSVs. A total of 539 and 128 such exchanges
were seen in sperm and blood DNA, respectively. (ii) Complex mutants with PSV switching (*) near the site of ectopic exchange. Nine such ��4.2 mutants were
identified in the sperm of man 2. The complex ��3.7 deletion was seen in three blood mutants from man 1 and two sperm mutants from man 2. (iii) A simple
exchange accompanied by a microdeletion in a distal Alu repeat (red sequence lost) seen in one blood mutant. (C) Distribution of ectopic exchange points.
Progenitor haplotypes have heterozygous SNPs marked as black and white circles. Each interval of sequence identity containing exchange breakpoints is marked
by a tied horizontal line, in blue for ��4.2 deletions, with the number of exchanges seen in sperm and blood DNA indicated in black and red, respectively, above
the tie (�, no mutants). Intra- and interchromosomal deletions are shown separately. Some SNPs are located within homology blocks and, depending on the
allele, can break long regions of identity into smaller regions, creating differences between haplotypes in the intervals within which ectopic exchanges can be
mapped. These mutants were recovered from 6.5 � 106 and 12.9 � 106 progenitor molecules from sperm and blood DNA, respectively, from man 1 and 6.7 �
106 and 7.1 � 106 molecules from man 2.
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between homologous chromosomes (interchromosomal, AB or
BA type) (Fig. 1B). Some of these SNPs mapped within homol-
ogy blocks and created haplotype-specific PSVs that allowed us
to investigate the effects of sequence mismatches on ectopic
recombination.

Almost all deletions had arisen by simple exchange between
homologous DNA sequences within intervals of sequence iden-
tity. Only three exceptional types were seen (Fig. 2B). First, nine
��4.2 deletions seen in sperm from man 2 that mapped to the
same interval all showed the same switching of PSVs near the site
of exchange, indicating patchy gene conversion accompanying
ectopic exchange. A similar type of conversion was seen in five
��3.7 deletions. Finally, one ��4.2 deletion showed a 33-bp
microdeletion located �1 kb away from the ectopic exchange
point. The rarity of patchy conversions seen in these �-globin
gene deletions is comparable to their incidence during allelic
crossover at recombination hot spots (18, 32) but contrasts with
the frequent conversions that accompany CMT1A�HNPP ec-
topic exchanges between distant repeat elements (14–16).

Most deletions in blood and sperm were of the ��3.7 class,
with only 4% showing the leftward ��4.2 deletion (Fig. 2C). All
of the 132 blood mutants were intrachromosomal, with none
showing exchange of flanking SNP markers. These mutants are
most likely products of unequal mitotic recombination, although
a possible contribution from replication slippage cannot be
excluded. In contrast, 26% of sperm mutants (145 of 550) were
interchromosomal and showed exchange of flanking markers,

which indicates a clear difference in somatic and germ-line
ectopic recombination pathways and suggests a significant role
for homologue pairing and meiotic recombination in the gen-
eration of sperm deletions. The pattern of germ-line deletion via
a predominantly intrachromosomal pathway again contrasts with
CMT1A, in which paternal rearrangements arise almost exclu-
sively by exchange between homologous chromosomes (19).

Mutational Mosaicism in Blood and Sperm. Intrachromosomal de-
letions in both blood and sperm occurred with similar fre-
quencies on each haplotype, although there were some signif-
icant distortions. For example, the most common type of ��3.7

deletion in blood from man 1 showed an excess on haplotype
B (42 mutants vs. 18 on haplotype A, P � 0.002). These
f luctuations most likely arise from mutational mosaicism.
They were also seen in sperm in man 2 for the most common
class of ��4.2 deletion, all nine of which were derived by
intrachromosomal exchange on haplotype B and shared the
same unusual conversion event (Fig. 2B). This germ-line
mosaicism strongly suggests a premeiotic intrachromosomal
component to sperm deletion, with in this case one sperm in
700,000 sharing the same premeiotic mutation that must have
arisen in a single progenitor cell. Similar levels of sperm
mosaicism have been seen for minisatellite deletion mutants
(33) and can distort estimates of mutation rate. In contrast,
there were no significant differences between the numbers and
distributions of interchromosomal AB- and BA-type sperm

Fig. 3. Distribution of ectopic exchange points within homology blocks. (A) The homologous regions analyzed, colored as described for Fig. 1 and with PSVs marked
by lines below. SNPs in one haplotype that disrupt a region of perfect sequence identity in the other haplotype are marked in red. (B) Cumulative number of ectopic
exchanges, per 106 haploid genomes, across homology blocks for all ��4.2 exchanges combined and for each type of ��3.7 exchange, with intrachromosomal sperm
exchanges in man 1 shown separately. (C) Exchange frequencies per base pair estimated for each interval of sequence identity, with the best-fit logarithmic curve after
excluding the outlying points (arrows). The circled points with a low rate correspond to the interval marked by an asterisk in A.
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deletions in either man (P � 0.6), consistent with each being
a unique product of meiotic recombination.

Homology Block Lengths and Mutation Frequencies. The bulk of
ectopic exchanges mapped as expected to the longest regions of
identical sequence shared between homology blocks (Fig. 2C).
However, exchange distributions showed that ectopic exchange
points, although avoiding regions of high divergence, were
distributed fairly randomly across homology blocks (Fig. 3 A and
B). The only exceptions were ��3.7 intrachromosomal deletions
in sperm from man 1, which were unusually frequent on both
haplotypes in the longest region of sequence identity and largely
responsible for the high overall sperm-deletion frequency seen
in this man compared with man 2. There were no DNA sequence
differences between the men in this region that could account for
this frequency difference, and the only explanation we have is
that premeiotic mosaicism has inflated these frequencies in man
1 and, by chance, to the same extent on both haplotypes. If
correct, this inflation indicates that mutational mosaicism can
cause substantial variation between men in deletion frequencies.

Ectopic exchange frequencies per base pair in each interval of
sequence identity showed only a weak dependence on uninter-
rupted homology length (Fig. 3C), with exchanges occurring in
intervals as short as 34 bp and with a frequency of �8 � 10�9

per base pair for the longest intervals. Therefore, there is no
evidence that ectopic exchanges are inhibited by modest se-
quence divergence between homology blocks. This lack of
inhibition is supported by SNPs that can act as PSVs and alter
homology block lengths. For example, man 1 shows a 1,143-bp
interval of sequence identity for AB-type exchanges, whereas
two SNPs divide this interval into three for BA-type exchanges
(Fig. 2C). Despite this disruption, the same numbers of ex-
changes mapped to this region in AB and BA recombinants (42
in each case), with BA exchanges distributed across the three
intervals in proportion to their length (6, 2, and 34 exchanges in
intervals 220, 66, and 855 bp long, respectively; P � 0.5).

Ectopic recombination frequencies, however, are not gov-
erned solely by lengths of high sequence similarity shared
between homology blocks. Thus, a 166-bp interval at the 3� end
of the �2��1 homology block consistently showed a low ectopic
exchange frequency (Fig. 3). Likewise, the ����2 homology
block contains an 800-bp-long region of strong sequence simi-
larity, compared with 1,600 bp for the �2��1 homology block. If
ectopic recombination frequencies were determined solely by
homology length, then 33% of ectopic exchanges should gener-
ate ��4.2 deletions, compared with 4% observed (P � 0.001). It
is possible that recombination-initiation events are, in fact,
preferentially targeted to the longest regions of sequence iden-
tity, particularly within the �2��1 homology block, and that
subsequent migration leads to substantial diffusion of exchange-
resolution points. This diffusion, however, would have to be
greater than that seen at hot spots for allelic recombination,
given their narrow width (18). Instead, it seems likely that other
factors, such as features of nuclear architecture (34, 35), play an
important role in controlling the frequency of recombinational
interactions between different paralogous sequences.

Deletion Rates and Population Fitness. Chromosomes bearing these
�-globin gene deletions are very common, particularly in Asia and
Africa, where they can attain population frequencies as high as 90%
(28, 36, 37), and are most likely maintained by malaria selection in
favor of �� chromosomes (27, 28). In contrast, nonmalarial pop-
ulations show a much lower incidence of deletion chromosomes
(�0.6% in northern Europeans; see Materials and Methods). How-
ever, the frequency of ectopic exchanges in sperm, primarily
generating ��3.7 deletions, is high at 42 � 10�6 per sperm averaged
over the two men tested. Given this sperm instability and assuming
an equal deletion rate in the female germ line, then the low

incidence of �� chromosomes in northern Europe can only have
been maintained for a fully recessive deletion by significant selec-
tion against ����� homozygotes (fitness, �0.66) despite their
showing only a mild and sometimes asymptomatic form of ��-
thalassemia (Fig. 4). If their fitness were higher, then the population
incidence of �� chromosomes would exceed 1.1%, the upper 95%
confidence limit of the northern European frequency. Even if there
were no instability in the female germ line, there would still have
to be significant selection against homozygotes (fitness, �0.81; data
not shown), and higher females rates would require even stronger
selection against homozygotes. The nature of the selective forces
operating against these largely normal individuals remains
unknown.

If there is a drop of fitness of ����� carriers, who can also
show subtle hematological changes (29, 30), then the strength of
selection operating against homozygotes could be weaker (Fig.
4). However, selection against carriers must be weak (fitness,
�0.985), irrespective of the fitness of homozygotes. In malarial
populations, the observed high incidence of chromosomes car-
rying a single �-globin gene can be maintained by modest
balancing selection against normal ����� individuals; for ex-
ample, a drop of fitness of only 1�10th relative to �����
homozygotes would be sufficient to maintain the incidence of
deletion chromosomes in a population at 10%, with an equilib-
rium frequency that is largely independent of deletion rate.

Conclusions
This work has shown that it is possible to use single-DNA-
molecule analysis to gain direct insights into the dynamics and
processes of ectopic recombination that operate within human
gene families and provide a major mechanism driving copy-
number change within the human genome (1, 10, 14). These
studies have revealed distinct mitotic and meiotic recombination
pathways, with mosaicism of the former significantly influencing
the frequency of deletion even in sperm, and have shown distinct

Fig. 4. The effect of fitness on the incidence of �� deletion chromosomes in
nonmalarial populations. The expected population incidence of deletions at
mutation�selection equilibrium was estimated from the observed germ-line
deletion rate of 42 � 10�6 per sperm, averaged over the two men analyzed
and assumed to be the same in the female germ line. Frequencies were
estimated at various fitness levels of ����� homozygotes and with different
fitness levels fc of ����� carriers. The dashed line provides the estimated
incidence of �� chromosomes in north Europeans, with 95% confidence
intervals indicated in gray. See Materials and Methods for details.
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differences between processes of ectopic exchange between
locally repeated DNA sequences in the �-globin gene cluster and
recombination between distant repeat elements as in CMT1A�
HNPP ectopic exchanges. These studies also challenge the
notion of minimum pairing segments of uninterrupted homology
required for such exchanges (38–40). Finally, direct comparisons
of germ-line mutation rates and population frequencies can
provide insights into historical levels of selection operating in
human populations.

Materials and Methods
DNA Samples. Blood and semen samples were collected with
approval from the Leicestershire Health Authority Research
Ethics Committee and with informed consent. Sperm and blood
DNAs were extracted and subsequently manipulated as de-
scribed under conditions designed to minimize the risk of
contamination (see ref. 41).

PCR Amplification. The �-globin gene region is very GC-rich and
difficult to amplify (29, 42). However, extensive variation of long
PCR conditions and the use of additives (43) enabled us to
develop a protocol to amplify this locus efficiently. PCRs were
performed in 0.2-ml PCR tubes or 96-well plates in a PTC-225
Tetrad DNA engine (MJ Research, Cambridge, MA). These
optimized PCRs used 0.2 �M PCR primers, 0.03 units��l Taq
polymerase (ABGene, Surrey, U.K.), and 0.003 units��l Pfu
polymerase (Stratagene) in 1.4 M betaine, 32 mM Tris�HCl (pH
8.8), 12.5 mM Tris base, 7.7 mM ammonium sulfate, 3.2 mM
MgCl2, 4.7 mM 2-mercaptoethanol, 3.1 �M EDTA, 0.7 mM
dNTPs, and 79 �g�ml BSA. Cycling was at 96° for 1 min, followed
by 34 cycles of 96° for 20 sec, 63° for 30 sec, and 68° for 16 min.
Primary PCRs used primers A13.6F (5�-TTT CCG GTG AGG
CCT TTC CG-3�) and A25.7R (5�-CGC TGC ACT CCA ACC
AGC C-3�), and secondary nested PCRs were with A13.6F2
(5�-CGG GGC AAT GGT GCA GCG-3�) and A25.6R2 (5�-
GCT GCG GGA AGG ACA TCA C-3�). This PCR system
allowed the efficient amplification of the entire 12.1-kb progen-
itor region at the single-DNA-molecule level with, on average,
one amplifiable molecule detected per 4.2 pg of genomic DNA
and giving a single-molecule PCR efficiency of 71%, typical of
the efficiency of amplification of other long but not GC-rich
DNA targets (32).

DNA Fractionation to Recover Deletion Mutants. Genomic DNA
(130–300 �g) was digested with BamHI (New England BioLabs),
ethanol-precipitated, and dissolved in 400 �l of 5 mM Tris�HCl
(pH 7.5). The digested DNA was mixed with 40 �l of loading dye
(44 mM Tris-borate, pH 8.3�1 mM EDTA�30% vol�vol glycerol
and bromophenol blue) plus 375 �g�ml ethidium bromide,
loaded into a 5- � 0.3-cm slot in a 40-cm-long, 1.4-cm-deep 0.8%
SeaKem HGT agarose gel (Cambrex Bio Science Rockland,
Rockland, ME) and electrophoresed until a 6.6-kb � DNA �
HindIII marker had migrated 35 cm. Size fractions were col-
lected ranging in length from 7.3 to 13.2 kb to include �-globin
gene deletions (9.9 and 10.4 kb long for ��4.2 and ��3.7

deletions, respectively) and to exclude 14.1-kb progenitor DNA
molecules. DNA in each fraction was recovered by electroelution
onto dialysis membrane and then ethanol-precipitated and dis-
solved in 5 mM Tris�HCl, pH 7.5. Additional details of fraction-
ation are provided in ref. 23.

Size Validation and Estimation of DNA Recovery. The distribution
across the fractions of DNA molecules very similar in size to
��4.2 deletion mutants was established by PCR amplification of
an 8.0-kb interval from a control 10.0-kb BamHI DNA fragment
from the MHC by using PCR primers R111.4F (5�-GAG GCT
CCC TTT GGG ACT GC-3�) and R119.4R (5�-CCG GTG AGA
GAA TAT AGC C-3�). This control BamHI fragment also

allowed us to estimate overall recovery of DNA in these frac-
tions; yields varied from 20% to 50%. Parallel PCR analysis of
the 14.1-kb �-globin DNA fragment showed that �99.997% of
progenitor molecules had been excluded from the fractions.

Recovery of Deletion Mutants. Deletion molecules in size-
fractionated genomic DNA were recovered by PCR amplification
(as described above) of multiple aliquots of each fraction, with each
aliquot containing at most 1.2 deletion molecules and no more than
0.9 remaining progenitor molecules as established from pilot ex-
periments performed on each fraction to gain an initial estimate of
deletion frequency. Secondary PCR products were analyzed by
agarose gel electrophoresis and visualized by staining with ethidium
bromide. The full screening of blood and sperm DNA in both men
involved the analysis of 3,125 nested PCRs.

Characterizing Progenitor Haplotypes. The progenitor �-globin
gene region was amplified from each of the two men and
sequenced by using BigDye Terminators v1.1 or v3.1 (Applied
Biosystems) to confirm all PSVs and identify any sites heterozy-
gous for an SNP. Single progenitor molecules were amplified
from extreme dilutions of genomic DNA from each man, and the
linkage phase of SNPs was established by typing these progenitor
molecules by hybridization with allele-specific oligonucleotides
as described in ref. 32.

Mapping Deletion Mutants. The ectopic exchange-point location in
each mutant was roughly localized by digesting mutant- and
progenitor-amplified DNA with PvuII or RsaI and comparing
electrophoretic profiles of restriction fragments. Exchange
points were refined further by hybridization with oligonucleo-
tides specific to PSVs (32). SNPs were likewise typed by hybrid-
ization of allele-specific oligonucleotides to these PCR products
(32). In total, 131 assorted deletions also were sequenced to
confirm exchange regions.

In some cases (10–14% of positive reactions), two different
mutants were seen in the same PCR as shown by mixed PSV
and�or SNP sites. In cases of a single mixed site, the constituent
mutants could be deduced unambiguously. In other cases, we
used sequence-specific PCR directed to a mixed PSV or SNP site
to separate mutants before mutant characterization. Only 8 of
459 positive PCRs gave complex mixtures that could not be
resolved; these mutant pools were excluded from further anal-
yses. To correct for instances of more than one molecule of a
given type being present in a PCR, a full inventory of PCRs that
were positive and negative for each type of mutant in each size
fraction was established and used to estimate Poisson-corrected
numbers of molecules (32). These Poisson corrections were
insignificant for most mutant classes and only 1.7-fold for the
most abundant type of mutant.

Estimation of Deletion Incidence and Selective Fitness. The popula-
tion incidence of �-globin gene deletions was analyzed in 132
men in the United Kingdom self-reported as being of northern
European descent, plus 97 CEPH (population named for the
Centre d’Etude du Polymorphisme Humain) grandparents or
parents of Utah, Amish, and French descent and an additional
182 unrelated men in the United Kingdom identified by grand-
parental place of birth as northern European in origin. These
surveys yielded zero, three, and six ����� carriers, respectively.
Previous studies have reported one carrier in a survey of 155
north Europeans (44) and no carriers in 140 individuals from the
United Kingdom and 110 Icelandics (45). There is no evidence
for significant heterogeneity in carrier frequency across these
samples (P � 0.15), and therefore all were combined to obtain
a mean incidence of �� chromosomes of 0.006 (95% confidence
interval, 0.003–0.011). This estimate of the incidence of deletion
chromosomes in nonmalarial areas is maximal and could be
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lower if any of the surveyed individuals have partial ancestry
from regions with a high frequency of �� chromosomes.

This incidence of deletion chromosomes was compared with
population frequencies expected for a given germ-line deletion
rate, �. Consider a population with �� chromosomes at fre-
quency q and with normal ����� individuals showing a fitness
fn of 1, ����� carriers a fitness of fc, and ����� homozygotes
a fitness of ft. At equilibrium, the gain of new �� deletions from
normals and carriers [(1 � q)2� � fc q(1 � q)�] will be balanced
by the loss of deletions from carriers and homozygotes [(1 �
fc)q(1 � q) � (1 � ft)q2]. If selection only operates on homozy-
gotes ( fc � 1, ft � 1), then this equilibrium frequency at q �� 1
simplifies to the standard form q � √[��(1 � ft)]. More complex

models incorporating triplicated ��� chromosomes that could
regenerate �� chromosomes by interchromosomal recombina-
tion in ������ heterozygotes proved unnecessary, given the low
incidence (0.2–0.6%) of ��� chromosomes in north Europe
(28). The incidence of deletion chromosomes in populations
under balancing selection by malaria ( fn � 1, fc � 1, ft � 1) was
likewise investigated by identifying stable equilibrium frequen-
cies of the deletion for varying values of fn and ft.
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