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Copy number variation in the human genome is prevalent but
relatively little is known about the dynamics of DNA rearrange-
ment. We therefore used the duplicated γ-globin genes as a simple
system to explore de novo copy number changes. Rearrangements
that changed gene number were seen in both germline and
somatic DNA, and mainly arose by unequal sister chromatid
exchange between homologous sequences, with evidence from
recurrent mosaic rearrangements that many, if not all, of these
events in sperm arise before meiosis. Unequal exchange frequen-
cies are apparently controlled primarily by the degree of sequence
identity shared by the duplicate genes, leading to substantial var-
iation between haplotypes in copy number instability. Additional,
more complex rearrangements generated by mechanisms not
involving homologous recombination, and in some cases showing
DNA transfer between chromosomes, were also detected but were
rare. Sequence changes were also seen in γ-globin DNA molecules,
with strong evidence that some were genuine de novo base sub-
stitutions. They were present in sperm at a frequency far higher
than predicted from current estimates of germline mutation rates,
raising interesting questions about base mutation dynamics in the
male germline.
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Copy number variation in the human genome is extensive (1–4)
and has a substantial impact on health (5, 6). Analysis of DNA

rearrangements seen in populations and patients has revealed a
diversity of mechanisms that create this variation, including
unequal crossover between homologous sequences, transposition,
nonhomologous end-joining of DNA breaks, and frequently com-
plex events probably arising froma fork-stalling/template-switching
replication process (5–8). However, few studies have directly ad-
dressed the dynamics and processes involved. Single DNA mole-
cule analysis of megabase-scale rearrangements underlying geno-
mic disorders, such as Charcot-Marie-Tooth disease type 1A, has
revealed ameiosis-specific process involving ectopic recombination
(nonallelic homologous recombination) between dispersed repeats
(9). In contrast, kilobase-scale rearrangements in the α-globin gene
cluster are not restricted to the germline, with evidence that both
meiotic andmitotic recombination pathways play an important role
in copy number instability (10, 11).
To explore thesemechanistic issues further and to investigate the

relative roles of meiotic recombination, mitotic exchanges, and
other processes in driving rearrangements, we developed single
DNA-molecule methods to recover de novo rearrangements in the
fetal Gγ- and Aγ-globin genes. These duplicate genes arose as part
of a tandem 5-kb duplication ∼34 Myr ago (12–14) and sub-
sequently diverged to create a patchwork of low- and high-
sequence divergence (Fig. 1A), with regions of low divergence
maintained by recombination between the duplicates (12, 15).
Ongoing interactions are evidenced by the existence of chromo-
somes carrying one, three, and four γ-globin genes in human
populations (16). The patchwork sequence divergence and a high
density of SNPs make the γ-globin genes particularly informative
for copy number analysis.

Results
Detecting de Novo γ-Globin Gene Rearrangements. Genotype anal-
ysis of the γ-globin genes revealed intense linkage disequilibrium
across the entire region with just four common haplotype classes,
A to D, present in northern Europeans that accounted for 93%
of all haplotypes (Table S1). We selected three men of northern
European origin, aged 55 to 59, for mutation analysis, who
between them contained all four haplotypes (man 1 A/B, man 2
C/D, man 3 D/D), to allow the haplotype of origin of rear-
rangements to be determined and to investigate any influence of
haplotype on copy number instability. We purified genomic
DNA molecules carrying de novo rearrangements of γ-globin
genes by electrophoretic size enrichment (10, 11). DNA fractions
containing –γ deletions were heavily depleted in progenitor γγ
molecules (<0.003% remaining), allowing deletion molecules to
be amplified in their entirety by PCR. In contrast, inverse PCR
(11) was used to amplify the exchange junction in γγγ duplication
molecules, given the significant levels of progenitor (0.2–1%)
remaining in duplication-enriched DNA (Fig. 1 A and B).
Substantial instability was seen in sperm DNA from all three

men analyzed. Deletion and duplication molecules were cor-
rectly distributed across size fractions, providing strong evidence
that these rearrangements are not PCR artifacts derived from
contaminating progenitor molecules (Fig. S1). Duplications and
deletions were detected at a similar mean frequency of 1.5 × 10−5

and 1.1 × 10−5 per progenitor molecule, respectively, although
there was some variation between men and between duplication
and deletion frequencies in a given man (Fig. 1C). Instability was
also seen in somatic (blood) DNA tested for man 3, at 27% of
the level seen in sperm.

Most Rearrangements Arise by Ectopic Recombination. Sequence
analysis of mutant DNAmolecules (4.3 kb per molecule) revealed
a wide variety of rearrangements (Fig. 2 and Fig. S2). Almost all
(99.2%) arose by unequal crossover between homologous
sequences to produce –γ and γγγ rearrangements. In 2.6% of
cases, the rearrangedmolecule showed a patchwork of paralogous
sequence variants (PSVs) derived from one or another homology
block that presumably arose through patchwork repair of heter-
oduplex DNA generated during recombination (10). Using mul-
tiple SNP heterozygosities in men 1 and 2 to determine haplotype
of origin (10) showed that only 0.6% of sperm rearrangements
had recombinant haplotypes (Fig. S2). Exchange between
homologous chromosomes is therefore rare, pointing to unequal
sister chromatid exchange as the dominant process.
These exchanges are not exclusively meiotic, as shown by insta-

bility in blood and by mutational mosaicism in sperm, indicating
premeiotic exchanges that had spread to multiple descendants of a
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germ cell following exchange. Specifically, 30 different types of
rearrangement were detected in sperm that were unlikely to occur
recurrently, namely complex patchwork exchanges plus exchanges
that mapped to a very short (<21 bp) interval of perfect sequence
identity (IPSI) shared by the Gγ- and Aγ-globin genes (Fig. S2).
Nine of these rearrangements were seen repeatedly, with replicates
observed 2 to 10 times in a given individual and with mosaic
mutants being shared on average by 1 sperm in 5,000,000. Including
recurrences, 65 of these rare rearrangements were detected, of
which 44 were recurrent and therefore premeiotic. This finding
indicates that at least 68% (44/65) of rare rearrangements seen in
sperm must arise by mitotic recombination, an estimate that pre-
sumably also applies to more common classes of rearrangement
where mosaicism arising from a single event cannot be distin-
guished from the repeated generation of the same rearrangement.

Influence of Sequence Homology on Ectopic Exchange Frequencies.
Unequal exchanges strongly clustered into the longest IPSI
shared by homology blocks (Fig. 3A) and appeared to signal the
existence of an unequal crossover hotspot. However, SNPs within

homology blocks altered the length of the longest IPSI in different
haplotypes and defined a minimum active region of 376 bp, far
narrower than the 1- to 2-kb meiotic recombination hotspots
characterized to date (9, 17–21). Instead, IPSI length l appears to
be the main, and very strong, determinant of unequal crossover
frequency r (Fig. 3B), with r ≈ 1.9 × 10−14l3 in sperm. This simple
relationship successfully predicted overall exchange frequencies,
typically within 30% of the observed value, and faithfully reca-
pitulated the exchange distributions seen on different haplotypes.
Exchange frequencies should therefore vary substantially between
haplotypes depending on IPSI length.Major haplotype skews were
indeed seen in men 1 and 2, who each carry different haplotypes
(Fig. S2); for example, haplotypes A and B inman 1 have a longest
IPSI of 1,058 and 783 bp, respectively, and as expected, most
deletions and duplications were derived from haplotype A (338
from A, 115 from B).

Evidence for Nonreciprocal Exchanges. Duplications and deletions
should arise as reciprocal products of unequal sister chromatid
exchange. However, complex patchwork exchanges in sperm were
only seen in deletions (Fig. 2 and Fig. S2); even after elimination of
mosaic duplicates, this duplication/deletion disparity remained
significant (P= 0.004). Furthermore, the dependence of exchange
frequencies on IPSI length is weaker for duplications than dele-
tions (Fig. 3B); for example, over the longest IPSI man 1 shows
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Fig. 1. Detecting copy number instability in human γ-globin genes. (A)
Location of Gγ- and Aγ-globin genes in a 5-kb tandem duplication (black, red
boxes), with sequence divergence between these homology blocks indicated
by shading from <5% (light) to >20% (dark). Unequal crossover can gen-
erate –γ and γγγ rearrangements that were purified from genomic DNA by
digestion with EcoRV (E) and NdeI (N), followed by electrophoretic fractio-
nation to separate –γ and γγγ molecules away from progenitor γγ molecules.
Deletion molecules were recovered by PCR amplification with the black
primers; duplications were amplified with the divergent white primers that
converge following duplication to allow specific amplification of the
exchange interval (dotted line). (B) Examples of molecules amplified from
multiple aliquots of DNA size-enriched for deletions or duplications, each
containing DNA derived from 1.8 × 105 haploid genomes. PCR products were
visualized after agarose gel electrophoresis by staining with ethidium bro-
mide. Some remaining progenitor molecules were also detected in the
deletion-enriched DNA. (C) Frequencies of rearrangements, with confidence
intervals (Materials and Methods), in sperm and blood DNA, as determined
from 69 to 398 mutants of each class detected in 1.2 to 3.3 × 107 haploid
genomes surveyed per man.
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Fig. 2. Representative examples of γ-globin gene duplications and dele-
tions detected in sperm and blood DNA. Sequences derived from Gγ and Aγ
homology blocks shown at top are indicated in black and red, respectively,
with positions indicated from the start of the 5-kb homology blocks. PSVs
are indicated by vertical lines, in bold for differences around the exchange
interval (green rectangle). The number of mutants seen in each class of
rearrangement is given at right, with sperm data pooled across all three men
analyzed. The size ranges of local deletions and duplications seen in non-
homologous exchanges are indicated. Deleted sequences are shown as
dashed lines, and sequences acquired from remote locations as gray rec-
tangles. The 503-bp D4Z4 insertion is identical to a member of the D4Z4
repeat family (37) of unknown chromosomal location. The 542-bp chromo-
some 8 insertion is a perfect match to chromosome 8 bases 91,554,957 to
91,555,498 (assembly GRCh37, release 56). Structures of all rearrangements
seen are provided in Fig. S2.
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66% (133/202) of duplications derived from haplotype A versus
84% (182/217) for deletions (P = 0.00002) (Fig. S2). Such non-
reciprocities might point to two distinct ectopic-exchange path-
ways, one fully reciprocal plus a second, highly dependent on
perfect sequence identity, that only generates deletions [perhaps
by intrachromatid exchange (9)] that often show patchwork
exchanges. However, there is no consistent excess of deletions over
duplications, as predicted by this model (Fig. 1C) and as seen in
meiotic rearrangements in genomic disorders (9), although such an
excess could be masked by chance high-level mosaicism of dupli-
cations (10, 11).

Complex Rearrangements.Only a few γ-globin gene rearrangements
in sperm and blood did not arise by ectopic recombination, as
shown by minimal (<5 bp) microhomologies at breakpoints (Fig. 2
and Fig. S2). These rearrangements were complex, showing addi-
tional deletions or duplications plus, in two instances, transfer of a
short segment of DNA from a remote genomic location, perhaps
via a fork-stalling/template-switching replication process (8).

Base Changes in γ-Globin Gene Rearrangements. Sequence traces
from amplified molecules revealed numerous base changes (Fig.
4A and Fig. S3), including sites showing a mixture of the correct

base and an incorrect base as expected for base misincorpora-
tions during the early stages of PCR, plus apparently complete
switches of DNA sequence with the correct base undetectable in
sequence traces (Fig. 4A and Fig. S3). These base switches were
seen at similar frequencies in rearranged sperm and blood
molecules and in control unrearranged progenitor molecules in
sperm. Their high incidence (83 different switches seen in 4.6 Mb
sequenced DNA, frequency 1.8 × 10−5/bp) is wholly incompat-
ible with estimates of the frequency of de novo base substitution
in the male germline [∼3.9 × 10−8/bp, or ∼10−7/bp in the men
analyzed allowing for their age (22–25)]. PCR must therefore be
capable of generating these switches as artifacts, for example by
once-only misincorporation at a damaged base in one template
strand coupled with total failure of the other strand to amplify;
this distinct process is consistent with the different spectrum of
base changes seen at switched versus mixed sites (Fig. S4).
However, we could not dismiss all of these switched bases as

PCR artifacts because four proved to be recurrent (Fig. 4B, Fig. S3,
and Table S2). For example, we found three molecules of a sperm
deletion carrying exactly the same C→G switch (mutation 1). It is
unlikely that this switch would have occurred three times inde-
pendently, and only on rearranged molecules of this uncommon
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Fig. 3. Distributionof ectopic exchanges across the γ-globin homology blocks. (A) Cumulative frequencies of exchanges in duplications anddeletions on each of
the four haplotypes (A–D) present in the men tested (man 1 A/B, man 2 C/D, man 3 D/D), with positions along the homology blocks indicated as in Fig. 2.
Haplotype-specific PSVs created by SNPs are shown by ticks above each plot. The minimum region of overlap of the longest IPSIs, within which most recom-
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duplication and deletion data were pooled over all haplotypes and the mean ectopic exchange frequency r was determined for each IPSI length l following
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analysis of power functions produced the best-fit curve for combined deletion plus duplication data shown in blue, where r = 1.9 × 10−14l3.
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class derived from the same haplotype in the same man (P < 10−9).
A fifth instance of recurrence (mutation 5) (Fig. 4B) was found in
two different duplications detected in the same PCR that might
instead derive from a single molecule of meiotic origin containing
an unrepaired heteroduplex tract; if so, then both DNA strands
must carry an identical (complementary) base switch.
It is extremely difficult to explain away these recurrent base

changes as PCR artifacts because PCR reactions showing these
changes were correctly distributed across size fractions and ran-
domly distributed across PCR plates, and showed strong PCR
signals fully consistent with molecules present in the starting
fractionated DNA (Materials and Methods). Contaminating geno-
mic DNA also seems highly implausible, as this would require
repeated trace contamination with DNA from multiple individu-
als, each carrying one of these base changes as a SNP on a rear-
ranged haplotype. We have never seen a rearrangement carrier
and none of the recurrent base switches matches a known SNP.
Furthermore, such a hypothetical contaminant would be easily
detected as such, unless it fully matched one of the haplotypes
present in the man being analyzed. We therefore conclude that
these recurrent base switches are strong candidates for genuine
mosaic de novo base mutations that, in sperm, must have arisen
before meiosis and spread to multiple descendant cells.

Discussion
The high level of copy number instability seen at the γ-globin genes
makes this an informative system for analyzing instability processes.
The frequency of rearrangements seen in sperm (1.3 × 10−5) is
comparable with that seen at the similarly organized α-globin gene

pair (4 × 10−5) and, as with the α-globin genes, contrasts with the
scarcity of –γ and γγγ chromosomes inmost populations, suggesting
that stable copy number is being actively maintained by purifying
selection against rearrangements (10, 11).
This γ-globin gene survey revealed diverse mechanisms that

contribute to de novo copy number variation, with ectopic
recombination being by far the dominant process, as expected
from the organization of this duplicated gene. These γ-globin
rearrangements arise almost exclusively by unequal sister chro-
matid exchange, with little evidence for meiotic interactions
between homologous chromosomes. Instability in blood and the
presence of rearrangement mosaicism in sperm point to a major
role for mitotic recombination in driving copy number instability,
although it is not possible to exclude a minor role for meiotic
sister chromatid exchange in the germline. Similar mosaic
mutants have been seen in α-globin gene rearrangements, and as
noted previously, can contribute to interindividual variation in
instability levels and to disparities in the frequency of duplica-
tions and deletions (10, 11). Instability processes at the γ-globin
genes contrast with large-scale rearrangements seen in genomic
disorders [such as Charcot-Marie-Tooth disease type 1A (9)]
that are largely, if not exclusively, meiotic in origin, and also with
the α-globin genes, where ∼30% of sperm rearrangements arise
by unequal exchanges between homologous chromosomes, most
likely at meiosis (10, 11). Therefore, the γ-globin genes provide a
system for analyzing copy number instability driven almost
exclusively by sister chromatid exchange.
Instability in γ-globin genes appears to be mainly controlled by

levels of sequence identity shared by homology blocks. Haplotype
differences in IPSI length will also contribute to variation in
rearrangement frequencies between men and the effect can be
substantial, with haplotype A and D homozygotes (Fig. 3A) pre-
dicted to show a difference in instability of ∼5-fold. This major
impact of sequence mismatches has also been seen in allelic and
particularly ectopic recombination in yeast (26, 27), and suggests
that new base substitutions within homology blocks could sub-
stantially reduce recombinational interactions between repeat
sequences, facilitating their evolutionary divergence. Curiously,
the human α-globin genes did not show this IPSI length depend-
ence, with unequal exchanges being more randomly distributed
along homology blocks and with disruption of IPSIs by SNPs
having little, if any, effect on unequal exchange frequencies (10,
11). The reason for this major difference is unclear, although one
possibility is that mismatched heteroduplexes in unequal exchange
intermediates are more readily detected by mismatch repair sys-
tems in γ-globin than α-globin genes, and result in exchange events
spanning PSVs being preferentially aborted in the former, thereby
focusing the remaining exchanges into long IPSIs.
The scale of this γ-globin gene survey was sufficient to capture

additional rearrangements that did not arise through homolo-
gous recombination, and showed that such de novo changes,
including deletions, duplications, and interchromosome transfer
of DNA, can be amenable to direct detection in genomic DNA.
These nonhomologous exchanges were rare, arising at a fre-
quency of 5 × 10−8 per sperm (95% CI 2–11 × 10−8), 240-fold
lower than the frequency of unequal crossover and similar to the
frequency of nonrecombinational deletions seen in sperm in the
β-globin gene cluster (4 × 10−8) (28).
The detection of what appear to be genuine de novo base

mutations in γ-globin genes was wholly unexpected. With the
exception of specific mutations underlying inherited disorders,
such as Apert syndrome, which are driven to high levels by germ-
cell selection (29–32), this result would be a unique direct detec-
tion of base mutations in human sperm. We saw 11 to 12 of these
candidate mutations in 3.85 Mb of sequenced sperm DNA. All
would have to be present in different sperm, suggesting a de novo
base-mutation frequency of (11− 12)/(3.85 × 106) = 3.0 × 10−6 per
base pair per sperm (95% CI 1.7–5.4 × 10−6). This result is wholly
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incompatible with the conventional mutation frequency estimate
of∼10−7/bp in themenanalyzed (P=5× 10−13).Only one instance
of a recurrent mutation was seen in blood, preventing meaningful
estimation of somatic mutation frequency. The sperm frequency
will be underestimated because of singleton mutations that cannot
be validated by recurrence; however most of the rare γ-globin
rearrangements showed recurrence, suggesting that this under-
estimation might not be substantial.
These recurrent base mutations were not caused by hyper-

mutation at CpG doublets, because none changed CpG to CpA/
TpG, nor obviously by gene conversion given the absence of likely
donor sequences (Materials andMethods). Therefore, how can their
remarkably high incidence be explained, particularly in sperm?One
possibility is that conventional but indirect estimates of germline
base-mutation frequencies (22–25), in particular for older men as
analyzed in the present survey, are seriously underestimated. A
second explanation is that these changes are associated specifically
with rearranged γ-globinDNAmolecules, perhaps being generated
bymutagenic DNA repair during ectopic recombination.However,
there was no obvious association between the location of the base
switch and the site of ectopic exchange, and mutation 5 on two
different molecules or a single heteroduplex molecule would most
likely have been present prior to the recombination event (Fig. 4B).
Instead, perhaps a subset of cells are particularly prone to accu-
mulating γ-globin gene rearrangements and de novo base muta-
tions. If this arises through loss of systems that maintain genome
integrity, then copy number instability and basemutations could be
strongly enhanced across the entire genome. Further analysis of this
intriguing possibility will require the identification of other copy
number variable loci at which instability is driven by mitotic
exchanges. We note that base switches were detected in previous
α-globin instability surveys (10, 11) but none were recurrent, not
surprisingly given the small number of switches detected (six in
total) and the limited sequence survey (0.2 Mb). Whatever the
explanation for these strong candidates for de novo mutants,
whether throughhighly enhancedmutation inoldermenor through
“mutator” cell lineages producing heavilymutated sperm, there are
important implications for genetic risk assessment and the gen-
eration of population diversity.

Materials and Methods
Identification of Informative Men. Semen and blood samples were collected
with approval from the Leicestershire Health Authority Research Ethics Com-
mittee and with informed consent. Nine semen donors of northern European
descent were resequenced over a 10.5-kb interval spanning the Gγ-/Aγ-globin
gene region, yielding 62 SNPs, of which 52 were present in dbSNP. All SNPs
were genotyped on an additional 83 United Kingdom semen donors, as
described previously (33). Details of common haplotypes are provided in Table
S1. None of these men contained –γ, γγγ, or γγγγ chromosomes.

DNA Fractionation to Recover γ-Globin Gene Rearrangements. DNAs were
extracted and manipulated under conditions designed to minimize the risk of
contamination (34), with sperm being subjected to prelysis with SDS to elimi-
nate any somatic DNA (35). For each blood and sperm sample, 230 μg genomic
DNA were digested with EcoRV-HF (New England BioLabs) plus NdeI (Fer-
mentas) according to the manufacturers’ recommendations, then electro-
phoresed in a 0.8% SeaKem HGT agarose gel (Cambrex Bio Science Rockland),
as described previously (10). Twenty-two size fractions ranging from 5.5 to>30
kb were recovered by electroelution, spanning deletion molecules (6.94 kb),
duplications (16.78 kb), and progenitors (11.86 kb). Progenitormolecules were
monitored in each fraction by long PCR with the γ-globin primers G18.4F (CGT
ACT TTAGGC TTG TAA TGTG) andG23.2R (GTT AGAGAGAAGGGCGCAG) to
amplify a 4.76-kb region spanning the Aγ-globin gene. Fractions containing
duplications and deletions were identified by assaying for control genomic
restriction fragments of the same size as duplication and deletion molecules
(Fig. S1), as described elsewhere (10, 11).

Recovery of Deletions and Duplication Junctions by Single Molecule PCR
Amplification. Deletion molecules were amplified in their entirety by long
PCR for 25 cycles using Taq and Pfu polymerases (36) plus primers G12.7F (TGC

CTC TGT TCGAAT ACT TTC) and G23.3R (TAC AAGGCT AGAGTAAAG CAT G),
then reamplified for 26 cycles using the nested primers G13.7F (TCT ATA CAC
ACCCATCTCAC) andG23.2R. This nesting strategyminimized the risk of carry-
over contamination. Limited cycle numbers were chosen to ensure that only
DNA molecules present at the outset would generate enough secondary PCR
products for detection, thus eliminating artifact rearrangements generated
late during amplification. Pilot assays on deletion fractions were used to
estimate mutant frequencies, and subsequent full-scale mutant recovery was
conductedwith fraction inputs adjusted to less than onemutantmolecule per
PCR (10, 11).Duplicationexchange junctionswere recovered fromduplication-
enriched fractions using inverse PCR amplification (11) with primers G19.3R
(GAC ATA AGA TGT GCG TGT AC) and G19.6F (CAT ACA TAC CTG AAT ATG
GAA TCA), followed by reamplification with the nested primers G19.3aR (CTC
TAAAGAGGCAAGGGT TG) and G19.6aF (GAT ATT GAGGTAAGCATT AGG).
These primers are located near the beginning of the Aγ homology block in a
region diverged between Gγ and Aγ. Each duplication fraction (40 μL) was
digested with 20 units restriction endonuclease Bst1107I (Fermentas) at 37 °C
for 1 h before PCR amplification. This enzyme cleaves between the inverse
primer sites and minimizes the risk of artifacts arising by template switching
between homologous sequences on the same DNA template molecule during
the first cycles of PCR (11), reducing their observed incidence per progenitor
molecule from ∼10−4 to < 5 × 10−6. Pilot and full-scale recovery of duplication
junctions proceeded as for deletions.

Size Validation of Rearrangements. The number of deletions or duplications in
each fraction was Poisson-adjusted for instances of a positive PCR containing
more than onemutantmolecule (these correctionswere usually negligible and
increased the estimated number of mutants by, at most, 32% in any fraction).
Cumulative frequencies of deletion and duplication molecules across fractions
were then compared with the cumulative frequency of progenitor molecules
and of deletion and duplication control molecules (Fig. S1).

Estimation of Rearrangement Frequencies. Gel-electrophoretic analysis of size
fractions (10, 11) recovered from230 μgdigestedgenomicDNA indicatedDNA
yields of ∼65%. Aliquots of all fractions were pooled and the numbers of
amplifiable progenitor molecules, plus deletion and duplication control mol-
ecules (Fig. S1), were estimated by Poisson analysis of limiting dilutions of
DNA. Estimated counts of progenitor, deletion control, and duplication con-
trol molecules were indistinguishable and data from all three were combined
to estimate the number of haploid genomes present in each enrichment
experiment. Typically, 4.1 × 107 amplifiable molecules were recovered from
fractionated DNA containing 5.0 × 107 molecules (equivalent to 150 μg input
genomic DNA after fractionation losses). Thus, 82% of DNA molecules
were amplifiable.

Deletion and duplication frequencies were estimated from the Poisson-
corrected number of rearrangements, summed over all fractions, and com-
paredwith the total number of amplifiable progenitormolecules. Confidence
intervals were determined using Poisson analysis to estimate the likelihood of
obtaining the rearrangement-detection PCR data for each fraction as a
function of the number of rearranged molecules present. Corresponding
likelihood tables were determined for the numbers of progenitor/deletion
control/duplication control molecules. Likelihoods over all fractions were
then combined with each other and with the input molecule data. Con-
fidence intervals were set as the lowest and highest numbers of rear-
rangements per progenitor molecule that gave a composite likelihood 20-
fold less than the maximum likelihood.

Sequence Analysis of Rearrangements. Up to 188 deletions and duplications
from eachmanwere reamplified and fully sequenced using BigDye Terminator
v3.1 Cycle Sequencing (Applied Biosystems) on a 3730 DNA Analyzer (Applied
Biosystems). If more rearrangements were available, we avoided those from
fractions showing the highest contamination with progenitor molecules to
minimize the risk of sequencing any possible PCR artifacts. In total, 1,150 rear-
rangement-positivePCRsweresequenced.Onaverage,7%ofsequencesshowed
mixedtracesandwerethusderivedfromtwoormoredifferentmutantmolecules
present inthesamePCR.Inmostcasesthesecouldbefullyexplainedbyadmixture
of two common classes of mutant. In remaining cases, we separated the con-
stituent mutants using PCR primers specific for SNPs or PSVs before sequencing
(10). A full inventory of each mutant type over all DNA size fractions was then
used to Poisson-correct for PCRs containing two or more mutant molecules of
the sametype. This correctiononlyaffectedthemostcommonclassesofmutant,
with modest increases in mutant frequency of at most 28% per fraction. The
overall number of mutants of a given class was then estimated by summing
Poisson-corrected data over all fractions. The final corrected number of
sequenced mutant molecules was estimated at 1,448.
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Analyzing Mixed and Switched Bases in Sequence Traces. Base changes were
analyzed in deletion and duplication sequences, and also in control progenitor
molecules (Fig. S4). Mixed base positions were analyzed as described in Fig. S4.
All completebase switcheswere inspectedbyeye,andany showingevidence for
thepresenceof the correctbase in the sequence tracewas rejectedasmixed.The
frequency of base switches in sequenced DNAwas estimated from the number
of switches seen and from the total length of DNA sequenced in PCR products
derivedfromsingle inputDNAmolecules, asestimatedbyPoissonanalysisof the
numbers of PCR reactions positive for amplifiable DNA molecules.

Screening for Potential Gene-Conversion Donor Sequences. There are no
matching sequences in theGγandAγhomologyblocks that could serveasgene-
conversion donors for any of the five candidate base mutations seen in sperm
and blood. We extended the search for possible donors to a 200-kb interval
centeredon the Gγ/Aγ-globingenes using21-nt probes centeredon themutant
sequenceand, as a control, equivalentprobes corresponding to theprogenitor

sequence. The best perfect match that included the switched base was 12 bp,
with similar match lengths seen equally frequently with the control probes.
Equivalent whole-genome searches using BLAST again showed no significant
difference in match frequencies between mutant and controls, with both
showing longest perfectmatches of only 18 bp. There is therefore no evidence
for a likely conversion donor for any of the five validated switches, although
we cannot exclude base switching by microconversion with extremely short
donor sequences as a source of these base substitutions, a conclusion that
would apply to almost any base substitution in humans.
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