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Abstract

Background: Non-allelic homologous recombination between paralogous repeats is increasingly
being recognized as a major mechanism causing both pathogenic microdeletions and duplications,
and structural polymorphism in the human genome. It has recently been shown empirically that
gene conversion can homogenize such repeats, resulting in longer stretches of absolute identity
that may increase the rate of non-allelic homologous recombination.

Results: Here, a statistical test to detect gene conversion between pairs of non-coding sequences
is presented. It is shown that the 24 kb Charcot-Marie-Tooth type | A paralogous repeats (CMT | A-
REPs) exhibit the imprint of gene conversion processes whilst control orthologous sequences do
not. In addition, Monte Carlo simulations of the evolutionary divergence of the CMTIA-REPs,
incorporating two alternative models for gene conversion, generate repeats that are statistically
indistinguishable from the observed repeats. Bounds are placed on the rate of these conversion
processes, with central values of 1.3 x 10-4and 5.1 x 10-3 per generation for the alternative models.

Conclusions: This evidence presented here suggests that gene conversion may have played an
important role in the evolution of the CMTIA-REP paralogous repeats. The rates of these
processes are such that it is probable that homogenized CMT|A-REPs are polymorphic within
modern populations. Gene conversion processes are similarly likely to play an important role in
the evolution of other segmental duplications and may influence the rate of non-allelic homologous
recombination between them.

Background

There is a rapidly growing literature describing pathogenic
rearrangements caused by illegitimate recombination be-
tween non-allelic homologous sequences [1-3]. These
paralogous repeats can cause inversions which disrupt
coding sequences, and microdeletions and microduplica-
tions that result in pathogenic changes in the copy
number of intervening genes.

The peripheral neuropathy Charcot-Marie-Tooth disease
type 1A (CMT1A) is caused by a microduplication of a 1.5
Mb region on chromosome 17 that lies between 24 kb

paralogous direct repeats known as CMT1A-REPs [4]. The
reciprocal product, a microdeletion, causes hereditary
neuropathy with liability to pressure palsies (HNPP) [5].
Similarly the SMS-REP direct paralogous repeats on chro-
mosome 17 cause both pathogenic microdeletions (caus-
ing Smith-Magenis Syndrome) and microduplications
[6]. Inverted paralogous repeats are responsible for the in-
version of a portion of the factor VIII gene that causes he-
mophilia [7].

Whilst the focus of such rearrangements typically falls on
those that result in disease, recombination between paral-
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ogous repeats also causes structural polymorphism within
the human genome. There are a number of polymorphic
inversions known to be mediated by inverted paralogous
repeats, including paracentric inversions of Yp [8], Xq [9]
and 8p [10]. One of the orientations of both the Yp and
8p polymorphic inversions has been shown to predispose
to further, pathogenic, rearrangements. The Yp inversion
polymorphism predisposes carriers to XY translocations
between the now similarly oriented PRKX and PRKY genes
[11].

A recent study has shown that non-allelic homologous re-
combination between two human endogenous retroviral
(HERV) proviral sequences on Yq results in deletion of the
AZFa locus, causing male infertility [12]. This study also
demonstrated that gene conversion events between these
paralogous repeats (~94% homology) have homogenized
them at least twice during recent human evolution, and
that the presence of homogenized tracts within these re-
peats is polymorphic in modern populations. These inde-
pendent conversion events, detailed at the sequence level
[12], increase the maximum length of absolute identity
between the repeats by a factor of five. Given the primacy
of the length of absolute identity in determining the rate
of recombination it was hypothesized that the resulting
homogenized repeats might predispose carriers to AZFa
microdeletions. As such, these events may create homog-
enized repeat premutations (HRP) analogous to the pre-
mutations of triplet repeat disorders and the
chromosomal inversions detailed above. Consequently it
is of interest to determine whether such homogenizing
events occur at other paralogous repeats, and whether ho-
mogenized tracts within paralogous repeats are polymor-
phic in extant populations.

In principle, without knowing anything a priori about the
rate of gene conversion, finding homogenized repeats in
the general population might require a large scale com-
parative sequencing effort that would be complicated by
the repeated nature of the template. Alternatively, tech-
niques of sperm small-pool PCR (SP-PCR) could be used
to detect de novo conversion events [13]; however, homog-
enization could occur at many possible sites within most
paralogous repeats, making detection problematic. An al-
ternative to these lab-based methods is to use available se-
quence data to explore whether gene conversion processes
have played a role in the evolution of these repeats.

There are many analytical methods that could detect the
imprint of gene conversion in accurate genomic sequenc-
es of entire REPs. In practice, the absence of both ortholo-
gous sequences and multiple human sequences reduces
the options considerably. Gene conversion events can be
expected to produce longer stretches of identity between
paralogous sequences than could be expected by chance.

http://www.biomedcentral.com/1471-2164/2/11

Sawyer devised a permutation test that determines wheth-
er variant sites between aligned coding sequences are dis-
tributed randomly along their length [14]. Here,
modifications to Sawyer's statistical test are devised for
non-coding sequences, in other words taking account of
the increased mutability of CpGs, and confirm that gene
conversion has been operating on the CMT1A-REPs. Evo-
lutionary simulations of the divergence of these paralo-
gous repeats under different models are compared to the
observed sequences to determine the rates and mecha-
nisms of the gene conversion processes that are likely to
have operated during their diversification from initially
identical duplicates.

Results

Full sequences of the two CMT1A-REPs have previously
been determined [15]. The CMT1A-REPs are ~99% non-
coding [16]. These sequences were aligned and sites vary-
ing between the copies identified. 257 base substitution
variants were identified within a 23758 bp alignment.
Stretches of absolute identity within the alignment that lie
between variant sites are known as 'fragments'. Sawyer's
gene conversion test, when applied to pairs of sequences,
measures the sum of the squared total lengths of these
fragments (SSUF); Sawyer originally qualified such frag-
ments as being 'uncondensed'. If gene conversion has
been operating, fragment lengths should be more varied
and SSUF would be larger than if variant sites were distrib-
uted at random along the sequence. Therefore the same
number of variant sites is then randomly permuted along
the sequence many times and the SSUF for each replica-
tion calculated, and compared to the observed value. For
levels of divergence of ~1% Sawyer's test has been shown
to have at least equivalent power to a number of other
methods for detecting gene conversion [17].

Sawyer's test was adapted here to take account of the in-
creased mutability of CpG dinucleotides, to avoid false
positives from non-random distributions of CpGs
throughout an alignment (for details see Materials and
Methods). Table 1 shows the results obtained by applying
this 'Sawyer-CpG' test to the aligned CMT1A-REP se-
quences and comparing it to a control alignment of simi-
larly sized orthologous sequences from a non-coding
region of chromosome 12 in humans and chimps. The
paralogous repeats show evidence of gene conversion
whereas the orthologous sequences do not. This indicates
that the pattern of identity between CMT1A repeats does
not result from some as yet uncharacterized source of rate
heterogeneity within hominoid sequence evolution.
CMT1A-REP sequences were also drawn from recently fin-
ished BAC sequences and aligned, and again these showed
a SSUF value significantly larger than the random permu-
tations of the Sawyer-CpG test (p = 0.011), thus indicating
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Schematic diagram of two models of gene conversion. Two paralogous sequences are aligned and variant sites between them
are shown as vertical lines extending above each sequence. Beneath the alignments are shown the length of the fragments
between each variant site. Fragments long enough to be considered a MEPS are thicker than those that are not. Dashed lines
with arrows indicate the extent of gene conversion, with the initiation point(s) shown by an 'X'. Note the greater variation in
fragment length after gene conversion.

Table |: Comparison of paralogous CMT | A-REP sequence alignment with orthologous control sequences, together with results of the
Sawyer-CpG permutation test for detecting the imprint of gene conversion. Significance at the 95% level is indicated in bold. Compar-

ison of orthologous and paralogous sequence alighments

Sequences Length (bp) Variant sites (at CpG fre- SSUF P value
CpGs) quency

CMTIA-REPs 23758 257 (73) 0.0098 5220559 0.008

Chr.12 orthologs 23584 275 (62) 0.0067 4405300 0.058

that the results are not due to errors within the cosmid se-
quencing data.

It is possible that the presence of dispersed repeats (e.g.
Alus and LINEs) within, and not the paralogy between,
CMT1A repeats drives these conversion processes. Howev-
er, variant sites between the CMT1A-REPs are distributed
equally between dispersed repeat and 'unique' sequences
within the paralogous repeats (y2 test, 1 d.f., p = 0.53).
Thus it is highly unlikely that the patterns of identity iden-
tified are due to conversion events from dispersed repeats
that are repeated outside the CMT1A-REP sequences.

In order to investigate the dynamics of gene conversion,
Monte-Carlo simulations of the evolution of CMTI1A-

REPs were performed. All non-CpG sites were considered
equally mutable, as were all CpG sites, although at a high-
er rate than non-CpG positions. As expected, running
these simulations in the absence of gene conversion pro-
duced SSUF values that were significantly lower than that
observed between CMT1A-REPs (p < 0.01).

Introducing gene conversion into these simulations re-
quires a model for its mechanism. Studies of meiotic ho-
mologous recombination in mammals have indicated the
importance of the length of absolute identity in determin-
ing the recombination rate. These studies have led to the
concept of a minimal efficient processing segment
(MEPS), thought to be roughly 200 bp in length [18].
Gene conversion within mammalian genomes has been
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Figure 2

Impact of simulated gene conversion on the sum of squared fragment lengths (SSUF) between aligned CMT | A-REPs. In order
to obtain plausible ranges for rate of the gene conversion processes between CMT|A-REPs, the relative rate of gene conver-
sion is varied under two models and is plotted against the mean of the sum of squared fragment lengths (SSUF) from 1000 sim-
ulated alignments. Significance is assessed against the SSUF from the observed alignment. Filled squares indicate rates at which
simulated datasets are significantly different from the observed one, at the 95% level. The range of rates at which simulated
datasets are not significantly different from the observed one is shown beneath the X-axis for both models.

identified on a locus-by-locus basis, rather than on a ge-
nome-wide scale, and little is known about its molecular
mechanism. Whilst most theoretical considerations of
gene conversion models have focused on a geometric dis-
tribution of gene conversion length derived from studies
in Drosophila [19,20], the only empirical evidence for
gene conversion between paralogous sequences to date
does not fit this model [12]. This latter study supports a
model of double recombinant events between sister chro-
matids, where the crossovers lie in MEPSs.

Consequently two different gene conversion models were
introduced into the simulations individually. The first
model assumes a random initiation of gene conversion
along the sequence followed by branch migration that re-
sults in a geometric distribution of converted sequence,
with a mean length of 353 bp [19], and is abbreviated as
HI994. The second model is based on the empirical evi-
dence described above [12] and converts sequence that
lies between neighboring MEPSs, where the length of a
MEPS is assumed to be greater than 200 bp of sequence

identity, and is abbreviated as B2000. These models are
displayed schematically in figure 1. The rate of gene con-
version relative to the rate of accumulation of base substi-
tution variants is incorporated into the simulations via the
parameter p. If u = 0.01, one gene conversion event will
occur, on average, per 100 base substitutions between the
paralogous repeats.

Figure 2 shows the results of repeated simulations under
the two models described above and using various values
of . It can be seen that both gene conversion models are
capable of generating simulated CMT1A-REP datasets that
are not significantly different from the observed align-
ment. Upper and lower bounds on the relative rate of gene
conversion can be determined for each of the two models.
The range of conversion rates (i) at which the B2000
model produces sequences that are not significantly dif-
ferent from the observed ones is 0.005-0.08, while for the
HI994 model this range is 0.02-0.2.
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The effect of varying parameters of the gene conversion models on sum of squared fragment length (SSUF). a) The impact of
varying the mean of the geometric distribution of conversion tract length for the HI994 model. b) The impact of varying the
length of a MEPS on the B2000 model. Relative gene conversion rate is plotted against the mean SSUF value from 1000 simu-
lated alignments. Numbers next to the lines indicate the size of the parameter in question, in base pairs. Significance is assessed
against the SSUF from the observed alignment. Filled squares indicate rates at which simulated datasets are significantly differ-
ent from the observed one, at the 95% level.
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Corrected sequence divergence of simulated CMTIA-REPs For each of the simulations represented in Figure 2 the mean
number of variants that have arisen since the repeats began diverging is converted into a sequence divergence and plotted
against the rate of gene conversion. The expected range for a locus that is shared between humans and chimps, but not gorillas
is shown in grey. Each point represents an average over 1000 simulations. Significance is assessed against the SSUF from the
observed alignment. Filled squares indicate rates at which simulated data sets are significantly different from the observed one,
at the 95% level. The range of rates at which simulated datasets are not significantly different, in terms of SSUF, from the

observed one is shown for both models above the chart.

Given our lack of knowledge of the mean conversion tract
length in the human genome, the simulations (using the
HI994 model) were repeated with this parameter varied
within the range of 100-600 bp (Figure 3a). Similarly, for
the B2000 model, the effect of varying the length of iden-
tity that constitutes a MEPS was varied within the range
100-350 bp (Figure 3b). These data show that as MEPS
length and conversion tract length decrease, higher rates
of gene conversion are required to explain the observed
distribution of fragment sizes in the CMT1A-REP sequenc-
es.

The relative rate for gene conversion at CMT1A-REPs can
be converted to an absolute de novo rate through a consid-
eration of the rate of base substitution. The rate at which
variants appear between the paralogs can be estimated as
the genome average per nucleotide mutation rate multi-
plied by twice the length of the repeats (as variants can
arise in either repeat). Thus the absolute conversion rate is

estimated by p multiplied by this locus divergence rate.
Using recent estimates of the human base substitution
mutation rate [21], the central value between the bounds
indicated in Figure 2 gives a gene conversion rate between
the two CMT1A-REPs of 1.3 x 104 per generation for the
HI994 model, and 5.1 x 10-5 per generation for the B2000
model.

It has previously been demonstrated that duplication of
the CMT1A-REPs occurred after the divergence of gorillas
from the human/chimp common ancestor [22]. Given
such a history we should expect a level of sequence diver-
gence of 1.3-1.6% [23]; in fact between these repeats we
observe 1.1% sequence divergence (excluding indels). In-
deed the alignment of orthologous sequences, which di-
verged more recently, exhibits greater sequence divergence
despite having a lower frequency of CpGs. Figure 4 details
the corrected, as opposed to the apparent, level of se-
quence divergence between repeats under the different
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simulated scenarios - in other words the number of vari-
ant sites that have arisen during the simulated evolution
rather than the number that appear in the alignment of ex-
tant sequences. The expected sequence divergence of 1.3-
1.6% falls within the plausible bounds of , as deter-
mined by the SSUF measure previously, and encompasses
the central values used above to calculate absolute rates.

Discussion

This is the first estimate of the rate of gene conversion be-
tween non-coding dispersed repeats, and thus it is difficult
to compare with previous estimates for gene conversion
processes. However, independent bounds on the rate of
gene conversion can be provided by a recent study that de-
tected the products of recombination between proximal
and distal CMT1A-REP sequences in pools of sperm DNA
[24]. This study detected products within a 1.4 kb region
containing the 1 kb 'hotspot' in which breakpoints of
75% of all CMT1A-REP-sponsored duplications are
found. These products could be expected to result from
both single crossovers resulting in duplications and gene
conversion events with one boundary within the hotspot
region. The authors argued that the majority of such prod-
ucts resulted from single crossovers on the basis that the
rate determined in small-pool PCR of ~1.5 x 10-5 was sim-
ilar to estimates of CMT1A duplication frequencies based
on patient prevalence (0.98-6.5 x 10-3) [24]. The uncer-
tainty in these two estimates allows us to estimate bounds
on the rate of gene conversion. The lower bound is clearly
zero. The upper bound can be calculated by taking the
highest possible SP-PCR rate given in this study (3.03 x
10-5) and subtracting the lowest patient prevalence rate
[24]. This gives an upper bound of 2.05 x 10-5. It should
be remembered that this figure refers solely to a single 1.4
kb interval within the 24 kb repeats. If we assume the gene
conversion rate is constant across the repeat this gives a to-
tal rate of 3.5 x 104 per generation. Thus the estimates for
gene conversion rates provided here fall well within the
bounds defined by recent SP-PCR work on the same re-
peats. The assumption of a constant gene conversion rate
across the repeat might not seem reliable; however, given
the fact that the proximal and distal hotspots do not ex-
hibit significantly higher levels of homology than the rest
of the CMT1A-REPs it seems that gene conversion is un-
likely to be as tightly localized to the hotspot as single
Crossovers.

It has been noted previously that using different models
for gene conversion by unequal crossing over can result in
rate estimates varying by a factor of 10 [25]. Using differ-
ent models of gene conversion for the evolution of
CMT1A-REPs is also likely to change the rate estimates, al-
though they will not alter the requirement for considera-
ble amounts of gene conversion in explaining the extant
pattern of sequence diversity.

http://www.biomedcentral.com/1471-2164/2/11

The probability of finding homogenized tracts within
CMT1A-REPs in the general population is dependent on
the numbers and diversity of the chromosomes screened
and the degree to which selection acts on the homoge-
nized repeats. Nevertheless, the de novo rate determined
above is a lower bound on this probability. As sequenced
extant CMT1A-REPs retain evidence of past gene conver-
sion events it seems that homogenized repeats are not im-
mediately removed from the gene pool and therefore the
real probability of detecting homogenized repeats is likely
to be considerably higher. Some hint of the true polymor-
phic nature of these repeats is revealed by a recent finding
that over a third of individuals carry single 24 kb CMT1A-
REPs that contain some single base variants that are prox-
imal-specific and some that are distal-specific in the avail-
able full length sequences of these repeats [24].

Conclusions

Data presented here suggest that gene conversion plays a
significant role in shaping the patterns of homology be-
tween autosomal paralogous repeats involved in patho-
genic rearrangements. In addition, evidence has been
presented that homogenized tracts within paralogous re-
peats are likely to be polymorphic within modern popu-
lations, polymorphisms which may well predispose
carriers to pathogenic non-allelic homologous recombi-
nation. In light of these results, more effort should be
made to ascertain diversity within the many known sets of
paralogous repeats associated with pathogenic rearrange-
ments. In addition, the potential predisposing effects of
such homogenizations need to be tested, either by associ-
ation studies, or directly by SP-PCR. Already it has been
shown that there are significant variations in the rates of
CMT1A duplications (as determined by SP-PCR) among
different sperm donors [24].

Monte-Carlo simulations that incorporate non-allelic ho-
mologous recombination processes, and their compari-
son to accurate genomic sequences, should prove a useful
method for disentangling the relative importance of vari-
ous factors on the rate of non-allelic homologous recom-
bination. Such factors include the length and orientation
of repeats, distance between repeats, chromosomal loca-
tion, chromatin structure and the presence of specific pro-
tein binding sites. Furthermore attempts to reconstruct
the evolutionary history of low copy repeats (LCRs) and
dispersed repeats [26-28] must take into account the con-
founding effect of gene conversion.

Materials and Methods

CMT1A sequence data were drawn from two sources. Cos-
mid sequences containing each CMT1A-REP [15] are un-
der accession numbers HSU71217 and HSU71218.
Finished BAC sequence for the proximal CMT1A-REP can
be found under accession numbers AC005838 and
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AC005324. Distal CMT1A-REP BAC sequences can be
found under AC005224 and AC005389. Orthologous se-
quences used as controls, and containing no known genes
or EST matches, were taken from finished BAC sequences
from chromosome 12. Human sequences were from
AC005294 and chimpanzee sequence from AC006582.
All BAC sequences used here have expected error rates of
less than 1 in 10000 bases.

Sequence alignments were performed using Se-Al version
2.0a7b [http://evolve.zoo.ox.ac.uk/] and are available
from the author on request. Variant sites and CpG posi-
tions were determined using the dreg pattern matching
program in the EMNU package at the HGMP-RC [http://
www.hgmp.mrc.ac.uk/] . All CpG dinucleotides present in
either sequence were considered to be present in the an-
cestral sequence. Dispersed repeats were identified using
RepeatMasker  [http://ftp.genome.washington.edu/cgi-
bin/RepeatMasker] .

In order to take account of the differential mutability of
bases within coding sequences Sawyer's original test [14]
assigns each base to one of four classes depending on the
degeneracy of its codon. A permutation test then main-
tains the same number of variant sites in each class. Rate
heterogeneity among sites in non-coding sequences does
not depend on codon degeneracy. CpG mutational
hotspots, however, play an important role [23,29]. In ad-
dition the rate of small insertion/deletion events (indels)
is clearly related to slippage induced by the 'cryptic sim-
plicity' of the surrounding sequence [30], in other words
the degree of local repetition of small nucleotide motifs.
However, whereas mutation at CpGs is well characterized,
the dynamics of cryptic simplicity are very poorly under-
stood, and consequently all indels were discarded from
the alignment. Remaining sites were then assigned into
two classes, those where a CpG was present in the ances-
tral sequence and those where it was not. These two class-
es of variant sites were then randomly permuted
independently to maintain the same frequency of CpG
variant sites, the positions of which are conditioned on
the position of CpG sites in the ancestral sequence.

The Sawyer-CpG gene conversion test was performed us-
ing 10000 permutations. Each Monte Carlo simulation
comprised 1000 replications that were halted once the
number of extant variant sites equaled that found between
the aligned sequences. The relative rate of CpG to non-
CpG mutation was determined heuristically by selecting a
rate at which the observed (73/257) value of the ratio of
variant sites that were due to CpG mutation equaled the
median of this value among 1000 simulations. The rela-
tive rate of CpG increased mutability that was adopted
(14.8) was similar to that determined empirically [29]. P
values were determined in a one-tailed fashion as the frac-

http://www.biomedcentral.com/1471-2164/2/11

tion of replicates whose SSUF values are greater (if mean
SSUF < observed SSUF) or less (if mean SSUF > observed
SSUF) than that from the sequenced CMT1A-REPs.

All software and simulations were written in Interactive
Data Language (IDL) version 5.4, an array-based higher
order language. Analysis was performed on a Mac G4
Powerbook with 400 MHz processor. Source code and
IDL executable files are available from the author on re-
quest.
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