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Several large-scale studies of human genetic variation have
provided insights into processes such as recombination that have
shaped human diversity. However, regions such as low-copy
repeats (LCRs) have proven difficult to characterize, hindering
efforts to understand the processes operating in these regions.
We present a detailed study of genetic variation and underlying
recombination processes in two copies of an LCR (NF1REPa and
NF1REPc) on chromosome 17 involved in the generation of NF1
microdeletions and in a third copy (REP19) on chromosome 19
from which the others originated over 6.7 million years ago. We
find evidence for shared hotspots of recombination among the
LCRs. REP19 seems to contain hotspots in the same place as the
nonallelic recombination hotspots in NF1REPa and NF1REPc.
This apparent conservation of patterns of recombination
hotspots in moderately diverged paralogous regions contrasts
with recent evidence that these patterns are not conserved in
less-diverged orthologous regions of chimpanzees.

Recombination in LCRs is particularly interesting because crossovers
that occur between two nearby copies of an LCR (generally referred to
as nonallelic homologous recombination; NAHR) result in deletion or
duplication of the region between the copies and are often associated
with genomic disorders such as Charcot-Marie-Tooth type 1A,
hereditary neuropathy with liability to pressure palsies, Williams-
Beuren syndrome and neurofibromatosis type 1 (NF1). These NAHR
events have sometimes been observed to cluster in relatively short
hotspots1–3, but otherwise, little is known about recombination in
LCRs, including the extent to which patterns of recombination are
shared across different copies of the same LCR and whether hotspots
for NAHR also correspond to hotspots for nonallelic homologous
gene conversion (NAHGC) and/or allelic homologous recombination
(AHR). In principle, one can obtain considerable insight into these
questions through studying patterns of genetic variation in LCRs.

However, because of high sequence identity, accurate genotyping of
SNPs in LCRs is not straightforward, and when such SNPs are typed in
high-throughput genotyping projects, the obtained genotypes are
often inaccurate and show nonmendelian inheritance or lack of
Hardy-Weinberg equilibrium. As a result, virtually no reliable data
are available on population genetic variation in LCRs.

We therefore undertook a detailed sequencing-based study of the
patterns of genetic variation in three copies of an LCR, of which two
are associated with the NF1 microdeletion. Supplementary Figure 1
online gives a schematic overview of the NF1 microdeletion region and
its LCRs, NF1REPa and NF1REPc (on chromosome 17) and REP19
(on chromosome 19). Two types of recurrent NF1 microdeletions have
been described. Type I NF1 microdeletions are typically 1.4 Mb in
length and of meiotic origin4. In individuals with type I NF1 micro-
deletions, the deletion breakpoints tend to cluster in two regions called
PRS1 (ref. 5) and PRS2 (ref. 1) (Supplementary Fig. 1). Regions
paralogous to PRS1 and PRS2 are also present in REP19 (Supplemen-
tary Fig. 1) but with about 22 kb of extra sequence inserted between
them compared with NF1REPa and NF1REPc. Type II NF1 micro-
deletions are less frequent, have a length of 1.2 Mb and are mitotic in
origin; their breakpoints tend to cluster in a different segment of the
LCRs6,7. Supplementary Figure 1 gives an overview of the repeat
content of the different LCRs and the location of the typed SNPs.

To better characterize NAHR in NF1REPa and NF1REPc, we
accurately mapped the location of the breakpoints in 60 individuals
with type I NF1 microdeletions ascertained in an unbiased manner.
The results (Fig. 1) confirmed the presence of two clusters of break-
points: a larger cluster in PRS2 (3.4 kb, containing 40/60 breakpoints)
and a smaller cluster in PRS1 (1.8 kb, containing 13/60 breakpoints).
This suggests the presence of hotspots for the initiation of NAHR in
PRS1 and PRS2, in either one or both of NF1REPa and NF1REPc.

The effect of NAHGC will be to ‘insert’ a small segment of one LCR
into another LCR. Thus, frequent NAHGC would tend to lead to
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‘shared’ SNPs that are polymorphic in both LCRs. We therefore assessed
relative rates of NAHGC in three regions (900 bp in PRS1, 1,500 bp in
PRS2 and 800 bp in a region between PRS1 and PRS2) by sequencing
these regions in both NF1REPa and NF1REPc (Supplementary Table 1
online) and determining how many of the identified SNPs were
‘shared’ (that is, polymorphic in both NF1REPa and NF1REPc). In
total, we identified 28 SNPs in NF1REPa and 26 in NF1REPc in the
three specified regions. Of these, 12 were shared, providing strong
evidence for NAHGC (the probability of 12 or more SNPs being
shared if one draws 28 and 26 SNPs independently at random from
3,200 bp is P¼ 2.2 � 10�18). The region sequenced in PRS2 contained
a higher proportion of shared SNPs (9/22) than the region sequenced
in PRS1 (2/9), which contained a higher proportion than the inter-
vening region (1/11; Table 1). Although only the difference between
PRS2 and the intervening region approached statistical significance
(P ¼ 0.066), the results are consistent with the possibility that rates of
NAHGC vary in a similar way to rates of NAHR; that is, the highest
rate is found in PRS2, an intermediate rate in PRS1 and a lower rate in
the intervening region, just as hotspots for allelic homologous gene
conversion (AHGC) have been found to coincide with hotspots for
AHR in the MHC and PAR1 regions8. This would be expected if
NAHGC and NAHR were two alternative resolutions of a Holliday
junction formed after a double-strand break, and if the hotspots for
NAHR were due to an increased rate of double-strand break forma-
tion. Sequencing the same three regions in REP19, we did not find any
SNPs shared with either NF1REPa or NF1REPc, and thus, as expected,
there is no evidence for any ongoing genetic exchange between
NF1REPa or NF1REPc and REP19.

In order to assess patterns of AHR, we first identified and typed
SNPs in each of the three LCRs in 43 trios (parents plus child).
We typed a total of 20 SNPs in the 33-kb region surrounding PRS1
and PRS2 in NF1REPa and NF1REPc. In REP19, where an additional
22 kb is found between PRS1 and PRS2, we typed 16 SNPs surround-
ing PRS1 and 12 SNPs surrounding PRS2 (Supplementary Table 2
online; LD patterns are shown in Supplementary Fig. 2 online). We
then used a statistical approach9–11 based on the observed haplotype
data to assess the evidence for AHR hotspots at PRS1 and PRS2 in
each of the LCRs. Specifically, as in ref. 11, we prespecified PRS1 and

PRS2 as locations for potential hotspots and used the statistical
method to estimate the background population-scaled recombination
rate (r) and the relative intensity of recombination in the hotspot
segments (l). Thus, l ¼ 1 corresponds to no hotspot; we will refer to
l between 1 and 10 as a ‘weak’ hotspot and l 4 10 as a ‘strong’
hotspot. To summarize the strength of the evidence for either a strong
or weak hotspot, we use the Bayes factor (BF), which is the probability
of obtaining the data under the model that a weak or strong hotspot is
present divided by the probability of obtaining the data under the
model that no hotspot is present. Thus, a BF of 41 is evidence for a
hotspot, and a BF of 10 means that the data are ten times more likely
under a hotspot model than under a model without a hotspot, which
might be considered strong evidence for a hotspot. The results are
summarized in Table 2. One explanation for the different results for
NF1REPa and NF1REPc (BFs ranging from 1.1–3.2) as compared with
REP19 (BFs of 10.1 and 14,835) is that the polymorphism data for the
former are comparatively uninformative about the presence or absence
of a hotspot. This is suggested by results shown in Supplementary
Figure 3 online, which demonstrates little difference between the prior
and posterior distribution of l. In contrast, the polymorphism data in
REP19 are substantially more informative and provide strong evidence
for a hotspot of some kind in both PRS1 and PRS2 (BF 4 10,000
(strong hotspot) in PRS1, and BF ¼ 10.1 (weak hotspot) in PRS2).
Further, when we repeated these analyses for the REP19 data without
prespecifying the location of the hotspot and allowing the statistical
method to estimate the location, the estimated hotspot locations
corresponded very closely to the regions paralogous to PRS1 and
PRS2 (Fig. 1). (The estimated positions of the AHR and NAHR
hotspots are, respectively, 6973–9059 and 7682–9525 for PRS1 and
5567–7316 and 4394–7564 for PRS2.)
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Table 1 Number of SNPs across the different regions of the LCRs

PRS1

(900 bp)

PRS2

(1,500 bp)

Region between

hotspots (800 bp)

Total

(3,200 bp)

NF1REPa only 4 5 7 16

NF1REPc only 3 8 3 14

Shared NF1REPa/c 2 9 1 12

REP19 only 6 11 2 19

Shared 17/19 0 0 0 0

‘NF1REPa only’: total number of nucleotide positions polymorphic only in NF1REPa and
not at the paralogous position in NF1REPc. ‘NF1REPc only’: total number of nucleotide
positions polymorphic only in NF1REPc and not at the paralogous position in
NF1REPa. ‘Shared NF1REPa/c’: number of nucleotide positions polymorphic
in NF1REPa and at the paralogous position in NF1REPc. ‘REP19 only’: total number of
nucleotide positions polymorphic only in REP19 and not at the paralogous position in
NF1REPa and/or NF1REPc. ‘Shared 17/19’: total number of nucleotide positions
polymorphic in REP19 and at the paralogous position in NF1REPa or NF1REPc.

Figure 1 Comparison of hotspots of recombination inferred from haplotype

and microdeletion data. Top: estimated rates of crossover across PRS1 and

PRS2 in REP19 as calculated by PHASE. Lines show the posterior mean

(dashed line) and median (full line) crossover rates from PHASE when both

the location and intensity of any hotspot are estimated from the population

haplotype data. The position of the SNPs (REP19) is represented by +.

Vertical lines show locations of the NAHR breakpoint hotspots identified

from the data in the bottom figure. Bottom: distribution of the NAHR

breakpoints of 60 individuals with NF1 microdeletions. The upper and lower

panels are aligned: the estimated locations of AHR hotspots from the

haplotype data on chromosome 19 agree closely with the locations of the

NAHR breakpoint hotspots in the paralogous regions on chromosome 17.

Note the very different scales of the y axes in the upper plot.
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The high informativeness of the population data in REP19 compared
with NF1REPa and NF1REPc could be due to several factors, including
the greater number of SNPs available (28 in REP19 versus 20 in
NF1REPa and NF1REPc) and the higher average minor allele frequency
(average minor allele frequency of 29.8% in REP19 compared with
18.0% in NF1REPa and 14.7% in NF1REPc)12,13. It is also possible that
differences in the background recombination rates14 in the different
regions could contribute to different power to detect hotspots, as the
estimated background recombination rate (r) differs in the three LCRs.
The estimate of r is about two times higher in NF1REPa (1.31 � 10�4)
compared with NF1REPc (6.41 � 10�5). The background recombina-
tion rate for REP19 PRS1 is 1.48 � 10�4 (comparable to NF1REPa),
whereas the background in REP19 PRS2 is higher (5.09 � 10�4). It is
possible that, due to the formation of deleterious microdeletions, a
selective pressure against recombination exists in the LCRs of chromo-
some 17, reducing the historical recombination signature in the region.

Although it is notable that hotspots for AHR in REP19 identified
from population data seem to occur in the same locations as the PRS1
and PRS2 hotspots for NAHR identified from individuals with NF1
microdeletions, it is also worth noting that the estimated relative
intensities of the hotspots identified from the two approaches differ
appreciably. Intensities of the NAHR hotspots, computed by comparing
the frequency of deletion breakpoints occurring inside each hotspot
versus outside the hotspots, are 28.7 for PRS1 and 46.7 for PRS2. (Note
that these estimates are likely biased slightly upward because the
locations of the breakpoint hotspots were based on the observed
NAHR events.) In contrast, estimated intensities of these hotspots
from the REP19 population data are 152 and 8, respectively. In
addition, in REP19, the population data suggest a lower average rate
of AHR in the region surrounding PRS2 than in the region surround-
ing PRS1 (Supplementary Fig. 3), whereas the microdeletion data
suggest the reverse for NAHR in chromosome 17. Although some of
these discrepancies could be due to imprecision of the estimated
intensities and deviations from modeling assumptions, other factors
could also have a role. For example, the NAHR data measure the
current recombination rate (microdeletions being formed), whereas
population genetic data reflect the average historical recombination

rate, and differences can exist between current
and historical recombination rates15. Other
factors that could influence the relative inten-
sity of the recombination hotspots include the
fact that REP19 contains 22 kb of additional
sequence inserted between PRS1 and PRS2, or
that differences in methylation pattern could
result in a different DNA folding in each LCR
(epigenetic effects).

In summary, the mapping of NF1 micro-
deletion breakpoints (Fig. 1) and the presence
of NAHGC give a clear view that sites of
NAHR in (at least one of) NF1REPa and
NF1REPc are not randomly distributed and
are located in two distinct hotspots. Population
genetic data in both NF1REPa and NF1REPc
are not very informative for a hotspot of AHR
but do not argue strongly against the presence
of hotspots in either NF1REPa or NF1REPc.
Population genetic data in the paralogous
regions of REP19 provide strong evidence for
hotspots of AHR. The initial duplication of the
LCR from chromosome 19 to the NF1 region
took place before the human-gorilla split,

about 6.7 million years ago16. Conservation of AHR hotspots in
REP19 with NAHR hotspots in NF1REPa and NF1REPc in sequences
that have been evolving separately for such a long time is notable, as
hotspots for recombination in humans do not seem to be highly
conserved in chimpanzee11,17. Others18 have investigated the fine-
scale recombination rate of three 500-kb regions both in humans and
chimpanzees. Eighteen hotspots for recombination were found in
humans, and of these, only one may correspond to a site of historical
recombination in chimpanzees. Although it could be that we have
simply found hotspots that happen to be conserved by chance, it is also
possible that patterns of recombination in orthologous regions between
humans and chimpanzees are less evolutionarily stable than patterns of
recombination in paralogous regions. This could be due, for example,
to differences in the recombination machinery or in epigenetic factors
in the two species17,18. This potential role in hotspot evolution for distal
regulators of recombination or epigenetic factors has been suggested
before when looking at the presence or absence polymorphism of a
human recombination hotspot19. Examining whether the AHR hot-
spots in PRS1 and PRS2 are present in the chimpanzee orthologs could
help distinguish among these competing explanations.

METHODS
Samples. We collected DNA samples extracted from blood leukocytes from 43

nuclear families (trios). In addition, genomic DNA from 70 individuals was

available for full sequencing of three regions in each LCR investigated. All

individuals were of Flemish origin and gave their informed consent, and all

experiments were approved by the ethical commission of the medical faculty of

the Catholic University of Leuven.

Specific PCR amplification of sequences from the three different copies of

the LCRs. Using the Expand Long Template PCR system (Roche), we amplified

each copy of the LCR in fragments of a maximum of 5 kb. Primers were chosen

to end on paralogous sequence variants (PSVs) in such a way that only one

copy of the LCR would be amplified. Genotypes from some SNPs showed

problems with mendelian inheritance and Hardy-Weinberg equilibrium.

Primer positions of the relevant PCR fragments were sequenced in all

individuals, and the PSV sites used for the LCR-specific amplification proved

to be polymorphic and hence not LCR specific. In these cases, new primers

were designed using other PSVs in the vicinity that were not polymorphic in

Table 2 Background recombination rates and k values in the PRS1 and PRS2 regions

of the LCRs

NF1REPa NF1REPc REP19

PRS1 P(l 4 1)a 0.707 0.564 1.00

P(l 4 10)a 0.393 0.296 0.989

BF(weak)b 3.2 1.8 327d

BF(strong)c 2.0 1.0 14,835d

Median l 5.47 1.78 152

PRS2 P(l 4 1) 0.719 0.532 0.865

P(l 4 10) 0.429 0.327 0.412

BF(weak)b 3.1 1.3 10.1d

BF(strong)c 2.2 1.1 4.6

Median l 7.23 1.66 7.99

Background

recombination rate

(90% confidence interval)

1.31 � 10�4 6.41 � 10�5 PRS1: 1.48 � 10�4

(2.3 � 10�5

to 3.3 � 10�4)

(1.0 � 10�5 to

1.7 � 10�4)

(3.8 � 10�5 to

5.9 � 10�4)

PRS2: 5.09 � 10�4

(1.9 � 10�4 to

1.1 � 10�3)

aProportion of the 50,000 iterations with l 4 1 or l 4 10. bBF comparing the model ‘weak hotspot’ versus the model ‘no
hotspot’. cBF comparing the model ‘strong hotspot’ versus the model ‘no hotspot’. dBF values 410: strong indication in favor
of a hotspot.
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our set of 43 families. With the new primer sets, there were no longer problems

with mendelian inheritance or Hardy-Weinberg Equilibrium. A complete list of

primers is available in Supplementary Table 3 online.

Detection of type I NF1 microdeletion breakpoints. We amplified, nonspe-

cifically, fragments from both NF1REPa and NF1REPc simultaneously during

the same PCR reaction and sequenced PSVs at several sites throughout the

LCR. In an individual with a microdeletion, one typically amplifies three

different fragments, one derived from the normal NF1REPa, one derived from

the normal NF1REPc and one derived from the hybrid NF1REPa/NF1REPc on

the chromosome 17 with the microdeletion. By simply scoring the relative copy

number of both nucleotides of the PSV, one can determine if the breakpoint is

located centromeric of the PSV investigated (NF1REPc-specific nucleotide has a

higher relative intensity on sequencing readout) or telomeric of the PSV

(NF1REPa-specific nucleotide has a higher relative intensity) (Supplementary

Fig. 4 online). In this way, the interval where the breakpoint is located can be

narrowed to an interval between two PSVs.

SNP discovery. In NF1REPa and NF1REPc, 31 kb of the 33 kb region

investigated in the three LCRs were fully sequenced, and about 22 kb were

sequenced in REP19 (BigDye Terminator Sequencing Kit v3.1, Applied Bio-

systems) in ten random individuals for SNP discovery. Regions left

unsequenced in NF1REPa and NF1REPc had a high repetitive content. All

SNPs typed in the 43 families were submitted to the dbSNP database.

Supplementary Table 2 gives an overview of all the SNPs typed in the different

LCRs together with the minor allele frequency. In addition, three smaller

regions in the different LCRs were fully sequenced in 70 unrelated individuals

(900 bp in PRS1, 1,500 bp in PRS2 and 800 bp in a region between PRS1 and

PRS2). The number of SNPs shared between the different copies of the LCRs

was counted. Supplementary Table 1 gives an overview of the total number of

SNPs and the number of SNPs shared between LCRs.

SNP typing. A total of 68 SNPs (20 in NF1REPa and NF1REPc, 16 in the PRS1

region of REP19 and 12 in the PRS2 region of REP19) were typed in the 43

nuclear families and were submitted to the dbSNP database (Supplementary

Table 2). The SNPs were typed by direct sequencing (BigDye Terminator

Sequencing Kit v3.1, Applied Biosystems) or by SNaPshot analysis (Applied

Biosystems) on the LCR-specific amplified PCR products. Because of the high

sequence identity between the different copies of the LCR and the inherent

problems of specific amplification of the LCRs, extensive precautions were taken

to avoid mistyping. None of the SNPs in this report showed problems with

mendelian inheritance, and all genotypes are in Hardy-Weinberg equilibrium.

SNPs with a frequency lower than 4% were not included in the data analysis.

Haplotype analysis. For each copy of the LCR, the 172 parental haplotypes

were estimated from the genotype data of the 43 trios using PHASE v2.1.1

(refs. 9,10,20–22). These estimated haplotypes were assumed to be known

without error for subsequent analyses. We then used PHASE to assess the

evidence for the presence of AHR hotspots in the three LCRs (NF1REPa,

NF1REPc and REP19) at the location of the NAHR hotspots (PRS1 and PRS2)

in NF1REPa and NF1REPc. The boundaries of PRS1 and PRS2 were chosen in

such a way that they encompassed 90% of the breakpoints located in the PRS1

and PRS2 area, respectively. Based on the haplotype data, PHASE estimates the

overall background recombination rate (r) and the relative intensity of any

hotspots (l). For example, l ¼ 1 corresponds to no hotspot, whereas l ¼ 10

corresponds to a hotspot where recombination occurs at a rate 10 times higher

than in the surrounding sequence. The program makes a number of iterations

(for example 10,000), and each iteration produces a sampled value of r and l.

We assumed the following prior distribution on l: with probability 0.5, l ¼ 1

(that is, no hotspot); otherwise a hotspot is present (l 4 1) and log10(l) is

uniform in the range 0–3. The number of iterations that provide a sampled

value of l 4 1 indicates the strength of the evidence for a hotspot. For our

analysis, we used five different seeds, each time making 10,000 iterations, to

provide a total of 50,000 samples. The numbers shown in Table 2 reflect the

proportion of iterations where l 4 1 or l 4 10, with 1 o l o 10 being

considered a weak hotspot, and l 4 10 being considered a strong hotspot. For

the prior on l we assumed (see above) the prior probability of no hotspot is

0.5, the prior probability of a weak hotspot l is 1/6 and the prior probability

of a strong hotspot is 1/3. The evidence for a weak or strong hotspot

is measured using the Bayes factor (BF). The BF is the probability of obtaining

the data under the model that a weak or strong hotspot is present divided by

the probability of obtaining the data under the model that no hotspot is

present. A BF of 10 indicates that the data are ten times more likely to be

obtained if there is a hotspot than if there is no hotspot. The BF is calculated as

follows: BF(weak) ¼ (Pr(weak hotspot) � 0.5)/(Pr(l ¼ 1) � 1/6), and

BF(strong) ¼ (Pr(strong hotspot) � 0.5)/(Pr(l ¼ 1) � 1/3), where Pr(x) is

the percentage of iterations observed under condition x, and 0.5, 1/6 and 1/3

are the prior probabilities of finding ‘no hotspot’, a ‘weak hotspot’ or a ‘strong

hotspot’, respectively.

For the REP19PRS1 and REP19PRS2 regions, a second analysis with PHASE

was performed, assuming that one AHR hotspot was present in each region

without specifying the exact location of the AHR hotspot.

Statistical analysis. The number of observed shared SNPs between the different

copies of the LCR was compared with the expected number by the binomial

distribution. The a priori probability was calculated as the number of SNPs per

bp present in the copy of the LCR to which the other LCR was compared. The

a-level was Bonferroni corrected.

Statistical analysis software and URLs. PHASE can be found at http://

www.stat.washington.edu/stephens/software.html. All input files for PHASE

and all derived haplotypes are available in Supplementary Table 4 online.

Note: Supplementary information is available on the Nature Genetics website.
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