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Evidence for Widespread Reticulate Evolution within Human Duplicons
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Approximately 5% of the human genome consists of segmental duplications that can cause genomic mutations
and may play a role in gene innovation. Reticulate evolutionary processes, such as unequal crossing-over and gene
conversion, are known to occur within specific duplicon families, but the broader contribution of these processes
to the evolution of human duplications remains poorly characterized. Here, we use phylogenetic profiling to analyze
multiple alignments of 24 human duplicon families that span 18 Mb of DNA. Our results indicate that none of
them are evolving independently, with all alignments showing sharp discontinuities in phylogenetic signal consistent
with reticulation. To analyze these results in more detail, we have developed a quartet method that estimates the
relative contribution of nucleotide substitution and reticulate processes to sequence evolution. Our data indicate
that most of the duplications show a highly significant excess of sites consistent with reticulate evolution, compared
with the number expected by nucleotide substitution alone, with 15 of 30 alignments showing a 120-fold excess
over that expected. Using permutation tests, we also show that at least 5% of the total sequence shares 100%
sequence identity because of reticulation, a figure that includes 74 independent tracts of perfect identity 12 kb in
length. Furthermore, analysis of a subset of alignments indicates that the density of reticulation events is as high
as 1 every 4 kb. These results indicate that phylogenetic relationships within recently duplicated human DNA can
be rapidly disrupted by reticulate evolution. This finding has important implications for efforts to finish the human
genome sequence, complicates comparative sequence analysis of duplicon families, and could profoundly influence
the tempo of gene-family evolution.

Introduction

Sequence evolution can be described as reticulate (or
concerted) if it results in a network of relationships be-
tween distinct sequences rather than simple ancestor-
descendant relationships. Although such relationships
can be caused by recombination between two or more
genomes, which is common among lentiviruses such as
HIV-1 (Rhodes et al. 2005), they are most commonly
associated with paralogous sequence families (e.g., see
Newman and Trask 2003; Rozen et al. 2003), where
both nonallelic homologous recombination (NAHR)
and gene conversion between alleles or paralogues can
occur within a single genome. Our understanding of
these processes in humans has improved dramatically
over the last few years. Rates of gene conversion have
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been estimated within specific loci by use of techniques
such as small-pool PCR (Jeffreys et al. 2004) or repeat-
specific PCR within well-characterized repeat pairs
(Bosch et al. 2004). Some specific NAHR events that
lead to clinical phenotypes as a result of the deletions/
duplications they promote have also been dissected in
detail (Hurles 2001; Saitta et al. 2004).

Despite these advances, the frequency and patterns of
reticulation events within the vast majority of human
duplicons are difficult to analyze, because of the lack
of associated phenotypes and the number and com-
plexity of sequence repeats. Comparative analysis of
sequence data is therefore often used to infer these
events, and specific NAHR and conversion events are
being identified at a growing number of human genes,
including Opsin, Complement C4, and HLA genes (Ja-
kobsen et al. 1998; Jaatinen et al. 2002; Verrelli and
Tishkoff 2004). With the near-completion of the hu-
man genome sequence, there is now an opportunity to
initiate more-extensive analyses of reticulate evolu-
tion within our genome. This is particularly impor-
tant within the ∼5% of the finished human genome
sequence that consists of recently formed segmental du-
plications (Bailey et al. 2002; She et al. 2004a). These



Jackson et al.: Human Reticulate Evolution 825

regions contain 16% of all human RefSeq exons (Bailey
et al. 2002) and harbor examples of both novel chimeric
transcripts and genes of unknown function that have
undergone rapid positive selection (Johnson et al. 2001;
Crosier et al. 2002; Ruault et al. 2003; She et al. 2004a;
Ciccarelli et al. 2005). These sequences are also of clin-
ical importance: a large number of duplication/deletion
syndromes—such as Charcot-Marie-Tooth, velocardio-
facial (VCFS), DiGeorge, William, and Prader-Willi
syndromes—are due to recombination between non-
allelic copies of specific duplicon familes (reviewed by
Shaw and Lupski [2004]), whereas structural variation
associated with duplicons (Iafrate et al. 2004; Sebat et
al. 2004) can predispose to pathological rearrangements
in specific cases (Gimelli et al. 2003). Knowledge of the
patterns of reticulation is, therefore, central to our un-
derstanding both of genomic mutations that cause dis-
ease and of gene evolution. Furthermore, many of the
remaining gaps in the human sequence lie within du-
plicated DNA, and a significant amount of duplicated
sequence remains to be integrated into the overall ref-
erence sequence (International Human Genome Se-
quencing Consortium [IHGSC] 2004). If reticulation is
common within this sequence, it may pose a further
obstacle to the completion of the human sequence map.
It is clear, therefore, that patterns of reticulate evolution
within human DNA must be assessed.

Many methods routinely used to identify patterns of
reticulate evolution require multiple sequence align-
ments, rather than pairwise alignments, and are com-
plicated by the fact that the products of unequal
crossing-over and gene conversion are often indistin-
guishable at the sequence level (reviewed by Drouin et
al. [1999]). Most use sliding-window analyses and/or
deviations from trees of sequence relationships to de-
fine discontinuities in phylogenetic signal (e.g., Sawyer
1989; Guttman and Dykhuizen 1994; Maynard Smith
and Smith 1998; Proutski and Holmes 1998; Weiller
1998; McGuire and Wright 2000; Hurles 2001; Hus-
meier and McGuire 2003). The fact that these analyses
vary extensively in their power, sensitivity, and com-
putational cost has led to the suggestion that multiple
methods should be employed in a coordinated fash-
ion (Wiuf et al. 2001). Here, we use a combination of
phylogenetic profiling (Weiller 1998), permutation
tests (Sawyer 1989; Hurles 2001), and a novel quartet
method to assess the relative contribution of reticulation
and nucleotide substitution to the evolution of 18 Mb
of recently duplicated human DNA. Our results show
that reticulation is endemic within these closely related
human duplications and, in many instances, has led to
a 20-fold excess of sites consistent with reticulation rel-
ative to the expected value. This indicates that comple-
tion of the human sequence map will be even more
difficult than is currently realized and that the contri-

bution of reticulation events to the evolution of gene
families may be greater than is currently appreciated.

Material and Methods

Generation of Multiple Alignments

Sequences of individual BAC clones that map to re-
gions rich in segmental duplications (see the “Results”
section) were analyzed using NIX (Williams et al. 1998).
Paralogues were identified through inspection of BLAST
(Altschul et al. 1990) output, and individual clones that
maximized the overlap of distinct paralogues were iden-
tified using Pairwise FLAG (see Web Resources). Se-
quences were aligned using the Clustal V implementa-
tion within the Lasergene suite of software (DNAstar)
by use of a gap-creation penalty of 10 and a gap-exten-
sion penalty of 3, to favor gap extension in regions with
high mutation rates, such as di- and tetranucleotide re-
peats. Terminal regions of nonalignment were subse-
quently trimmed, and each alignment was manually ed-
ited to ensure that regions of poor/arbitrary alignment
were optimized through the introduction of gap char-
acters. All alignments were then stripped of all positions
containing one or more gaps, and PAUP version 4.0 b10
(Swofford 2003) was used to construct neighbor-joining
(NJ) trees under a Felsenstein 84 (F84) model of evo-
lution with 1,000 bootstrap replicates. To remove am-
biguity in tree topology, if any tree contained a node
with !90% bootstrap support, then one sequence at that
node was removed from the alignment and the tree was
reconstructed. If necessary, this process was repeated un-
til all nodes had 190% bootstrap support. Two align-
ments were retained within the data set despite the pres-
ence of one weak node (Morph-1 and SMA-1), because
removal of further sequences did not improve the boot-
strap values of the reduced trees. Trees were also gen-
erated from these alignments by use of maximum par-
simony, and, in all cases, the topology was identical to
the NJ trees.

A total of 30 alignments generated in this way were
used for subsequent analysis. The criteria for inclusion
of an alignment in the data set were the presence of a
minimum of four distinct sequences (to allow the use of
quartet methods) and sequence identity across 115 kb.
These alignments therefore only represent duplicon fam-
ilies with �4 copies that have been sequenced as part
of the human genome project. When necessary because
of uneven clone overlaps or duplications extending over
multiple clones, a single duplicon was represented by
more than one nonoverlapping alignment. In addition,
two alignments (chAB4 and Morpheus) were each split
into two separate alignments because of the presence of
two diverged clades, which effectively removed one long
internal branch (see generation of alignment data set in
the “Results” section).
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Figure 1 Examples of reticulate and bimutational quartets. See
description of quartet classification in the “Material and Methods”
section.

These alignments and their NJ trees represent the pri-
mary data (referred to as “CpG-positive data”). A par-
allel set of data consisting of all alignments in which
CpG dinucleotides had been removed was also gener-
ated, and NJ trees were developed as described above
(referred to as “CpG-negative data”). The CpG-negative
alignments are only 1.4%–3.8% shorter than the CpG-
positive alignments but contain 18%–47% fewer vari-
able positions (not shown), which illustrates the high
frequency of mutations within CpG dinucleotides. In
several cases, the bootstrap values within the CpG-neg-
ative trees fell below 90%. However, in only one case
(Morph-1) was the topology of the CpG-negative tree
different from that of the CpG-positive tree.

In addition to the test data, 13 multiple alignments
were generated using primate sequences from nine genes
within Target 1 of the National Institutes of Health In-
tramural Sequencing Center (NISC) comparative verte-
brate sequencing initiative (see NISC Comparative Ver-
tebrate Sequencing Web site). This encompasses ∼1.5
Mb of DNA surrounding the CFTR locus in 7q31.2 and
includes the WNT2, CAV1, MET, and ST7 genes. These
alignments, which exceed 270 kb in total length and
include 11.8 Mb of sequence from up to seven primate
species, are control alignments because the sequence is
single copy and levels of reticulation are assumed to be
low. However, it is noteworthy that the mean pairwise
distances within these trees are larger than those of the
test data set (0.042 vs. 0.01) because of the evolutionary
relationships between the species used.

Generation of Simulated Data

One hundred simulated alignments for each CpG-
positive and CpG-negative alignment were artificially
evolved with Seq-Gen (Rambaut and Grassly 1997) by
use of the appropriate alignment length, tree topology,
and branch lengths from each NJ tree. In all cases, a
F84 model of evolution was used, and both the nucle-
otide frequencies and the transition/transversion rates
were taken from the observed data.

Phylogenetic Profiling and Network Analysis

Phylogenetic profiling was performed using PhylPro
(Weiller 1998). This method correlates local pairwise
distance measures between sequence windows on both
sides of a single position within a multiple alignment.
By use of sliding windows of fixed size, putative recom-
bination sites can be identified as sharp changes in cor-
relation between distance measures in the two windows.
In all cases, a range of window sizes from 15 to 80
parsimony-informative sites and 40–120 variable sites
were analyzed because the optimal window size is influ-
enced by the level of divergence between sequences in
the alignment and by the nature of reticulation within

the data. In each case, a simulated data set (see the “Gen-
eration of Simulated Data” section) was used to generate
a control profile and was analyzed using the same pa-
rameters. All network analyses were performed using
SplitsTree 4 (D. H. Huson and D. Bryant, unpublished
data; see Algorithms in Bioinformatics: SplitsTree4 Web
site), with parsimony splits and equal angle display.

Quartet Analysis

A method to identify evidence of reticulation was de-
veloped that examines the patterns of character states
at positions within a multiple alignment that do not
support the best tree generated from that alignment. Un-
like other methods that adopt this approach, such as the
homoplasy test used to assess horizontal gene trans-
fer in bacteria (Maynard Smith and Smith 1999), this
method does not require the estimation of alternative
trees between taxa and only analyzes specific subsets of
quartets within the data. Consider the alignment of four
sequences , , , and , with designating the jths s s s s1 2 3 4 ij

position of the ith sequence and with the phylogenetic
relationships between the four sequences described by a
tree with the topology (shown graphi-[(s ,s ) , (s ,s )]1 2 3 4

cally in fig. 1A). Let us consider the quartet of bases
in the four sequences at position j of the{s ,s ,s ,s }1j 2j 3j 4j

alignment. In quartets where either , ,s ( s s p s1j 2j 1j 3j

and or , , and (e.g., fig.s p s s ( s s p s s p s2j 4j 1j 2j 2j 3j 1j 4j

1B), a minimum of two substitution events needs to be
invoked, one within each clade of the tree, in which both
mutations are to the same nucleotide. However, these
quartets can also be accounted for by one substitution
followed by a reticulation event (conversion/recom-
bination). We designate these quartets here as reticulate.
Since the probability of multiple substitution events can
be derived from branch lengths, substitutions rates, and
the composition of the ancestral sequence, we can com-
pare the observed number of reticulate quartets with that
expected under a model of substitution alone. An excess
of reticulate quartets can be interpreted as evidence of
reticulation.

For a control, we examine the second class of quartets
that also require a minimum of two substitutions, one
within each clade (e.g., fig. 1C). However, in these quar-
tets, the inferred mutations are to different nucleotides,
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and postulating a reticulation event does not reduce the
number of substitutions that must be inferred. We des-
ignate these quartets as bimutational. They satisfy the
criteria , , and either ands ( s s ( s s p s s (1j 2j 3j 4j 1j 3j 2j

or and . The expected number cans s p s s ( s4j 2j 3j 1j 4j

again be predicted from branch lengths, substitution
rates, and ancestral sequence composition. We can,
therefore, look for evidence of reticulation and control
for the consistency of our data sets by calculating the
frequency of reticulate and bimutational quartets over
all alignment positions—and for all possible sequence
quartets—within a given alignment. To do this, we as-
sume that the relationships between the sequences are
described by the NJ trees obtained from the multiple
alignment, with confidence intervals for the quartet fre-
quencies computed by bootstrapping over all positions
in the alignment 1,000 times. To take into account the
potential influence of multiple substitutions on quartet
frequencies, the observed values are then compared with
the frequencies obtained from 100 simulated data sets
generated as described in the previous section.

Quartet Analysis of Tract Length

We can use quartet analysis to establish the length of
tracts that are consistent with reticulation between two
sequences. We confine our analysis to tracts that contain
at least one reticulate quartet. We designate a tract be-
ginning at position and ending at as consistent withl lb e

reticulation between the sequences s1 and s2 if s p s1l 2l

for , , and and if there is atl ! l ! l s ( s s ( sb e 1l 2l 1l 2lb b e e

least one position , , for which there is al l ! l ! lc b c e

pair of sequences and that fulfill the phylogenys si j

and where and . The[ (s ,s ) , (s ,s ) ] s p s s ( s1 i 2 j il jl 1l ilc c c c

length of such a tract is .L p l � l � 1e b

The average tract length overall for sequence pairs of
a data set was determined and was compared with the
distribution derived from 1,000 control data sets gen-
erated by random permutation of the alignment posi-
tions. An average tract length longer than expected is
consistent with reticulation. Tracts longer than the 99th
percentile tract in the control data sets were retained for
further analysis. To generate a minimal set of tracts,
overlapping pairwise tracts with one sequence in com-
mon were assumed to be due to the same event, and the
shorter one was discarded.

Partition Analysis of Reticulation Event Number

In a subset of alignments, the expected frequency of
reticulate quartets is negligible (see the “Results” sec-
tion), which makes it possible to assume that all of the
reticulate quartets within the observed data are due to
reticulation events. In these cases, it is possible to ex-
amine the distribution of reticulate quartets and to es-
timate the minimum number of reticulation events re-

quired to produce the observed data. This analysis was
performed on the CpG-negative data by analyzing the
output from the Partimatrix program (Jakobsen et al.
1997). This displays the consistency of all partitions
within the data set. Each parsimony-informative site
with two character states supports a single partition
within the data, consisting of two groups of taxa, each
with a single character at that position. The tree that
describes the phylogenetic relationship between the se-
quences in the alignment will be supported by one par-
tition for each internal branch. Partitions that do not
support the tree are interpreted as being due to homo-
plasious substitutions (i.e., independent substitutions to
the same character state) and/or reticulation events.
When the expected frequency of reticulate quartets is
negligible under a model of evolution by nucleotide sub-
stitution, it means that few or no homoplasious changes
are expected to be observed, given the tree topology,
branch length, and sequence length. Under these excep-
tional circumstances, it follows that observed partitions
that do not support the tree are due to reticulation
events.

As an example of this method, the cladogram for one
alignment (c9orf36) is shown in figure 2A. All the par-
titions supported by parsimony-informative sites within
the alignment are represented in the partition matrix
shown in figure 2B. The three partitions compatible with
the tree are to the left of the vertical dotted line, those
incompatible with the tree are to the right. The minimum
number of events can be defined by counting the number
of independent runs of sites that are incompatible with
the tree. For the example shown here, there are a min-
imum of four reticulation events, calculated as follows.
Position 1 (352 bp) is incompatible with the tree and so
is defined as a reticulation event. The six sites between
1648 bp and 1861 bp (inclusive) represent a second
event because they are incompatible with the tree but
are all compatible with each other (i.e., partition 1A and
1B can be present on the same tree). However, the ad-
jacent site (position 1935) is incompatible both with the
tree and with partition 1B and so is indicative of a third
reticulation event. The fourth and final reticulation is
defined by positions 5904 bp and 7427 bp, which are
incompatible with the tree. Although they are separated
by two positions in partition 1D (6496 bp and 6801
bp), all three partitions (1D, 5, and 1A) are compatible
and so could be the product of a single event encom-
passing positions 5904–7427 bp. By traversing all po-
sitions within the alignment in this manner, one can de-
fine a minimal number of reticulation events. This can
be divided by the total length of all sequences in the
alignment to give a minimum estimate of the density of
reticulation events. These estimates are only valid for
alignments for which the expected frequency of reticu-
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Figure 2 Estimate of reticulation-event density. A, Cladogram
of c9orf36 alignment. Sequences are defined by their RPCI11 BAC
clone names. The three partitions that support the tree (18, 19, and
1D) are indicated. B, Partition matrix of proximal 8.2 kb of c9orf36
alignment. Sites support 16 different partitions; the two sequence
groups that define each partition are indicated by black and white
circles above the matrix, and the partitions that support the tree are
to the left of the vertical dashed line. Each informative position is
represented by a separate row of squares (numbered on the right). The
specific partition defined by each informative site is indicated by a
white square containing a black dot. All partitions compatible with
this partition are shown as white squares, and all partitions incom-
patible with it are shown in black. Positions that support alternative
partitions are assumed to be the result of reticulation. The four retic-
ulation events inferred from the data are numbered 1–4, and the max-
imal extents of the sequences affected are indicated by dashed hori-
zontal lines.

late quartets is negligible, and they are minimal estimates
only (see the “Discussion” section).

Results

Generation of Alignment Data Set

To investigate patterns of reticulate evolution within
recently duplicated human DNA, we have generated a
data set consisting of 30 multiple alignments encom-
passing 18 Mb of DNA (see the “Material and Meth-
ods” section) from regions of the genome rich in re-
cent segmental duplications (table 1). Eleven alignments
are from the pericentromeric region of human chro-
mosome 9 (Humphray et al. 2004), and 13 come from
six previously characterized duplicon clusters, including
the Morpheus genes on chromosome 16 (Johnson et al.
2001), the creatine transporter–related genes in 16p11
(Eichler et al. 1996), the DiGeorge/VCFS region in
22q11 (Saitta et al. 2004), the site of an ancestral cen-
tromere in 15q25 (Ventura et al. 2003), the spinal mus-
cular atrophy (SMA) region in 5q13.2 (Courseaux et al.
2003), and the chAB4 sequence family (Cserpan et al.
2002). A further six consist predominantly of sequences
from subtelomeric regions of the genome and include
RPL23A-, COB-W–, and PGM5-related sequences (Fan
et al. 2002). These alignments were generated from in-
dividual clones to avoid the incorporation of potential
assembly errors into the data set (Bailey et al. 2002) and
to include chAB4 sequences that have not been inte-
grated into the current genome assembly. The resulting
alignments vary in length from 14.1 to 108.3 kb, with
the length constrained by clone overlap and the extent
of contiguous sequence identity (see the “Material and
Methods” section). All sequences within the alignments
show very high sequence identities, with mean percent-
age identity within alignments that varies from 96%
(chAB4-1) to 99.6% (15q25).

Application of Phylogenetic Profiling to Human
Duplicon Alignments

As a preliminary analysis of reticulation, we used phy-
logenetic profiling (Weiller 1998) to investigate the con-
sistency of the phylogenetic signal within all 30 multiple
alignments. Examples of the resulting profiles are shown
in figures 3 and 5. All profiles show sharp changes in
correlation, with most of the alignments producing a
small number (1–7) of clearly defined changes consistent
with NAHR events. For example, the phylogenetic pro-
file of the alignment from the ancestral centromere re-
gion in 15q25 (fig. 3A) has a dip in correlation, with a
minima at �0.3 that lies within sequence related to the
chondroitin sulphate gene. The simulated control profile
shows no dips in correlation !0.7. The source of this
change in correlation is clear from the phylogenetic trees
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of the two regions it defines (fig. 3B), which differ in the
position of a single sequence: ac044860. The movement
of this sequence between two distinct clades is consis-
tent with it being a recombination product between two
sequences, one related to the sequences AC135735,
AC127482A, and AC127482B, the other to AC005630
and AC010725.

In contrast, the alignment from the 22q11 and SMA
regions gives more complex results in which the profile
of each sequence overlaps to produce a more chaotic
signal (figs. 3C–3E and 5C). This is most striking in the
SMA-1 alignment that spans ∼85 kb of the repeat and
includes sequence from two alleles of this genome region
(Schmutz et al. 2004). The basic repeat structure of this
region is shown in figure 3C, with the repeats in each
allele numbered according to physical position. The phy-
logenetic profile of this alignment (fig. 3D) shows mul-
tiple overlapping troughs (115), with all sequences af-
fected by changes in correlation, which is indicative of
a very complex evolutionary history throughout the
length of the alignment. The profile also identifies a pu-
tative 7-kb recombination hotspot defined by two tan-
dem repeats in which sequence identities rise to 99.96%
(see fig. 6). To illustrate the complexity of the sequence
relationships further, the phylogenetic networks of all
the repeats present in both alleles are also shown (fig.
3E). The network of repeats from allele 1 is relatively
simple, with a single major split in the data. The split
between V1.2/V1.5 and all other repeats is favored by
∼60 parsimony-informative positions, but ∼15 positions
place V1.2 with V1.6/V1.4 and V1.5 with V1.1/V1.3.
Four repeats (V1.1, V1.3, V1.4, and V1.6) are indepen-
dent of the network. However, when the three repeats
from allele 2 are included, a further five splits are intro-
duced into the network, which makes it clear that there
is no simple relationship between the position of each
repeat within alleles 1 and 2 and their phylogeny. Only
repeats 1 and 2 of allele 1 (V1.1/V1.3) share a common
origin independent of the network.

Application of a Quartet Test for Reticulation
to Human Duplicon Alignments

The phylogenetic profiling confirms both that retic-
ulate evolution is extremely common within recent du-
plications—with all 30 alignments showing evidence of
such events—and that the patterns of reticulation vary
enormously, from well-defined exchange events consis-
tent with small numbers of unequal crossovers to ex-
tremely complex patterns likely to involve extensive gene
conversion events (fig. 3). To assess the relative contri-
bution of reticulation and nucleotide substitution to
the evolution of these sequences, we have developed a
method that analyzes the extent and nature of phylo-
genetic signal that contradicts the trees generated from
our multiple alignments (see the “Material and Meth-

ods” section and fig. 1 for details). This analyzes the
frequency of quartets within an alignment in which ei-
ther two independent mutations to the same nucleotide
have occurred or one mutation and one reticulation
event have occurred (reticulate quartets; see fig. 1B). An
excess of these quartets relative to the expectation pro-
vides evidence of reticulate evolution within the align-
ment. As a control, we analyze the frequency of quartets
in which we can infer that two mutations to different
nucleotides have occurred (bimutational quartets; see fig.
1C).

The results of this analysis performed on all 30 CpG-
positive alignments and the 13 primate control align-
ments are shown in figure 7A. The mean percentage of
reticulate quartets in the simulated data (shown in red)
is !1% for all alignments, with the exception of chAB4-
1 and chAB4-2, which are the two most divergent align-
ments (table 1). In contrast, the observed frequencies of
reticulate quartets (shown in black) vary from 0.1%
(VSPA) to 47% (ANKRD20A), and it is clear that there
is a significant excess of reticulate quartets, relative to
the expected numbers, in virtually every alignment, in-
cluding the single-copy primate control alignments. The
control group shows the most modest excess, with
observed values 2–4-fold higher than expected (range
1.15%–4.73% of informative quartets). In contrast, all
six telomeric alignments show a 7–10-fold excess, with
reticulate quartets accounting for between 4.2% and
9.3% of the total. However, the most extreme excess is
observed in the alignments from the pericentromeric re-
gion of chromosome 9 and other nontelomeric dupli-
cons, with 16 of 24 having an excess of �20 fold. In
15 alignments, reticulate quartets account for 110% of
all informative quartets, and, in 11 alignments (Alphoid,
ANKRD20A, 22q11-1, 22q11-3, chAB4-1, chAB4-2,
both Morpheus alignments, and all three SMA align-
ments), the frequency is 120%. This represents an enor-
mous excess relative to the expectation.

In sharp contrast to the results for reticulate quartets,
there is little discernable difference between the observed
and simulated results for bimutational quartets (fig. 7B).
Both observed and expected quartet frequencies are con-
sistently low in all alignments, and only the two most
diverged alignments (chAB4-1 and chAB4-2) have fre-
quencies exceeding 4%. Only the CASPR3 alignment
shows a significant excess relative to the expectation. In
the 42 remaining alignments, there is extensive overlap
between the bootstrap values obtained from the real data
(black bars) and the 95% CIs calculated from the sim-
ulations (red bars).

It is noteworthy that, in 16 alignments, the frequen-
cy of reticulate quartets (in which both changes are to
the same nucleotide) is in 120-fold excess relative to
both the simulated data and the observed frequency of
bimutational quartets (in which the changes are to two
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Figure 3 Identification of reticulation events by use of phylogenetic profiling. A, Control and observed profiles of 21-kb section of 15q25
alignment created using a window size of 30 parsimony-informative sites. The extent of gene-related sequences is indicated. The X-axis shows
position within alignment (in kb); the Y-axis shows correlation. B, NJ trees generated using subalignments from regions 1 and 2. The clades
indicated with an asterisk (*) are supported by bootstrap values of 99%–100%. The scale (F84 distance) is the same for both trees. All sequences
are indicated by the last three digits of their accession numbers. Sequences included are AC044860, AC127482, AC135735, AC135995,
AC005630, and AC010725. AC127482 contains two copies of the duplication, A and B. C, Schematic structure of both SMA alleles (Var1
and Var 2) adapted from Schmutz et al. (2004). The positions of the SMN1 and SMN2 genes are indicated. The extent of duplicated sequence
is shown in gray, with the position of the most abundant duplicated segments (V1.1–V2.3) indicated. The gap in the sequences is represented
by a pair of dashed lines. The scale is in megabases. D, Control and observed profiles spanning the ∼85-kb SMA-1 alignment, created using a
window of 20 parsimony-informative sites. The X-axes show informative sites; the Y-axes show correlation. E, Parsimony networks of all six
repeats within allele 1 (left) and all nine repeats within both alleles (right). Scale is in nucleotide differences. Sequences aligned (in order from
V1.1 to V2.3) are AC138957, AC131392, AC138866, AC138959, AC138911, AC140139, AC139500, AC108108, and AC138930. Examples
of alignments of informative sites used to generate the profiles are provided in figure 4.
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Figure 4 Examples of sequence alignments used to generate pro-
files. The legend is available in its entirety in the online edition of The
American Journal of Human Genetics.

Figure 5 Reticulations identified by phylogenetic profiling. The
legend is available in its entirety in the online edition of The American
Journal of Human Genetics.

different nucleotides). For instance, the median fre-
quency of reticulate quartets in the SMA-1 simulated
alignments is 0.0% (95th percentile 0.82%) compared
with an observed value of 28.85% and an observed fre-
quency of bimutational quartets of 1% (fig. 7A and 7B).
It is clear from these results that reticulate quartets are
in significant excess within the data, often representing
11 in 5 informative quartets but that bimutational quar-
tets are not in excess. This is wholly consistent with the
expectation if the sequence evolution of the aligned du-
plications involves extensive reticulate processes.

Influence of CpG Distribution on Reticulation Signal

Our method assumes that substitution patterns at dif-
ferent nucleotides within an alignment are independent.
However, in eukaryotic genomes, this assumption is vi-
olated in CpG dinucleotides in which the high frequency
of spontaneous deamination leads to an excess of CrT
transitions. Genomewide estimates suggest that this oc-
curs at a frequency ∼1 order of magnitude higher than
substitution rates (Fryxell and Moon 2005). Both the
high frequency of these events and the specificity of the
mutational event could increase the observed frequency
of reticulate quartets to above that expected. To establish
whether this phenomenon is contributing to the ob-
served excess within our data set, we removed all po-
sitions that contained one or more nucleotides within a
CpG dinucleotide from our alignments (CpG-negative
data) (see the “Material and Methods” section). We then
performed simulations and reanalyzed the data, the re-
sults of which are shown in figure 7C. Athough the con-
fidence intervals associated with both observed and sim-
ulated CpG-negative data were larger than those for the
CpG-positive data—as a result of the smaller number of
variable sites in each alignment (see the “Material and
Methods” section)—the observed frequency of reticulate
quartets within the test data was not significantly af-
fected. In fact, the results were strikingly similar to those
obtained with the CpG-positive data (fig. 7A), with a
7.3–11.4-fold excess within telomeric alignments and a
120-fold excess in 16 alignments of duplicons from the
pericentromeric region of chromosome 9 or nontelo-
meric duplicons. This confirms that CpG mutability is
not responsible for the observed excess of reticulate
quartets within our data set. However, the removal of
CpG dinucleotides reduced the excess of reticulate quar-

tets observed in the 13 primate control alignments by
∼40%, from a mean of 3.36% in the CpG-positive data
to 2.07% in the CpG-negative data. This indicates that
a large proportion of the excess observed in the CpG-
positive primate controls (fig. 7A) can be accounted for
by mutability of CpGs. Despite this, the small differences
between the observed and simulated primate control
data remain significant in 6 of 13 cases (data not shown).

Correlation of Levels of Reticulation
with Alignment Identity

Both gene conversion and NAHR are homology-de-
pendent processes, which are promoted by localized
regions of near-perfect identity (Stankiewicz and Lupski
2002). We would therefore predict that levels of retic-
ulation are not independent of sequence identity. To in-
vestigate this, we plotted the ratios of observed to ex-
pected frequencies of reticulate quartets within the
CpG-negative data (fig. 7C) against the average pairwise
identity within each alignment (table 1). The results are
shown in figure 8, and a highly significant correlation
between the excess of reticulate quartets and alignment
identity is observed ( ). This is particularly2r p 0.599
clear from the fact that 15 of 16 alignments in which
the average pairwise identity is �99% (table 1) have an
observed:expected ratio of 110, compared with only 2
of 14 alignments in which the average identity is !99%
(CASPR3 and KGF).

Impact of Reticulation upon Tracts of Sequence
Identity

The quartet analysis provides striking evidence that
reticulation is common within recently duplicated hu-
man DNA. However, it provides no information on the
distribution of such events. If reticulation is occurring,
we would expect to see clustering of reticulate quartets,
because each event may affect multiple nucleotides. To
establish whether this expectation is met, we performed
permutation tests using two independent methods. We
calculated the number of reticulate quartets within each
tract of perfect identity between all pairs of sequences
within each alignment of the CpG-negative data set, and
we compared this to expectations from 1,000 pseudo-
samples in which alignment position had been random-
ized (see the “Material and Methods” section). These
results, in the form of observed:expected ratios, are pre-
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Figure 6 Delineation of putative hotspot in SMA-1 region. The
legend is available in its entirety in the online edition of The American
Journal of Human Genetics.

Figure 7 Quartet analysis of multiple alignments. A, Reticulate
quartets in CpG-positive data expressed as a percentage of all infor-
mative quartets. B, Bimutational quartets in CpG-positive data ex-
pressed as a percentage of all informative quartets. The insert shows
the same data at a higher resolution. C, Reticulate quartets in CpG-
negative data expressed as a percentage of all informative quartets.
Bars on observed data show 95% bootstrap values, and bars on sim-
ulated data show 95% CIs. In the 22q11.1 CpG-negative alignment,
reticulate quartets represent 150% of all informative quartets. This is
a result of low bootstrap values within the NJ tree.

sented in figure 9. The 13 primate control alignments
yield ratios that vary from 0.92 to 1.11, and in no case
are the observed data significantly different from the
simulations. This establishes that the small excess of re-
ticulate quartets within these controls shows no signif-
icant clustering, which is inconsistent with this excess
being due to reticulation. In contrast, 25 of the 30 align-
ments of human duplicons have an observed mean tract
length that exceeds 95% of the 1,000 simulations (P !

), and 19 of the 30 exceed 99% of the simulations.05
( ). The ratio of observed to expected frequenciesP ! .01
within these alignments varied from 1.3 (chAB4-1) to
3.0 (SMA-3). This means that tracts of perfect identity
within the SMA-3 alignment are ∼3 times longer than
expected given the observed phylogenetic relationships.
We also analyzed the CpG-positive data by use of the
permutation test method described by Hurles (2001),
which corrects directly for the influence of CpG deam-
ination. These analyses, which look at all pairwise align-
ments (including nearest neighbors), identified a signif-
icant excess in the length of tracts of identity in all test
alignments, confirming the results obtained with the
CpG-negative data (see table 2).

To identify the tracts most likely to be due to retic-
ulation, we established the position of all independent
regions of perfect identity within our alignments that are
significantly longer than expected (longer than the 99th
percentile for regions of perfect identity within the ran-
domized simulations). Despite this stringent cutoff, the
alignments contain 187 such tracts, encompassing ∼450
kb or ∼5% of the total aligned sequence (see table 3).
The size of the tracts in each alignment varies enor-
mously, since the expected distribution is a function of
branch lengths within each tree. However, 74 of the
tracts are 12 kb in length, with the largest spanning 118
kb. This confirms that a significant fraction of the very
high sequence identity that exists between paralogues
within the human genome is a result of gene conversion
and unequal crossing-over between existing duplicated
sequences rather than recent de novo duplication.

Reticulation Density

Although phylogenetic profiling identifies the prod-
ucts of major NAHR events within most alignments, it
is clear that it cannot resolve events when the signal is
complex (e.g., fig. 3D). To precisely define events of this
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Figure 8 Reticulation in relation to sequence identity. Linear
regression of log-transformed data is shown as a solid line ( 2r p

), and 95% CIs are shown as dashed lines.0.599

nature, or to estimate the frequency of events, is difficult
in such data sets because it is unknown whether all se-
quences within the genome are present in each align-
ment. Even in cases in which the copy number is known,
it is not possible to sample from sequences that have
been deleted from ancestral genomes. However, in 11 of
our alignments, the expected frequency of reticulate
quartets is effectively zero. This implies that virtually all
the observed reticulate quartets are the result of retic-
ulation events, as opposed to multiple independent mu-
tational events to the same nucleotide. Under these
exceptional circumstances, it is possible to use the dis-
tribution of all informative sites within the alignments
to define the minimal number of events that is required
to generate the observed data (see the “Material and
Methods” section and fig. 2). The results of this analysis
are summarized in figure 10. A minimum of 189 events
are inferred within 11 alignments that span ∼3.54 Mb
of DNA. This is much higher than suggested by the
phylogenetic profile analyses and gives a minimal density
of 1 reticulation event every 18.7 kb. However, it is clear
that there is significant variation in the event frequency
between alignments. Most give densities between 0.01
and 0.1 events per kb, but the 22q11-3 alignment has
a density of 0.262 events per kb, or ∼1 reticulation event
every 4 kb. It is noteworthy that VCFS, caused by de-
letions of 22q11 sequences, is associated with the highest
mutation rate of any duplicon-induced pathogenic re-
arrangement (Shaffer and Lupski 2000), which suggests
that the frequency of reticulation events and duplicon-
induced mutation may be directly correlated.

Discussion

To date, detailed analyses of reticulate processes, such
as unequal crossing-over and gene conversion within

nonrepetitive human DNA, have been confined to anal-
yses of duplicons with a stable copy number of 2, which
allow donor and acceptor loci to be defined (e.g., Han
et al. 2000; Hurles 2001; Bosch et al. 2004; Hurles et
al. 2004); analyses of meiotic events between alleles at
known hotspots (e.g., Jeffreys et al. 2004); or analyses
that take advantage of a phenotype associated with a
specific event, such as duplication/deletion (e.g., Saitta
et al. 2004; Shaw and Lupski 2004). The analysis pre-
sented here therefore represents the first concerted effort
to analyze the phylogenetic consistency of a broad cross
section of complex human duplicons from a wide variety
of genomic locations and with unknown copy number.
All 30 alignments analyzed have sharp changes in phy-
logenetic profile; ∼90% have a significant excess of re-
ticulate quartets relative to the expectation, and a min-
imum of 5% (450 kb) of the analyzed sequence consists
of tracts of perfect identity created by reticulation events.
Because the copy number of these duplicons is unknown
(and may have varied over time), accurate rate estimates
for these events cannot be derived. Despite this, the pat-
tern of sequence variation within a subset of alignments
is consistent with an average of one reticulation event
every ∼18.7 kb. All these observations provide striking
confirmation that human duplicons are not evolving in-
dependently but rather are exchanging information at a
very high frequency.

The levels of reticulation we have identified are ex-
treme, often affecting 120% of the informative positions
in an alignment. Although this is surprisingly high,
consideration of the methodology suggests that the
true levels may be significantly higher. First, in common
with many other methods (Hein 1993; McGuire and
Wright 2000; Husmeier and McGuire 2003), the quar-
tet method outlined here will only detect reticulation
events that have led to a change in tree topology. Ex-
changes between sequences that only affect branch
lengths will not be detected. Second, the method as-
sumes that the tree generated from each alignment is
an accurate reflection of the phylogenetic relationships
between the sequences involved. We have deliberately
simplified some trees to minimize violations of this as-
sumption (see the “Material and Methods” section),
and the existence of sequences that cannot be positioned
on a tree with confidence is likely the result of further
reticulation events. Furthermore, in several alignments,
the sites within each partition that support the tree are
often clustered together (see fig. 11), indicating that the
phylogenetic relationships are not adequately described
by the tree. The most plausible explanation for such
clustering is reticulation involving sequences that have
not been sampled because of either incomplete sequence
coverage or deletion from the human genome. It is clear
from these considerations that current methods under-
estimate the true levels of reticulation in these sequences.
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Table 2

Examples of Sawyer CpG Permutation Tests

The table is available in its entirety in the online
edition of The American Journal of Human Genetics.

Figure 9 Tract length increase in duplicons. The ratio of observed to expected tract lengths is shown for control and duplicon alignments.

Since our alignments include 18 Mb of DNA, rep-
resenting ∼5% of all known human duplicons (IHGSC
2004), it is tempting to speculate that the results pre-
sented here are typical of all human duplicons. How-
ever, all duplicon families in our sample contain a min-
imum of four copies, and, although there is extensive
empirical evidence that reticulate processes occur in du-
plicon families with two and three copies (Hurles 2001;
Hurles et al. 2004; Bagnall et al. 2005), there may be
some correlation between reticulation frequency and
duplicon copy number. In addition, our sample is heav-
ily biased toward duplicons with 199% identity, which
also reflects the constraints of the inclusion criteria (see
the “Material and Methods” section). Approximately
one-third are from the single largest region of duplicons
within the human genome (9p12-q12 [Humphray et al.
2004]), whereas others are from duplications already
known to be associated with deletion/duplication syn-
dromes (SMA in 5q13.2 and DiGeorge/VCFS in 22q11).
It is interesting that these duplicons are largely chro-
mosome specific and have relatively localized distribu-
tions. In contrast, the subtelomeric and chAB4 repeats
that map to multiple chromosomes show a smaller ex-
cess of reticulation quartets in our analyses and share
lower sequence identities. This may be related to the
fact that rates of NAHR and gene conversion are in-
fluenced by both sequence identity and the spacing of
interacting molecules (Stankiewicz and Lupski 2002;
Schildkraut et al. 2005), with dependence on sequence

identity supported by the significant correlation we ob-
serve between the levels of reticulation and the mean
sequence identity of each alignment (fig. 8). The higher
sequence identities shared between human intrachro-
mosomal duplications, compared with interchromoso-
mal duplications (Bailey et al. 2002), may therefore be
partly the result of different rates of reticulation events
between these two classes of duplicon.

It is noteworthy that our primate control alignments
also contain an excess of reticulate quartets relative to
the expectation. However, the excess observed in the
controls is modest in the CpG-positive data and is sig-
nificantly reduced in magnitude by exclusion of CpG
dinucleotides. It is possible that violations of the model
of molecular evolution used to generate the simulated
data, such as rate heterogeneity or variation in specific
substitution rates, may be responsible. These would
have the greatest impact on the primate controls, be-
cause the control trees are much larger than those gen-
erated from the test data, and such violations could
influence the frequency of both reticulate and bimuta-
tional quartets. The excess could be due to biased gene
conversion within single-copy human genomic DNA,
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Table 3

Tracts of Perfect Identity Created by Reticulation Events

The table is available in its entirety in the online
edition of The American Journal of Human Genetics.

Figure 10 Reticulation-event density in duplicons. Analysis of
11 alignments for which the expected frequency of reticulate quartets
is negligible. All show a 120-fold excess of reticulate quartets relative
to the expectation, with expected frequencies in 100 control alignments
!0.5% of the observed value at the 50th percentile and !2.0% of the
observed value at the 95th percentile. Analyses were performed on
CpG-negative data, and the minimum number of events was estimated
as shown in figure 2.

which has been described recently by Webster et al.
(2005). Although a convenient explanation, this mech-
anism is unlikely to be entirely responsible, because the
reticulate quartets are not clustered in the control align-
ments (fig. 9). Another possible explanation may be the
speciation events within the primate controls. The sto-
chastic fixation of intraspecific sequence variation that
crosses species barriers can, in a proportion of poly-
morphic sites, give rise to apparent homoplasy. With
limited sequence data, this has led to the recovery of
gene trees in which the topology is distinct from the
primate species tree (e.g., Chen and Li 2001). Among
closely related species, such stochastic assortment of
polymorphic variation would generate reticulate quar-
tets more frequently than bimutational quartets, and
these would be randomly distributed in terms of phys-
ical position. Thus, the assortment of intraspecific se-
quence variation during one or more primate speciation
events could produce a specific excess of reticulate quar-
tets without any clustering of the affected sites.

Irrespective of the source of these minor inconsisten-
cies within the primate controls, they do not affect the
conclusion, based on our analyses, that some of the
human duplicons described here are the most reticulate
euchromatic sequences described to date in any species,
with only the most recombinant strains of HIV virus
showing remotely comparable mosaic histories (Vidal
et al. 2000).

The Effect of Reticulation on Map Closure
and Comparative Analyses

The extreme levels of reticulation described here have
important implications for efforts to close remaining
gaps in duplicon-rich regions of the human genome, and
for gene-family evolution. All genome-sequencing meth-
odologies use the assumption that sequence identity is
indicative of physical overlap to facilitate contig con-
struction. The limitation of applying whole shotgun se-
quencing methods to complex genomes is clear (She et
al. 2004b), and the advantage of using haploid libraries
to avoid allelic variation during contig construction has
been demonstrated (e.g., Skaletsky et al. 2003). Despite
this, most of the current human draft sequence has been
constructed using more than one diploid library and rep-
resents a combination of two or more alleles (IHGSC
2004). This has prevented assembly of contiguous ref-
erence sequence in highly duplicated polymorphic re-
gions (e.g., Taudien et al. 2004). In some duplication-
rich regions, a “deep coverage” sequencing strategy has

been used to sequence both alleles from a single library,
with very high levels of sequence redundancy (Mar-
tin et al. 2004; Schmutz et al. 2004). Despite these ef-
forts, gaps still remain in these regions, highlighting
the difficulty of obtaining sequence closure within such
duplications.

The ability to eliminate the confounding influence of
diploidy (by analyzing hydatiform moles, for example)
is only one aspect of the problem. Even if a single haploid
resource were exclusively used, the fact that a minimum
of 5% of the sequence in our alignments share perfect
identity because of reticulation indicates that perfect
overlap between clones is not a totally secure criterion
for map construction in duplicated DNA. Our results,
therefore, strongly suggest that the human sequence map
may never be truly finished and that, even if all remain-
ing sequence gaps are closed, we will only be able to
state that the resulting sequence build represents the
most parsimonious map we can create given the limi-
tations of the cloning resources used and the complexity
of human duplications. These results also illustrate the
importance of creating immortalized cell lines from ma-
terial used to generate large-insert genomic libraries for
reference, to allow discrepancies within sequence maps
to be unambiguously resolved using methods such as
PFGE and Fiber-FISH, should the need arise.

The high levels of reticulation observed here will also
significantly affect the conclusions of comparative anal-
yses of duplicated sequences. High interspecific sequence



838 Am. J. Hum. Genet. 77:824–840, 2005

Figure 11 Distribution of sites indicating suboptimal trees. The
legend is available in its entirety in the online edition of The American
Journal of Human Genetics.

identities between duplicon copies, despite a relatively
ancient evolutionary origin, has been noted by several
authors and has been interpreted as indirect evidence of
gene conversion (e.g., Orti et al. 1998; DeSilva et al.
1999; Shaikh et al. 2001; Crosier et al. 2002). Our data
unequivocally confirm this inference and indicate that
divergence times based solely on sequence identity be-
tween human duplicons could be extremely misleading.
It follows that the recent evolutionary origins for many
human duplicon families, inferred from human sequence
data, must be reexamined using more-comprehensive
comparative approaches (e.g., Stankiewicz et al. 2004).

Reticulation and the Identification of Recombination
Hotspots

Duplicons are known to promote rearrangement, and
several genomewide analyses have explored the physical
association between duplicons and clinically important
deletions and have developed archived resources to vi-
sualize duplicons within the working draft (Bailey et al.
2002; Cheung et al. 2003). More recenty, empirical anal-
yses of large-scale copy-number changes within the hu-
man genome (Iafrate et al. 2004; Sebat et al. 2004) have
begun to refine our understanding of this relationship.
Our phylogenetic profiling identifies the alignments from
the SMA and 22q11 microdeletion regions as those with
the most complex phylogenetic histories. This is clear
both from the phylogenetic profiles (figs. 3C and 5C)
and from the high density of inferred reticulation events
(fig. 10). Several alignments within the highly polymor-
phic 9p12-q12 region are also noteworthy because of
the presence of a single unstable duplicon within each
sequence family (M.S.J., unpublished data). This estab-
lishes that regions of known instability have marked
disruption of the phylogenetic signal and that signatures
of past recombination/conversion events can be readily
detected using existing methods. It follows that system-
atic analysis of this signal may help to distinguish du-
plicons that are physically unstable from those whose
sequence identity is due purely to descent, as suggested
by Hurles et al. [2004], and it may pinpoint hotspots of
activity such as the SMA-1 hotspot identified here (fig.
6). Thus, although we have demonstrated unprecedented
levels of reticulation within the duplicons we have an-
alyzed, a more comprehensive genomewide scan is de-
sirable, both to fully characterize the levels and distri-

bution of reticulation and to correlate this information
with genomic instability. Although straightforward in
principle, this will be complex in practice. Many meth-
ods, including our quartet method, require a multiple
alignment containing a minimum of four sequences. This
reduces their utility, because they cannot be applied to
duplicons with a low copy number (2–3) without gen-
eration of comparative data from other species and be-
cause accurate multiple alignment still requires exten-
sive user interaction. In contrast, methods that analyze
pairwise alignments, such as permutation tests (Sawyer
1989; Hurles 2001), are simpler to apply but are less
informative.

Finally, the results obtained here also have important
implications for gene-family evolution. Several of the
alignments used here contain active genes or ORFs re-
lated to known genes (e.g., ANKRD20A, CT1, COB-
W, Freak5, and Morpheus genes). Since reticulation
events have the potential to rapidly transfer advanta-
geous sequence variants between the members of a mul-
tigene family (Dover 1982), it is clear that the impact
of these events on the coding potential within the du-
plicated portion of the human genome is an important
area for future research.
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