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Letter

A model of segmental duplication formation

in Drosophila melanogaster

Anna-Sophie Fiston-Lavier,"-* Dominique Anxolabehere,? and Hadi Quesneville'

"Laboratoire Bioinformatique et Génomique, Institut Jacques Monod, 75005 Paris, France; Laboratoire Dynamique du Génome

et Evolution, Institut Jacques Monod, 75005 Paris, France

Segmental duplications (SDs) are low-copy repeats of DNA segments that have long been recognized to be involved
in genome organization and evolution. But, to date, the mechanism of their formation remains obscure. We propose
a model for SD formation that we name “duplication-dependent strand annealing” (DDSA). This model is a variant of
the synthesis-dependent strand annealing (SDSA) model—a double-strand break (DSB) homologous repair model. DSB
repair in Drosophila melanogaster genome usually occurs primarily through homologous repair, more preferentially
through the SDSA model. The DDSA model predicts that after a DSB, the search for an ectopic homologous
region—here a repeat—initiates the repair. As expected by the model, the analysis of SDs detected by a
computational analysis of the D. melanogaster genome indicates a high enrichment in transposable elements at SD ends.
It shows moreover a preferential location of SDs in heterochromatic regions. The model has the advantage of also
predicting specific traces left during synthesis. The observed traces support the DDSA model as one model of
formation of SDs in D. melanogaster genome. The analysis of these DDSA signatures suggests moreover a sequestration

of the dissociated strand in the repair complex.

[Supplemental material is available online at www.genome.org.]

Segmental duplications (SDs), defined as low-copy repeats of
DNA segments, have long been recognized to be involved in
genome organization and evolution (Muller 1936; Ohno 1970).
Prior to the advent of genome sequencing, it was not possible to
take into account the totality of the gene environment when
analyzing duplicated genes. It is now clear that many duplicated
genes are part of larger duplicated segments (Skrabanek and
Wolfe 1998; Sankoff 2001). Duplications of individual genes,
chromosomal segments containing any genomic constituent,
such as genes and repeats, or entire genomes have long been
thought to be the primary origin of genomic novelties, including
new gene functions, found throughout the widespread existence
of gene families and expression patterns (Ohno 1970; Holland et
al. 1994; Sidow 1996). SDs also promote rearrangements through
their own repeatability (Eichler 2001). They facilitate DNA re-
arrangements associated with several diseases that are referred to
as genomic disorders. Indeed, genomic rearrangements can be
responsible for Mendelian traits, contiguous gene syndromes,
and whole-arm chromosome aberrations (Lupski 1998a,b, 2003;
Stankiewicz and Lupski 2002).

In primate genomes, recent SDs that range from 1 to >300
kb in length and share a high sequence identity (>90%) have
been detected. Fluorescent in situ hybridization (FISH) and in
silico studies have shown that at least 5% of the human genome
is composed of these SDs, often containing complete or partial
copies of genes (Bailey et al. 2001, 2002). They have emerged
during the past 35 million years of evolution of our taxa (Bailey
et al. 2001, 2002; Eichler 2001; Lander et al. 2001; Venter et al.
2001; Cheung et al. 2003). These repeated sequences tend to be
located preferentially in pericentromeric and subtelomeric re-
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gions (Bailey et al. 2001; Cheung et al. 2003). Although SDs play
a significant role in genome evolution, the mechanism of their
formation is still unclear. Samonte and Eichler (2002) proposed a
two-step model to explain the formation of the primate SDs. In
the first step, several donor loci interspersed throughout the ge-
nome transpose to one acceptor locus. In the second step, the
new mosaic region created in the acceptor locus is then dupli-
cated partially or completely in different locations. Newman
and Trask (2003) showed that any region generated by duplica-
tion can thereafter be duplicated. This model does not fully ex-
plain the mechanism of SD formation. The fact that most of
duplicated sequences are dispersed and not in tandem, argues
against unequal crossing-over. SD organization, distribution,
and evidence of repeats at SD breakpoints in several genomes
(Bailey et al. 2003; Koszul et al. 2004) support double-strand
break (DSB) repairs as one mechanism of SD formation. More-
over, after the analysis of recombination between repeats on het-
erologous chromosomes with an embryonic stem cell system,
Richardson et al. (1998) proposed a homologous repair (HR)
model of DSB to explain interchromosomal duplication in mam-
mal genomes.

DSBs arise spontaneously during the cellular life of the cell.
In response to a single DSB, the organism must trigger series of
metabolic pathways to promote DNA repair and to restore the
chromosomal integrity necessary for host survival. In doing so,
cells maintain a fine balance between competing DSB repair
pathways. These latter are generally classified into two categories:
homologous repair (HR) or nonhomologous end-joining (NHE])
(Paques and Haber 1999). Unlike the NHE] models, the HR mod-
els predict that after a DNA DSB, a homologous region is used as
a template to initiate the repair. At least three different mecha-
nisms of HR have been proposed to repair mitotic cells: gene
conversion, single-strand annealing, and break-induced recom-
bination (Paques and Haber 1999). But only gene conversion can
induce the transfer of genomic information from a donor mol-
ecule to the recipient molecule, i.e., the DSB site, in mitotic cells.
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Gene conversion can be explained by two models: (1) The
double-strand break repair (DSBR) model (Szostak et al. 1983)
explains the strong association of gene conversion with cross-
overs and results in semiconservative DNA synthesis. (2) The
synthesis-dependent strand annealing (SDSA) model (Nassif
et al. 1994) predicts that gene conversion is not associated with
crossovers and thus results in conservative DNA synthesis. The
SDSA model has been proposed for Drosophila after DSB re-
pair studies that used P-element excision in mitotic cells. These
studies show that DSB repair in D. melanogaster usually occurs
primarily through HR and, more preferentially, by SDSA (Engels
et al. 1990; Nassif et al. 1994; Rong and Golic 2003). In a reliable
repair, the template sequence is located on the homologous
chromosome or on the sister chromatid; but an ectopic site can
sometimes be used, and thus be duplicated into the DSB site.
Several observations suggest that any genomic region can be
used as template to initiate repair. As a consequence, an ectopic
DNA region can be duplicated at the DSB site (Rong and Golic
2003).

Consequently, we propose here a nonallelic homologous
recombination (NAHR) model based on the SDSA model as one
model to explain SD formation and specifically in D. melanogas-
ter. For convenience in this paper, we named this SDSA model
variant “DDSA” (duplication-dependent strand annealing) to re-
fer to the use of an ectopic donor site during the repair process
because of the presence of a repeated sequence at the site of the
DSB. Indeed, repeated sequences offer more possible templates
for the repair process and, consequently, seem to favor SD for-
mation. Transposable elements (TEs), which are high copy num-
ber sequences repeated throughout the genome, represent good
candidates. About 20% of the D. melanogaster genome is com-
posed of TEs (Hoskins et al. 2002; Quesneville et al. 2005; Berg-
man et al. 2006), and these latter have already been shown to be
involved in SD formation in other eu-
karyotic genomes. TE elements have

large duplicated segments without being disturbed by any inser-
tions or deletions that may have taken place after the duplication.

Using a combination of programs (i.e., a pipeline) developed
in our laboratory (Fig. 1), we were able to detect specifically
the SDs of a genome. The method can be briefly sketched as
follows (see Methods). First, we detected all repeated sequences
in the genome with the BLASTER program using BLASTN re-
peatedly in an all-by-all genome comparison (Altschul et al.
1990, 1997; Quesneville et al. 2003, 2005). Second, to specifically
detect repeats generated by a duplication process, we filtered out
repetitive DNAs generated by other processes (Fig. 1). There-
fore, we were able to eliminate all detected repeated sequences
that did not correspond to a SD copy (i.e., TEs or microsatel-
lites), using TE annotations of the D. melanogaster Release 4
genome (Quesneville et al. 2003, 2005) and microsatellite
annotations detected with the TRF program (Benson 1999) (see
Methods). To be more stringent, we also used annotations of
potential new TEs detected by BLASTER with TBLASTX (Altschul
et al. 1990, 1997; Quesneville et al. 2003, 2005) and a com-
pilation of known eukaryotic TEs (Repbase Update Release 8.12;
Jurka 2000).

Using this pipeline, we detected in the D. melanogaster ge-
nome 444 SDs corresponding to 138 groups of repeated se-
quences (Supplemental Table S1). Altogether, duplications repre-
sent ~1.4% of the D. melanogaster genome (1.66 Mb/118.35 Mb).
Up to half of the 444 SD copies have a pairwise sequence identity
>97% (Supplemental Fig. S1). These sequences range from 346 bp
to 81.1 kb in length (Supplemental Fig. S2). Forty-nine percent of
SDs have a size >1 kb, with only 7.21% of SDs >10 kb (Table 1).
The Drosophila genome appears significantly poor in large (>10
kb) blocks of duplications, as compared with human genome
(Table 1). Copy number per duplication varies from two to 32
copies, i.e., groups with two to 32 sequences (Fig. 2).

been found at the junctions of SDs in the
human (Bailey et al. 2003) and yeast
(Koszul et al. 2004) genomes. TEs have
also been found to be associated with
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deletions, duplications, inversions,
translocations, and recombination
(Finnegan 1989; Lim and Simmons
1994; Gray 2000).

To understand the mechanism of
SD formation in D. melanogaster, we
computationally searched for all SDs in
this genome. Then, we carried out an in-
depth analysis of the detected SDs. With
these SDs, we found specific traces sup-
porting the DDSA model.
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Detection of segmental duplications

In order to detect the SDs of a genome,
one has (1) to distinguish the SDs from
other repeats, such as TEs and satellites,
respectively generated by mechanisms
such as transposition and slippage during
the replication process; and (2) to detect

Figure 1. Flowchart representation of the SD detection pipeline. This pipeline combines a series of
published programs and new programs. Published programs are represented by diamonds and ovals.
Newly implemented programs are illustrated by gray-shaded boxes. A MySQL database manages the
annotations and results. (7) Detection of all repeats; (2) elimination of all repeats belonging to mi-
crosatellite or TE regions; (3) merge and connection of contiguous repeats; (4) elimination of potential
false-positive SDs (i.e., TEs); (5) clustering of repeats sharing similar regions.
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Table 1. Comparison of SD genome coverage percentage

SDs size Percentage of genome (%)
SD distribution:
size percentage Fly (our
(kb) (no. of sequences) results) Fly Worm Human
>1 49.32 (219) 1.28 1.20 4.25 3.25
>5 16.44 (73) 1.02 0.37 1.50 2.86
>10 7.21 (32) 0.79 0.08 0.66 2.52

Values in bold are taken from Samonte and Eichler 2002.

SD enrichment within heterochromatic regions

Chromosomes X and 4 present the highest SD densities, with
8.59 and 5.22 SDs per Mb, respectively. The values for chromo-
somes 2 and 3 are less than half of those (2.62 and 2.18 SDs per
Mb, respectively). The pericentromeric regions of the chromo-
somes X, 2, and 3 show higher SD density (Fig. 3). Taken to-
gether, these observations indicate a high SD density in hetero-
chromatic regions. Indeed, chromosome 4 of D. melanogaster ap-
pears to be enriched in heterochromatic domains, which would
explain this high SD density (Sun et al. 2000). The high SD
density of chromosome X comes from the central region of the
X arm (Fig. 3). This region is also known to be under-replicated in
polytene chromosomes, a hallmark of a heterochromatic state
(Ashburner 1989). Kaufmann (1939) also suggests that this re-
gion contains heterochromatic material to explain a high break
frequency observed in the central region of the X chromosome
(cytogenetic map: from 10F to 13A). This region encompasses a
cluster of tandemly repeated Stellate genes. Abramov’s studies
(Abramov et al. 2005) suggest that this cluster is derived from a
duplication of a Stellate gene cluster located in the heterochro-
matic part of the X chromosome (cytological location h26).
Comparing chromosomal SD distribution with that of TEs,
SD location appears to correlate positively with TEs (excepted to
the central region of the chromosome X). SDs located in hetero-
chromatic regions generally correspond to high copy number
repeats (>5 copies; data not shown). The highest copy number
repeats—6 to 32 copies—are most often
located in the middle of the X chromo-
some (cytogenetic map: 4F-13B; data
not shown). 86

100
1

Series of duplication processes

A given genomic region might be in-
volved partially or completely in several
duplication events, leading to a high
copy number SD. Thirty-six duplications
occur in 3-5 copies, and only 10 dupli-
cations occur in >5 copies with a maxi-
mum of 32 copies (Fig. 2). Some of these {
duplications with >5 copies correspond

to clusters of minisatellites that have al-

ready been described (Waring and Pol- o

No. of groups
60
L

1

40

map: 12E1-2) and have a mean sequence identity of 98.98%
(Supplemental Table S2).

High copy number repeats (>5) present a significantly lower
sequence identity (mean identity = 94.07%; Supplemental Table
$2) than low copy number repeats (mean identity = 96.73%; Stu-
dent’s t-test: t=2.61, df =28, P =0.014). They also have signifi-
cantly smaller size (median size = 829 bp) than duplications with
2 copies (median size = 1 kb; Pearson x*> homogeneity test:
x?=7,477.27, df =90, P = 2.2 x 10~ '®). In addition, approxi-
mately three-fourths of these sequences are located on chromo-
some X (data not shown).

SD content

Among the 38.29% of the detected SD sequences that contain
gene regions, we found not only tandemly repeated multigene
families, such as Histone, Lipoprotein receptor, 55 rRNA, Hsp70B,
and Stellate gene families, but also dispersed gene families such as
Beta-tubulin and Actin genes. To explain the dynamics of the
multigene families, Nei and Rooney (2005) proposed the “birth-
and-death” evolution model. In this model, new genes are cre-
ated by gene duplication, and some of the duplicate genes are
maintained in the genome for a long time whereas other dupli-
cate genes are deleted or become nonfunctional. Note that this
model has been reported as the primary mode of evolution for
several multigene families. Therefore, the high sequence identity
observed for these duplications can be explained by the high
selection pressure of old copies or because they have been gen-
erated by recent duplication events. Since 61.71% of the detected
SD sequences did not contain any genes and because 26.20% of
the genes found did not correspond to known multigene families
(i.e., potential old copies), we can assume that the majority of our
detected SDs were generated by recent duplication events be-
cause of their high sequence identity. According to this, one can
expect to find traces left by the recent mechanism.

We analyzed the SD composition in TEs, microsatellites, and
genes by comparing our results with sequences randomly drawn
nearby with identical sizes, in order to be not affected by ge-

1
T

lack 1987) as SARDM and X_DMR in !
Repbase Update (Supplemental Table S2;
Jurka 2000). A repeat with 13 copies con-
tained the “euchromatic Stellate gene
cluster.” This cluster composed by re-
peats of 787 bp in length, are located in
the middle of the X arm (cytogenetic

T T
10 15 20 25 30 35

Copy number by group

Figure 2. Distribution of SD copy number. This plot illustrates the distribution of the copy number
per group of repeated copies. Each group corresponds to a set of similar sequences (SDs). The number
of groups is labeled for each black bar. The three single-copy number groups correspond to tandem
repeats that were detected as one sequence in one group. Our strategy of duplication detection
connects the repeat units that are very close and in tandem (see Methods).
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Figure 3. Chromosomal distribution of detected SDs. SD distribution corresponds to black bars. The red line corresponds to TE distribution along the
chromosomes. Blue and green dashed lines indicate centromeric and subtelomeric regions, respectively. Chromosomes were divided into equal-sized

windows of 100 kb.

nomic environment bias, such as dense TE or microsatellite re-
gions (see Methods). We generated 44,400 random sequences
(100-fold the SD number). For each sequence, we calculated the
fraction of genes, TEs, and microsatellites. Our results indicate a
significantly higher TE fraction (mean = 21.44%) in comparison
to the random sequences (mean = 13.75%) (Student’s t-test:
t=5.40, df = 44,842, P=6.65 x 10~ ). Multigene families can
explain the significant difference observed for genes (26.32% versus
19.26% in random sequences; Student’s t-test: t = 4.73, df = 44,842,
P=2.23 x 107°. A reduction in microsatellite number is found
in duplicated compared to random sequences (9.79% instead of
12.98% in random sequences; Student’s t-test: t = —7.63,
df = 41,995, P=2.46 X 10~ '*). The high SD enrichment in TEs
suggests a potential implication of repeats in SD formation.

Contribution of repeats to SD formation

In the NAHR models, the DSB repair process can be induced by
the invasion of one broken end into a homologous repeat at an
ectopic site. Then, the protein complex of synthesis continues
the repair using as template the contiguous sequence of the ho-
mologous repeat. Consequently, the repeat and its contiguous
sequence are duplicated together at the DSB site. We thus ex-
pected to find the trace of a repeat that has induced the dupli-
cation process at one of the duplication ex-
tremities. If SDs are formed by a NAHR

the null hypothesis expectation (x? = 10.99, df = 2,
P =4.09 x 10~ 3). Moreover, we expected high copy number TE
families to be more represented than others. Indeed, detected TEs
correspond mainly to copies of Ine-1, which is the most highly
represented TE (>2000 copies) in the D. melanogaster genome
(Quesneville et al. 2005; Bergman et al. 2006). Micro-
satellites show also a significant enrichment in SD ends
(x*=16.63,df =2, P=2.45 x 10™%).

The fact that random sequences selected in the same envi-
ronment do not present the same proportion of sequences with
repeats at one end as compared with SDs, suggests that repeats
are involved in the duplication process but does not give insights
on an underlying mechanism. According to the NAHR models, if
a region of a repeat is used for the homology, the DNA synthesis
can begin within the repeat and then continue on the contiguous
sequence. We thus expect to identify the SD breakpoints within
the repeat sequences (Linardopoulou et al. 2005) (Fig. 4). The
alignment of extended SD copies allows us to identify distinctly
a well-conserved region corresponding to the newly synthesized
sequence, i.e., the duplication, flanked by more divergent se-
quences. Fluctuation of sequence conservation along the SD pair-
wise alignment allows identification of a precise SD breakpoint
location as the place where conservation drops down (Fig. 4B;
Supplemental Fig. S5).

Table 2. Percentage of repeats located at SD sequence ends

mechanism, then repeats would be more
frequent than expected by chance at SD
ends. To test this prediction, we searched

Percentage of sequences (no. of sequences)

for repeats overlapping the SD ends.

For each sequence, we counted the re-
peats located at the ends, using TE and mi-
crosatellite annotations (Table 2). A good-
ness-of-fit x> test showed a significant dif-
ference between SD counts with TEs at SD
ends and those from the set of random
sequences obtained previously taken as

Type of repeats

Type of sequence
analyzed

No repeat

One repeat

One repeat
on each end

Transposable
elements
Microsatellites

SD sequences
Control sequences
SD sequences
Control sequences

80.85% (359)
85.84% (38,115)
69.37% (308)
75.80% (33,657)

13.96% (62)
9.47% (4207)

26.58% (118)

22.28% (9891)

5.18% (23)
4.68% (2078)
4.05% (18)
1.92% (852)

Values in parentheses correspond to the number of SDs. Control sequences were randomly selected
in the neighborhood of the SD sequences and with identical sizes of SDs (see Methods).
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SD breakpoint analysis. (A) This illustrates the NAHR result involving two copies of one TE (the two boxes correspond to the TE copies).

Mechanisms of DSB repair according the NAHR models result in a TE copy hybrid. SD breakpoint is thus expected to be located in the copy TE at SD
ends. (B) One example. The multiple alignment illustrated corresponds to SD breakpoint region. The breakpoint is shown by the transition from a
conserved to a less-conserved region. The conserved region indicates the duplicated region (underlined in red).

We analyzed the SD breakpoint locations for SD copies
flanked by TE copies. For 19 of the 86 unique duplication events,
we identified the SD breakpoint locations within the TE overlap-
ping the SD ends (Fig. 4; Supplemental Fig. S5). This observation
supports a NAHR model as a duplication formation model with

and interchromosomal duplications differ significantly in size
(mean sizes are respectively 3.1 kb and 2.1 kb; Pearson’s x? test:
x> =552.22, df =40, P< 2.2 X 10~ '°) but not in their chromo-
somal position (Pearson’s x? test: x> =8, df = 6, P = 0.24).

In order to estimate the distance between the two intrachro-

the TE contribution.

A majority of intrachromosomal
duplication processes

Since the identification of donor and recipi-
ent sequences is difficult for high copy
number repeats, we decided to continue our
study with unique duplication events. In
doing so, we selected all duplications with
two copies. According to the high sequence
identity between the two copies of each du-
plication event (Supplemental Fig. S1), we
may assume that they occurred recently and
derive directly one from another.

Eighty-six duplications have two cop-
ies (86 repeats of two copies, i.e., 172 se-
quences; Fig. 2). Among these sequences,
70.35% (121/172) are located on the chro-
mosomes 2 and 3 (Table 3). Eighty-six per-
cent of the duplication events (74/86) are
intrachromosomal (i.e., on the same chro-
mosome; Table 3). The intrachromosomal

mosomal copies, we decided not to take into account the unas-
sembled pericentromeric regions. We therefore collapsed the two

Table 3. Intrachromosomal and interchromosomal duplications

Total no. of
sequences on each

Chromosomal arm of sequence 2

Chromosomal arm

of sequence 1 X 2L 2R 3L 3R 4 chromosome arm
X 40 1 3 1 2 1 48
2L 22 0 1 0 0 24
2R 32 1 2 0 38
3L 26 0 0 29
3R 26 0 30
4 2 3

Contingency table of chromosomal location of SD sequences (172 sequences) for the 86 unique
duplication events (see text). For each duplication event (involving the two-copy repeats), after the
identification of the location for one SD sequence, we identify the location of the other SD se-
quence. For instance, a duplication with one SD sequence on the chromosome arm X and the other
SD sequence on the chromosome 2L is counted at line 1 (X) and column 2 (2L). The table shows
the cumulated results for all 86 data points. The first diagonal [40, 22, 32, etc.] corresponds to
intrachromosomal duplication, i.e., the two sequences are located on the same chromosome.
Because we counted the sequence numbers on each chromosome, numbers in the diagonal have
to be divided by 2 to obtain the number of intrachromosomal duplication events on each chro-
mosome.
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arms (left arm [L] followed by the right
arm [R]) of chromosomes 2 and 3. We
then converted the coordinates of se-
quences located on the R arm. Distances
between two intrachromosomal copies
of chromosomes X, 2, 3, and 4 range
from 192 bp to 13.7 Mb. A majority of
intrachromosomal copies are located
close to each other: in 50% of cases, the
two copies are <14 kb apart.

DDSA model

As shown previously, the duplication
process can be induced by homologous
repeats through a NAHR model. Here,
we propose a NAHR model based on the
SDSA model, the preferential DSB repair
model in D. melanogaster (Engels et al.
1990; Nassif et al. 1994; Rong and Golic
2003). We call this model DDSA to recall
that it is a SDSA variant.
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stranded DNA anneals at the comple-

mentary sequence of the template. The
repeat region used for the homology can
be located exactly at the extremity or
very close to the extremity (Fig. 5C). As
in the single-strand annealing (SSA)
model, if the homology region (e.g., the
TE copy) does not exactly span the ex-
tremity, the nonannealed region is de-
graded by a DNase (data not shown).

Figure 5. DDSA model. Repeat copies are represented by boxes. (A) DSB occurs in a repeat. (B)
Exonuclease digestion exposes a repeated sequence at one 3’ free extremity. (C) Homologous base-
pairing with another copy of the same repeat induces bubble formation—i.e., protein complex.
(D) Bubble migration proceeds along the donor DNA template. (E) Newly synthesized strand is dis-
sociated from the template duplex to return to the broken molecule. The newly synthesized strand can
also re-invade the same template. The DNA repair process can finish through single-strand annealing
(F) or end-joining (F') pathways, then initiating the repair of the second strand using the newly
synthesized strand as template. (G) According to the single-strand annealing process, the annealing is
obtained from a short homology. (G’) In the end-joining pathway, a microhomology could be suffi-
cient. At the end of the duplication process and in both pathways, the repeat and the contiguous
region of the repeat are duplicated into the break. Note that this figure illustrates only unidirectional
synthesis, whereas in the SDSA model, bidirectional synthesis can occur if both ends present a repeat.

Then, heteroduplex formation allows
synthesis to continue using as template
the contiguous genomic region of the
homologous region. According to the bubble migration model
(Formosa and Alberts 1986), the heteroduplex (the bubble) is
formed by annealing the template complementary sequence
with the recipient sequence; during synthesis, this bubble is dis-
placed along the template (Fig. 5D). Note that, if repeats are lo-
cated at both 3’ free ends, both ends can invade ectopic tem-
plates resulting in a bidirectional synthesis.

After repair synthesis, the extended strands dissociate from
their complementary template sequences within the duplex DNA
(Fig. SE) and reanneal with their original complementary strands
using a short homology (Sugawara et al. 1997) (Fig. S5F,G) or
terminate the duplication process by end joining through the
NHEJ pathway (Paques and Haber 1999) (Fig. SF',G’). According
to the bubble migration model, the dissociation of the newly
synthesized strand can also be followed by a re-invasion on either

the same (McVey et al. 2004) or another template sequence. In
this situation, because the bubble complex is already formed, a
microhomology could be sufficient for the strand re-invasion. At
the end of the duplication process, the template sequence and
the homologous repeat region are duplicated at the DSB site.

To validate this model, we searched for traces left by the
duplication process according to this model.

Signatures of the homologous repair process

According to the bubble migration model, multiple cycles of
strand invasion of the nascent strand can also occur during the
repair (McVey et al. 2004). Because of the instability of this het-
eroduplex, the new strand can dissociate from the template sev-
eral times before returning to the broken molecule. If it re-
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invades the same or another template, the synthesis continues. If
the re-invasion takes place within the same template, re-invasion
traces are expected to be observed. Such traces would correspond
to insertions or deletions. In a pairwise alignment of the two
copies, these indels are identified as gaps associated with micro-
homology or tandem repeats.

When re-invasion occurs upstream from the dissociation
site, the same genomic region is used as template twice. Conse-
quently, two tandem repeats can be created during the duplica-
tion process in the neosynthesized sequence, whereas the tem-

plate remains intact. Therefore, the pairwise alignment of the
template with the neosynthesized sequence would exhibit a gap
corresponding to the absence of this sequence in the template.
We thus expected to find two repeats strictly in tandem within
the neosynthesized sequence, one being aligned with the gap on
the other sequence (Fig. 6).

In contrast, in the downstream re-invasion case, we ex-
pected to observe the gap on the newly synthesized strand, as-
sociated with microhomology traces, i.e., few identical bases,
within the template. Note that after the dissociation, because

v
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Figure 6.

Re-invasion processes and signatures generated after strand dissociation. Template sequence is represented in bold. After the dissociation

of the strand, the newly synthesized strand can return to the broken molecule (A), re-invade another genomic region (B), or re-invade the same template
(O). In this latter case, traces are expected to be observed on the pairwise alignment of the template with the duplication sequence. For strand
re-invasion, a microhomology is required (see text). (C.T) In the upstream re-invasion case, the same genomic region is used as template twice (a),
generating a tandem repeat within the newly synthesized strand, although the template remains intact. The pairwise alignment would thus exhibit a
gap on the template sequence associated with two tandem repeats of the duplication with only one repeat conserved (b, c). Microhomology traces could
not be distinguished from the two tandem repeats because they overlap with the tandem repeats. (C.2) In the downstream re-invasion, the template
jump would be visible through a gap on the duplication corresponding to the template region not synthesized (a). This gap would be associated with
the traces of the re-invasion. They correspond to two small repeats—i.e., microhomology traces: one on one side of the gap and the other within the
gap on the opposite side (b,c). In examples of traces, illustrated in ¢, tandem repeats and microhomology traces are underlined.
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the protein complex of synthesis is already formed, a very short
homology can be sufficient for the re-invasion of the template by
the end of the newly synthesized strand (Fig. 6).

In upstream re-invasion situation, microhomologies are also
necessary for the re-invasion. But here, it is not possible to dis-
tinguish between the microhomology traces used for the re-
invasion and the tandem repeats, because the two types of re-
peats are overlapping. The gap resulting from a template jump
corresponds to the missing template region into the newly syn-
thesized strand: On the template sequence, two microhomology
traces are expected to flank a unique sequence; on the duplica-
tion sequence, the gap replaces one microhomology trace and
the unique sequence (Fig. 6).

To search for these traces, we needed to differentiate the
donor (template) from the recipient sequence (newly synthesized
sequence). To do so, we used a comparative genomic approach to
identify the template sequence among the two sequences of one
duplication event. We chose the Drosophila yakuba genome as the
comparison because it was the closest relative (~10 My) for which
the sequencing was of high quality (at the time of the study). We
worked with the subset of 86 SDs possessing two copies each.
Within this set of 172 sequences, we expected to identify se-
quences shared by both genomes at orthologous regions. When
only one sequence was present in D. yakuba, we considered the
common sequence as “the template” and the other (located only
in D. melanogaster) “the duplicated sequence.” One can imagine
that duplications could have occurred in their common ancestor
and then followed by complete deletions of one of the two se-
quences in the D. yakuba genome. But, because these duplica-
tions are young (high sequence identity; Supplemental Fig S1),
thus occurring probably after the D. yakuba—D. melanogaster spe-
ciation, this is less probable. Note also that the D. yakuba genome
can present assembly artifacts due to repeated sequences. For
example, two tandem duplication copies may represent a real
duplication or a single misassembled sequence. Hence, for our
study, we eliminated these doubtful cases (see Methods). For 12
duplication events, we securely identified the template sequence
and the sequence resulting from the duplication event. To iden-
tify the marks left by the duplication process, we analyzed the 12
pairwise alignments (Supplemental Fig. S3; see Methods).

We observed twofold fewer gaps on sequences identified as
template in comparison to those on the newly synthesized copies
(Table 4). Eight of the 17 gaps located on template sequences
present a tandem repeat in front of them on the neosynthesized
sequences.

Table 4. Re-invasion traces, according to the DDSA model

Conversely, only four tandem repeats could be observed as-
sociated with the 36 gaps located on the neosynthesized se-
quences (x? test: x> = 14.0046, df = 1, P = 1.824 x 10~ *%). We also
detected significantly more microhomology traces on the newly
synthesized sequences than on the template sequence (x* test:
x?=4.29,df =1, P=3.834 X 103 Table 4).

Selective pressure may bias our observations in exons, if the
duplication comprises a gene. In this case the new copy could
evolve more rapidly due to a relaxed selective pressure. By re-
moving traces in exons, we could avoid this potential bias. We
still detected more traces with the predicted pattern: seven versus
two gaps associated with tandem repeats and six versus one gaps
associated with microhomology (Table 4).

Phylogenic trees generated with the three copies, the two
copies of D. melanogaster and the single copy of D. yakuba
(Supplemental Fig. S3), show a majority of similar evolution
speeds for the two copies of D. melanogaster. These observations
represent strong evidence that the detected biases have been gen-
erated by the duplication process and not by insertion or deletion
events that have taken place after the duplication event on se-
quences with a relaxed selective pressure. All DDSA signatures
argue in favor of the DDSA model as one duplication formation
model. Moreover, the greater number of gaps observed on the
duplicated sequence (36 gaps as opposed to 17 gaps on the tem-
plate) suggests that, after a dissociation, re-annealing occurs
more often downstream than upstream.

Discussion

Quality of SD detection

The power of SD analysis depends greatly on the detection strat-
egy used and on the quality of the genomic sequence and its
annotations. In our study, we used a very high quality sequence:
the D. melanogaster Release 4 genomic sequence. With each re-
lease, the sequence improves in quality, with correction of errors
(of both sequence and assembly), the closure of physical and
sequence gaps (only 23 now remain in Release 4), and tests of the
correct assembly of repetitive sequences (http://flybase.net/).
This high sequence quality means that we can be fairly sure of
the sequences involved in the detected SDs. The probability of
two regions to share an identity of >99% due to an assembly
artifact is here very low in opposition to a draft sequence. The
main assembly error risk is that sequences with an extremely
high identity may have been collapsed during the assembly pro-

cess. Because the quality of the assembly is

high due to the numerous checks that have

Types of traces

be performed on its repetitive sequences, we
assume this risk to be very low for D. mela-

nogaster sequence. Moreover, the quantity

Tandem Microhomology No. of Total no. > 3
Gap locations repeats traces traces of gaps  and quality of annotations of the D. mela-
nogaster genome are essential information
Template sequence to understanding the mechanism of SD for-
All gaps 8 2 7 17 mation
Intergenic and intronic gaps 72 1 6 14 ’
Duplicated sequence However, the numbers of SDs that we
All gaps 4 13 19 36 detected is underestimated because of our
Intergenic and intronic gaps 2 6° 12 21 BLASTER parameter settings. We detected

Using the 12 selected duplication pairwise alignments, we identified and counted the gaps asso-
ciated with tandem repeats or microhomology traces for both template and duplicated sequences.

(For an illustration of each type of trace, see Fig. 6).
#Upstream re-invasion traces.
PDownstream re-invasion traces.

mainly well-conserved duplications. It is
also important to note that some cases re-
main problematic, for example, repeats gen-
erated by macrotransposition, which is the
transposition of a large chromosomal seg-
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ment located between two Class II TE copies of a same family.
This mechanism is driven by one of the two inverted terminal
repeat ends of each TE copy (Gray 2000). In this case, it is more
difficult to identify which mechanism is responsible for this du-
plication: macrotransposition or homologous repair. However,
these cases are rare.

Homology search around to the DNA break point

A recent study (Rong and Golic 2003) has shown that, in mitotic
cells, the template used is preferentially located on the sister
chromatid and yields to an accurate repair. Here, we show that,
during the repair, the template could be chosen in the same
chromosomal region (intrachromosomal event) or even in an-
other chromosome (interchromosomal event). The number of
intrachromosomal duplications we observed is more than twice
that of interchromosomal duplications. These results show a
preferential choice for a template in cis of the DSB site, suggesting
that the repair complex is probably compelled to search for a
close homologous region. This is also illustrated by the short
distance between copies located on the same chromosomal arm
(the median distance is 14 kb, and the third quartile is 50.3 kb).

Interchromosomal duplications can be explained by the
chromosomal organization in the nucleus. In the 3D nuclear
space, break ends can be physically closer to a template located
on another chromosome than to the sister chromatid or the ho-
mologous chromosome. According to the DDSA model, during
the homologous search step, a TE copy can be selected as tem-
plate from a set of potential candidates, a copy located on an-
other chromosome. Note that the mechanism seems to need a
long homology between the repeat copies to start the repair
(Paques and Haber 1999). Therefore, TEs can explain the pres-
ence of dispersed long homologous regions and might thus be
responsible for the intrachromosomal and interchromosomal
duplication processes.

As shown in mammal genomes (Bailey et al. 2001), Dro-
sophila SDs show a particular bias for heterochromatic regions
where TEs are dense. DNA breaks are known to occur more often
in heterochromatic regions. Consequently, one explanation
could be that because of TE density, many TE copies that are
closely located to the breaks could be preferentially chosen dur-
ing the homology search. In addition, these regions are supposed
to be selectively less constrained because of low gene density and
thus tolerate more duplications. Heterochromatin thus appears
to be favorable for duplication processes.

Impact of TEs

Because of their transposition activity, some TEs can induce DNA
breaks. Indeed, the transposition process for class II TEs starts
with a TE excision generating a DSB (Finnegan 1989; Lim and
Simmons 1994). As homologous recombination can occur be-
tween two copies, TEs are also known to be associated with chro-
mosomal rearrangements by homologous recombination or by
transposition (Finnegan 1989; Lim and Simmons 1994). The re-
sult of chromosomal rearrangements between repeated se-
quences depends on the location and the orientation of these
sequences (Gray 2000).

According to the DDSA model and the SD end analysis, TEs
can be used for the break repair in at least 13.96% (percentage of
SDs with one TE copy at one of their ends) of the observed SDs.
In contrast, the random sequences set has only 9.47% of the
sequences that present a TE at one end (Table 1) while being

located in the same TE-rich region. Among the SDs that do not
present repeats at their ends, some may have lost the repeat over
time. Indeed, repeated sequences are highly subject to deletion in
D. melanogaster genome. DNA loss estimates in TEs (Blumenstiel
et al. 2002) show a ratio of deletions to insertions of 3.6. DNA is
lost at a rate of 5.6 bp per nucleotide substitutions when account-
ing for the balance between insertion and deletion. This indicates
that more sequences are removed than added in repeats of the
D. melanogaster genome. However, when counting only what is
removed, the rate becomes 6.9 bp per nucleotide substitution.
Consequently, under exponential-induced decay, the length of a
copy is expected to reduce exponentially according to the for-
mula L, exp(—dt), where d is the rate of DNA loss per substitution
per bp and t is the time measured in point substitution per bp
(Sharp and Li 1989). Given that the substitution rate is estimated
at 15 per My, the size of a sequence is expected to decrease by
50% in 6 My. With such a deletion rate, old repeated sequences
could be too deleted to be detected.

In addition, if the repeat located at a SD end is only present
in two copies in the genome, the duplication process encom-
passes them in the SD sequence and cannot therefore be recog-
nized as a short repeat at a SD end. Taken together, these results
suggest that TEs have an important impact on SD formation in
the D. melanogaster genome.

Signatures of the DDSA model

We analyzed in detail the sequences generated by recent dupli-
cation events. We revealed specific traces that support a particu-
lar HR model: the DDSA model. The probability of observing by
chance tandem repeats of 10 bp associated with a gap located on
template is very low. The same reasoning holds true for micro-
homology regions located at the gap ends. In addition, our align-
ment analysis showed that after the dissociation of the strand
during the synthesis, downstream re-annealing on the same
strand occurs more often than upstream. The signature bias be-
tween the template and the neosynthesized strand is a strong
result to argue in favor of our model. Moreover, our model pre-
dicts that the gap size corresponds to the distance between the
dissociation site and the re-annealing location. The mean gap
size on the neosynthesized strand is ~16 bp (median of 12 bp).
We believe that this short distance between dissociation and the
re-invasion site is due to a sequestration of the strand after dis-
sociation in the bubble complex. In fact, the large synthesis com-
plex can capture the strand, which can then re-invade the same
template close to the dissociation site most likely due to some
physical constraints. We propose that it is easier for the ssDNA to
invade a region close downstream from the dissociation site
when captured by the protein complex, because of the oriented
movement of the bubble complex along the DNA template se-
quence during the repair: the bubble migration. All together,
these observations support our DDSA model and rule out the
hypothesis that the detected traces arose after the duplication
event by other processes.

Tandem duplications

In several Drosophila species, satellite sequences have been iden-
tified and most of them mapped in heterochromatin (Gall et al.
1971; Lohe et al. 1993). In our study, tandem duplication features
differ from those of dispersed duplications: they are smaller in
size and have lower sequence identities. Among these tandem
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repeats, we observed gene families that presumably evolved from
gene duplication.

Interestingly, the X chromosome shows an atypical SD dis-
tribution because of a very high SD density into a euchromatic
region (Fig. 3). This island of SDs located in the middle of the X
chromosomal arm corresponds mainly to clusters of tandem du-
plications and satellites. Among them, the Stellate gene cluster
corresponds to the highest copy number duplication on this X
chromosome island. Heterochromatic variants of the Stellate
genes have been detected in the distal region of X-linked hetero-
chromatin (cytological location h26). Heterochromatic Stellate
genes are known to be embedded in amplified, scrambled
structures containing middle repetitive DNA (Shevelyov 1992;
Nurminsky et al. 1994; Tulin et al. 1997). It has been proposed
that the tandem cluster formation occurred in the heterochro-
matin before its transition to the euchromatin by rearrangements
(Abramov et al. 2005). To explain the Stellate gene duplications,
several scenarios can be imagined: (1) The cluster is generated by
expansion processes such as replication slippage or unequal
crossing-over. (2) Cycles of upstream re-invasions during the ho-
mologous break repair generate the expansion of tandem repeats
(Richard and Paques 2000). The tandem repeat formation step
would then be followed by a duplication of the tandem array,
thus relocating the cluster to a euchromatic region into the
middle of the X arm. The high SD density observed in this region
can be also explained by Kaufmann'’s studies (Kaufmann 1939)
on break frequencies along the X chromosome. A high break
frequency is observed in this region, as in heterochromatin. In
these regions, the repair machinery can be easily saturated and
lead to repair errors.

Genome features that influence SD features

To deal with DNA DSB, cells have complex machineries that can
repair breaks using several possible pathways. These machineries
consist of >20 proteins including DNA endonucleases and exo-
nucleases, ATPase engines, DNA helicases, signaling kinases,
DNA polymerases, ligases, and tumor suppressor surveillance
genes. Repair complexes have the ability to detect DNA breaks,
search for homologous template DNA, and repair or join the
broken ends. Depending on the availability of the proteins in-
volved in the homologous search, the repair process engages it-
self in a DSB repair pathway. Differences between genomes in
complex stability or affinity might explain some of the observed
differences in SD coverage. In large genomes, DNA breaks occur
more frequently than in small genomes because the sequence is
longer. Therefore, in these large genomes, the proteins involved
in a search for faithful homology would not be numerous
enough to repair all breaks at the same time, leading to errors in
repair that produce SDs. Comparisons between sequenced organ-
isms genomes show that large genomes have greater SD genome
coverage. For example, in mammals where comparisons can be
made because strategies for SD detection are comparable and be-
cause the SD pathway formations are supposed to be the same,
there are ~1.2% of recent SDs for the 2.5 Gb of the mouse genome
(Waterston et al. 2002), 2.92% for the 2.75 Gb of the Brown
Norway rat genome (Rattus norvegicus, v. 3.1) (Rew 2004), and 5%
for the 3 Gb of the human genome (Bailey et al. 2001, 2002;
Lander et al. 2001; Venter et al. 2001). According to HR models,
genomic features such as size and density in repeated sequences
might determine the occurrence of SD formation.

Therefore, the DDSA model, a DSB repair model, is the first

detailed SD-formation model proposed. According to the bubble
migration model, a precocious dissociation of the strand is pos-
sible, leading to a small duplication. As the DDSA seems to ex-
plain TE-based duplication formation in this genome, we ex-
pected to observe a high duplication density in TE-rich region
where duplications seem also to be more tolerated. Any homolo-
gous repair model involving repeats such as TEs can explain the
duplication distribution. But the small duplication size cannot be
explain by DSBR, which predicts a stable heteroduplex and thus
allows the repair complex to proceed over long distances.

Methods

SD detection pipeline

Detection of D. melanogaster repeats

Repeated sequences of the D. melanogaster genome sequence (Re-
lease 4, downloaded as chromosome arms from the Flybase Web
site at http://www fruitfly.org/) are detected with the BLASTER
program (Quesneville et al. 2003, 2005). This program allows one
to compare two sets of sequences: a query data bank and a subject
data bank. BLASTER launches one of the BLAST programs
(BLASTN, TBLASTN, BLASTX, TBLASTX, BLASTP, MEGABLAST)
(Altschul et al. 1990, 1997) to search the subject data bank with
the query data bank. It cuts long sequences before launching
BLAST and reassembles the results afterward. Therefore, it is not
limited by the length of sequences and can be used to compare a
genome with itself to detect repeated sequences in this genome.
It uses the NCBI-BLASTN repeatedly in an all-by-all genome com-
parison with default parameters (BLAST Release 2.2.14; Altschul
et al. 1990, 1997) except for the E value threshold of 1 x 103,
This E value allows detection of the repeated sequences of a ge-
nome that are well conserved.

Elimination of known repeats

To specifically detect repeats generated by a duplication process,
we filtered out repetitive DNA generated by other processes. To
do so, we eliminated TE and microsatellite sequences among the
set of repeated sequences of D. melanogaster detected with
BLASTER.

To perform this step, we implemented a new program called
“ELIMIN_KNOWN_REPEATS.” This program analyzes BLASTER results
and eliminates all BLAST matches (i.e., all pairs of repeats of the
genome) included in the region of a known repeat (i.e., TE or
microsatellite). It requires repeat annotations as input: TE anno-
tations were obtained from our previous work (Quesneville et al.
2003, 2005), which is available at the Flybase or RepEt Web sites
(http://dynagen.ijm.jussieu.fr/). Microsatellite annotations were
obtained by using the Tandem Repeat Finder (TRF) program
(Benson 1999). To be more stringent, we also used annotations of
new potential TEs detected by BLASTER with TBLASTX and a
compilation of known eukaryotic TEs (Repbase Update; Jurka
2000). All annotations and program results were managed
through a MySQL database to optimize storage and retrieval. A
match (i.e., a pair of repeats: the query and the subject sequences)
is eliminated when at least one of the sequences is totally over-
lapping with a repeat annotation.

During the annotation process, it may in some cases be dif-
ficult to precisely identify the ends of the annotated sequence.
Therefore, the user can choose to extend the annotation, thus
reducing the risk of missing a TE or satellite. This reduces the
false-positive risk at the cost of the elimination of some true
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positives. We decided empirically that an extension of 5 bp is a
good trade-off.

After this step of elimination of TEs and satellites, we used
the MATCHER program (Quesneville et al. 2003, 2005). This step
allows one to identify large repeats, even if large insertion or
deletion (indel) events have occurred, connecting the contiguous
detected repeats, thus recovering the whole sequence as one hit,
i.e., one repeat. The connection of contiguous duplication frag-
ments allows detection of large repeated sequences.

Among the set of large duplications, potential false positives
corresponding to TEs included in microsatellite-rich regions or
with a long poly(A) tail can persist despite the step eliminating
known repeats. Indeed, some TEs are preferentially inserted into
satellite-rich regions, and the size of the poly(A) tail of certain TEs
is highly variable. Thus, flanked regions not taken into account
for the TE annotations can belong to the transposition process.
As it is not possible to determine the mechanism—i.e., transpo-
sition or SD process—whereby these repeats were generated, we
decided to eliminate them to avoid a bias in our results.

Following this joining step, a repeat elimination step starts
on the large repeat segments using the ELIMIN_TES_MATCHER pro-
gram and the repeat annotations stored in the MySQL database.
This program eliminates the cases for which a repeat with >99%
of TE coverage corresponds to only one TE copy. If the repeat
coverage is >95% with one TE copy and is flanked by microsat-
ellites, or unique sequences of <20 bp, it is removed.

Clustering of all the copies of a repeat

Finally, to cluster the copies of each duplicated segment, we used
the GROUPER program (Quesneville et al. 2003, 2005). This pro-
gram uses the BLASTER results as input—i.e., here, the duplica-
tions detected that do not correspond to a TE or a satellite—to
gather similar sequences into groups by single link clustering,
allowing identification of every copy of a repeat.

A match is considered to belong to a group if one of the two
matching sequence coordinates overlaps the coordinate of one
sequence of this group by more than a given length coverage
percentage (a program parameter). If the matches overlap with
this constraint, its coordinates are merged with those of the se-
quence of the group, taking the extremum of both. Groups that
share sequence locations and were not previously grouped due to
a too low length coverage percentage are regrouped into what we
call a “cluster.” As a result of these procedures, each group con-
tains sequences that are homogeneous in length. A given region
may belong to several groups, but all of these groups belong to
the same cluster. Here, the coverage percentage threshold was set
to 0, and consequently groups and clusters were equivalent.
Thus, the sequences of a group correspond to the copies of a SD.

Note that, due to our detection method, tandem repeats can
be identified as groups containing only one sequence. When re-
peat units are either closely located or overlap, and share a high
sequence identity, MATCHER merges and connects them into
one sequence, and GROUPER clusters this sequence into one
group. It is important to note that, like MATCHER, the GROUPER
program uses a dynamics programming algorithm to join the
matches. This allows even duplications harboring large indels
that occurred after the duplication event to be taken into ac-
count.

SD analysis

Creation of the set of control sequences

The CREATED_TEST_SET Python program generates a set of random
genomic segments of the same SD sizes in the neighborhood of

the SDs. The algorithm is as follows: (1) from the set of coordi-
nates, it randomly selects one SD coordinate pair and defines a
window including the SD with an extension of 50 kb on both
sides; (2) then it randomly draws a coordinate pair in the defined
window keeping the size of the original SD.

Sequence composition of the SDs

The FIND_ANNOT program, a Python program that we imple-
mented for this analysis, allows the detection of annotations
stored in the MySQL database that overlap the SDs and calculate
the percentage of coverage for several type of sequence from this
annotation. In this study, we analyzed TEs, microsatellites, and
gene compositions.

Detection of repeats at SD breakpoint

The FIND_ANNOT program also uses the MySQL database to search
for the SD sequence extremities located within a repeat annota-
tion. For each SD, it tests whether its ends overlap with repeat
annotations. SD sequences are thus split into three categories: no
detectable repeat at either end, one repeat detected at one end,
and one repeat detected at each end.

SD breakpoint location compared to TE location

To identify more precisely the location of SD breakpoints, we
performed multiple alignment of SD copies flanked by TE copies,
with the ClustalW (Thompson et al. 1994) program.

Using sequences belonging to groups with two copies and
flanked by a TE copy, we generated profiles of the extended SD
copy (extension of 500 bp) with the TE copy sequence annotated
as overlapping the extremity of the SD. This allows each TE copy
to be relocated onto each SD copy. Then, we aligned the two
profiles generated together to identify precisely the SD break-
point. A change in the alignment quality is expected at SD break-
point: a well-conserved region on the duplicated side and a more
divergent region before the breakpoint in TE sequences.

Analysis of syntenic regions

Creation of the syntenic blocks

BLASTER (see above) was used to compare the genome of D.
melanogaster with that of D. yakuba. The genomic sequence of D.
yakuba that was used corresponded to the first release assembly of
the whole genome shotgun project (available at Flybase). Results
were then mapped onto query sequences by MATCHER (see
above; Quesneville et al. 2003, 2005) to find the syntenic regions.

Identification of the template sequence

To automatically determine from a pair of syntenic regions which
sequence is the template, we implemented the DETECT_TEMPLATE
program. This program searches all cases where only one of the
SD sequences is present on the second genome (here, D. yakuba).
Then, it filters out any ambiguous cases where both SD sequences
are located close to each other with no conserved region in be-
tween that could correspond to a collapse of the two SDs in the
D. yakuba genome during the assembly.

Divergence between the two D. melanogaster copies and the single
D. yakuba copy

Divergence between sequences was estimated by building phylo-
genic trees with the three copies (one from D. yakuba and two
from D. melanogaster). These sequences were first aligned using
ClustalW (Release 1.83; Thompson et al. 1994). These align-
ments were then used as input in the PhyML program (Guindon
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and Gascuel 2003), allowing phylogenies to be built from DNA
sequences using maximum likelihood. A BIONJ distance-based
tree is used as starting tree (Gascuel 1997). We choose to optimize
topology, branch lengths, and rate parameters. The transition/
transversion ratio default value was 4.0. The gamma distribution
parameter is estimated by maximizing the likelihood of the phy-
logeny. Data sets were analyzed under the HKY85 evolution
model (Hasegawa et al. 1985)

Detection of DDSA traces

The BLAST algorithm (that was used to detect SDs) is known to be
not very sensitive near the alignment boundaries, inducing the
risk of missing the whole SD sequence. We have written the
ALIGN2SEQ program to extract the sequences and perform pair-
wise alignments between two sequences and to return all the
“gaps” in these alignments. To recover all the sequence that has
undertaken the repair process, we have extended each sequence
at both ends by 500 bp. This extension allows us to recover with
more security the SD breakpoints relying on sensitive local pair-
wise alignments of these extended sequence pairs. The
ALIGN2SEQ program performs a local alignment where long gaps
are not penalized. The Parameters we used were a match reward
of 10, a mismatch penalty of 12, a gap open penalty of 16, a
gap extend penalty of 4, a maximum length of penalized gap of
100 bp, a minimum gap size of 5 bp, and a maximum gap size of
100 bp.

We chose to analyze all gaps with lengths ranging from 5 to
100 bp on these alignments, because very small gaps (<5 bp) can
be explained by polymerase errors and large gaps (>100 bp) by
other indel mechanisms. To specifically detect repeats (=3 bp)
and take into account potential short insertions, deletions, and
mismatches, we analyzed the TRF results in the vicinity (20 bp
apart on the both sides) of all previously selected gaps (minimum
sequence identity of 75%).

To be counted, a tandem repeat associated with gaps on the
template sequence (upstream re-invasion trace; Fig. 6C.1) must
have a gap coverage >60% and a size >5 bp. We did not take into
account all tandem repeats with more than two copies because
any mechanisms of tandem repeat expansion could have gener-
ated them. For microhomology associated with gaps on the
newly synthesized sequence (downstream re-invasion trace; Fig.
6C.2), a minimum size of 3 bp was chosen to disregard micro-
homology traces that occurred by chance. In addition, we only
counted those when the internal microhomology covered the
gap by <40%, the remaining sequence being unique. All consid-
ered data can be seen in Supplemental Figure S3.
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