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Abstract

Concerted evolution leading to homogenization of tandemly repeated DNA arrays is widespread and important for
genome evolution. We investigated the range and nature of the process at chromosomal and array levels using the 1.688
tandem repeats of Drosophila melanogaster where large arrays are present in the heterochromatin of chromosomes 2, 3,
and X, and short arrays are found in the euchromatin of the same chromosomes. Analysis of 326 euchromatic and
heterochromatic repeats from 52 arrays showed that the homogenization of 1.688 repeats occurred differentially for
distinct genomic regions, from euchromatin to heterochromatin and from local arrays to chromosomes. We further found
that most euchromatic arrays are either close to, or are within introns of, genes. The short size of euchromatic arrays (one
to five repeats) could be selectively constrained by their role as gene regulators, a situation similar to the so-called ‘‘tuning
knobs.’’
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Arrays of tandemly repeated DNA families are found in
most eukaryotyes. In many families, sequences in one spe-
cies show more similarity than members of the same family
from a closely related species (see Kuhn et al. 2008 for ex-
amples in Drosophila), although different repeat families
show contrasting behaviour, sometimes with little species
specificity in sequence (Kuhn et al. 2010). The phenome-
non leading to amplified homogeneous tandem repeats is
known as concerted evolution (Zimmer et al. 1980; Dover
1982).

Theoretical models suggest that nonreciprocal mecha-
nisms of recombination, such as unequal crossing over
and gene conversion, are important agents that promote
intraspecific homogenization (leading to concerted evolu-
tion) of arrays for specific repeat variants (Smith 1976;
Nagylaki and Petes 1982; Dover 1982). However, most stud-
ies have relied on the analysis of mixed (and often small)
samples of repeats cloned randomly from different chro-
mosomes and arrays. With the availability of mapped bac-
terial artificial chromosome (BAC) sequences, we can now
examine concerted evolution at the chromosomal or the
repeat-array level (short-read shotgun sequences cannot
be used because of the impossibility of assembly of the
tandem repeats).

The 1.688 satellite DNA, with approximately 15,000 c.
359 bp long repeats, is among the most abundant tandemly
repeated DNA in Drosophila melanogaster (Brutlag 1980;
Lohe and Roberts 1988). Arrays of repeats are located
throughout the left heterochromatic arm of chromosome
X (Hsieh and Brutlag 1979; Lohe et al. 1993), with other

arrays at discrete heterochromatic locations on chromo-
somes 2 and 3 (Losada and Villasante 1996; Abad et al.
2000). Several arrays are also located within the euchroma-
tin of chromosome X (Waring and Pollack 1987;
DiBartolomeis et al. 1992), whereas three euchromatic
arrays were inferred to reside on chromosome 2 (Losada
and Villasante 1996) and one on chromosome 3 (Koryakov
et al. 1999). The high copy number and distribution across
the genome make the 1.688 repetitive DNA an excellent
model to study concerted evolution at different genomic
scales. Here, we analyzed 326 repeat units from 52 arrays on
the three chromosomes (fig. 1; supplementary table 1,
Supplementary Material online).

Within each array, repeat sequence varied on average by
;6% on chromosome 2, ;5% on chromosome 3, and
;11% on chromosome X. Repeats from different arrays
from a single chromosome varied by as much as ;36%
on chromosome 2, ;31% on chromosome 3, and ;27%
on chromosome X. Such patterns of variability suggest that
homogenization and concerted evolution occur at the ar-
ray level. To investigate the evolutionary relationships be-
tween repeats from the same and different arrays under
a phylogenetical and statistical framework, we first con-
structed maximum likelihood (ML) trees separately for
each chromosome (fig. 2). The tree topologies showed
strong clustering of repeats from the same array. For chro-
mosome 2, where repeats from both arms were available,
arrays from the right euchromatic arm clustered on
one branch. All trees showed heterochromatic repeats
clustering away from repeats in euchromatic arrays.
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An ML tree with all 326 repeats from our sample (fig. 3)
revealed that euchromatic repeats from the same chromo-
some tended to cluster on branches that are closer to each
other compared with the ones containing repeats from
nonhomologous chromosomes. A few repeats from differ-
ent chromosomes were interspersed on the same branch,
suggesting exchanges between nonhomologous chromo-
somes through time. The ML tree also showed most het-
erochromatin repeats clustering on one branch with
chromosome specificity, although chromosome 3 repeats
were clustered on two branches separated by repeats from
chromosome X. Heterochromatic repeats from the same
chromosome were generally more related than their eu-
chromatic counterparts. This pattern can be explained
by the different organization of 1.688 repeats on these
two chromatin domains: In heterochromatin, they form
long and continuous arrays, but in euchromatin, they
are shorter (see below) and interrupted by long nonhomol-
ogous sequences. Interruptions may limit recombination
between arrays and consequently the homogenization
process (Brutlag 1980; Dover 1982).

Our analysis of the 1.688 arrays, inferred by nucleotide
variability and clustering patterns of repeats on ML trees
provides strong evidence that homogenization of repeats
in arrays occurs differentially and independently for distinct
genomic regions, as observed for the alpha satellite in
humans (Schueler et al. 2005; Rudd et al. 2006).

Repeats belonging to the 1.688 family are also present in
the genome of other species from the melanogaster sub-
group but as a few hundreds of copies (Lohe and Roberts
1988). Strachan et al. (1985) described 1.688 consensus se-
quences from D. melanogaster and five other species
from the melanogaster group (D. teissieri, D. mauritania,
D. simulans, D. orena, and D. yakuba) and showed that

they all evolved by concerted evolution. The range of var-
iability between 1.688 repeats from D. melanogaster and
the other species is between 23% and 34%, on average.
The 1.688 consensus repeats from the other five species
(where the chromosomal location and position in their ar-
rays-of-origin is unknown) do not represent a diverged out-
group or sister clade but rather were placed on the
branches of the ML tree containing euchromatic repeats
from D. melanogaster (fig. 3). Therefore, it is possible that
they were also derived from euchromatic arrays.

Previous studies of five arrays from chromosome X re-
vealed that they are made of a small number of tandem
repeats (two to four) located adjacent to genes (Waring
and Pollack 1987; DiBartolomeis et al. 1992). We found that
short arrays with under six repeats are the most common
for euchromatic arrays (supplementary fig. 1, Supplemen-
tary Material online), contrasting with the thousands of re-
peats residing in heterochromatic regions. There are several
examples in Drosophila and other organisms showing that
the density of repetitive DNA elements is lower in genomic
regions associated with intermediate to high recombina-
tion rates (Gatti and Pimpinelli 1992; Lohe et al. 1993; Kuhn
et al. 2008). This phenomenon is more likely a consequence
of selection against deleterious effects of chromosomal rear-
rangements caused by ectopic recombination between re-
peats (Charlesworth et al. 1986; Dolgin and Charlesworth
2008). In other words, high recombination rates and
purifying selection is expected to eliminate or limit the
propagation of tandem repeats. If so, why the genome of
D. melanogaster is replete with euchromatic 1.688 arrays
with an almost constant low number of repeats? To address
this question, we investigated the association of 1.688 with
genes and found that most arrays on chromosomes 2, 3, and
X are either very close to genes or show transcriptional

FIG. 1. Cytological map of chromosomes X, 2, and 3 of Drosophila melanogaster showing cytological divisions for euchromatin (X, 2, and 3) and
heterochromatin (X#, 2#,and 3#) (adapted from Gatti and Pimpinelli 1992; Lohe et al. 1993; www.flybase.org). Divisions in gray (print version) or
red (online version) mark the locations of 1.688 repeats described in the literature; stars show 1.688 arrays studied in figures 2 and 3.
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activity (fig. 4; supplementary table 2, Supplementary
Material online). However, in all transcribed cases, sequence
analysis showed the arrays resided in intronic regions.

Several examples show that tandem arrays affect the
expression of genes in a dose-dependent manner (e.g.,
Maiorano et al. 1997; Rockman and Wray 2002; Vinces
et al. 2009). Such a property is likely to be a consequence
of their interaction with transcription factors (reviewed by
Tomilin 2008; Plohl et al. 2008). Moreover, transcripts de-
rived from tandem repeats have been suggested to play
a role in gene regulation (reviewed by Pezer et al. 2011)
and Usakin et al. (2007) have recently showed abundant
small RNAs transcribed by 1.688 repeats in D. melanogaster.
We suggest that the limited number of 1.688 tandem re-
peats on each euchromatic array could be selectively con-
strained by their possible role as gene regulators. Such
a situation would be similar to the so-called ‘‘tuning knobs’’
described for micro- and mini-satellite repeats (King et al.
1997). Thus, divergence of repeats by mutation and local
concerted evolution could play an important role for diver-
sification of arrays and regulation of specific genes, as well
as leading to evolutionary divergence between species.

FIG. 3. ML tree of all 1.688 repeats analyzed under the TVMþIþG
model. Het, heterochromatin and Eu, euchromatin. The colour
version of this figure is available online.

FIG. 4. Proportion of 1.688 arrays that falls into the three genomic
landscape classes defined in the present work. Numbers within
brackets correspond to the number of analyzed arrays from each
chromosome.

FIG. 2. ML trees of 1.688 repeats from chromosomes 2, 3, and X under
the TIM1þG, TPM2ufþG and TVMþIþG models, respectively.
Heterochromatic repeats (dark triangles) are mostly grouped and
lie away from euchromatic repeats (colours and other symbols).
Chromosomes 2 and 3: circles and squares represent repeats from the
left and right arm, respectively. Chromosome X: different symbols
with same colour represent repeats from different arrays but same
cytological division. Numbers refer to locations of arrays (see fig. 1).
The colour version of this figure is available online.
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Methodology
Basic local alignment search tool (BLAST) searches with re-
peats representing the four main 1.688 variants from chro-
mosomes X (Hsieh and Brutlag 1979), 2 (Abad et al. 2000),
and 3 (Losada and Villasante 1996) were used to identify
large sequenced clones (mostly BACs) of D. melanogaster
with known (by in situ hybridizations) or presumable cy-
tological location featuring at least one ‘‘full-length’’ 1.688
repeat, e values lower than 10�5 and minimum homology
of;70% over a segment covering at least;80% of the query
sequence. The 1.688 arrays within each clone were investi-
gated, one by one, using dotplots (Dotlet program) of the
clone sequence against itself or against selected 1.688 con-
sensus sequences, using 15 bp windows and .;65% homol-
ogy. The cytological division of each clone was checked by
BLASTs of repeats and flanking sequences from each array
against the genome of D. melanogaster (release dmel
r.28_FB2010_05), using the presence of annotated genes sur-
rounding the arrays as supporting evidence (supplementary
table 2, Supplementary Material online). In parallel,
we used the same 1.688 consensus repeats to BLAST the
D. melanogaster assembled heterochromatin (release
r5.29_FB2010_06). We used the ‘‘U-File’’ to retrieve a sample
of heterochromatic repeats from the X chromosome. Addi-
tional 1.688 repeats were obtained from GenBank based on
published data. All selected 1.688 sequences are listed in
supplementary table 1 (Supplementary Material online)
and can be provided under request.

Nucleotide variability was calculated by the proportion of
different nucleotide sites using the MEGA software (Tamura
et al. 2007). Nucleotide sites containing indels were analyzed
according to the ‘‘pairwise-deletion’’ option in MEGA. ML
trees were estimated with the PhyML 3.0 software (Guindon
and Gascuel 2003) using best-fit models inferred by the jMo-
delTest 0.1.1 software (Posada 2008). Branch support was
evaluated by bootstrap analysis (100 replicates). Only full-
length 1.688 repeats were used for the construction of
ML trees. The genomic landscape of 1.688 arrays was inferred
by the ‘‘Genomeview’’ browser against the latest assembled
genome of D. melanogaster (www.flybase.org), using 10 kb
windows. The results were divided in three groups: 1) ‘‘des-
ert’’ when no annotated genes were present, 2) ‘‘flanked by
genes’’ when a gene was found on at least one side of the
array, and 3) ‘‘transcription’’ when the DNA sequence
matches RNA transcripts from genes. The ‘‘Genome
Decorated-Fasta region’’ browser (www.flybase.org) was
used to determine whether transcribed arrays correspond
to intronic or exonic regions of the genes.

Supplementary Material
Supplementary tables 1 and 2 and figure 1 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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of satellite DNAs in insects. Prog Mol Subcell Biol. 51:161–178.
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