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The path by which regulatory sequence can change, yet preserve function, is an important open question for both evolution
and bioinformatics. The recent sequencing of two additional species of Drosophila plus the wealth of data on gene reg-
ulation in the fruit fly provides new means for addressing this question. For regulatory sequences, indels account for more
base pairs (bp) of change than substitutions (between Drosophila melanogaster and Drosophila yakuba), though they are
fewer in number. Using Drosophila pseudoobscura as an out-group, we can distinguish insertions from deletions (with
maximum parsimony criteria), and find a ratio between 1 and 5 (insertions to deletions) that is species dependent and much
larger than the ratio of 1/8 for neutral sequences (Petrov and Hartl 1998). Because neutral sequence is rapidly cleared from
the genome, most noncoding regions which preserve their length betweenD. melanogaster–D. pseudoobscura and have an
excess of insertions over deletions should be functional. A fraction of 15%–18% (i.e., more than 20 standard deviations
from random expectation) of the regulatory sequence is covered by low copy number tandem repeats whose repeating unit
has an average length of 5–10 bp and which occur preferentially (25%–45% coverage) in indels. All indels may be due to
tandem repeats if we extrapolate the detection efficiency of the repeat-finding algorithms using the observed point mutation
rate between the species we compare. Sequence creation by local duplication accords with the tendency for multiple copies
of transcription factor–binding sites to occur in regulatory modules. Thus, indel events and tandem repeats in particular
need to be incorporated into models of regulatory evolution because they can alter the rate at which beneficial variants arise
and should also influence bioinformatic algorithms that parse regulatory sequences into binding sites.

Introduction

The continual flood of genome sequences has rein-
forced multiple functional studies as to the conservative
nature of protein evolution. For example, the regulatory
genes of the cell cycle are recognizably similar from yeast
to mammals (Nasmyth 2001), the Hox genes play similar
roles in all metazoans, and intracellular signaling pathways
are well conserved (Carroll, Grenier, andWeatherbee 2001;
Davidson 2001; Wilkins 2002). Although spontaneous
mutations in regulatory DNA can affect dramatic changes
in morphology, as attested by homeotic mutations, instan-
ces where morphological changes between existing species
can be traced to regulatory evolution are rare (Akam 1998;
Tautz 2000; Wray et al. 2003). Lacking any quantitative
means to infer function from genomic sequence, it is impos-
sible to assess the relative importance of changes in regu-
latory DNA or proteins, as compared to changes in
structural genes, for the generation of new species.

Part of the problem is that in comparison with our abil-
ity to locate protein-coding genes (particularly in the com-
pact genomes of model organisms) and decompose them
into functional domains (Bateman et al. 2004), regulatory
DNA is both hard to locate and assign function to. Even
when the relevant cis-regulatory modules (CRMs) have
been located in the genome and their orthologous sequences
identified in related species, it is very unclear which
changes in these are neutral and which lead to change in
gene expression. Various instances of conserved function-
ality in the presence of considerable sequence fluidity have
been demonstrated (Ludwig, Patel, and Kreitman 1998) but
so also have cases where a few base changes give rise to
human disease (Dermitzakis and Clark 2002; Rockman

et al. 2003). Thus, there is no established test, analogous
to the ratio of nonsynonymous/synonymous codon
changes, to compare the rate of potentially functional to
neutral change. A recently published article (Wong and
Nielsen 2004) takes the first steps in this direction.

A better understanding of regulatory evolution has
important consequences for bioinformatics. The analysis
of regulatory DNA—both parsing it into transcription fac-
tor–binding sites and discerning CRMs in the genome—is
an important focus of bioinformatics. The techniques devel-
oped for such analysis implicitly or otherwise presuppose a
model for what constitutes functional change and what
changes are neutral. For instance, binding motif finders
use an information theoretic measure of sequence differ-
ence to detect binding sites and sometimes impose ad
hoc constraints on their spacing and order, both in intra-
and interspecific analysis. Clearly, a better comprehension
of these constraints from an evolutionary perspective will
feed into refinement of the algorithms. However, not only
the binding sites themselves but also the ‘‘background’’
sequence they reside in are often crucial to the various bio-
informatic algorithms. Using the example of the motif find-
ers again, the significance of a motif, in its simplest form, is
calculated from the probability that it was obtained by sam-
pling the single-base frequencies of the background non-
coding DNA (Lawrence et al. 1993; Bailey and Elkan
1995; Sinha and Tompa 2000). Similarly, a host of pro-
grams (Berman et al. 2002; Halfon et al. 2002; Markstein
et al. 2002; Rajewsky et al. 2002; Rebeiz, Reeves, and Pos-
akony 2002) have sprung up to locate CRMs (in fruit fly) by
counting the number and type of putative binding sites
based on a sample of known sites, everything else about
the sequence being ignored. However, scattered studies
have shown that regulatory DNA is not a series of stereo-
typed binding sites in a simple random background, as
assumed by these methods. Sites can overlap (Papatsenko
et al. 2002), and Dermitzakis, Bergman, and Clark (2002)
find that there remains a vestige of mutated binding sites
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around functional ones. Also, as we report in this study,
CRMs show a substantial sequence turnover through tan-
dem repeats. Such evolutionary features may lead to a
remodeling of background sequences for bioinformatics
applications. In short, natural sequence has evolved under
selection and drift, and knowledge of these processes may
enhance the efficacy of search algorithms. Conversely, a
variety of bioinformatic tools can be used to test for patterns
in regulatory DNA and better study their evolution.

To measure how regulatory change drives evolution,
not only do we need an estimate of raw mutation rates but
also the fixation rates of various changes. The latter ques-
tion is still very open because we know almost nothing
about the fitness changes associated with sequence change.
The most complicated situation is when changes can com-
pensate. If the sequence responsible for some aspect of gene
expression is long enough, then multiple mutations in that
sequence can be present in one individual and together go to
fixation. The calculation of the most rapid path to fixation in
this situation is just beginning (Carter and Wagner 2002).

While the processes that lead from a mutation in an
individual’s regulatory DNA to a significant allele in the
population may be subtle and difficult to quantify precisely,
it is easy to compare homologous DNA between close
enough species and measure the net turnover due to various
categories of change in meaningful units. For instance, the
synonymous substitution rate is generally the same for all
protein-coding genes and indicative of the point mutation
rate for neutrally evolving sequence (Li 1997). For regula-
tory sequence, several authors have documented a pattern
of conserved ungapped blocks punctuated by unalignable
gaps (Kassis et al. 1989), with a roughly exponential length
distribution (Bergman and Kreitman 2001). Nonfunctional
(‘‘dead on arrival’’) transposons have been used to document
an excess of deletions over insertions and thus the rate of
sequence loss as well as the ratio of indels to point mutations
in neutrally evolving sequence (Petrov and Hartl 1998).

In this study, we wish to exploit the recently se-
quenced genomes of Drosophila yakuba and Drosophila
pseudoobscura to examine a much broader collection of
experimentally characterized CRMs and to augment pre-
vious two-way comparisons of Drosophila virilis and Dro-
sophila melanogaster so as to distinguish insertions from
deletions. We compute rates for indels and point mutation
in the regulatory sequences and contrast them with those in
neutral sequence as deduced in Petrov and Hartl (1998).
Indels are found to be considerably less frequent than point
mutations but account for more base pairs (bp) of change, a
fact that needs greater attention in algorithms that exploit
cross-species comparison.

Finally, we apply refined algorithms to find all statisti-
cally significant tandem repeats and associate them with
various mutational processes. Most of the events we find
are not perfect repeats, contain only a few copies of the
repeat unit, and are not readily discerned by inspection
in contrast to typical microsatellites. The density of the tan-
dem repeats we find is high enough to account for all inser-
tion events in regulatory sequence and thus needs to be
included in models of molecular evolution as well as in bio-
informatic models of regulatory regions. Tandem duplica-
tions nicely accord with the general tendency for there to be

multiple binding sites of any one factor in a CRM (Carroll,
Grenier, and Weatherbee 2001; Davidson 2001).

Materials and Methods
Regulatory Sequences

We worked with release 3 (Celniker et al. 2002) of the
D. melanogaster genome, the February 2003 release of the
D. pseudoobscura genome (Human Genome Sequencing
Center at Baylor College of Medicine 2003), and the April
2004 assembly of theD. yakuba genome (Genome Sequenc-
ing Center atWashingtonUniversityMedical School 2004).
We obtained an extensive collection of 76 experimentally
validated CRMs that pattern the embryo, from the literature
(Schroeder et al. 2004), andmapped themwithout ambiguity
to the other genomes, by homology. Details of the chosen
CRMs are given in Supplementary Material. The sequences
inD.melanogaster range in length between 67 and 5,586 bp,
with a median of 1,220 bp, and a total length of 101.05 kbp.
The data set of these sequences from the three species is
henceforth called ‘‘REG.’’

We constructed a second, smaller data set of 17 CRMs,
with orthologous sequences from D. melanogaster, D.
pseudoobscura, and D. virilis, the latter being obtained
from the noncoding sequence collected by Bergman and
Kreitman (2001). We call this the REG2 data set, and the
D. melanogaster CRMs in this set have a total length of
29.74 kbp. (See Supplementary Material for details.)

Pseudogenes

We obtained a list of 105 gene-pseudogene pairs in D.
melanogaster, annotated for Release 3 of the genome, from
Harrison et al. (2003). We ran Blast (TBlastN) to obtain
preliminary alignment of the gene to the pseudogene,
extracted alignment boundaries, and truncated both sequen-
ces at these boundaries. The truncated gene-pseudogene
pair was then aligned by a variant of the Needleman-
Wunsch algorithm that treats the gene as a sequence of
codons and the pseudogene as a sequence of nucleotides,
allowing indels in codon units in the former and in sin-
gle-base units in the latter, using the BLOSSUM matrix
for match/mismatch scores. We partitioned the alignment
at exon boundaries in the gene and narrowed down each
partition to regions anchored on both ends by ungapped
blocks of 10 bp with at least 70% identity, thereby obtaining
a set of well-aligned exonic regions. We used the codeml
program from the PAML package on the aligned codons
and computed dN and dS (Nei and Gojobori 1986). We then
extracted only those pseudogenes with dS � 1.25 and dN/
dS ratio � 0.3, so that the period of neutral evolution (time
since pseudogene formation) is comparable to the time
since gene duplication. (For a more sophisticated discus-
sion see Bustamante, Nielsen, and Hartl [2002].) The set
of such pseudogenes is henceforth called the ‘‘PGENES’’ data
set and consists of 6–9 pseudogenes, with a total length of
;2 kbp. We shall use the pseudogenes data only to infer
indels and point mutations (from two-way comparison)
because we are not certain if these events occurred in
the pseudogene or the functional gene. The above restric-
tions (on dN, dS values) do not specify whether the gene
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duplication from which the pseudogene arose occurred pre-
or postspeciation. This latter aspect of the pseudogene’s
history is not crucial to our analysis.

Sequence Alignment

All sequence alignments for the REG (and REG2) data
sets were done using the MLagan program of Brudno
et al. (2003). MLagan is a progressive multiple alignment
program that uses the pairwise alignment tool Lagan. The
latter first performs local alignment based on multiple
exactly conserved words and uses the local alignments
as anchors to perform limited-area Needleman-Wunsch
alignment between successive anchors. The scoring matrix
used was the default nucleotide substitution matrix of the
program (see table 1). The gap extension penalty was set
to 10, and the gap initiation penalty (c) was varied uni-
formly between 500 and 1,200 in eight different runs of
the program on each data set. We identified the first and
last contiguous stretch (block) of at least five nongap col-
umns in the alignment and focused all analysis on the por-
tion of the alignment bordered by these two stretches. This
was done to address the combined effects of (1) the incom-
pleteness of some orthologous sequences and (2) incor-
rectly aligned columns at the termini, a common
problem in alignment programs.

Our ability to correctly infer insertion and deletion
events (indels) depends on the quality of the ungapped
‘‘anchor’’ regions that delimit them. The anchor is termi-
nated by the next indel in any of the species being aligned.
Because the anchors are of variable length and mismatch
density, and can involve two or three species, we put a uni-
form probability measure on all events by simulating ran-
dom sequence, aligning as for the genomic data, and then
marking the 1% contour line in the length-mismatch param-
eter space. Anchors with a probability of 1% or less of
occurring by chance for either two or three sequences
are deemed acceptable. A table of the marginal number
of mutations as a function of length is available in Supple-
mentary Material.

For two-way alignments between D. melanogaster
and D. yakuba, 90%–99% of indels (for c 5
600.1,200) have good anchors on both sides. In two-
way comparisons, all the sequences are scored as either
indels or ungapped blocks, and the dependence of statistics
on the gap initiation penalty (c) defines one’s confidence in
the result. Three-way alignments are needed only to distin-
guish insertions and deletions, and two other filters are
imposed as described in the next section, before we make
this assignment.

Insertion and Deletion Statistics

Three-way alignments were done for the REG data set.
Drosophila pseudoobscura was treated as an out-group,
and hence we were able to call insertions-deletions only
when either D. melanogaster or D. yakuba, but not both,
had a gap. The obscura group, of which D. pseudoobscura
is a member, diverged from the melanogaster group
between 25 (Russo, Takezaki, and Nei 1995) and 30
(Schlotterer et al. 1994) Myr ago, while D. melanogaster
and D. yakuba diverged roughly 10 Myr ago (Powell
1997). We did not infer any insertions/deletions in D. pseu-
doobscura or in the common ancestor of the two in-group
species.

The alignment between the two in-group species is of
excellent quality as already noted. Two-way alignments
betweenD. melanogaster andD. pseudoobscura have good
anchors bracketing 81%–88% of indels (for c 5
800.1,200). Thus, the ambiguities where they exist are
local and typically involve overlapping gaps in two species,
with their relative positions sensitive to the alignment
parameters. To filter out such unstable indels, we proceed
as follows: the gap initiation penalty c is varied in the broad
range f500, 600,.,1,200g, alignments are done, and inser-
tions/deletions are detected for each value of c. We then
intersect the sets of indels corresponding to (c � 200),
c, (c 1 200), keeping only those indels that have the same
type (insertion or deletion) in all three sets. This procedure
screens for indel events that are robust to local changes of c,
while still allowing a useful plot of events versus c. This
filter eliminates 40% of indel events for c 5 500 and
22% for c 5 1,200.

Given a stable alignment, there is still ambiguity in
cleanly distinguishing insertions from deletions by maxi-
mum parsimony, as shown in figure 1. Scenarios (A) (or
(B)) can be unambiguously called as a single insertion
(or deletion) event in an in-group species because the alter-
native explanation would involve two events. Scenario (C)
is called a deletion in the in-group (IG2), overlapping a
deletion in the out-group (OG), and scenario (D) is called
as overlapping deletion events in the two in-group species
(IG1 and IG2). Alternative explanations in either case
would require at least three events. Scenarios (E) and (F)
have ambiguous explanations, and we therefore use the
lengths of the indels (in bp) to choose the most parsimoni-
ous one. In either case, there are two competing explana-
tions, each with two events—an in-group event and an
out-group event. (In scenario (F), there is a third possibility
with two events on the two in-group species, but this is
ignored because the likelihood of an in-group event is much
lower than the likelihood of an out-group event, given the
phylogenetic distances between species.) The total length of
the events (in bp) under each explanation is computed, and
their ratio taken. If this ratio (or its inverse) is less than a
threshold of 0.8, the parsimonious event is inferred; other-
wise, the indel is labeled as being ambiguous, and dropped.

This second filter eliminates a further 39% of the inser-
tion/deletion events for c 5 500 (57% for c 5 1,200). For
those that remain, we examine the anchors and find that
90%–95% of the insertions have good anchors both sides
(for c 5 800.1,200). This level of uncertainty will not

Table 1
Nucleotide Substitution Matrix Used in Alignment

A C G T N

A 91 �114 �31 �123 �43
C �114 100 �125 �31 �43
G �31 �125 100 �114 �43
T �123 �31 �114 91 �43
N �43 �43 �43 �43 �43
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impact any of our conclusions. All three-way alignments
for c 5 800 are available, with an indication of which
events are retained after the filtering steps, at http://uqbar.
rockefeller.edu/;saurabh/turnover/alignments.html. An un-
biased sample of the alignments (for the first five modules
in lexicographic order) is presented in Supplementary
Material.

Tandem Repeat Statistics

Two different programs were used to detect tandem
repeats because our experience with the two programs
shows some exclusivity in the repeats they are able to
detect. The first of them, called ‘‘Tandem Repeat Finder’’
(TRF) is from Benson (1999) and was run with parameter
settings (match5 2, mismatch5 3, indel5 5, match prob-
ability 5 0.8, indel probability 5 0.1, minimum score 5
25, maximum period 5 500). This program detects repeats
by first searching for exactly repeated short words and
extending such ‘‘seeds’’ to longer approximate repeats. It
scores the repeats using a stochastic model specified by per-
cent identity and frequency of insertions and deletions. The
second, called ‘‘Mreps’’ is described in Kolpakov, Bana,
and Kucherov (2003) and was executed with parameters

(resolution 5 3, minimum period 5 3). Mreps finds
approximate repeats without relying on exactly repeated
seeds, and its statistical criteria for reporting repeats are also
different from that of TRF. The two programs were run sep-
arately, and we also computed the union of their results by
overlaying the tandem repeats found by each on the same
sequence. Each program reports the length (periodicity) and
copy number (two or more) of each detected repeat. These
statistics were also noted. The stringency of tandem repeat
detection by each program was evaluated by running it on a
randomly generated sequence of length 20 kbp and comput-
ing the masked bases as a fraction of the total length, and
doing 100 replicates of this experiment. TRF masks 1.5%
(60.5) of random sequence on an average, Mreps masks
1.48% (60.47), and their union masks 2.55% (60.63)
on average.

Transcription Factor–Binding Sites

A set of 32 CRMs involved in A-P axis patterning in
Drosophila was selected. Position weight matrices (PWMs)
of the transcription factors Bicoid, Hunchback, Caudal,
Kruppel, Knirps, Tailless, Giant, Dstat, and the torRE bind-
ing factor were obtained from Rajewsky et al. (2002). The
Stubb program (Sinha, van Nimwegen, and Siggia 2003)
was run on each module separately with all the above
PWMs and made to predict binding site occurrences that
have posterior probability above 0.3. The same exercise
was repeated for each D. melanogaster enhancer, as well
as its orthologous sequence in D. pseudoobscura. (In a
separate project we have shown by protein homology mod-
eling that there are no residue changes in positions where
the abovementioned protein factors contact the DNA and
correspondingly, no systematic changes in the inferred
binding sites when experimental sites are mapped between
the species.)

Results
Substitutions and Indels

The pairwise alignments between D. melanogaster
and D. yakuba depend weakly on the scoring parameters;
hence, we plot their statistics against the gap initiation pen-
alty c (fig. 2). A larger c penalizes new gaps more, thus the
relative number of mismatched columns goes up as c
increases. (The histogram of lengths of ungapped aligned
blocks in the REG data set, for c5 800, is presented in Sup-
plementary Material.)

We define the substitution rate in a two-way alignment
as the fraction of aligned columns that have mismatched
bases. Regulatory sequences (REG) have a substitution rate
in the range 0.1–0.12 for c5 500–1,200. Jukes-Cantor cor-
rection for multiple hits yields a corresponding range of
0.11–0.13. (When alignments are ambiguous, there will
be a much greater variation of the inferred point mutation
rate with c because the most mutated regions will be clas-
sified as gaps for small c.) For comparison, two random
sequences with a 40%/60% GC/AT bias, aligned without
gaps, would have a substitution rate of 0.74, while the max-
imum substitution rates when gaps are allowed (c5 1,200)
is ;0.5, as estimated from simulations. To compare with

FIG. 1.—Maximum parsimony of insertions and deletions. All possi-
ble ways in which gaps may occur in three-way alignments of the in-group
species IG1, IG2, and the out-group species OG. Bold lines indicate
sequence, and ‘‘holes’’ in the lines indicate gaps in the alignment. (A)–
(D): Unambiguous call of insertion (A) or deletion (B–D) in the in-group
species because alternative explanations would require more number of
events. (E), (F): There exist two alternative explanations, shown by two
different trees next to each alignment. A label on a branch in the tree
describes what the event is (I: insertion, D: deletion) along that edge
and how many base pairs are involved. An event on the out-group branch
is always ambiguous because an insertion in the out-group can also be
interpreted as a deletion in the common ancestor of the in-group species,
and vice versa. To choose one of the two trees, the total length (in base
pairs) of events is calculated and if one is some threshold factor smaller
than the other, it is chosen; otherwise the indel is declared ambiguous.
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the substitution rate in the REG set, we computed the syn-
onymous substitution rate in functional genes (from the
PGENES data set) between D. melanogaster and D. yakuba.
The proportion of synonymous sites that are changed
between the two species, i.e., the pS value according to
Nei and Gojobori (1986) had an average of 0.23
(60.06). (Jukes-Cantor correction yields an average dS
of 0.28 6 0.08.) We thus observe greater conservation
in regulatory regions, an evidence of functional constraints.

An indel is a contiguous stretch of gaps (in the same
species) in an alignment. It could be the result of an inser-
tion or a deletion. Figure 2a counts the number of indels per
substitution, while figure 2b counts the sum of their lengths
(per substitution). Thus, indels occur at roughly 10% of the
point mutation rate but account for slightly more base pairs
of change. Similar values were found for the REG2 data set.
For the PGENES data set, the indel to substitution rate is in the
range of 0.02–0.05 (resp. 0.2–0.6) based on counts (resp.
coverage) over a range of c. (The large uncertainties reflect
the limited amount of reliable data we have on pseudo-
genes.) The median length of an indel is about 5–6 bp in
regulatory regions (REG).

In summary, we have found (1) a point substitution
rate of 0.1–0.12 in REG versus a synonymous substitution
rate of 0.23 6 0.06 in D. melanogaster–D. yakuba genes
and (2) the number of indels is an order of magnitude less
than the number of substitutions but accounts for more base
pairs of change.

Insertions and Deletions

We can distinguish insertions from deletions in the REG

data set by using D. pseudoobscura as an out-group, and
figure 3a plots the ratio of their number and figure 3b
the ratio of their coverages. Insertions outweigh deletions
in regulatory regions while in neutral regions Petrov and
Hartl (1998) find a ratio of 1:8, consistent with the rapid
loss of neutral sequence. (We have too few events in our
PGENES data set to make an accurate statement.) There
are over 200 insertion/deletion events in the REG data for
all values of c, all robust to local changes in parameters.

FIG. 2.—Indels per substitution in regulatory (REG) sequence based on
number of events (a), and total length of indels (b). Plotted values are
medians over all sequences in the corresponding data set.

FIG. 3.—Insertion and deletion events in regulatory sequences. (a)
Ratio of raw numbers of insertions and deletions. (b) Ratio of total lengths
of insertions and deletions. The insertions and deletions are counted for
Drosophila melanogaster alone (MEL), for Drosophila yakuba alone
(YAK), and for both species together (MEL 1 YAK). (c) Mean lengths of
insertions and deletions. REG_insert and REG_delete: insertions and dele-
tions (respectively) in regulatory sequences.
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Our results largely hold true even if we include all detected
indels, instead of restricting to the unambiguous ones. The
enrichment for insertions over deletions was also significant
in the REG2 data set, where the events were between D. mel-
anogaster and D. pseudoobscura, with D. virilis serving as
out-group (data not shown). Figure 3(a and b) also shows
that the insertion to deletion ratio is higher in D. yakuba
than in D. melanogaster.

The trends evident in figure 3(a and b) suggest that
insertions are longer than deletions for regulatory sequence.
Figure 3c makes this point quantitatively. The mean length
of the insertion/deletion events in the regulatory regions is
insensitive to the gap penalty, reflecting the unambiguous
alignments. For neutral sequences, deletions were found to
be longer than insertions (Petrov and Hartl 1998).

We repeated our analysis on noncoding sequence from
Drosophila erecta, obtained from Bergman et al. (2002),
with their orthologs from D. melanogaster and D. yakuba,
the latter two being the in-group species, with D. erecta
used as out-group. The total length of this sequence was
over 130 kbp in each species. The three-way alignments
were of excellent quality, and ambiguities due to the parsi-
mony criteria were also rare. We again found in this data set
an excess of insertions over deletions.

Net Sequence Retention

Two-way comparisons can reveal both the net change
in length of functional sequence between the two species
and the shrinkage of neutral sequence. Petrov and Hartl
(1998) found that due to a considerable excess of deletions
over insertions, a pseudogene in Drosophila has a ‘‘half-
life’’ (average time for sequence length to halve) of about
14.3 Myr. Thus, assuming a divergence time of 25–30 Myr
between D. melanogaster and D. pseudoobscura, we
expect a pseudogene to shrink to about a quarter of its
length if it became redundant at the time of speciation.

In contrast, for the sequences in REG, the length ratio
between the two species has an average of 1.2 6 0.26, i.e.,
the lengths are maintained to within 20% of each other on
an average and furthermore as shown in figure 3b, both D.
melanogaster andD. yakuba regulatory regions are increas-
ing relative to their common ancestor. We therefore
inquired as to the conservation in length of all the noncod-
ing sequences and chose D. melanogaster and D. pseu-
doobscura for comparison so as to allow time for more
change. We aligned large portions (.50 Mbp) of the
two genomes, extracted ungapped blocks of high sequence
conservation (more than 10 bp long and more than 70%
identical), and considered the spacing between such blocks.
We restricted attention to those pairs of blocks that are sep-
arated by between 500 and 1,000 bp (typical size of regu-
latory modules) in D. melanogaster and observed the
corresponding spacing inD. pseudoobscura. We found that
81% of the time, the spacing did not change by more than
50% of its length in D. melanogaster.

To exclude the possibility that most of the noncoding
sequence is simply shrinking at the neutral rate in both
genomes, we repeated the analysis that leads to figure 3b
for 100 randomly chosen noncoding regions of length 1
kbp from D. melanogaster, along with their orthologs from
D. yakuba and D. pseudoobscura. We found an insertion to
deletion (coverage) ratio between 3 and 6 (for c 5
500.1,200), which is slightly below those reported in fig-
ure 3b (MEL 1 YAK), but clearly shows a predominance of
insertions. This predominance is also evident when count-
ing the numbers of events, similar to figure 3a. Further-
more, 79%–89% of the random noncoding regions had
an excess of insertions over deletions and 78%–82% had
more base pair coverage of insertions. Considering the rate
of sequence loss from neutral regions, this is evidence that
most of the noncoding sequence is of comparable function-
ality between the two species.

Tandem Repeats

We have seen above that insertions play an important
role in the sequence turnover in CRMs. A question that then
begs itself is—‘‘how is new regulatory sequence created?’’
Here, we examine the possible role of tandem repeats in the
creation of new regulatory sequence. A tandem repeat is a
sequence that is repeated at least twice, in tandem. How-
ever, in reality, the tandem repeats we detect need not be
exact copies nor do they have to occur strictly in tandem.
Mutations and small indels accumulated during evolution
may induce inexactness on these tandem repeats. This ren-
ders their detection difficult, and sophisticated programs
such as TRF (Benson 1999) and Mreps (Kolpakov, Bana,
and Kucherov 2003) have been developed to solve this
problem computationally. We applied each of these pro-
grams on the regulatory sequences and computed a union
of the detected repeats.

We see, in figure 4, that the fraction of sequence (in
REG) that is covered by tandem repeats is significantly
higher in indels than in aligned regions (P , 10�100 for
D. melanogaster, and P 5 0 for D. yakuba, for c 5
800, binomial proportions test) but not significantly differ-
ent between insertions and deletions (data not shown).

FIG. 4.—Tandem repeat coverage. The fraction of lengths of sequen-
ces that are marked as tandem repeats. All numbers are for regulatory
sequences (REG). BLOCKS_MEL and BLOCKS_YAK: TR coverage in
aligned columns, for Drosophila melanogaster and Drosophila yakuba
separately. INDELS_MEL and INDELS_YAK: TR coverage in unaligned
positions (gaps), for D. melanogaster and D. yakuba, respectively.
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Overall, approximately 18% of D. yakuba sequence and
15% of D. melanogaster sequence is covered by tandem
repeats, considerably more than expected by chance
(2.55% 6 0.63%, based on random simulations; see Mate-
rials and Methods). Moreover, the repeat coverage in indels
is 45% inD. yakuba and 25% inD. melanogaster. Figure 5a
and b shows the distributions of the length of (each repeat-
ing unit of) tandem repeats as detected by the two programs
separately. The typical length of the repeating unit is
between 5 and 10 bp, with repeats longer than 20 bp being
rare. The typical copy number of repeats is 2 or 3 (data not
shown). We do not report the above statistics for the PGENES

data set because most of these sequences are vestiges of
coding sequence. (The tandem repeat coverage of the func-
tional coding sequences is about 10%.)

As mentioned above, the sensitivity of tandem repeat
detection is reduced due to mutations in the repeats. To
quantify this effect, we performed simulation studies where
we artificially created a tandem repeated sequence, sub-
jected it to a specific substitution probability, and observed
how often the combination of the repeat-finding programs
is able to detect the repeat. (No indels were included in the
simulations.) This exercise was done for various values of
the repeat length and substitution probability, with a copy
number of 2. Figure 6 reports the results for repeat length of
7–10 and substitution probability in the interesting range of
values (0.06–0.16). For each combination of values, 100
independent simulations were done, and we report the frac-
tion of times that the repeat was detected. Note that at a
substitution rate of 0.1–0.12, which is what we find in reg-
ulatory sequences (REG) and for repeats of length 7–10, the
programs retrieve about 25%–60% of the ancestral repeats.
Thus, the 45% and 25% tandem repeat coverage seen in
indels, which considers only detectable repeats, is consis-
tent with all of the regulatory sequence insertions being
generated via tandem repeats. Interestingly, the same con-
clusion can be reached using the REG2 data set and D. mel-
anogaster–D. pseudoobscura comparisons. Here, the
substitution probability is in the range 0.25–0.30, and
the repeat detection efficiency in this range (for repeats
of length 10 and copy number 2) is about 5%–15%. The
tandem repeat coverage of indels is about 20% in D. mel-
anogaster and about 30% in D. pseudoobscura, which is
again consistent with all insertions arising from repeats.

Transcription Factor–Binding Sites in Tandem Repeats

Because CRMs are rich in tandem repeats and because
they harbor several transcription factor–binding sites, we
sought to determine the overlap between repeats and bind-
ing sites, having hypothesized that tandem repeats are an
important mechanism for introducing new copies of sites.
The simplest question to ask here is: ‘‘what fraction of bind-
ing sites are in the form of tandem repeats?’’ We ran both

FIG. 5.—Length distribution of tandem repeats as reported by each of
the two programs (a) TRF and (b) MREPS on regulatory sequences from
Drosophila melanogaster (MEL) and Drosophila yakuba (YAK). The y
axis has logarithmic scale. On the x axis, the point ‘‘x’’ represents repeats
of length x to x 1 4.

FIG. 6.—Sensitivity of tandem repeat detection. The x axis is the sub-
stitution probability between initial synthetic sequence (where the repeat
was planted) and the final sequence (where the repeat detection was done).
Two programs TRF andMreps were used to detect repeats. The y axis is the
fraction of times that the planted repeat was detected in the final sequence.
The different tracks represent different repeat lengths. (‘‘Period’’ refers to
the length of each repeating unit.) In all experiments, exactly two copies of
the repeat were planted in tandem.
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TRF andMreps programs on known CRMs involved in pat-
terning of the early Drosophila embryo, onD. melanogaster
sequences and their D. pseudoobscura orthologs sepa-
rately. On the same sequences, we also detected putative
binding sites of various maternal and gap transcription fac-
tors using the Stubb program (Sinha, van Nimwegen, and
Siggia 2003) and computed what fraction of these predicted
binding sites is repeat masked. (A separate study showed
that a program similar to Stubb successfully retrieves over
50% of known sites [Schroeder et al. 2004].) We found that
about 20% of predicted binding sites in D. pseudoobscura
and about 15% of those inD. melanogaster overlap (.50%
of site length) with tandem repeats.

Table 2 presents some examples of binding sites
occurring in repeated sequence. For instance, the hairy
stripe7 enhancer in D. pseudoobscura has 23 strong and
weak (predicted) binding sites of the transcription factor
Kruppel. (If each site is scored between 0 and 1 based
on its ‘‘strength’’ [Sinha, van Nimwegen, and Siggia
2003], the sum of scores for the 23 sites comes out to
10.09, indicating that the sites are medium strength on aver-
age.) Of the 23 predicted sites, 9 (39%) are repeat masked.
Similarly, we find (predicted) binding sites of various other
factors overlapping with tandem repeats in this and other
enhancers.

Discussion
Methodology

Harrison et al. (2003) identified over 100 (gene-pseu-
dogene) pairs in D. melanogaster. We then did a custom
protein to nucleotide alignment between them and imposed
the conditions: dS� 1.25 to ensure good alignments, dN/dS
� 0.3 so that the time between gene duplication and degen-
eration of one copy is small, and scored only regions inte-
rior to exons. Very little sequence remained. Evidently the
formation of pseudogenes has been a rare phenomena since
the D. melanogaster–D. pseudoobscura split. (The synon-
ymous codons are almost randomized between these two
species.)

Our count of indels assumes that each contiguous
insertion or deletion is a single event. If two insertions

(or deletions, or an insertion and a deletion) occur at the
same locus (the ‘‘problem of multiple hits’’), this assump-
tion is no longer valid. We therefore present statistics on the
indel coverage, with the goal of summarizing the net
change through indels, rather than making claims about
their rates over short evolutionary periods.

Our measurements of insertions and deletions are
based on gapped regions detected by the alignment pro-
gram, and the traditional interpretation of alignment gaps
being indels. It is possible that occasionally, adjacent copies
of an insertion and a deletion (of similar lengths) are
reported where in reality they are orthologous sequences
that are unalignable due to their high divergence. In such
cases, our procedure would overcount indels. The proxim-
ity of our two in-group species (D. melanogaster and D.
yakuba) minimizes the problem and in addition we consider
a large range of gap penalties, and only report insertions and
deletions that are invariant under change of gap penalty. As
the gap penalty increases, such regions should become
aligned, with high substitution rate, and will therefore
not be counted as indels. The enrichment for insertions
in regulatory regions is observed even at high gap penalties,
therefore arguing for the validity of our conclusion. Also,
the observation that the reported indels contain a signifi-
cantly higher proportion of tandem repeats implicates them
as being insertion or deletion events rather than unalignable
orthologous sequences.

Regulatory Sequences Are Rich in Insertions

One important and unexpected finding was the pre-
ponderance of insertions over deletions in regulatory
sequence, as measured by coverage of events of each type.
We wish to emphasize that this finding is based on the
assumption that the maximum parsimony principle is appli-
cable for the phylogeny considered here. The overall length
of the REG set (after removing end-gaps in the alignments) is
99.5 kbp in D. melanogaster and 103.3 kbp D. yakuba. A
rough calculation shows that their last common ancestor
had approximately the same length (of sequences in REG)
as D. melanogaster, which is about 4% smaller than D.
yakuba, arguing that the regulatory regions are undergoing

Table 2
Examples of Predicted Binding Sites Masked as Tandem Repeats

Species Factor Site Count Masked Count Masked Fraction Site Strengtha CRMb

Drosophila pseudoobscura Bicoid 27 9 0.33 11.72 btd_headc

Drosophila pseudoobscura Kruppel 23 9 0.39 10.09 h_stripe7d

Drosophila melanogaster Hunchback 22 8 0.36 7.69 h_stripe7d

Drosophila pseudoobscura Knirps 20 8 0.4 4.66 h_stripes_314d

Drosophila pseudoobscura Hunchback 20 7 0.35 4.8 h_stripe7d

Drosophila pseudoobscura Kruppel 27 7 0.25 11.09 h_stripes_115d

Drosophila melanogaster Hunchback 44 7 0.15 14.83 run_stripe3d

Drosophila melanogaster Hunchback 31 6 0.19 10.98 Kr_CD2_AD1d

Drosophila melanogaster Knirps 19 6 0.31 4.55 h_stripe6d

Drosophila melanogaster Hunchback 29 6 0.2 10.07 kni_kde

a Sum of strengths of prediction (on a scale of 0 to 1) of all sites of the factor.
b cis-Regulatory module.
c Wimmer et al. (1995).
d Emberly et al. (2003).
e Pankratz et al. (1992).
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rapid turnover. The rapid elimination of neutral sequence
by contrast shows that the regulatory regions are as small
as possible consistent with function. The absence of large
deletions in the regulatory regions (in comparison with the
neutral rates) is an example of Fisher’s geometric model of
adaptation (Fisher 1930), which predicts that mutations of
large effect (e.g., large deletions) are more likely to be del-
eterious. That more sequence change arises from indels
rather than point substitutions necessitates their inclusion
in models of regulatory evolution.

Bergman et al. (2002) have studied the conservation
patterns in noncoding regions of D. melanogaster and four
other species (D. erecta, D. pseudoobscura, Drosophila
willistoni, andDrosophila littoralis), but they did only pair-
wise alignments and searched for regions with a high den-
sity of conserved ungapped bases in order to screen for
functional regulatory sequence. They did not compute indel
statistics or contrast the changes in neutral versus functional
sequence. Kim (2001) also studies conservation patterns in
a regulatory sequence (the hairy enhancer) in D. mela-
nogaster and six other Drosophila species. This study finds
highly conserved blocks interspersed with highly variable
regions but does not attempt to discriminate between inser-
tions and deletions.

Currently, the best evidence of sequence loss in neutral
regions comes from Petrov and Hartl (1998) who observed
a 1:8 ratio of insertions to deletions, with substantially lon-
ger deletions than insertions on average. They used multi-
ple, closely related species, so their ability to score events is
better than ours. The average size of their insertions was;3
bp and they had nine events, while our PGENES set gave an
average indel size of 4–6 bp. Both numbers are substan-
tially smaller than the typical size of insertions to regulatory
sequence. Zhang and Gerstein (2003) found a 1:3 ratio of
insertions to deletions for mammalian pseudogenes.

Bergman and Kreitman (2001) studied the presence
of indels in noncoding sequences implicated in cis-regu-
lation in Drosophila. They performed two-way compari-
son of 100 kbp of noncoding sequence (at more than
40 loci) between D. melanogaster and D. virilis. While
they did not count insertions and deletions separately, they
found an overall indel per substitution rate of less than
0.05, which is somewhat lower than what we observe.
This is because their indel definition was more conserva-
tive than ours, requiring conserved sequence blocks (min-
imum length 10 bp, minimum similarity 70%) on either
side. In doing so, they retained only a small subset of
the indels in their data. They found a point substitution
rate of 7.2% and an indel rate of 0.32% derived from
96 indels with a median length of 2 bp. On the other hand,
we classify all sequence (in two-way alignments) as indels
or as aligned blocks, partly because we work with closer
species than they did and partly because our data set com-
prises experimentally verified CRMs only. We therefore
impose no explicit constraints on what delineates an indel,
although the average length of an ungapped block is;15–
25 bp, similar to that in Bergman and Kreitman (2001).
For instance, at a gap penalty value of c5 800, the median
length of ungapped blocks is 28; 91% of the ungapped
blocks are over 10 bp long and 89% have a percent identity
of more than 70%.

Regulatory Sequences Are Rich in Tandem Repeats

The second important focus of this study is the role of
tandem repeats in sequence turnover, particularly for regu-
latory sequences. We find short tandem repeats (‘‘mini’’-
satellites) with two to three copies of a repeat unit of 3–
20 bp that cover 15%–18% of regulatory modules overall
and a far higher fraction, 25%–45%, of the indels. These
repeats are quite different from conventional microsatellites
(Ellegren 2004), which have more copies of a shorter repeat
unit, and have been used as genetic markers for a long time.
By extrapolation of our ability to detect tandem repeats,
based on the observed point mutation rate between D. mel-
anogaster and D. yakuba regulatory regions, all indels
could be due to tandem repeats. We intentionally chose
fairly tolerant scoring parameters in our TRFs, resulting
in 2.55 6 0.63% of random sequence being masked.
The observed fraction is still very significant, and more
stringent parameters would make the correction for our
detection efficiency a bigger extrapolation.

It is an almost universal rule that the sites for the fac-
tors that regulate a CRM in fly are present in multiple cop-
ies. We do not posit that tandem duplications occur
preferentially at functional protein-binding sites; however,
in comparison with point mutations, random duplication of
sequence could certainly shorten the time necessary to cre-
ate a sequence variant with enough fitness advantage to rap-
idly fix in the population.

An unexpected finding for the regulatory data is that
deletion events are as repeat rich as insertions. It is generally
thought that tandem duplications arise by the copying of
contiguous sequence through polymerase slippage or
unequal crossing over (Achaz 2002; Ellegren 2004). These
same mechanisms can operate in reverse and remove a
duplicated sequence once it has been created, provided
there have not been point mutations which destroy the
periodicity and act as a ratchet to favor the retention of tan-
dem insertions. To distinguish insertions from deletions, we
required comparison with the D. pseudoobscura out-group.
Hence, what we score as a deletion inD. melanogaster orD.
yakuba must have been present in D. pseudoobscura,
whereas insertions are newer sequences, having arisen since
the split between the first two species. Because our ability to
detect tandem repeats is limited by substitutions to rela-
tively recent events (fig. 6), we again expected to find more
repeats in insertions than in deletions. However, the molec-
ular mechanisms of indels are varied, for instance nontan-
dem repeated sequence can also mediate the addition and
removal of sequence at rates that depend very much on
whether the sequence between the repeats contains palin-
dromes (Rosche, Ripley, and Sinden 1998). Selection fur-
ther complicates reconstructing the fate of duplicated
sequence. These problems do not however affect the
observed repeat coverage of indels as a group.

Several previous studies have touched upon the issue
of tandem repeats and their function. Their connection to
insertions and deletions in neutral sequence was noted in
Petrov and Hartl (1998), who studied the evolution of
the non-LTR retrotransposable element Helena in the D.
melanogaster subgroup. They observed that about half
of the deletions were flanked by tandem repeats of size
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1–7 bp, and six of the nine insertions (with average size 2.9
6 3.5 bp) were also tandem repeats in the same size range.
The insertions and tandem repeats found in that study are
typically smaller than those in our data set and also fewer in
number.

Papatsenko et al. (2002) also explored the link
between tandem repeats and Drosophila enhancers and
found a few examples where weak or medium-strength
predicted binding sites form tandem clusters in fly
enhancers. However, unlike a claim made in that work,
we found no striking conservation of tandem repeats in
general. We find a greater repeat coverage in indels than
in aligned regions. Our study aims at performing a com-
prehensive assessment of repeat coverage of regulatory
sequences, the focus being on associating these repeats
with sequence turnover.

Thomas et al. (2004) searched for exact repeats 25 bp
or greater within several kilobase pairs of each other, for
several mammalian genomes. They used multiple species
to distinguish insertions from deletions and found a prepon-
derance of the former. Because of their very stringent filter
they only found several thousand such doublets in the
human genome and not a meaningful number in the fly.
Achaz, Netter, and Coissac (2001) in an earlier study
explored a broader class of repeats in a variety of genomes
but did not focus so specifically on the rates of various pro-
cesses (see also Achaz 2002).

Hancock et al. (1999) observed a spatial clustering of
specific short words in 5# and 3# regions of the hunchback
gene and found binding sites (for Bicoid in this case) in
such ‘‘repeat’’ regions. However, these repeats are not nec-
essarily in tandem and are merely more clustered than
expected by chance. Several instances of tandem repeats
(minisatellites) being associated with regulatory function
are available from the literature (Trepicchio and Krontiris
1992; Shinder et al. 1994; Shi et al. 2000; Carroll, Grenier,
and Weatherbee 2001; Andrioli et al. 2002; Lovejoy et al.
2003). In some cases, direct repeats of binding sites may
lead to cooperative binding of a transcription factor. For
example, Bicoid bound to a strong site helps Bicoid bind
to a nearby weak site (Burz et al. 1998).

Mobile elements have for some time been postulated
to be an important catalyst for regulatory change (see Brit-
ten 1996 and references therein.) These repeat elements are
much larger than the events we have categorized.

Conclusion

We have contrasted the evolution of known regulatory
modules with neutral sequence. The regulatory sequence
roughly maintains its length as expected (because most
modules retain their function between species), with inser-
tions and deletions playing significant but balancing roles.
The tendency of regulatory regions in bothD. melanogaster
andD. yakuba to increase relative to their common ancestor
was unexpected, especially when contrasted with the mag-
nitude of the sequence loss from the neutral regions. The
former observation extended to generic noncoding
sequence plus the consistency in the length of homologous
noncoding regions argues that most of the sequenced

euchromatin regions in fly are functional. The rates of
sequence loss in mammals are far slower (Petrov and Hartl
1998), so a similar argument cannot be made.

Our detection of repeats is limited to tandem ones,
though limited indels between and within the repeating
units are allowed. We are not sensitive to repeats spaced
by the size of the repeat unit or more. On the scale of a reg-
ulatory module, one can look for such repetitions with
standard motif finders. Limited computational experiments
of this sort exist, e.g., Rajewsky et al. (2002), and when
done on well-characterized CRMs, suggest that there are
high-quality repeats which do not easily match the factors
known to regulate the module. The functionality of such
sites has not been investigated experimentally. With more
extensive data on closer species, it would be interesting to
use point mutations that disrupt strict periodicity to date the
repeats and to more accurately correlate them with insertion
and deletion events. Also the repeat size deserves to be bet-
ter quantified—it appears to be comparable to a protein-
binding site.

Merely creating a mechanism to copy sequence does
not mean that protein-binding sites will be copied more
often than nonsites. However, if multiple sites entail some
cooperativity in protein binding, then copying will certainly
increase the variance in fitness of the module and thus
decrease the time necessary to find a variant with a selective
advantage. The tails of the fitness distribution can matter a
great deal for the rate of evolutionary innovation. It is also
not excluded that active binding sites are preferentially cop-
ied, e.g., an enzyme could mark the unprotected sites with a
‘‘do not copy’’ signal, or the sequence bias of slippage could
amplify certain binding sites preferentially. Thus, the bio-
chemical machinery required to copy short sequence ele-
ments and place them within the confines of a module
could itself be actively selected.

Supplementary Material

1. Genomic coordinates of CRMs used in the analysis (REG
and REG2 data sets).

2. Table used in deciding if an aligned block is a good
anchor. For a specific gap initiation penalty (c), for
any given length l, this table lists the maximum number
of columns with mismatches that may be present in a
block of length l for it to be considered a good anchor.
(There are separate tables for two-way and three-way
alignments.)

3. Three-way alignments for five modules in the REG data
set. These are the first five modules in lexicographic
order of their names.

4. Histogram of block lengths from two-way alignments of
D. melanogaster and D. yakuba (REG) for c 5 800.
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