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Concerted evolution maintains at near identity the hundreds of tandemly arrayed ribosomal RNA (rRNA) genes
and their spacers present in any eukaryote. Few comprehensive attempts have been made to directly measure the
identity between the rDNA units. We used the original sequencing reads (trace archives) available through the
whole-genome shotgun sequencing projects of 12 Drosophila species to locate the sequence variants within the 7.8–8.2
kb transcribed portions of the rDNA units. Three to 18 variants were identified in >3% of the total rDNA units
from 11 species. Species where the rDNA units are present on multiple chromosomes exhibited only minor increases
in sequence variation. Variants were 10–20 times more abundant in the noncoding compared with the coding
regions of the rDNA unit. Within the coding regions, variants were three to eight times more abundant in the
expansion compared with the conserved core regions. The distribution of variants was largely consistent with models
of concerted evolution in which there is uniform recombination across the transcribed portion of the unit with the
frequency of standing variants dependent upon the selection pressure to preserve that sequence. However, the 28S
gene was found to contain fewer variants than the 18S gene despite evolving 2.5-fold faster. We postulate that the
fewer variants in the 28S gene is due to localized gene conversion or DNA repair triggered by the activity of
retrotransposable elements that are specialized for insertion into the 28S genes of these species.

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

Eukaryotic ribosomal RNAs (rRNA) are encoded by hundreds of
gene copies organized in tandem arrays (the rDNA loci) (Long
and Dawid 1980; Hillis and Dixon 1991). Each unit within the
array contains one copy of three major rRNA genes: 18S, 28S, and
5.8S (Fig. 1). The different copies of the rDNA units have high-
sequence identity within species, but differ between species, a
phenomenon called concerted evolution. While the sequence of
the rRNA genes evolves slowly, the internal transcribed spacers
(ITS1 and ITS2), the external transcribed spacer (ETS), and the
intergenic spacer (IGS) evolve rapidly.

Most models for the concerted evolution of the rDNA locus
suggest that frequent recombination events involving unequal
crossovers and gene conversions result in the high-sequence
identity between units (Ohta 1980). In this process, a mutation
originating in one unit is increased or decreased in number by
recombination until it is either eliminated or present in all units.
Substitutions in the coding regions are subject to selection for
rRNA function and most are eliminated, while substitutions in
the noncoding areas are under less selective pressure and are
more often fixed by stochastic recombination events. Thus, con-
certed evolution is a dynamic balance between mutation, selec-
tion, and recombination.

Many studies have been conducted to follow the concerted
evolution of the rDNA units in Drosophila melanogaster (Coen et
al. 1982; Ohta and Dover 1983; Ohta 1984; Dover 1994; Schlöt-
terer and Tautz 1994; Elder and Turner 1995; Polanco et al. 1998,
2000). Units in loci on different chromosomes within popula-
tions were shown to exhibit more sequence differences than
units within a single locus, suggesting that intrachromosomal
recombination occurred more often than interchromosomal re-

combination (Schlötterer and Tautz 1994; Polanco et al. 1998).
The large variation in number of rDNA units in different indi-
viduals of a population (Lyckegaard and Clark 1991), and the
rapid change in rDNA unit number in duplicate laboratory
strains (Averbeck and Eickbush 2005) suggest that unequal sister
chromatid exchange is likely to be the major mechanism in-
volved in this intrachromosomal uniformity. The slower spread
of sequences between chromosomes in a population is consistent
with the low rates of crossovers observed between rDNA loci on
different X chromosomes or between the X and Y chromosomes
(Williams et al. 1989). Evidence for the role of gene conversion in
the concerted evolution of the rDNA locus has been difficult to
prove or disprove.

Evolution of the rDNA loci in Drosophila, as in many ani-
mals, is also influenced by retrotransposable elements, R1 and
R2, which insert into specific sites of the 28S rRNA gene (Jakub-
czak et al. 1991). These elements have been stable components of
the rDNA locus since the origin of arthropods (Malik et al. 1999).
The fraction of 28S genes inserted by either of these elements can
vary from 10% to >50% (Lathe et al. 1995; Lathe and Eickbush
1997). The extent to which these insertions affect the process of
concerted evolution is not known.

A detailed view of the level and distribution of the sequence
variation within the rDNA units of an organism would provide
critical insights into the concerted evolution process. However,
the dearth of distinguishing details between repeats has made
this difficult. Even with the “complete genome sequences” now
available for many species, the rDNA loci have not been as-
sembled or the level of sequence variation quantified. While
whole-genome shotgun sequencing does not provide a means to
assemble rDNA loci, it does provide a wealth of information on
the nucleotide variation that exists. In this report, the rDNA se-
quences from the original unassembled sequencing reads are
used to characterize for the first time the nucleotide sequence
variation that exists in the rDNA units of 11 Drosophila species.

1Corresponding author.
E-mail eick@mail.rochester.edu; fax (585) 275-2070.
Article published online before print. Article and publication date are at http://
www.genome.org/cgi/doi/10.1101/gr.6376807. Freely available online
through the Genome Research Open Access option.

12 Drosophila Genomes/Letter

1888 Genome Research
www.genome.org

17:1888–1897 ©2007 by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/07; www.genome.org



These data provide valuable insights into both the efficiency and
the mechanism of the concerted evolution.

Results

Comparison of the consensus rDNA unit among species

Consensus sequences for the transcribed portion of each rDNA
unit were first assembled (Supplemental Fig. 1a–l). The small 5.8S
and 2S genes were highly conserved with only the first position
of the 5.8S gene having undergone a substitution in species of
the melanogaster group. The 18S gene in all species was 1995 bp
in length, while the 28S gene varied in length from 3948 to 3976
bp. The 18S and 28S rRNA sequences can be subdivided into the
slower evolving “core regions,” which include the active sites,
substrate binding sites, and contact points between subunits, and
the “expansion regions,” which vary in sequence and account for
most of the length differences among eukaryotic and prokaryotic
rRNA genes (Clark et al. 1984; Hassouna et al. 1984). Figure 2
plots the sequence differences among the 12 species (vertical
lines). The expansion regions (white boxes) contained most of
the nucleotide differences and all but one of the indels found
between Drosophila species, with most length variation in expan-
sion regions D7a and D12. Most changes occurred in single-
stranded or loop regions of the proposed secondary structure
(Hancock and Dover 1988).

To calculate the rate at which the core and expansion re-

gions accumulated nucleotide substitutions, the sequence diver-
gences of these regions were determined for various species pairs.
These divergences are plotted in Figure 3 as a function of the time
estimates since separation of the species. The expansion regions
of the 18S and 28S genes diverged about 15 times faster than
their respective core regions. Both the core and expansion re-
gions of the 28S gene diverged 2.5 times faster than the 18S gene.

The transcriptional start site marking the beginning of the
ETS has been determined for D. melanogaster and Drosophila virilis
(Long et al. 1981; Murtif and Rae 1985). Because in these species
the ETS starts near the last subrepeat in the IGS, the first nucleo-
tide downstream of the last tandem subrepeat in the IGS was
arbitrarily defined as the ETS boundary for the remaining species.
The length of the ETS as well as the ITS1 and ITS2 regions in each
species are shown in Figure 4. Regions within these spacers with
>75% nucleotide identity to the corresponding D. melanogaster
sequence are indicated by the thicker horizontal lines. Extensive
sequence identities were only found between members of the
melanogaster species subgroup (melanogaster, simulans, sechellia,
yakuba, and erecta). However, as was noted previously by Schlöt-
terer et al. (1994) the 3� end of ITS1 and 5� end of ITS2 are more
conserved, showing sequence identity across all species. Se-
quence conservation in these two regions has been suggested to
be a result of secondary structures needed for processing of the
primary RNA transcript.

Simplified diagrams of the tandem subrepeat organization
of the IGS regions in each of the 12 species are shown in Figure
5. These assembled IGS regions are not consensus sequences, be-
cause individual rDNA units within the same species differ in the
numbers of each subrepeat (Coen et al. 1982; Polanco et al. 1998,
2000; Averbeck and Eickbush 2005). The only region of the IGS
not organized into tandem repeats is the region immediately
downstream of the 28S gene. An example of the primary se-
quence of each subrepeat and of the nonrepeated regions can be
found in Supplemental Table 1.

A previous study of the IGS from four Drosophila species
found the subrepeats and unique regions to change rapidly in
length and sequence between species (Tautz et al. 1987). Our data
confirm and extend these observations. The IGS regions are com-
posed of from one to six subrepeats, with most species contain-
ing two or three subrepeats. Subrepeat lengths varied from only
6 nucleotides (Drosophila pseudoobscura) to almost 500 nucleo-
tides (Drosophila grimshawi). All subrepeats were AT rich (median
71% AT), with neighboring subrepeats often sharing sequence
motifs (asterisks in Fig. 5). While not diagrammed in Figure 5 for
simplicity, the boundaries between different subrepeats often
contained partial repeats, chimeras of adjacent repeats, or short
nonrepeated sequences. These boundary sequences suggest that
occasional recombination between subrepeats gives rise to the
rapid changes in repeat lengths seen between species.

The only IGS feature commonly found between species was
that the subrepeats closest to the ETS were in most cases 225–267
bp in length. The 240-bp repeat in D. melanogaster contains a
partial copy of the promoter sequences associated with transcrip-
tion of the rDNA unit (Kohorn and Rae 1983; Miller et al. 1983).
However, sequence conservation of this repeat was not higher
than most other noncoding sequences of the rDNA unit (Fig. 4).

Sequence variation within the rDNA units of each species

Because sequence variation within the rDNA locus is extremely
low, sequencing errors in the trace archives were a significant

Figure 1. Diagram of a typical Drosophila rRNA gene locus. Shown at
the top is the tandemly repeated structure of the locus with only the 18S
and 28S genes indicated. R1 and R2 elements (white boxes) are inserted
into the 28S gene of 25%–50% of the units (Lathe et al. 1995; Lathe and
Eickbush 1997). The expanded region shows a more detailed view of the
organization of the complete rDNA unit found in all Drosophila species
studied here. In addition to the 18S, 5.8S, and 28S genes, insect rDNA
units also contain a 2S gene (Jordan et al. 1976). The transcribed region
of the unit is indicated by the horizontal arrow at the bottom. The gene
regions are shown as black boxes, the external transcribed spacer (ETS)
and internal transcribed spacers (ITS1 and ITS2) as dotted boxes. The
intergenic spacer region, IGS, is predominately composed of internal
subrepeats (rounded boxes). The IGS of different units varies in length
due to differences in the number of copies of each subrepeat. The se-
quence and length of these subrepeats vary dramatically between species
(see Fig. 5).

Figure 2. Locations of fixed differences in the 18S and 28S genes
among the 12 Drosophila species. The core (thin horizontal lines) and
expansion (white boxes) regions of the genes are indicated and num-
bered as in Hancock et al. (1988). Sequence differences between the
species are indicated by vertical bars.
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problem. We estimated the sequencing errors in the D. melano-
gaster trace archives as 0.13% by scoring differences within the
individual traces obtained for various single-copy genes in the
genome (28 errors in 20,900 bp). The error rate in the final as-
sembled sequences for the genome was much lower than this rate
because the 12-fold coverage of the D. melanogaster genome al-
lows a consensus sequence to be obtained from the individual
reads (Adams et al. 2000). When dealing with large multigene
families, separating authentic sequence variation from sequenc-
ing errors is complicated by recurring errors (i.e., the same error
detected in multiple traces of the same sequence). Even a slight
tendency for a particular sequence to be misidentified can result
in multiple traces with the same sequencing error, because the
hundreds of rRNA genes present in each species give rise to thou-

sands of reads for each region of the rDNA unit. The strongest
evidence for a recurring error is obtained when a nucleotide vari-
ant is greatly over-represented by traces derived from one se-
quencing direction (i.e., traces from the opposite strand sequence
do not contain the variant). Therefore, the greater the total num-
ber of traces with a putative variant, the greater the reliability in
differentiating a recurring sequencing error from an authentic
variant.

Our ability to identify rDNA variants differed between the
12 Drosophila species for a number of reasons. First, the level and
type of error may differ because different vectors were used and
the sequencing was conducted at six centers. Second, the fold
coverage of the shotgun sequencing varied from threefold (simu-
lans, persimilis, sechellia) to 12-fold (melanogaster, pseudoobscura).
Third, the number and location of the rDNA loci is not known
for most species (Lohe and Roberts 2000; Roy et al. 2005). The
presence of rDNA units on the sex chromosomes, particularly the
Y, significantly reduces the number of trace reads from those
units. Finally, the number of rRNA genes in the sequenced strain
from each species is also not known. While estimates of 200–250
units per haploid content for most species have been made, this
number could vary at least twofold (Long and Dawid 1980).

The following approach allowed us to test for the level at
which variants in the rDNA locus could be reliably scored in the
different species (see also Methods). The 7.8–8.2 kb consensus
transcriptional rDNA unit was divided into 525-bp regions for
screening the trace archives. Consecutive BLAST searches were
spaced at 500-bp intervals to allow 25 bp of overlap between
searches. Approximately 250 sequence traces were selected at
random from the BLAST results for each screen. For a selected
trace to be used, it had to contain the entire query sequence and
no more than two undetermined positions (N) in the query re-
gion. This approach equally sampled all rDNA sequences, be-
cause no preference was given to those traces with greater se-
quence identity to the query. The initial ∼250 sequences were
aligned and putative variants identified. Variants present in mul-
tiple traces were confirmed by BLAST searches using shorter (100
bp) query sequences incorporating each putative variant (see
Methods).

Our approach was based on the assumption that the trace
reads of each sequencing project representatively sampled the
rDNA units. While biases are sometimes encountered in the clon-
ing of DNA fragments, the following arguments suggest that such

Figure 3. Nucleotide substitution rates for the core and expansion re-
gions of the 18S and 28S genes. Divergence between sequences was
calculated as the number of differences per aligned sequence (indels were
not considered). Species pairs for which divergence was calculated were
simulans vs. sechellia; melanogaster vs. each of sechellia, yakuba, ananas-
sae, pseudoobscura, willistoni, and virilis; and finally, virilis vs. each of mo-
javensis, grimshawi, willistoni, and pseudoobscura. The species divergence
times were those obtained from the Drosophila Species Genomes Web
site (http://insects.eugenes.org/species/).

Figure 4. Comparison of the transcribed spacer regions in the 12 Drosophila species. A schematic diagram of the rDNA unit in each species is shown
with horizontal lines representing the ETS and ITS regions, rounded boxes the last subrepeat of the IGS, and boxes the gene regions (the 18S and 28S
genes are not drawn to scale). Thicker lines indicate regions of the spacers from each species that have at least 75% sequence identity with the D.
melanogaster sequence. Time of species divergence from D. melanogaster (in millions of years) is indicated next to the species names. All gene regions
are >95% identical in all species. Sequence comparisons were done using BLAST 2 sequences (Tatusova and Madden 1999) and Pustell DNA matrix
(MacVector v 7.2.3, Accelrys).
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biases were not present. First, in all species but D. pseudoobscura,
the number of trace reads from the rDNA locus was generally
consistent with the fold-sequencing coverage and an estimated
100–400 rDNA units. In some species, a reduction in the number
of traces corresponding to the 3� ends of the transcription unit
was detected and was assumed to be due to the greater instability
of clones containing tandemly repeated IGS sequences. Second,
in D. melanogaster we attempted to determine whether specific
rDNA units were over- or under-represented in the trace archive
by monitoring the number of reads corresponding to specific R2
5� junctions on the X chromosome. R2 insertions with identifi-
able 5� junctions have previously been shown to be predomi-
nately single copy (Perèz-Gonzalèz and Eickbush 2001; Averbeck
and Eickbush 2005). The median number of traces, 8.5 (range
5–16), corresponded to the ninefold coverage expected of the X
chromosome (Adams et al. 2000).

Initial analyses were conducted with the sequence reads ob-
tained from melanogaster, simulans, virilis, willistoni, and yakuba.
These analyses indicated that variants identified in only two
traces from the original collection of 250 were often difficult to
confirm, because insufficient numbers of total traces are present
to allow resolution between sequencing errors and the stochastic
recovery of traces from one orientation. Greater reliability was
obtained by limiting our analyses to variant sites present in at
least three trace reads in the original collection of 250 traces.
Using this approach, from 17 (Drosophila yakuba) to 44 (D. mela-
nogaster) variant nucleotide positions were detected in the rDNA
unit of the five species (Table 1).

Models for the concerted evolution of the rDNA locus sug-
gest that selective pressure to maintain a specific structure for the
rRNA should eliminate many substitutions in the coding regions
of the locus (Ohta 1980). Thus, one would expect to see lower

levels of standing nucleotide variation in the coding regions
compared with the noncoding regions of the rDNA unit. The
distribution of the variants detected in the coding and noncod-
ing regions of the transcription units of each species is shown in
Table 1. To correct for the length of each region, the total number
of variants within the coding and noncoding regions of all five
species were divided by their lengths to give the number of vari-
ant positions per kilobase. The variants have been divided into
two frequency classes: those variants that are present in <5% of
the units (low frequency) and those variants present in >5% of
the units (high frequency). This separation yielded a striking dif-
ference in the distribution of variants. The coding and noncod-
ing regions had similar levels of variants present in the low-
frequency class (3.4 and 3.6 variants/kilobase, respectively),
but for the high-frequency variants, the noncoding regions had
12 times the number of variants present in the coding region
(2.59 and 0.21 variants/kilobase, respectively). This distribu-
tion suggests that selection can prevent many variants in the
coding region to expand beyond 5% of the rDNA units in the
genome.

A larger number of low-frequency variants in each species
could be scored by initially sampling more than 250 traces and
using programs to monitor sequence reliability. However, this
report concerns only those variants present in the rDNA units at
frequencies in which the effects of selection could be measured.
Thus, for the remaining Drosophila species we scored only those
variants present eight or more times in the initial set of ∼250
trace sequences. By this approach, we sampled a large fraction of
the moderate frequency variants in each species (those variants
between 3% and 5%) and virtually all high-frequency variants.
This approach was applied successfully to six additional species;
however, as mentioned previously, too few rDNA traces were
present in the D. pseudoobscura archive to reliably score variants.

Distribution of sequence variants within the rDNA units

The number of variants identified by the above approach in the
11 Drosophila species is summarized in Table 2, while a descrip-
tion of each variant can be found in Supplemental Table 2. On
average, 10 variants were found in each species (range from three
in Drosophila willistoni to 18 in D. grimshawi). To correct for the
different lengths of the noncoding regions of the rDNA units in
each species, the number of variants per kilobase are also shown
in Table 2. The average for all species was about one variant per
kilobase (range from 0.38 variants/kilobase to 2.3 variants/

Figure 5. Organization of the intergenic spacer (IGS) region of the 12
Drosophila species. All subrepeats are represented as rounded boxes. The
nonrepeated regions adjacent to the upstream 28S gene are shown as
horizontal lines. Asterisks indicate sequence identity between adjacent
regions of the IGS. The n subscript indicates that each subrepeat is du-
plicated a variable number of times in the different rDNA units of each
species, while the m subscript indicates a higher ordered repeat. An
example of the nonrepeated and subrepeat sequences of each species
can be found in Supplemental Table 2.

Table 1. Nucleotide sequence variants detected in the rDNA
repeats of five Drosophila species

Total Coding regionsa Noncoding regionsb

Species (>1%) Lowc Highd Lowc Highd

D. simulans 39 24 0 8 7
D. virilis 25 12 0 6 7
D. yakuba 17 5 2 6 4
D. melanogaster 44 33 4 4 3
D. willistoni 33 23 0 8 2
Total 158 97 6 32 23

3.43e 0.21e 3.60e 2.59e

a18S and 28S genes.
bETS and ITS regions.
cVariants present in <5% of the traces.
dVariants present in >5% of the traces.
eMean variants/kilobase
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kilobase). The species also differed in the abundance of each vari-
ant within the rDNA units. The mean frequency of variants for
most species was from 0.07 to 0.13. However, in three species,
Drosophila ananassae, Drosophila mojavensis, and D. willistoni, the
mean variant frequency ranged from 0.22 to 0.33. There was no
relationship between the number of variants in a species and
their average frequency.

A summary diagram of the locations and frequencies of the
103 variants detected in the 11 species is presented in Figure 6.
Variants in the 300 bp flanking the 5� and 3� ends of the tran-
scription unit are also shown in Figure 6. However, because these
flanking areas are part of tandem subrepeats, it is not possible to
distinguish between mutations arising in the subrepeats and the
scrambling of extant variation within the subrepeats. Thus, our

subsequent discussions will not include these IGS region vari-
ants.

Figure 6 suggests that a larger number of variants are present
in the noncoding regions of the rDNA unit. The nature of the
variants detected in the coding and noncoding regions also dif-
fered. Nearly 40% of the variants detected in the noncoding re-
gions were indels typically 1–10 bp in length. Only 20% of the
variants in the coding regions of the unit were indels, and their
distribution was not random. Of the seven indels within the
genes (circled letters in Fig. 6), one was at the R1 insertion site
within the 28S gene, one was located 4 bp upstream of the R2
insertion site (at 33 bp, this deletion represented the largest indel
detected), and two other indels were in the general area of the R1
and R2 sites. This clustering of indels within the 28S gene near
the R1 and R2 insertion sites suggests that they were generated by
the repair of DNA cleavages produced by the site-specific endo-
nucleases encoded by these elements (see Discussion).

The mean number of variants/kilobase for each coding and
noncoding region of the rDNA among the 11 species was plotted
in Figure 7A. By evaluating the pooled data from all 11 species,
we were unable to detect differences in the level of variation
among the noncoding regions, ETS, ITS1, and ITS2 (P = 0.80,
�2 = 0.44, d.f. = 2). However, evaluation of the 18S and ETS
(P < 0.0001, �2 = 37.3, d.f. = 1), 18S and ITS1 (P < 0.0001,
�2 = 27.6, d.f. = 1), 28S and ETS (P = 0.0001, �2 = 81.5, d.f. = 1),
and 28S and ITS1 (P < 0.0001, �2 = 61.2, d.f. = 1) strongly sug-
gested that these regions do not harbor the same level of variants.
In addition to being greater in number, the variants within the
noncoding regions of the unit were also present at higher fre-
quencies (Kolmogorov-Smirnov test, P = 0, D = 0.4602). Variants
in the noncoding region averaged 16% of the total units, while
those in the coding region averaged 8.5%. In Figure 7B, each
variant was multiplied by its frequency to provide a measure of

the total “abundance” of the variants in
the different regions of the rDNA unit.
The total abundance of variants in the
noncoding regions was about 10 times
that of the 18S genes and 20 times that
of the 28S genes, consistent with models
in which selective pressure prevents
most variants in the coding regions of
the rDNA from expanding to high fre-
quency.

The association between the abun-
dance of variants in a region of the rDNA
and the level of selective pressure could
also be detected within the coding re-
gions of the genes. Comparison of the
rDNA sequences from each species re-
vealed that the expansion regions of the
18S and 28S genes diverged 15 times
faster than the core regions (see Fig. 3).
Consistent with their faster rate of evo-
lution, significantly more variants were
present in the expansion regions com-
pared with the core regions (P = 0.003,
�2 = 8.57, d.f. = 1). As shown in Table 3,
variants in the expansion regions of the
18S and 28S genes were two- and three-
fold higher than the core regions, re-
spectively. If one factors in the fre-
quency of each variant, then variants in

Table 2. Nucleotide variants present in over 3% of the rDNA loci
of 11 species

Species Variants Variants/kba Mean frequencyb Locic

D. grimshawi 18 2.30 0.10
D. persimilis 15 1.91 0.13
D. mojavensis 12 1.53 0.23
D. simulans 11 1.48 0.09 X
D. erecta 9 1.09 0.13 X,Y
D. virilis 8 1.02 0.13
D. yakuba 8 1.02 0.10 X,Y
D. melanogaster 8 0.99 0.09 X,Y
D. ananassae 6 0.76 0.33 Y,4
D. sechellia 5 0.62 0.07 X
D. willistoni 3 0.38 0.22
Mean 9.4 1.19 0.15

aNumber of variant positions/kilobase.
bMean frequency of the sequence traces containing each variant.
cChromosomal locations of rDNA loci.

Figure 6. Sequence variants within the rDNA units of 11 Drosophila species. The X-axis shows the
location of each variant within the unit. The Y-axis shows the fraction of the trace reads that contain
the variant. The shading at the bottom of the figure indicates that variants present in <3% of the trace
were not recovered by our approach. Above this 3% level, the probability of the recovery of specific
variants increased with their frequency in the locus (see Methods). In all gene regions, the 3� end of
ITS1 and 5� end of ITS2 could be aligned between species (see Fig. 4). Variant locations in the
remaining regions of the ITS, the ETS, and the 300 bp of IGS flanking the ETS and 28S were based on
their relative position within the region. Circled variants represent indels present in the coding regions.
The location of the R1 and R2 insertion sites within the 28S gene are indicated with arrows.
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the expansion regions are nearly three times more abundant
than the core regions in the 18S genes and nearly nine times
more abundant in the 28S genes. As will be discussed below, this
association between the abundance of variants within a species
and the rate of divergence between species was violated in only
one comparison. The 28S rRNA gene, which diverges 2.5 times
more rapidly than the 18S gene (Fig. 2) has lower than the ex-
pected level of variants (P < 0.0001, �2 = 17.9, d.f. = 1).

Discussion

Patterns of nucleotide change between species

The assembled consensus sequences of the rDNA units of 12 spe-
cies revealed that the expansion regions of the 18S and 28S genes
diverged 15-fold faster than the core regions, and the 28S gene
diverged 2.5-fold faster than the 18S gene. The former is consis-
tent with the higher rate of substitutions for the expansion re-
gions in primates (Gonzalez et al. 1985), Xenopus (Ajuh et al.
1991), and diverse plants (Kuzoff et al. 1998). In the last study,
the 26S gene was also found to diverge two times faster than the
18S gene. Thus, the relative rates of sequence change for the
rRNA genes are similar across many eukaryotic taxa. The expan-

sion regions of the Drosophila genes are composed of A-T-rich
simple sequences that could presumably undergo rapid segmen-
tal changes (Hancock and Dover 1988); however, only expansion
regions D7A and D12 of the 28S genes varied significantly.

In contrast to the slowly evolving rRNA genes, the noncod-
ing regions of the Drosophila rDNA transcription unit changed
rapidly in sequence. As previously noted (Schlötterer et al. 1994)
only the 3� end of the ITS1 and 5� end of the ITS2 maintained
significant levels of sequence identity across the 40–60 million
years of divergence of the 12 species (Fig. 4). The IGS region of
the rDNA unit also showed little conservation in sequence or
length of the subrepeats. The only common feature was that the
subrepeats immediately upstream of the ETS were typically
around 240 bp. While these subrepeats have been shown to con-
tain a partial copy of the promoter for the rDNA unit (Kohorn
and Rae 1983; Tautz et al. 1987), sequence conservation of this
subrepeat is difficult to detect outside of the melanogaster species
subgroup. Schlötterer et al. (1994) estimated that the noncon-
served regions of the ITS diverged at a level of 1.2% per million
years, a rate similar to the neutral rate in Drosophila. From our
results, it would appear that most noncoding regions of the rDNA
unit are evolving near that rate. Meanwhile, the rates of change
in the expansion regions of the 18S and 28S gene (calculated
from Fig. 3) are 10–20 times slower, and the core regions 150–300
times slower than the noncoding regions.

A single population of rDNA units in each species

A high level of sequence identity among the many copies of the
rDNA units present in all eukaryotes has long been noted (for
review, see Eickbush and Eickbush 2007). However, few attempts
have been made to quantitate this level of uniformity. In this
report we used the large number of sequence reads generated by
the whole-genome shotgun sequencing projects to identify the
variants that exist in the rDNA units of 11 Drosophila species. Our
approach sampled the variants present at frequencies from 3% to
5% of the rDNA units and recovered most variants above that
level. Only 3–18 variants were detected in each species, and most
of these variants were present in <15% of the units. Thus, while
differences exist, the data suggest that in all species there is a
single pool of rDNA units that are jointly undergoing the process
of concerted evolution. No indications were found that the units
are separating into diverging groups or subtypes as seen in the
rDNA units of some other eukaryotes; e.g., planaria (Carranza et
al. 1999), aphids (Fenton et al. 1998), and certain insects (Keller
et al. 2006).

The uniformity of all rDNA units was somewhat surprising
given that a significant fraction of the rDNA units in all Dro-
sophila species are disrupted by R1 and R2 insertions (Lathe et al.
1995; Lathe and Eickbush 1997). The fraction of the rDNA units
inserted with these elements is typically from 25% to 50%, but
insertion levels over 75% have been observed (Hollocher and
Templeton 1994; Malik and Eickbush 1999). We searched the
trace archives using the junctions of the elements as queries and
found the levels of insertions were consistent with previous es-
timates, suggesting that inserted rDNA units were not under-
represented in the trace archives (data not shown). Thus, for
most of the species in this study, from one-fourth to one-half of
the traces surveyed were derived from units containing an R1 or
R2 insertion.

The low levels of variants detected in all species studied here
suggest that the abundant R1 and R2 elements present within the

Table 3. Nucleotide variants in >3% of the units in the core and
expansion regions of the 18S and 28S genes

Regiona Variants Variants/kbb Abundance/kbc

18S gene Core 5 0.42 0.031
Expansion 9 0.90 0.089

28S gene Core 6 0.22 0.008
Expansion 12 0.70 0.070

aCore and expansion regions of the genes are shown in Figure 2.
bNumber of scored variants position/kilobase.
cEach variant is multiplied by its frequency in the rDNA units.

Figure 7. Relative number and frequency of variants in each region of
the rDNA unit. (A) Mean number of variants/kilobase found among the
11 species. (B) Mean “variant abundance” found among the 11 species.
Variant abundance was calculated by multiplying each variant times its
frequency in the genome (Fig. 6).
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rDNA loci are not significantly disrupting the concerted evolu-
tion of the individual units. This finding is consistent with pre-
vious suggestions that R1 and R2 inserted units are rapidly lost
from the rDNA locus, and the elements maintain their presence
only by active retrotransposition (Jakubczak et al. 1992; Perèz-
Gonzalèz and Eickbush 2001). To more directly test the impact of
R1 and R2 insertion on the concerted evolution of the rDNA loci,
it will be necessary to determine the frequency at which the
variants detected in this report are associated with R1 and R2
inserted units.

Another factor that might affect the degree of concerted
evolution of the rDNA units is the distribution of the rDNA units
within the genome. Studies in several organisms have suggested
that there is greater sequence homogeneity among units from
the same locus compared with the units from loci on different
chromosomes (Schlötterer and Tautz 1994; Polanco et al. 1998,
2000; Gonzalez and Sylvester 2001). Of the five species analyzed
from the melanogaster species subgroup: D. melanogaster, D.
yakuba, and Drosophila erecta have rDNA loci on both their X and
Y chromosomes, while Drosophila simulans and Drosophila sech-
elia have a single rDNA locus on their X chromosome (Lohe and
Roberts 2000; Roy et al. 2005). As shown in Table 2, a consistent
difference in the number or frequency of variants was not de-
tected in these species. Interestingly, the three variants detected
in the ITS1 region of the D. melanogaster unit were originally
identified by Schlötterer and Tautz (1994) and used to suggest a
more rapid homogenization of units within one chromosome.
Our data suggests that these and any additional variants differ-
entially present in the X and Y loci of some species represent
minor differences amid an overall high level of sequence unifor-
mity.

However, two species did suggest that variants might be
differentially fixed in different rDNA loci. As shown in Figure 6D,
D. ananassae had a series of variants present in the ITS regions
with frequencies near 30%, and D. mojavensis had variants pres-
ent in the ETS, ITS, and 28S gene with frequencies near 40% of
the units. These two species account for nine of the 14 total
variants detected with frequencies >25%. Because the rDNA units
in D. ananassae are on the Y and 4th chromosomes (Roy et al.
2005), we suggest that these variants represent sequence differ-
ences between the units on these chromosomes. Our data would
predict that the rDNA units in D. mojanensis are also likely to be
located on nonhomologous chromosomes, a situation proposed
for several species of the repleta group (Hennig et al. 1982).

Distribution of variants across the rDNA unit and the
mechanism of concerted evolution

The results in this report provide a first estimate of the abun-
dance that most mutations in the gene regions of the rDNA unit
can attain before being obviously influenced by selection. In the
initial study of five species, the coding and noncoding regions of
the unit were found to have similar numbers of variants with
frequencies between 1% and 5%, but the noncoding regions had
12 times more variants at frequencies >5% (Table 1). Using the
larger data set of variants collected from 11 species, variants with
frequencies from only 3% to 6% were found in the noncoding
regions at three times the level of variants for the coding regions.
These findings reveal that many coding-region variants present
in only a few percent of the total number of rDNA units are being
selected against.

A number of different studies have suggested that only a

small fraction of the 200–250 rRNA units present in most D.
melanogaster strains are utilized. Deletion studies of the rDNA loci
suggested that only 35–60 units are needed for normal viability
in the laboratory (Ritossa 1968). Direct microscopic observations
suggested that only 35 units were actively transcribed during
early development, when the need for rRNA synthesis is high
(McKnight and Miller 1976). Finally, various assays of transcrip-
tionally active chromatin structure suggested that <10% of the
rDNA units were being transcribed (Ye and Eickbush 2006). Two
nonexclusive models could explain how transcription of only a
small fraction of the rRNA genes could still lead to selection
against most coding region variants if they expand by recombi-
nation to more than a few percent of the total number of units.
The first model postulates that while only a small fraction of the
units are transcribed at any one time, this activity is distributed
over most regions of the locus in different cells or at different
developmental periods. The second model postulates that new
variants, even at low frequencies, are distributed throughout the
expressed and nonexpressed regions of the rDNA locus. Resolu-
tion between these two models can be obtained by a better un-
derstanding of both the distribution of variants across the locus
and the cellular processes that determine the regions of the loci
to be transcribed.

Can the data in this report help to reveal the relative con-
tributions of unequal crossovers and gene conversion to the con-
certed evolution of the rDNA locus? Unequal crossovers in the
rDNA loci of Drosophila appear to account for the two- to fourfold
differences in number of rDNA units associated with individuals
of a population (Lyckegaard and Clark 1991; Zhang and Eickbush
2005). These crossovers occur frequently because replicate lines
of a single rDNA locus can generate within a few hundred gen-
erations a distribution of unit numbers similar to that detected
between individuals in a population (Averbeck and Eickbush
2005). The level of variants detected in this report across the
different regions of the rDNA unit generally follows their rates of
divergence between species (i.e., noncoding > coding [expansion
regions] > coding [core regions]). Our data is therefore consistent
with any model in which recombination is uniformly distributed
over the rDNA unit, and the level of variants is determined by
how many of the potential variants are eliminated by selection.
Unequal crossovers, duplicating, or eliminating entire rDNA
units from the chromosomes in a population can therefore
readily explain this distribution of variants. If gene conversions
are evenly distributed through the transcribed unit, they could
also explain the pattern of variants observed. However, if gene
conversions were localized to the conserved sequences of the
transcription unit rather than the variable IGS regions, then the
5� end of the ETS and the 3� end of the 28S should accumulate
more variants. While no such accumulation of variants at the
edges of the transcription unit was found (Fig. 6), the role of gene
conversion in the concerted evolution of Drosophila rDNA units
remains frustratingly difficult to prove or disprove.

The only unexpected feature of the distribution of variants
in the rDNA loci of Drosophila was the different levels in the 18S
and 28S genes. Because the rate of divergence of the 28S gene is
2.5-fold faster than that of the 18S gene (Fig. 3), the 28S gene
appears to be under less sequence constraint, and thus selection
against new substitutions should be less than for the 18S gene.
However, fewer variants per kilobase were found in the 28S gene
than in the 18S gene. This lower level of variants in the 28S gene
was observed in both the core and expansion regions of the genes
(Table 3). As just discussed, fewer variants within the 28S genes
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could be the result of localized gene conversions. However, the
presence of R1 and R2 insertions in nearly one-half of the 28S
genes of these species would be expected to inhibit recombina-
tion within the 28S gene, and we have found no evidence for
gene-conversion-like events at the 5� or 3� ends of the R1 and R2
elements (Eickbush and Eickbush 1995; data not shown). An al-
ternative explanation for the lower level of variants in the 28S
gene is that it actually results from R1 and R2 activity. Both
elements encode endonucleases that cleave their respective tar-
get sites (Eickbush and Eickbush 2007). In instances of aborted
insertions (cleavages of the target site that do not give rise to
insertions), cellular DNA machinery must repair this region using
another uninserted unit as template. This DNA repair mecha-
nism, in addition to the unequal crossovers driving the concerted
evolution of the entire repeat, could lead to greater homogeni-
zation of the region surrounding the insertion sites. Further evi-
dence for this model would be obtained if higher levels of vari-
ants are found in the 28S gene compared with the 18S gene in
those organisms without transposable elements inserting into
their 28S genes.

Finally, our data differ considerably from a similar analysis
recently reported for the rDNA loci of five fungal species (Ganley
and Kobayashi 2007). That study revealed almost no variants
present in more than single units. This virtual absence of variants
in both the coding and noncoding areas of the rDNA unit sug-
gests a considerably more efficient process of concerted evolution
than that seen here. The more rapid fixation or elimination of
nucleotide variants in the rDNA of fungi could be a result of the
smaller number of units and the higher fraction that is expressed,
or the frequent gene conversions that are detected between any
duplicated gene in fungi (Orr-Weaver and Szostak 1985).

Methods

Species and databases
The trace archives at GenBank, containing the original, unas-
sembled sequencing reads generated by whole-genome shotgun
(WGS) sequencing were used in this report. The Drosophila spe-
cies analyzed were ananassae, erecta, grimshawi, melanogaster, mo-
javensis, persimilis, pseudoobscura, sechellia, simulans (white 501
strain), virilis, willistoni, and yakuba (http://www.ncbi.nlm.nih.
gov/blast/mmtrace.shtml). All nucleotide sequences for this re-
port were obtained from these trace archives by Mega BLAST
(Zhang et al. 2000).

Assembling consensus rDNA sequences
To generate a consensus rDNA transcription unit for each species,
the first 300 bp of the D. melanogaster 18S gene were used as the
initial BLAST query. On average, 12 reads were collected and
assembled in AssemblyLIGN (MacVector 7.2.3, Accelrys). Se-
quence extensions in either the 5� or 3� direction were obtained
from these assembled sequences and used as the new BLAST que-
ries until the repetitive IGS sequences were reached. BLAST pa-
rameters were default values except “percent identity” equaled
75, “hits computed” equaled 10,000, and the “low complexity”
filter was unselected. Reads were chosen randomly from the first
half of the BLAST results provided that they extended at least 200
bp beyond the end of the query in the direction being examined.
Due to the high identity found among the rDNA units of each
species, there was little ambiguity in the establishment of con-
sensus sequences using these first small assemblies of sequence
reads. The sequences are presented in Supplemental Figure 1a–l,

and are available at the Web site http://www.rochester.edu/
college/bio/thelab.

Because of the subrepeat structure and greater sequence
variation, starting at the 3� end of the 28S gene, at least 50 se-
quences were selected from each BLAST search and assembled
using ClustalX (Thompson et al. 1997). BLAST parameters were
as described above, except percent identity equaled 100 to facili-
tate the extension of the sequence through these repetitive re-
gions. Sequence extensions from these initial assemblies usually
revealed variable numbers of subrepeats. Analysis of the repeat
structure of the IGS of each species was done using Tandem Re-
peats Finder (Benson 1999) and Pustell DNA Matrix (MacVector
v 7.2.3, Accelrys). New searches with these subrepeat sequences
typically revealed extensions that contained the next class of
subrepeats. If no extensions were found into the next subrepeats,
blocks of subrepeats not corresponding to the original query were
used until extensions into the next subrepeat type or the ETS
were encountered. The IGS assemblies are presented as Supple-
mental Table 2. This Table contains the single-copy sequence
immediately downstream of the 28S gene of each species and an
example of the most abundant subrepeat types present in that
species. In each species, a few rDNA units may not have all sub-
repeat classes or may contain additional low-abundance subre-
peat classes not shown here.

Identification of sequence variation within each species
Sequence variants within a species were scored across the rDNA
transcriptional unit by sampling reads in the trace archives. Suc-
cessive Mega BLAST searches (Zhang et al. 2000) using 525-bp
queries were conducted, with each search overlapping the previ-
ous BLAST query by 25 bp. BLAST parameters were default values
except “percent identity” equaled 75, “hits computed” equaled
10,000, and the “low complexity” filter was unselected. Approxi-
mately 250 reads, whose length spanned the query, were ran-
domly selected from each search, except that trace reads with
multiple undetermined positions (N’s) in the query region were
eliminated. Putative variable sites were identified when the same
substitution or indel was present in multiple traces of the ∼250
reads. Variant frequencies were calculated from the abundance
found in the original ∼250 reads. To help identify the sequence
variants, in-house script were designed and written in Java (M.
Eickbush and D. Stage) to parse the BLAST results, link the output
to ClustalX (v 1.83.1; Thompson et al. 1997) for sequence align-
ment, then to Jalview for minor alignment adjustments (v 1.8;
Clamp et al. 2004), and finally to format the alignment to high-
light differences found between sequences.

All putative sequence variants were confirmed by BLAST
search using query sequences incorporating each change. Que-
ries were 100-bp long (longer if necessary to encompass multiple
linked variants) and matches had to be 100% identical in se-
quence. Cases where the initially identified sequence change oc-
curred predominantly on sequencing reads of one orientation
were assumed to be recurrent sequencing error and were ex-
cluded from the analysis. To be kept in the data set, there had to
be at least two identical reads of 100 bp in each orientation with
each orientation constituting at least 20% of the reads. All vari-
ants detected in at least three traces of the original set of 250 were
tested in five species (melanogaster, simulans, virilis, willistoni, and
yakuba). Based on the findings from these species, only variants
present in a least eight traces in the initial set of 250 were tested
in ananassae, erecta, grimshawi, mojavensis, persimilis, and sech-
ellia. Variants in the rDNA units of D. pseudoobscura were not
determined because rDNA traces were greatly under-represented
in the database.
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Statistical tests for the analysis of the distribution and fre-
quency of variants were conducted using �2 (http://
www.graphpad.com/quickcalcs/chisquared1.cfm) and Kol-
mogorov-Smirnov (K-S) (http://www.physics.csbsju.edu/stats/
KS-test.html).
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