
Evolution of Repeated Sequences in the Ribosomal DNA
Intergenic Spacer of 32 Arthropod Species

Cheryl D. Ambrose • Teresa J. Crease

Received: 22 May 2009 / Accepted: 2 February 2010 / Published online: 27 February 2010

� Springer Science+Business Media, LLC 2010

Abstract The evolution of a multigene family (MGF) is

affected by the structure and function of its regulatory

elements, specifically by the link between recombination

and DNA transcription and/or replication. The ribosomal

DNA (rDNA) MGF is often hierarchically repetitive,

combining function with repetition in a single genic sys-

tem. Its tandemly repeated operons contain the transcrip-

tion unit of the 45S ribosomal RNA precursor alternating

with an intergenic spacer (IGS) that commonly includes

repeated transcription regulatory elements. To study the

evolution of repeated sequences and the influence of repeat

characteristics on their sequence divergence, we sequenced

and characterized a single complete IGS from 11 daphniid

species and analyzed their repeat arrays along with those

from an additional 21 species of arthropods. We tested the

hypotheses that sequence similarity is higher among tan-

demly arrayed repeats than among interleaved or dispersed

repeats, and that the homogeneity of repeat arrays is

affected by the number and the length of repeats, as well as

by the presence of putative regulatory elements. We found

that both tandem repeat organization and the presence of a

TATA motif are significantly correlated with increased

sequence similarity among homologous IGS repeats. We

also observed that some repeat types are only found in a

single species, while others appear to have persisted for

[100 MY, with evidence for homologous repeat types in

sister species. Taken together, these data suggest that both

drift and natural selection influence repeat evolution within

the IGS.
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Introduction

The distribution of sequence variation among the members

of a multigene family (MGF) is determined by the relative

rates of homogenization due to gene conversion and

unequal crossing over, and divergence due to mutation,

natural selection, and genetic drift. Differences in the rel-

ative rates of these processes lead to very different patterns

of genetic variation among the members of a MGF.

Divergent evolution refers to the pattern in which a new

function is acquired by a duplicate copy and interspecific

orthologs are more similar to one another than they are to

intraspecific paraglogs (Ota and Nei 1994); birth-and-death

evolution is the pattern in which some duplicated copies

are eliminated, some become inactivated (pseudogenes),

while others persist in the genome (Ota and Nei 1994; Nei

and Rooney 2005); and concerted evolution (CE) is the

pattern in which intraspecific paralogs are more similar

to one another than they are to interspecific orthologs

(Arnheim 1983).

Eukaryotic ribosomal DNA (rDNA) is a large MGF

whose copies all retain the same function: encoding ribo-

somal RNA (rRNA). It consists of tandem repeats of the

ribosomal RNA (rRNA) precursor sequence separated by

an intergenic spacer (IGS) (Fig. 1). Although purifying

selection on the rRNA-coding sequences results in

remarkable interspecific sequence conservation (Nei and

Rooney 2005), the primary sequence of the cis-regulatory
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elements in the IGS is less conserved. Even so, intraindi-

vidual and intraspecific sequence divergence in this region

is low relative to interspecific sequence divergence, which

suggests that the former is maintained by mechanisms of

CE rather than by stringent selection (Arnheim 1983; Nei

and Rooney 2005). Furthermore, cis-regulatory elements in

the IGS, the very elements that are believed to affect rates

of recombination (Kobayashi et al. 2001; Mancera et al.

2008), may also be tandemly repeated.

Although it is generally accepted that repeated sequen-

ces in the IGS evolve in a concerted fashion (Liao 1999),

previous results for North American Daphnia pulex suggest

that not all IGS repeat arrays conform to this pattern

(Crease 1995). To investigate the predominant pattern of

MGF evolution for repeated sequences in the IGS, we

examined the repeat arrays in IGS sequences from 32

arthropod species. Divergence times within the subgenera

or genera represented in our study range between

*2.2 MY to greater than *60 MY.

We looked for variation in the homogeneity of different

repeat types in a single IGS and also tested whether

properties of these repeats, such as array organization

(tandem, interspersed, or dispersed; Fig. 1) and array

length, influence rates of homogenization. Because

molecular interactions like gene conversion and unequal

crossing over between copies of MGF are more probable

when copies are tandemly arrayed, we tested the hypothesis

that the mean sequence divergence is lower among tan-

demly arrayed repeats than among repeats whose copies

are dispersed or interleaved with other repeated sequences.

As well, the first and last repeats of an array are reportedly

more divergent from their paralogs than internal repeats

are, presumably because their peripheral position reduces

the opportunity for molecular exchange by unequal cross-

ing over (Markos and Baldwin 2002). Thus, the mean

sequence divergence among repeats in a long array is

expected to be lower because these divergent repeats will

have less impact on the mean, compared to a short array,

where they may represent most of the total sequence

divergence. Therefore, we tested the hypothesis that the

number of repeats affects overall mean sequence diver-

gence. Similarly, we determined whether the length of

repeats within an array affects the mean sequence diver-

gence among them. Shorter repeats may undergo higher

rates of molecular exchange by mechanisms such as rep-

lication slippage, while gene conversion and unequal

crossing over are likely to be the major homogenizing

mechanisms for longer repeats.

Promoter-like sequences have been documented in IGS

repeats (frog: Caudy and Pikaard 2002; mosquito: Bald-

ridge and Fallon 1992). The relationship between recom-

bination hotspots and enhancers and/or promoters suggests

that something intrinsic to these sequences may predispose

them to double-strand break/repair (Lin and Keil 1991;

Mancera et al. 2008). Furthermore, purifying selection is

believed to play a role in the evolution of rDNA-coding

sequences. Therefore, we tested the effect of elements that

are putatively involved in transcription regulation on

sequence divergence among paralogous IGS repeats.

Because sequence conservation may not be a functional

requirement for these elements (Dermitzakis and Clark

2002), we also used promoter-prediction software to locate

promoter-like sequences in IGS repeats and compared the

homogeneity of repeats with and without these motifs.

Methods

Cloning and Sequencing the rDNA IGS of Daphniids

We extracted total genomic DNA from 15 to 20 pooled

parthenogenetic offspring of a single female from each of 11

daphniid species using the IsoQuick Nucleic Acid Extraction

Kit (MicroProbe, Inc., Carlsbad, CA). The IGS fragment was

PCR amplified with the Expand Long Template PCR System

(Roche Diagnostics, Laval, QC) according to manufacturer’s

specifications using primers complimentary to highly con-

served regions at the 30-end of the 28S rRNA gene

(50-GTTTAGACCGTCGTGAGACAGGTTAG) and the

50-end of the 18S rRNA gene (50-TCAGGCTCCCTC

IGS

ETS

tsp
ITS1 ITS2

5.8S

18S 28S

Fig. 1 Organization of eukaryotic ribosomal DNA arrays. The

intergenic spacer (IGS) alternates with the 45S rRNA precursor

(dotted line with arrow), which begins at the transcription start point

(tsp) and includes the external transcribed spacer (ETS), the internal

transcribed spacers (ITS1 and ITS2) and the rRNA-coding sequences

(18S, 5.8S, 28S). Repeats within the IGS can be tandem (three

consecutive open rectangles), interleaved (black ovals alternating

with open rectangles) or dispersed (striped hexagons)
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TCCGG). Depending on the species, the major fragment

generated by these reactions ranged between 4 and 7 kbp,

which agrees with previous characterizations of the D. pulex

IGS (Crease 1995). Gel purified PCR products from this band

were cloned using the TOPO XL PCR cloning Kit (Invitro-

gen Corp., Carlsbad, CA) according to manufacturer’s rec-

ommendations. Plasmid clones were pre-screened for the

presence of appropriately sized inserts and the presence of

18S and 28S rRNA gene termini were confirmed by

sequencing plasmid DNA with M13 Forward and Reverse

primers and the ABI Prism TaqFS dye terminator kit

(Applied Biosystems, Foster City, CA). Sequences were

resolved on an ABI 377 automated sequencer (Applied

Biosystems, Foster City, CA). The Erase-a-base system

(Promega, Madison, WI) was used to generate nested dele-

tion subclones from a single insert of each species. Over-

lapping deletion subclones were sequenced and a contig

sequence of each insert from each species was created in

Sequencher (Gene Codes, Ann Arbor, MI). These daphniid

IGS sequences are deposited in GenBank under the accession

numbers (EU595546–EU595565, Table 1). Nucleotide

sequences for the remainder of the IGS in this analysis were

obtained from GenBank (Table 1). The 32 sequences rep-

resent five insect genera (Acyrthosiphon, Aedes, Chirom-

onus, Drosophila, and Simulidae) and three branchiopod

crustacean genera (Artemia, Daphnia, and Simocephalus).

IGS Sequence Analysis

We located the 50-end of the 18S rRNA gene and the 30-end

of the 28S rRNA gene in each IGS sequence (Table 1) by

consensus alignment with the homologous sequence from

Daphnia pulex (AF014011) and Daphnia longicephala

(AF346516) (Omilian and Taylor 2001), respectively.

Repetitive regions in individual IGS sequences were

located visually in Dotmatcher (window size 25, threshold

40, available at http://bioweb.pasteur.fr/seqanal/interfaces/

dotmatcher.html; Rice et al. 2000). We estimated IGS

repeat boundaries by performing 25 local self-alignments

using SIM (default settings, available at http://genome.

cs.mtu.edu/align/align.html, Huang and Miller 1991;

Huang et al. 1990). Finally, we refined putative IGS repeat

boundaries by visual inspection of the aligned IGS repeat

sequences (Multiple Sequence Alignment Program [MAP],

default settings, available at http://genome.cs.mtu.edu/

map/map.html, Huang and Miller 1991; Huang et al.

1990). The MAP alignment algorithm computes a multiple

global alignment of sequences using an iterative pairwise

method; it does not heavily penalize long internal gaps, and

terminal gaps are not penalized at all (Huang and Miller

1991; Huang et al. 1990).

To test the hypothesis that the presence of promoter-like

sequences increases IGS repeat homogeneity, we used the

neural network promoter-prediction algorithm of Reese

(2001, http://www.fruitfly.org/seq_tools/promoter.html) to

locate putative transcription promoters within the repeat

sequences of each IGS. Because these motifs did not

always fall within repeat boundaries, we counted repeats

with complete or partial motifs as promoter-positive in our

statistical analyses. We also searched visually for sequen-

ces similar to a previously identified putative promoter/

enhancer motif (TATATACG) in D. pulex (Crease 1993)

and Drosophila (Tautz et al. 1987).

To test whether repeats within the IGS exhibit patterns

more typical of concerted, divergent (previously reported by

Table 1 List of arthropod species included in this study, and the

GenBank accession number of their IGS sequence

Genus Species Accession

number

Daphnia (water flea) D. pulexNA (North

America)

L07948

D. pulexE (Europe) EU595554

D. pulicaria EU595561

D. parvula EU595565

D. obtusa EU595564

D. ambigua EU595546

D. longicephalus EU595549

D. galeata EU595548

D. longiremis EU595563

D. curvirostris EU595547

Simocephalus vetulus EU595550

Artemia (fairy shrimp) A. salina X06395,

X05628

Acyrthosiphon
(pea aphid)

Ac. pisum X66419

Aedes (mosquito) Ae. aegypti AF004986

Ae. albopictus M65063

Chironomus (midge) C. annularius AJ279434

C. cingulatus AJ279507

C. dorsalis AJ279512

C. halophilus AJ279433

C. luridus AJ279431

C. plumosus AJ279509

C. pseudothummi AJ279511

C. tentans X99212

C. pallidivittatus X99546

C. thummi thummi X01841

C. thummi piger X01842

Simulium (black fly) S. sanctipauli AF403825

Drosophila (fruit fly) Dr. melanogaster M21017

Dr. funebris L17048

Dr. hydei M29802

Dr. virilis M29803

Dr. orena M29801
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Crease [1995] in D. pulex), or birth-and-death evolution (not

previously reported for the IGS), we identified putatively

homologous repeat types in different individuals by aligning

all repeat copies of similar arrays in individuals from sister

species. We assigned the same label (i.e., A, B, etc.) to repeat

copies that were reliably alignable within each subgenus.

For example, we attempted to align all of the A-repeat copies

from all six of the individuals in the subgenus Daphnia

(Table S1). The A-repeats from Daphnia ambigua could not

be reliably aligned with those of the five remaining Daphnia

individuals, and were omitted from interspecific analyses.

Because of their high frequency in non-coding (nc)

DNA, we incorporated indels (insertions and deletions) as

characters in subsequent analyses. After generating a

multiple alignment for each IGS repeat type in MAP

(default parameters), we adjusted these interindividual

repeat alignments by eye. We replaced the first position in

each deletion with a unique nucleotide (i.e., a nt not present

at the same position in any other sequence), which allowed

the deletion to be treated as a single mutational event in

estimates of sequence divergence.

We used the nucleotide p-distance algorithm in MEGA

v3.1 (Kumar et al. 2004) to calculate the pairwise sequence

divergence among all putatively homologous repeat copies

(i.e., an intra and interindividual comparison among all A-

repeats from five of the six individuals in the subgenus

Daphnia). The mean intraindividual pairwise sequence

divergence, for each repeat type in individuals from each

pair of sister species, was calculated from these values

(Table S2). Indels were included as described above. To

visualize the matrices of sequence divergence between

repeats, we constructed neighbour-joining dendrograms of

repeat copies using the nucleotide p-distance matrix,

assuming homogeneous patterns of nucleotide substitution

among lineages and uniform mutation rates among sites

(MEGA v3.1, Kumar et al. 2004). Support for the nodes in

these trees was estimated by calculating bootstrap values

based on 500 replicates.

We performed an Analysis of Molecular Variance

(AMOVA) using Arlequin 3.0 (Excoffier et al. 2005) to

hierarchically partition the genetic variance of alignable

repeats within individuals and among individuals from the

same genus. Repeat copies were analyzed after grouping

them by individual as well as by their position in the array.

The genetic variability for each repeat type within and

between individuals (FST) was also calculated between

pairs of individuals in the genera Daphnia, Drosophila, and

Chironomus.

Statistical Analyses

To avoid the non-independence of pairwise values of

sequence divergence among a group of homologous repeat

copies in subsequent statistical tests, we created a con-

sensus sequence of each repeat type within each IGS

sequence of each individual and calculated the p-distance

between it and each of the contributing repeat copies using

MEGA v3.1 (see Glass et al. 2008). Each consensus

sequence was based on an nt frequency greater than 50% at

each position. If 2 nt were equally frequent at the same

position, the nt represented by the letter nearest the

beginning of the alphabet was used in the consensus. If a

gap was present in 50% or more of the sequences, the

position was not included in the consensus sequence.

An estimate of consensus sequence divergence (CSD)

was calculated for each repeat type in each IGS sequence

by taking the mean of the p-distances between each repeat

copy and its consensus sequence. For example, we created

a consensus sequence of the A-repeats from D. ambigua

and calculated the p-distance between it and each of the D.

ambigua A-repeats, and took the mean of these values. The

correlation between the CSD (Table S1) and the pairwise

sequence divergence within all individuals is 0.961

(Spearman’s rho, 2-tailed, a = 0.01, p \ 0.001), suggest-

ing that use of CSD in our statistical analyses will yield

similar results to those obtained with pairwise sequence

divergence (which is typically used), but without violating

the independence of data points.

The mean CSD for each repeat type in each individual

was used for all statistical analyses performed with SPSS

(Chicago, Illinois; version 12.0 for Windows). Results

were considered to be statistically significant if p \ 0.05.

The CSD was ln-1 transformed to minimize distribution

skewness and allow parametric analyses when necessary.

To determine whether all repeat types within a single

IGS evolve at the same relative rate, we compared the CSD

among all the repeat types of any individual with multiple

repeat types in its IGS using a Kruskal–Wallis nonpara-

metric one-way analysis of variance (ANOVA).

We analyzed the effect of six independent characteristics

(parameters) on CSD. (1) The effect of taxonomy (i.e.,

family) is of interest because some lineages may have

acquired mutations that affect rates of sequence divergence

among repeat copies following speciation. We used Tamh-

ane’s post hoc multiple comparisons to compare CSD

between taxonomic families. (2) We tested for significant

effects of the organization of IGS repeat types (i.e., tandem,

interleaved with other repeat types, and dispersed, Fig. 1) on

CSD using Tukey’s HSD post hoc multiple comparisons.

Correlations between CSD and (3) array length (the number

of repeats of each type in the IGS), and between CSD and (4)

mean length of a repeat type were identified using Spear-

man’s rho. Lastly, we compared CSD between repeat types

(5) with and without promoter-like motifs and/or (6) the

presence of a TATA-like motif using a nonparametric pair-

wise comparison (Mann–Whitney U test).
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We tested for significant main effects of each of these

six parameters on CSD with a univariate ANOVA. We

tested for independence of each parameter by searching for

correlations between them (e.g., between taxonomy and

number of repeats of each type) with Spearman’s rho. And

finally, we tested for interactions between parameters with

statistically significant main effects on CSD using univar-

iate two-way ANOVA, followed by a partial correlation

analysis if an interaction was identified.

Results

The Organization and Relationships Among Repeated

Sequences in the IGS

The organization of repeat arrays in the IGS of the indi-

viduals from the family Daphniidae, and the genera Dro-

sophila and Chironomus are illustrated in Figs. 2a, 3a, and

4a. The IGS of the remaining arthropod individuals have

been described elsewhere (Aedes albopictus, Baldridge and

Fallon 1992; Aedes aegypti, Wu and Fallon 1998; Acyr-

thosiphon pisum, Kwon and Ishikawa 1992). A summary of

the structure of the IGS and the %GC of repeat types for all

32 sequences is given in Table S1.

Subgenus Daphnia

We identified four repeat types in the IGS of individuals from

the subgenus Daphnia, and the mean pairwise sequence

divergence (PSD) within types is summarized in Table 2.

The A-repeats of Daphnia individuals (Fig. 2a, Table S1)

contain a sequence similar to the core promoter previously

identified in the D. pulexNA IGS (Crease 1993). Although

the A-repeats of D. ambigua contain fragments similar to the

core promoter and to other motifs in the A-repeats of other

subgenus Daphnia individuals, they have diverged to the

extent that we could not confidently incorporate them into an

alignment with the other individuals. Thus, we have omitted

them from interindividual analyses.

Almost 53% of the sequence variation among A-repeats

is partitioned among individuals (Table 2) and for the most

part, they cluster by individual (Fig. 2b). B-repeats are

limited to the three individuals in the D. pulex group (D.

pulexE, D. pulicaria, and D. pulexNA). Although their

mean interindividual PSD is higher than their mean intra-

individual PSD, less than half of the sequence variation

occurs between individuals (Table 2). Pairwise FST values

for both A- and B-repeats are large (A: 0.295–0.778, B:

0.598–0.625) between all pairs of individuals except

between D. pulicaria and D. pulexNA, where they are

negative (Table S4). This is illustrated by the dendrograms

in which both A-repeats (Fig. 2b) and B-repeats (Fig. 2c)

cluster by individual except for repeats from D. pulicaria

and D. pulexNA, which group by position in the array.

The C-repeat is also limited to the three individuals in

the D. pulex group (Fig. 2d). It occurs as two tandem

copies in the IGS of D. pulexNA and D. pulicaria, but there

is only a single copy in the IGS of D. pulexE. All the

variation in C-repeats is within individuals, although nei-

ther the AMOVA nor the negative pairwise FST values are

statistically significant (Table 2, Table S4). D-repeats,

found only in the D. obtusa and D. pulexE IGS (Fig. 2a),

are highly differentiated between individuals, with over

81% of the variation among D-repeats occurring between

individuals (Table 2; Fig. 2e). With the exception of the C-

repeat, all mean interindividual PSD are higher than mean

intraindividual PSD, and range from a 1.2-fold difference

for B-repeats to nearly a 5-fold difference for D-repeats

(Table 2).

The only similarity we found among the various repeat

types in the IGS of the other Daphnia individuals is the

presence of a TATA motif similar to the putative core

promoter in the D. pulexNA IGS (Fig. 2a). Despite its

presence in the majority of daphniid individuals and the

fact that a similar motif was reported in the IGS repeat

arrays of Dr. melanogaster (Coen and Dover 1982), the

TATA motif was not found in any of the repeats from the

D. longiremis or S. vetulus IGS.

Subgenus Drosophila

We identified three repeat types in the IGS of the three

subgenus Drosophila individuals (Fig. 3a). Arrays of an A-

repeat type appear in the IGS of both Dr. hydei and Dr.

virilis, but interindividual alignments are not reliable and

this repeat type is absent from the IGS of Dr. funebris.

Only the B-repeat, which contains an enhancer motif

similar to the core promoter (Tautz et al. 1987), has

orthologs in all three individuals. Over 51% of the

sequence variation among B-repeats is partitioned between

individuals (Table 3) with pairwise FST values ranging

from 0.447 to 0.542 (Table S7). These repeats cluster by

individual (Fig. 3b).

Subgenus Sophophora

The subgenus Sophophora is represented here by individ-

uals from Dr. melanogaster and Dr. orena. Their IGS

contain tandem arrays of two main repeat types, D and E–F

(Fig. 3a). In Dr. melanogaster, E-repeats are present in an

array separate from F-repeats, however, they are alignable

with the F-repeats of both individuals. Because the IGS

sequence for Dr. orena is incomplete, the presence of

an array of E-repeats cannot be determined. The intra-

individual PSD among D-repeats is low relative to
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interindividual PSD (Table 3), and although levels of

interindividual variation among D-repeats is only 33%

(Table 3), they still cluster by individual (Fig. 3c).

The interindividual PSD among F-repeats in both Dr.

melanogaster and Dr. orena is surprisingly high when

compared to their intraindividual PSD (Table 3 and Table

S5) in light of the fact that these repeats are reported to

contain an enhancer sequence similar to the core promoter

(Tautz et al. 1987), as well as being involved in X–Y

pairing in Dr. melanogaster (Ren et al. 1997). The

intraindividual PSD of E-repeats (present only in Dr.

melanogaster) is more than an order of magnitude smaller

than the PSD of either Dr. orena or Dr. melanogaster F-

repeats, with over 60% of the sequence variation parti-

tioned between individuals and/or repeat types (Table 3

and Table S5). Pairwise FST values range from 0.263

between the F repeats in Dr. melanogaster and Dr. orena,

to 0.679 between the E and F repeats in Dr. melanogaster

(Table S7), which justifies distinguishing each type with

different letter codes. E–F repeats cluster by individual and
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Fig. 2 IGS variation in individuals representing 11 species in the

family Daphniidae. a Species phylogeny and IGS structure. Gray
ovals represent repeats containing putative enhancer motifs (TATA-

GGG) similar in sequence to the putative core promoter in Daphnia
pulex. The black rectangle in Daphnia obtusa represents 11 tandem

copies of the 28 nt E-repeat. The black rectangle in Simocephalus
vetulus represents 14 tandem copies of the 16 nt B-repeat. Repeat

types are labelled according to Table S1. The letter code assigned to

each repeat type does not necessarily reflect homology across species,

except within the subgenus Daphnia. Branch lengths in the topology

(Colbourne and Hebert 1996) are not to scale. Divergence time

estimates are from Colbourne and Hebert (1996). AMB = Daphnia
ambigua, CUR = D. curvirostris, GAL = D. galeata, LCP = D.

longicephalus, LGR = D. longiremis, OBT = D. obtusa, PAR = D.
parvula, PCA = D. pulicaria, PX1 = D. pulexNA, PX2 = D.
pulexE, VET = Simocephalus vetulus. b Unrooted Neighbor-joining

dendrogram of p-distances between A-repeat sequences from species

in the subgenus Daphnia. c Unrooted Neighbor-joining dendrogram

of p-distances between B-repeat sequences. d Unrooted Neighbor-

joining dendrogram of p-distances between C-repeat sequences. e
Unrooted Neighbor-joining dendrogram of p-distances between D-

repeat sequences. Indels were coded as single mutational events in

each analysis. Bootstrap values [70, based on 500 replicates, are

indicated at the nodes. The p-distance scale is given below each

dendrogram
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repeat type with the exception of the 30 F-repeats in both

individuals, which cluster together (Fig. 3d).

Genus Chironomus

The structure of the Chironomus IGS is as variable as that

in Daphnia but the structural rearrangements in the

Daphnia IGS represent more than 200 MY divergence

(Fig. 2a), while differences in the Chironomus IGS have

occurred in *60 MY (Fig. 4a). Only the A-repeat is found

in the IGS of all eleven Chironomus individuals (Fig. 4a)

and it clusters by position (A1 or A2) in the IGS (Fig. 4b).

While this suggests that the duplication predates the

expansion of this lineage, the topology of the repeat
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Fig. 3 IGS variation in five species in the genus Drosophila.

a Species phylogeny and IGS structure. Gray ovals represent repeats

containing putative enhancer motifs (TATAGGG) similar in sequence

to the putative core promoter identified by Tautz et al. (1987). Branch

lengths in the topology (Tautz et al. 1987) are not to scale. Divergence

time estimates are from Russo et al. (1995). HYD = Dr. hydei,
VIR = Dr. virilis, FUN = Dr. funebris, ORE = Dr. orena, MEL =

Dr. melanogaster. b Unrooted Neighbor-joining dendrogram of

p-distances between B-repeat sequences from species in the subgenus

Drosophila. c Unrooted Neighbor-joining dendrogram of p-distances

between D-repeat sequences from species in the subgenus

Sophophora. d Unrooted Neighbor-joining dendrogram of p-distances

between E- and F-repeat sequences from species in the subgenus

Sophophora. Indels were coded as single mutational events in each

analysis. Bootstrap values[70, based on 500 replicates, are indicated

at the nodes. The p-distance scale is given below each dendrogram
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dendrogram is not consistent with that of the species

phylogeny (Fig. 4a, b). When the A-repeats are grouped by

individual, less than 25% of the variation occurs between

individuals. However, grouping them by position yields

similar results (Table 4). This phenomenon may be due to

the fact that there are only two copies of the repeat in each
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(b)

Fig. 4 IGS variation in 12 species of the superfamily Chironomoi-

dea. a Species phylogeny and IGS structure. Repeats within arrays

are shown as ovals. Gray ovals (A-repeat) represent the only repeat

type with sequence similarity across chironomid species. The black
rectangle in Chironomus annularius represents six tandem copies of

a 26-nt repeat. Branch lengths in the topology, from Guryev et al.

(2001), are not to scale. Divergence time estimates are from Kao

et al. (1994). The phylogenetic relationship of Chironomus
halophilus to the other chironomid species has been estimated

from 28S-rRNA gene sequences obtained from Genbank.

ANN = Chironomus annularius, CIN = C. cingulatus, DOR = C.
dorsalis, HAL = C. halophilus, LUR = C. luridus, PAL = C.
pallidivittatus, PLU = C. plumosus, PSE = C. pseudothummi,
TEN = C. tentans, THT = C. thummi thummi, THP = C. thummi
piger, SAN = Simulium sanctipauli. b Unrooted Neighbor-joining

dendrogram of p-distances between A-repeat sequences. Indels were

coded as single mutational events as described in the text. Bootstrap

values [70, based on 500 replicates, are indicated at the nodes. The

p-distance scale is given below the dendrogram

Table 2 Mean pairwise sequence divergence (PSD) among IGS repeat types A–D in species from the subgenus Daphnia

Repeat type Intraspecific PSD Interspecific PSD Percent variation

Range Mean Range Mean Interspecific Intraindividual

A 0.044–0.113 0.083 0.082–0.272 0.208 52.97*** 47.03

B 0.079–0.196 0.146 0.146–0.204 0.180 47.84*** 52.16

C 0.052–0.073 0.063 0.039–0.054 0.046 -50.59 150.59

D 0.041–0.093 0.067 – 0.321 81.12*** 18.88

All individual and pairwise values are available in Table S2. Percent variation is from an Analysis of Molecular Variance for repeat types A–D

(Table S3). Repeat A is present in D. parvula, D. obtusa, D. pulexE, D. pulexNA, D. pulicaria. Repeat B is present in D. pulexE, D. pulexNA, D.
pulicaria. Repeat C is present in D. pulexE, D. pulexNA, D. pulicaria. Repeat D is only present in D. obtusa and D. pulexE

*** p B 0.001

Table 3 Mean pairwise sequence divergence (PSD) among copies of four IGS repeat types in species from the genus Drosophila

Repeat type Intraspecific PSD Interspecific PSD Percent variation

Range Mean Range Mean Interspecific Intraindividual

B 0.030–0.092 0.053 0.240–0.318 0.290 51.04*** 48.96

D 0.038–0.056 0.047 – 0.147 33.57* 66.43

E–F 0.073–0.146 0.078 0.191–0.346 0.279 59.07*** 40.93

All individual and pairwise values are available in Table S5. Percent variation is from an Analysis of Molecular Variance (Table S6). Repeat B is

present in Dr. funebris, Dr. virilis, and Dr. hydei, and repeats D and E–F are found in Dr. melanogaster and Dr. orena

* p B 0.05, *** p B 0.001
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IGS. No similarities were identified between other IGS

repeat types in Chironomus.

No repeat types are shared between the two Aedes

individuals. Each of the other two families (Simulidae and

Artemiidae) in this study is represented by a single species.

Impact of Phylogeny and IGS Structure on Consensus

Sequence Divergence (CSD) Between Repeats

The mean CSD values reported in Table S1 indicate either

that distinct repeat types within individuals are evolving at

different rates, or that they have existed for different

lengths of time. However, these differences are only sig-

nificant in Ae. albopictus, D. longiremis, Dr. virilis, and D.

curvirostris (Table S10). The first three individuals have

only two repeat types and the differences are clear. In D.

curvirostris, there are no significant differences in CSD

between pairs of the seven repeat types, although mean

CSD is\0.01 for C- and E-repeats, 0.02 for G-repeats, and

[0.06 for the other four types. The C-, A- and G-repeats

are tandemly arrayed, while the other repeat-types are

dispersed (Fig. 1a).

On finding a significant between-family difference in the

mean CSD of repeat copies (univariate ANOVA,

F = 4.791, p = 0.000), we used Tamhane’s T2 post hoc

multiple comparisons test to identify specific differences

(the assumption of equal variances is violated, Table S11).

The mean CSD is significantly lower among repeats in the

family Aphididae when compared to Chironomidae, Si-

mulidae, Culicidae, Drosophilidae, and Daphniidae, but not

Artemiidae (Table S11). While there is no significant dif-

ference in mean CSD among repeats between the families

Daphniidae and Drosophilidae, both are significantly lower

than the mean CSD among repeats in the families Chiro-

nomidae and Simulidae. Finally, the mean CSD among

repeats is lower in the family Culicidae than in Simulidae

(Table S11).

When we looked for main effects of repeat organization

(tandem, interleaved, or dispersed), the number of repeats,

their mean length, the presence of a putative promoter-like

motif, and the presence of a TATA-like motif on CSD of

repeats types within an IGS, only organization was sig-

nificant. Only 35% of the variation is explained by the

corrected model (Table S12) and there are more tandem

repeat types (N = 43) than either interleaved (N = 20) or

dispersed repeat types (N = 11) in this data set.

Neither the repeat length, nor the number of repeats

(which ranges between 2 and 15), has a significant affect on

CSD, however, we found a significant interaction between

them (Table S13). In general, CSD decreases as the number

and the length of repeats in an IGS increases. After iden-

tifying significant between-family differences in the mag-

nitude of CSD (Table S11), we controlled for the effects of

family with a partial correlation, and found that repeat

organization and mean repeat length each have a significant

affect on CSD (Table 5). Tandem and interleaved repeats

are significantly more homogeneous than dispersed repeats

(Table S14), and longer repeats are significantly more

homogeneous than shorter ones. The length of a repeat is a

nearly continuous variable ranging from *16 to 865 nt,

with a mean of 158 nt and a standard deviation of 127.

When we grouped repeats into 50 nt categories, we found

significant differences in mean CSD between some cate-

gories. Repeats with a mean length of 200–249 nt are

significantly more homogeneous (mean CSD = 0.029)

than those with a mean length of 50–99 nt (0.089) or 100–

149 nt (mean CSD = 0.077) and repeats with a mean

length of 150–199 nt are significantly more homogeneous

(mean CSD = 0.053) than those with a mean length of 50–

99 nt (mean CSD = 0.089) (Fig. 5; Tables S15 and S16).

The partial correlation analysis also revealed a signifi-

cant interaction between repeat organization and number of

repeats (Table 5). In general, repeat homogeneity increases

in tandem and interleaved repeats as the number of repeats

increases. In addition, there is a significant interaction

between mean repeat length and the presence of both

promoter-like and TATA motifs (Table 5). These motifs

are more likely to be found in longer repeat types than in

shorter ones. A post hoc Mann–Whitney U test on the

effect of these motifs revealed no significant difference in

mean CSD between repeat types with and without pro-

moter-like sequences, however, repeats containing a TATA

Table 4 Mean pairwise sequence divergence (PSD) among IGS A-repeats in species from the genus Chironomus

Intraspecific PSD Interspecific PSD Percent variation

Range Mean Range Mean Within species Within individuals

Repeat A – 0.262 0.127–0.204 0.166

Species 23.37* 76.63

Position 20.29* 79.71

All individual and pairwise values are available in Table S8. Percent variation is from an Analysis of Molecular Variance (Table S9). Repeats

were grouped according to species and to their positions (1 and 2) in the IGS

* p B 0.001
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motif are significantly more homogeneous than those

without [mean CSD (±SD) = 0.043 (±0.023) versus 0.073

(±0.040), U = 266, p = 0.006]. The TATA motif is

present in the IGS of the Drosophila individuals and the

majority of the Daphnia individuals, however, it is absent

from the IGS of the Chironomus individuals.

Discussion

For the most part, identifying homologous IGS repeat

arrays between congeneric taxa was unambiguous because

differences in repeat sequences are composed of point

mutations and short indels. The majority of IGS repeats are

tandemly arrayed, however, some are interleaved or dis-

persed. Varying combinations of similar sequences made

defining the repeat boundaries subjective, so we relied on

interindividual rather than intraindividual alignments when

delimiting repeats. For example, Crease (1993) treated the

A–B unit in D. pulex as a single repeat type, however, D.

obtusa and D. parvula IGS lack the *125-nt B-repeat, so

we split it into A- and B-repeats to facilitate interspecific

comparisons. The result is that while A-repeats in the

subgenus Daphnia are interleaved in some species and

tandem in others, they are *200 nt in length in most

species. The relatively long A-repeat in D. ambigua is

treated as a single unit of 356 nt. However, *145 nt at the

30-end of the third copy is missing, suggesting that this may

be a compound repeat, similar to the A- and B-repeats in

the D. pulex group, or the interleaved A- and C-repeats in

D. obtusa. Unfortunately, without the IGS sequence of a

sister species, the ancestral length of the A-repeat in D.

ambigua cannot be determined.

Even at short evolutionary distances, the chimeric nature

of the IGS is evident. For example, the IGS sequences of

Aedes and Chironomus individuals are characterized by the

rapid expansion or elimination of repeat arrays. The chal-

lenge is to determine the sequence characteristics that

predispose the IGS to such dynamic behavior. Previous

evolutionary studies of the IGS within and between indi-

viduals and populations of D. pulexNA demonstrated that

gene conversion and unequal crossing over in the IGS

operate at the level of the repeat array as well as the entire

rDNA operon (Crease 1995). Even so, the distinct repeat

consensus sequence at each of the four positions in the IGS

array suggests that the rate of unequal intrachromosomal

exchange within the IGS is low relative to the rate of

exchange at the level of the entire rDNA operon (Crease

1995). Luchetti et al. (2006) obtained a similar result in

their analysis of four IGS sequences from the branchiopod,

Triops cancriformis. However, unlike D. pulexNA, the IGS

repeats in this species do not contain promoter-like

sequences.

In Arabidopsis, where the estimated divergence time

between A. thaliana and A. halleri is 5 MY (Haubold and

Wiehe 2001), the rate of homogenization within the IGS

exceeds the rate of mutation, resulting in sufficient phy-

logenetic signal to permit the resolution of major species

groups but not subspecies or historically isolated popula-

tions (Hayworth 2000). It appears that the disparity in the

degree of homogeneity between IGS repeats in Arabidopsis

Table 5 Partial Spearman’s rho correlations between the effects of five parameters on the mean consensus sequence divergence (CSD) among

repeats in the IGS from 32 arthropod species, controlling for the effects of taxonomic family

Variable Organization Number of repeats Mean repeat length Promoter-like motif TATA motif

CSD 0.382** -0.122 -0.250* -0.148 0.169

Organization -0.508** -0.220 -0.211 0.112

Number of repeats -0.115 0.005 -0.202

Mean repeat length -0.257* -0.275*

Promoter-like motif 0.128

CSD was calculated as described in the text. Organization refers to the arrangement of repeats within an IGS, which can be tandem, interleaved

or dispersed

d.f. = 69

* Two tailed p B 0.05, ** two-tailed p B 0.001
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Fig. 5 Mean consensus sequence divergence in repeats of different

lengths (nt) from 32 species of arthropods. Bars with the same letter

are significantly different from one another (p \ 0.05, Table S16). N
number of repeats in the category
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and Daphnia is a function of evolutionary distance between

species because we found that the pattern of repeat evo-

lution in the IGS of all but two of the 32 arthropod

sequences we analyzed have evolved in concert. The

exceptions are the IGS repeats of D. pulexNA and D.

pulicaria, which are more similar to their orthologs than to

their paralogs. This pattern is typical of divergent or birth

and death evolutions, rather than concerted evolution.

Nonetheless, the occurrence of unequal crossing over and

gene conversion between the repeats in this array has been

documented, and it has spread to all the IGS within D.

pulexNA, which is consistent with CE (Crease 1995). Thus,

a more parsimonious explanation for the lack of reciprocal

repeat monophyly between these two species is the fact that

they hybridize with one another (Colbourne et al. 1998).

Orthologous copies of the 30 F-repeats in the IGS of Dr.

orena and Dr. melanogaster (subgenus Sophophora) are

more similar than conspecific paralogous copies (Fig. 3d).

This is consistent with previous findings that repeats posi-

tioned at the end of an array are less often involved in the

homogenization process relative to their upstream counter-

parts (Lassner and Dvorak 1986; Dvorak et al. 1987; Da

Rocha and Bertrand 1995). In Lessingia spp. (Compositae,

Astereae, Markos and Baldwin 2002) and in the genus Cal-

ycadenia (Asteraceae, Baldwin and Markos 1998), interior

repeats appear to evolve in concert, yet the sequence simi-

larity of flanking repeats is higher between orthologs than

paralogs. It is tempting to suggest that these repeats are

evolving according to the model of divergent or birth-and-

death evolution. However, when homologous repeats in

closely related species primarily cluster according to species

despite the occasional misplaced family member, sequence

homogenization must still be occurring (Liao 1999).

In some cases, repeat homogeneity may be the result of

recent amplification events rather than long-term homog-

enization of an existing array (Liao 1999). The Ac. pisum

IGS repeat array, in which sequence divergence among

repeats is zero, may be an example of such an array. Again,

without a comparison to sequences from closely related

species, it is impossible to determine whether this is a

newly amplified array or an old array in which homoge-

nization is particularly efficient. Similarly, the differing

degrees of sequence homogeneity exhibited within repeat

arrays in this study may be due to the relative age of the

arrays within each species, with newer arrays being more

homogeneous and older arrays exhibiting patterns of

divergent or birth and death evolution. Alternatively, it

may be a reflection of differences in selective constraints or

in rates of homogenization caused by different array

characteristics. Similar observations have been reported in

other studies whereby some MGF members or parts of

genes conform to patterns of CE, while others do not

(Polanco et al. 1998).

It has been demonstrated that rates of recombination

alone are sufficient to account for the homogeneity or

divergence of repeat copies in MGF (Dover and Tautz

1986). Here, we speculated that parameters such as array

length, repeat organization and repeat length, as well as the

presence of putative enhancer motifs, affect the homoge-

neity of repeats by influencing rates of recombination. We

did not find a significant correlation between repeat array

length and homogeneity among repeats. However, the

occurrence of intraspecific IGS length variation due to

differences in the number of IGS repeats is a common

feature of eukaryotic rDNA (Weider et al. 2005 and ref-

erences within). We only analyzed a single IGS sequence

from each species, so it is possible that some of the

sequences are not representative of the most common

length variant in that species. Even so, we did find that

repeat organization has a significant effect on homogeneity.

Tandem and interleaved repeats are more homogeneous

than dispersed repeats, which is consistent with the

expectation that recombination occurs more often among

sequences that are in close proximity to one another. Aside

from taxonomy, the only other significant effect is the

presence of the putative enhancer/promoter TATA motifs.

Thus, it could be argued that CE is enhanced by selective

constraints favouring repeats that contain this motif.

Although Nei and Rooney (2005) argue that examining

the relative contribution of purifying selection and random

genetic drift in the evolution of MGF is important, selec-

tion is difficult to demonstrate in ncDNA where it is not

possible to compare ratios of synonymous to nonsynony-

mous mutations. Still, natural selection may contribute to

sequence homogeneity in these presumably functional

arrays by preserving sequence motifs that are predisposed

to frequent DNA repair of double- or single-strand breaks

in actively transcribed sequences. Gonzales and Sylvester

(2001) suggested that rates of homogenization in the IGS

may be affected by the hypomethylation of regulatory

regions thought to affect recombination rates in rDNA

(Jiang and Liao 1999) as well as by RNA polymerase-I-

associated topoisomerase I in actively transcribed rDNA

(Zhang et al. 1988; Rose et al. 1988). While the IGS cannot

be considered a coding region, ‘‘active’’ copies are frequent

binding sites for transcription factors and RNA polymerase

I. González-Barrera et al. (2002) reported transcription-

mediated recombination in yeast, though the molecular

mechanisms are still unclear. Takeuchi et al. (2003)

reported that recombination might be caused by a collision

between transcription and replication forks. Furthermore,

cis-acting elements can influence whether duplicated genes

undergo concerted or divergent evolution. One example

can be found in the silk moth Bombyx mori, which has two

families of early chorionic genes, ErA and ErB that are

closely linked on one chromosome (Hibner et al. 1991).
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The genes of the ErA family exhibit 96% sequence iden-

tity, whereas those in the ErB family exhibit only 63%

sequence identity. Sequence analysis has suggested that

microsatellite-like simple repeats that are present in the

ErA family but not in the ErB family may account for the

difference in homogenization, because simple sequence

repeats can be the site for initiation of gene conversion

(Hibner et al. 1991). Microsatellite sequences in the human

RNU2 locus may also play a role in CE (Liao and Weiner

1995).

The presence of putative enhancer motifs in homologous

IGS repeat-arrays from Daphnia, Drosophila, and Sopho-

phora suggests that selection does play a role in the evo-

lution of repeats in the IGS. Indeed, some studies have

suggested that IGS repeat copy number variation can

influence growth rate and tolerance to different environ-

mental conditions via its effect on rates of rRNA tran-

scription (see Weider et al. 2005 for a review). But what of

those species whose IGS repeat arrays do not contain

TATA motifs? Grummt (1999) and Reeder (1999) sug-

gested that the repetitive nature of IGS repeats themselves

might enhance transcription. On the other hand, it has been

argued that it is not essential for enhancers to occur in

multiple copies (Wang et al. 2003; Burton et al. 2005).

Thus, species whose IGS contain repeat arrays that appear

and disappear in short order may have evolved other means

of rDNA transcription regulation.
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