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Finely Orchestrated Movements: Evolution of the Ribosomal RNA Genes
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ABSTRACT

Evolution of the tandemly repeated ribosomal RNA (rRNA) genes is intriguing because in each species
all units within the array are highly uniform in sequence but that sequence differs between species. In this
review we summarize the origins of the current models to explain this process of concerted evolution,
emphasizing early studies of recombination in yeast and more recent studies in Drosophila and mam-
malian systems. These studies suggest that unequal crossover is the major driving force in the evolution of
the rRNA genes with sister chromatid exchange occurring more often than exchange between homologs.
Gene conversion is also believed to play a role; however, direct evidence for its involvement has not been
obtained. Remarkably, concerted evolution is so well orchestrated that even transposable elements that
insert into a large fraction of the rRNA genes appear to have little effect on the process. Finally, we
summarize data that suggest that recombination in the rDNA locus of higher eukaryotes is sufficiently

frequent to monitor changes within a few generations.

HE most conserved and most utilized genes in
eukaryotes are those encoding ribosomal RNA
(rRNA). All lineages organize the single rRNA of the
small ribosomal subunit (185 RNA) and two of the
rRNAs of the large ribosomal subunit (5.8S and 28S
RNA) into 1 transcription unit (Figure 1). Because of
the massive numbers of ribosomes needed during pe-
riods of rapid growth, eukaryotes typically encode hun-
dreds of copies of this transcription unit. These rDNA
units are organized in large tandem arrays, the rDNA
loci, on one or a small number of chromosomes. Dur-
ing active synthesis these rDNA loci form the nucleoli
visible in all cells. All aspects of the rRNA genes sug-
gest that they have changed relatively little in the bil-
lion years since the separation of animals and plants.
One of the most fascinating observations to arise from
the study of the tandem rDNA units was their uniformity
in sequence, yet that sequence could change over time.
The ability of all rDNA units to change their sequence
in a highly orchestrated manner is described today
as concerted evolution. The mechanism by which new
mutations in one gene are eliminated or spread to
adjacent genes has been the subject of experimentation
and speculation for nearly 35 years. However, the rDNA
loci are large and few tools are available to dissect
them; thus our models today remain quite general. The
lessons that have been derived from studies of rRNA
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genes are frequently applied to other multigene fami-
lies, and the lessons learned from these families have
provided insights into the rRNA genes (for a recent
review see NEI and RooNEyY 2005). This short review,
however, focuses exclusively on the rRNA genes, retrac-
ing their long history of study and summarizing what we
know today about their mechanism of evolution.

ORIGINAL DISCOVERY AND THE SUGGESTION
OF A SIMPLE MODEL

Studies of the rRNA genes have along history because
the characterization of their sequence identity both
within and between species was possible before DNA
cloning and sequencing methods became available.
The abundant rRNA transcripts readily available from
any organism led to the development of saturation
and competitive hybridization methods to estimate the
number and sequence similarity of the genes (LoNG
and Dawip 1980). Cross-hybridization of rRNA se-
quences from organisms as taxonomically diverse as
plants and animals was observed, suggesting very high
selective pressure to preserve a specific nucleotide se-
quence. This conservation appeared to account for the
uniformity of sequence between the different copies of
the genes within each organism.

An unexpected finding was obtained in the first
detailed studies of the complete TDNA repeat (BROWN
et al. 1972). African clawed frogs (Xenopus) synthesize
abundant extrachromosomal rDNA arrays during the
development of their oocytes. The ability to purify these
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Ficure 1.—Organization of the ribosomal
RNA (rRNA) genes in eukaryotes. The genes
are organized into tandemly repeated units as
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rRNA genes (18S, 5.8S, 28S) are indicated with
solid boxes, while regions processed from the pri-
mary transcript are in open boxes (ETS, external
transcribed spacer; ITS, internal transcribed
spacer). Between the transcription units are the

intergenic spacers (IGS), which in most species are composed of one or more internally repeated sequences (shaded arrowheads).
The extent and direction of the transcribed region of each unit as well as the final mature rRNAs derived from that transcript are

shown at the bottom as dotted arrows.

rDNA arrays allowed hybridization studies to score sim-
ilarity across the entire unit. The studies revealed that
like the genes themselves the regions processed from
the primary transcript (the external and internal tran-
scribed spacers, ETS and ITS in Figure 1) as well as the
regions between the transcribed units (the intergenic
spacer, IGS in Figure 1) were also uniform in sequence.
However, these spacer regions differed significantly in
sequence between two closely related species. Obvi-
ously, if the spacer regions were “free” to diverge be-
tween species, then selective pressure alone could not
account for the uniformity of all units within a species.
It seemed clear that a “correction” mechanism was nec-
essary to spread new nucleotide substitutions (muta-
tions) among all the units of the tandem array.

Two findings pertaining to the rRNA genes in frogs as
well as fruit flies pointed to an answer. First, individuals
from the same species had different numbers of rRNA
genes. Second, the number of rRNA genes retained by
most individuals appeared to be in excess of the number
needed for survival. The variation in number of rDNA
units found among individuals was hypothesized to
occur by homologous recombination between rDNA
units located at different positions within the loci on
two chromosomes (Figure 2, A and B). Such “unequal
crossover” events would generate one recombinant chro-
mosome with more rDNA units and another chromo-
some with fewer units. Any chromosome with too few
rDNA units would be selected against, while chromo-
somes with large arrays might be more susceptible to
intrachromosomal crossovers (Figure 2C).

The correction mechanism necessary to explain the
evolution of the rDNA loci could be a natural outcome
of the unequal crossover process. Mutations would con-
tinually arise at a slow rate in all repeats. Unequal cross-
overs involving units with a mutation would generate
one chromosome in which the mutation was present in
2 units and another chromosome without the mutation.
A random process of unequal crossover would continue
to generate chromosomes with increased or decreased
numbers of units with the mutation. Chromosomes con-
taining mutations within the rRNA genes would gener-
ally be selected against, while chromosomes containing
mutations in the noncoding regions of the unit would

be under no adverse selective pressure. Thus substitu-
tions in noncoding regions would increase or decrease
in number of units with time in a stochastic manner.
Eventually, after many crossovers, such substitutions
would be either presentin all the units or absent from all
the units. This model readily explained how the genes
would change only slowly over evolutionary time, while
the noncoding region would be free to drift to new
DNA sequences. Soon after these studies of the rRNA
gene, SMITH (1976) used computer simulations to show
that high sequence identity was generated and main-
tained by homologous crossovers between duplicated
sequences. Sequence uniformity of the rDNA units could
thus be explained by the same mechanism used to
explain the recently discovered uniformity in the short
tandem (satellite) DNA found at many centromeres.
OnTa (1976) derived mathematical models to calculate
the probability and the mean time required to fix
nucleotide substitutions under different parameters by
the random process of unequal crossover.

This elegantly simple model for the concerted evolu-
tion of the rDNA locus could explain all the known
properties of the rDNA loci and required no mecha-
nisms other than mutation, homologous recombina-
tion, and selection. The only critical requirement of the
model was that the crossover rate needed to be high
relative to the mutation rate.

LESSONS FROM YEAST

Direct experimental support for the unequal cross-
over model of concerted evolution required the ability
to “mark” individual units within the rDNA locus and
follow their disappearance or duplication through
recombination events. The advent of gene cloning
methods made this approach possible in Saccharomyces
cerevisiae. Yeast encodes ~140 rRNA gene units on one
chromosome. Using the power of yeast genetics, it was
shown that LEU2 genes inserted within the rDNA locus
could be used as a selectable marker to rescue an
auxotroph.

Szostak and Wu (1980) followed LEU2-marked
rDNA units through mitotic divisions in haploid cells.
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FIGURE 2.—Four possible recombination mechanisms that
may occur within or between rDNA loci. A and A’ represent
homologous chromosomes; the rectangles, individual rDNA
units; and the small solid boxes, mutations. Each chromo-
some is drawn after replication to show the two sister chroma-
tids still attached by means of their centromeres (solid oval).
All four recombination mechanisms can lead to the duplica-
tion or loss of a mutation on a chromosome. The three cross-
over events (A, B, and C) can lead to changes in the number
of rDNA units on a chromosome, while gene conversion (D)
will not unless a crossover also occurs.
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They first used fluctuation tests to show that the in-
sertions were spontaneously lost at a measurable fre-
quency. Determining the mechanism by which the
deletion occurred required analyzing the rDNA loci
from both daughters of the cell undergoing the loss. If
the deletions occurred by an unequal crossover between

the two copies of the chromosome after DNA synthesis
(2.e., recombination between sister chromatids, Figure
2A), then each daughter cell generated without the
insertion would have a sister cell with two copies of
the insertion. For those crossovers that occur early in
the process of yeast colony formation, one sector of the
colony would contain cells with no copy of the insertion
while an adjacent sector would contain cells with two
copies of the insertion. Analysis of genomic DNA iso-
lated from cells grown from the appropriate regions of
sectored colonies confirmed that prediction. By digest-
ing the genomic DNA of the cells containing two LEU2
genes with a restriction enzyme that cleaved within the
LEU?2 insertion but not the rDNA unit itself, Southern
blots could be used to determine the distance separat-
ing the two LEU2 genes. This distance divided by the
length of the rDNA unit provided a direct estimate of
the number of rDNA units the two sister chromatids
were displaced (offset) during the crossover. The sizes of
the offsets in the seven spontaneous events analyzed
varied between 6 and 8 units. Using 7 units as the av-
erage offset, 140 as the total number of rDNA units in
the locus, and the loss rate from the fluctuation test, the
total rate of spontaneous unequal crossovers in the
rDNA locus was estimated to be 1% per mitotic division.

PeTES (1980) followed LEUZ2 insertions in the rDNA
locus through meiotic divisions by standard tetrad
analysis of the four spores derived from diploid cells.
An elegant aspect of the study was that the diploid cells
used were generated from haploid cells that had a fixed
sequence difference in their rDNA units that could be
scored by restriction digestion. Thus Petes was able to
follow both sister chromatid exchanges (Figure 2A) and
exchanges between the two homologs (referred to as
interchromosomal exchange, Figure 2B). About 10% of
the tetrads analyzed contained at least one spore that
had lost the marker gene from the rDNA locus. Analysis
of DNA derived from all four spores indicated that these
tetrads also contained a spore in which the LEU2 gene
had been duplicated. Remarkably none of the unequal
crossovers analyzed contained cells with rDNA units
from both homologs, suggesting that all the recombi-
nation events had been between sister chromatids. This
low rate of interchromosomal crossover was consistent
with previous mapping experiments by PETEs (1979) in
which meiotic recombination in the rDNA locus had
been shown to occur at rates nearly two orders of mag-
nitude lower than that expected on the basis of the size
of the locus and the average recombination rate for the
yeast genome.

The combined findings of these two reports strongly
suggested that unequal crossover occurred frequentlyin
the rDNA locus and thus could serve as the basis for the
concerted evolution of the locus. Furthermore because
sister chromatid exchanges were more frequent than
interchromosomal exchanges, the results predicted
that the concerted evolution of units on individual

20z Iudy 60 U0 150nB AQ 8211909/ /2/S. 1 /2101E/S018USB/W00 dNO"0lWapEDE//:SARY WOl POPEO|UMOQ



480 T. H. Eickbush and D. G. Eickbush

chromosomes in a population would be faster than the
concerted evolution between chromosomes. As we will
see below, this prediction has been confirmed multiple
times. However, concerns that the concerted evolution
of the rDNA locus could not be entirely explained by
unequal crossovers remained. First, the unequal cross-
over model worked best if the recombinations were
random throughout the locus. Independently derived
LEU2 marker insertions in the rDNA locus had differ-
ent rates of deletion, suggesting that the location of
the inserted unit in the locus influenced how often it
participated in crossover events (PETES 1980). Second,
applying the crossover rates determined in these studies
to the mathematical formulation of OHTA (1976) sug-
gested that it required a remarkably large number of
generations for a new mutation to randomly drift to
fixation on one chromosome (SzostAk and Wu 1980).
Finally, it was found that the sequence of the rDNA unit
at one edge of the rDNA locus was identical in sequence
to all other units (ZaMmB and PETES 1982), counter to the
accumulated differences that models of unequal cross-
over predicted for terminal units (SMITH 1976; BRUTLAG
1980).

The question of whether unequal crossover could
entirely account for the concerted evolution of the
rDNA units was eclipsed by the discovery of another type
of recombination in yeast. Gene conversions are the
nonreciprocal transfer of DNA sequences between two
genes (Figure 2D). In yeast these events can be scored
in meiotic (ratios other than 2:2 spore formation) as
well as mitotic divisions. The frequency, sequence de-
pendency, distance requirements, and possible mecha-
nism for these events were extensively characterized
(ORR-WEAVER and SzosTAkK 1985, or for a more re-
cent review see PAQUES and HABER 1999). Gene conver-
sions between two repeated sequences occur with a
median frequency of ~5% per meiosis independently of
whether the DNA sequences are duplicated on the same
or different (homologous or nonhomologous) chromo-
somes. Gene conversion usually involves short regions
of DNA, and thus the large selectable gene insertions in
the rDNA locus used by Szostak and Wu (1980) and
PeETES (1980) were unlikely to have been removed or
duplicated by this process. Unfortunately no alternative
method has been published to score gene conversions
within the rDNA locus.

A number of analytical models of concerted evolution
by gene conversion were developed (NAGYLAKI and
PeTES 1982; NAGYLAKI 1984; OHTA 1985; WALSH 1986).
The apparent advantages of gene conversion over un-
equal crossovers were many. First, gene conversion en-
abled concerted evolution to readily occur between
sequences on homologous as well as nonhomologous
chromosomes, allowing for the greater homogeneity of
all rDNA units in a population. Second, gene conversion
could account for the sequence uniformity of the
terminal repeat in a tandem array. Third, gene conver-

sion was more broadly useful because it could also give
rise to the concerted evolution of multigene families
that were dispersed throughout a genome. Finally, the
bias frequently encountered in gene conversion studies,
even when small, greatly increased the rates of con-
certed evolution. It is difficult to postulate how unequal
crossover events could transfer neutral information in
one direction more often than in the opposite di-
rection. All the advantages gene conversion brings to
the table have led to the commonly held opinion that a
combination of both unequal crossovers and gene
conversions gives rise to the concerted evolution of
the rDNA locus in all organisms. As is described below,
evidence for the former has accumulated for many or-
ganisms, while evidence for the latter has been frustrat-
ingly difficult to obtain.

OBSERVATIONS IN HIGHER EUKARYOTES

The elegant studies conducted in yeast of recombi-
nation in the rDNA loci are inherently more difficult in
higher eukaryotes. It is extremely difficult to either
mark individual units in the locus to allow rapid screen-
ing for recombination or follow the daughter cells after
a recombination event. However, insights into the re-
combinations associated with the rDNA locus are pos-
sible because of the natural sequence variation that can
be found among the rDNA units in most species. While
this variation can be in the rRNA genes themselves, it
is most often found in the spacer regions, especially
within the IGS between transcription units (see Figure
1). Greater variation is found in the IGS region because
it appears to be under the lowest level of selective pres-
sure. A second source of variation detected in the IGS
region is due to its internally repeated structure. Varia-
tion in the number of these internal repeats can be
scored on Southern blots even in the absence of sig-
nificant nucleotide sequence differences between the
units.

Many studies have appeared that examine the con-
certed evolution of the rDNA units or the sequence
variation found within and between individuals of a
species. In a few organisms either a fraction of the rDNA
units have escaped the process of concerted evolution
or the organism is under selective pressure to evolve
multiple rDNA sequences (for examples see FENTON
et al. 1998; CARRANZA et al. 1999; KELLER et al. 2006).
However, in the vast majority of organisms concerted
evolution functions extremely well on all rDNA genes.
Summarized here are the observations from a few of the
most extensively studied species.

Probably the most studied rDNA loci in any organism
are those of Drosophila melanogaster. In this organism
~200 rRNA genes are located within heterochromatic
regions on both the X and the Y chromosomes. Work on
the rDNA loci of D. melanogaster also began well before
the advent of DNA cloning when it was found that a
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short bristle phenotype known as bobbed (bb) was
associated with low numbers of rRNA genes on the X
chromosome (RiTossA et al. 1966). Remarkably when a
bbX chromosome was maintained with aY chromosome
also deficient for many of its rDNA repeats, progeny
would appear with a normal number of rDNA units
(Rrrossa 1968). This phenomenon, referred to as
rDNA magnification, induced a series of studies focus-
ing on both the mechanism and the possible genes
involved in these dramatic changes within the rDNA
locus (reviewed in TaArRTOF 1988; HAWLEY and MARcCUS
1989). While magnification generally is assumed to in-
volve multiple rounds of unequal crossover, the mech-
anism remains undefined.

Additional early studies in Drosophila compared the
rDNA units between related species as well as the
variation within individuals and between individuals
in a population (COEN et al. 1982a,b). On the basis
of studies of the rRNA genes and multigene families
spread throughout the genome, Dover proposed a
comprehensive model for concerted evolution (DOVER
1982; OHTA and DovEeRr 1984). The combined mecha-
nisms of gene turnover were called “molecular drive.” A
controversial suggestion in the model was that sequence
homogenization occurred equally to all members of the
gene family whether they were present on the same or
on different chromosomes.

The phenomenon of rDNA magnification in D. mela-
nogaster and interest in the mechanism of concerted
evolution stimulated studies of meiotic recombination
rates between the rDNA loci on the two X chromosomes
in females and between the loci on the X and Y
chromosomes in males. As in yeast, meiotic recombina-
tion between the rDNA loci on X chromosomes (~10~*
per generation) was found to be about two orders of
magnitude below that expected for a similar length of
DNA elsewhere on the chromosome (WILLIAMS et al.
1989). Interestingly, these crossovers may not represent
the typical meiotic recombination events found else-
where in the genome because the rate of recombination
between the rDNA loci on the X and Y chromosomes
in males was found to be the same as that observed
between X chromosomes, even though recombination
is generally absent in D. melanogaster males (HAWLEY
and MaARrcus 1989; WiLLiaMs and RoBiNs 1992).

The extremely low rate of crossover between rDNA
loci on different X chromosomes or between the loci on
the X and Y chromosomes suggested that, as in yeast,
most of the recombinations in the rDNA loci of
D. melanogaster occurred between sister chromatids.
The strongest support for this suggestion was obtained
by SCHLOTTERER and TauTz (1994). These researchers
identified three sequence variants in the ITSI region of
the rDNA on the X chromosome in various geograph-
ical lines. Using temperature gradient gel electropho-
resis to quantitate the level of these variants, they found
that the rDNA units on individual X chromosomes in a

population could contain fixed differences involving
these three variants. This finding suggested that un-
equal crossovers or gene conversion could rapidly
homogenize all the units on individual X chromosomes
but only slowly homogenized the units between X
chromosomes in a population. PoLaNco et al. (1998)
extended this finding to multiple populations and
showed that the X and Y chromosomes in the same
population also had different fixed variants in the ITS
region. PoLaNco et al. (1998, 2000) also attempted to
score IGS variants on the X and Y chromosomes in the
same populations. While IGS length variants appeared
to be frequently shared among the X and Y chromo-
somes, the internally repeated structure of the IGS and
the large numbers of length variants seen on each
chromosome complicate estimates of the degree to
which IGS variants are exchanged.

The degree to which variants are shared within and
between chromosomes has also been a major focus in
the study of the rDNA genes of humans. We encode
~400 rRNA genes that are distributed in tandem arrays
on five chromosomes (nos. 13, 14, 15, 21, and 22). The
presence of the rRNA genes on nonhomologous chro-
mosomes does not prevent concerted evolution be-
cause all rDNA units in humans are more similar to
each other than they are to the rDNA units of other
primates (ARNHEIM el al. 1980). Analysis of the spread
of sequence information between homologous vs. non-
homologous chromosomes utilized multiple length
variants that were found within the IGS region of the
repeat (KRYSTAL ef al. 1981). Individual arrays were
analyzed by taking advantage of rodent-human somatic
cell hybrids containing single human chromosomes.
Each chromosome was found to contain several IGS
length variants, and these variants were often shared
among the different chromosomes, confirming that
sequence information flowed between chromosomes.

The sharing of IGS length variants among human
rDNA loci on different chromosomes contrasted with
the results of similar studies conducted in the mouse,
Mus musculus (ARNHEIM et al. 1982). Mouse rDNA units
are also located on multiple chromosomes, but unlike
humans the rDNA locus of each mouse chromosome
has its own specific set of IGS length variants. The
specific variants are linked to the same chromosome in
unrelated strains of mice, suggesting that interchromo-
somal exchange between nonhomologous chromo-
somes was much lower in mice than in humans. The
lower level of shared variants in mouse than in humans
is most likely the result of the locations of the rDNA loci
in each species (Figure 3). All human rDNA loci are
located adjacent to the telomere on the short arm of
acrocentric chromosomes. At this location a single
crossover event between rDNA units on nonhomolo-
gous chromosomes would lead to an exchange of the
telomeres in addition to a fraction of the rDNA loci. In
mouse, however, the rDNA loci are located next to the
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Human Mouse
Chromosomes  Chromosomes

F1GURE 3.—Location of the rDNA loci on the chromosomes
of humans and mice. Each chromosome is drawn after repli-
cation to show the two sister chromatids still attached by
means of their centromeres (solid oval). Individual rDNA
units are indicated by rectangles and the telomeres by trian-
gles. Each chromosome is representative of the multiple non-
homologous chromosomes that contain the rDNA units in
each species. The noncoding region distal to the rDNA loci
in humans studied by GONzALEZ and SYLVESTER (2001) is in-
dicated (asterisk).

centromere on the long arm of telocentric chromo-
somes. Therefore a single crossover event between two
nonhomologous chromosomes would result in the
exchange of not only a fraction of the rDNA loci and
the telomeres but also the centromeres, an event likely
to have significantly greater negative consequences to
the organism.

In humans, as in yeast and Drosophila, sister chromatid
exchange appears more frequent than exchanges be-
tween chromosomes (homologous or nonhomologous).
SEPERACK et al. (1988) showed that there were sub-
stantial differences among individuals in the abundance
of various IGS variants, suggesting that variant types
were not exchanged freely among the five chromo-
somes. Further analysis of human-rodent cell hybrids
revealed that the same chromosome from different in-
dividuals could have different IGS variants (GONZALEZ
and SYLVESTER 2001). Gonzalez and Sylvester also deter-
mined the level of sequence uniformity within and
between the rDNA repeats. Sequence diversity of the
rRNA genes in the short regions analyzed was extremely
low whether the comparisons were made within a chro-
mosome or between the five chromosomes. Meanwhile
the IGS region of the rDNA units could be divided into
multiple classes that had high sequence identity within
a class but diverged by 6-8% in sequence between
classes. Each chromosome had one or more of the IGS
classes with all IGS classes shared to some extent be-
tween chromosomes.

Interestingly a high level of sequence identity among
all five chromosomes in humans was also found for
a noncoding region 6 kb distal to the last IDNA unit
(Figure 3), a region presumably under little selective
pressure. The high level of interchromosomal sequence
identity for anoncoding region flanking the rDNA locus

argues strongly for crossovers that exchange the distal
(telomeric) end of the rDNA loci. While these cross-
overs will exchange IGS variants between chromosomes,
the more rapid sister chromatid exchanges result in the
differential spread of IGS variants on each chromo-
some. More experiments of this design to characterize
the opposite (proximal) end of the human rDNA arrays
as well as the rDNA arrays in mice are needed to confirm
the model.

The above studies as well as many others would
suggest the involvement of unequal crossovers in the
concerted evolution of higher eukaryotic rDNA loci.
However, one study has appeared, suggesting that gene
conversion can play an important role. In a study of the
Heteronotia binoei complex of lizards, HILLIS et al. (1991)
showed that in parthenogenetic triploid species arising
by the hybridization of two sexual species, the rDNA
variant from only one of the original species became
fixed in many of the parthenogens. The authors suggest
that this finding is most readily explained by a biased
gene conversion process rather than by more neutral
unequal crossovers. While a tantalizing result, the ex-
pression of the rDNA unit from only one parent in
species hybrids is common (reviewed in GRuUMMT and
P1kaARD 2003). Therefore, further study of this system is
needed to ensure that the bias obtained is not explained
by selective pressure to express the rDNA units of one
parental species.

rDNA LOCI SERVE AS A NICHE FOR
MOBILE ELEMENTS

Given the remarkable efficiency of concerted evolu-
tion in rDNA loci, it is surprising that in at least five
major animal taxa these loci have become the special-
ized niche for a number of mobile elements (Figure 4)
(reviewed in EicksusH 2002). The R elements are
non-long terminal repeat (non-LTR) retrotransposons,
while Pokey is a DNA-mediated element (PENTON and
CREASE 2004). R2, R4, R5, and R8 are members of a
common lineage found in many animal taxa (KojiMa
et al. 2006), while R1, R6, R7, and RT represent an
independent lineage of elements in arthropods whose
members have moved to different positions within
and sometimes outside the rDNA locus (Kojima and
Fujiwara 2003). R elements have been shown to encode
endonucleases highly specific for their insertion sites
(X1oNG and EickBusH 1988). The endonuclease of
the R2 family of elements is related to type IIS restric-
tion enzymes (YANG et al. 1999), while the endonuclease
for the R1 family is related to apurinic endonucleases
(FENG et al. 1998).

The R1 and R2 elements of arthropods have been
extensively studied since early in the characterization of
the rRNA genes of various Drosophila species (LoNG
and Dawip 1980). R1 and R2 elements appear com-
pletely adapted to life in the rDNA locus (reviewed in
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Arthropods
Cnidaria
Platyhelminthes
Tunicates

Platyhelminthes Vertebrates

R5  Arthropods R2 Nematodes Arthropods
Pokey R1
T~ \f s
I~ 7
R6 ~~—__ g
rDNA unit Arthropods T~ 7
L] 18S 1 28 S
ETS ,f? ITS1 ITS2 ¢
R8 R7 RT
Cnidaria Arthropods Arthropods

F1GURE 4.—Location of mobile element insertions in the
rDNA unit. Abbreviations within the rDNA transcription unit
are as described in Figure 1. A small region of the 28S gene,
which contains many insertion classes, is magnified above this
repeat. Arrows indicate the insertion site of the various ele-
ments based on their 3’ junction with the gene. The current
known distribution of each element is also shown. For more
detailed descriptions of these elements see ExcksusH (2002),
Kojima and Fujiwara (2003), and Kojima et al. (2006).

Eicksusu 2002). They are widely distributed in all
lineages of arthropods where they frequently insert into
10-30% of the units, but insertion percentages well
above 50% have been observed. Because the insertion of
either element gives rise to a 28S gene that can no
longer make functional rRNA, it was initially assumed
that selection against defective genes and concerted
evolution would frequently eliminate R1 and R2 ele-
ments from the rDNA locus. Thus attempts were made
to show that horizontal transfers were responsible for
the broad distribution of these elements. However,
phylogenetic analyses have provided no evidence for
such horizontal transfers (MALIK et al. 1999). We are left
with the remarkable conclusion that these two trans-
posable elements are highly stable even though they
insert into a locus that is highly adapted to rid itself
of variation. This paradox has led to speculation that
the elements are involved in the regulation of rRNA
synthesis or provide mechanisms to initiate recombina-
tion. However, the multiple lineages of R1 or R2 found
in many taxa (GENTILE ef al. 2001) are not consistent
with the elements providing a host function. Thus the
model that best explains the wide distribution of R1 and
R2 elements remains that they are simply highly success-
ful parasites.

Are Rl and R2 elements affecting the concerted
evolution of the rDNA locus? The sequence of the
rDNA units with the insertions is identical to that of the
units without the insertions, suggesting that the simple
answer is no. The presence of the mobile elements
within the rDNA locus provides a series of “variants” that
can be used to study the concerted evolution of the loci.
RI and R2, like many other non-LTR retrotransposons,
insert by a mechanism that often generates copies

truncated (deleted) at their 5" end. These truncations,
which can extend the full length of the elements and
thus are readily scored by simple PCR assays, serve to
mark individual rDNA units within the locus. Studies of
the R1 and R2 elements in Drosophila have shown that
these truncated copies are present in only one or a few
copies per chromosome and that these copies differ
between individuals from the same population (PEREZ-
GonzAaLEZ and EickBusH 2001). These results indicate
that new insertions are rapidly eliminated from the
rDNA locus. Because gene conversions are typically
inhibited by large insertions (R1/R2 elements are 3.5—
5.5 kb in length) most of the eliminations presumably
occur by unequal crossover between sister chromatids.

The model for turnover of the R1 and R2 insertions is
thus merely an extension of the original unequal cross-
over models of concerted evolution. New variants (inser-
tions) are subject to random crossovers with the strong
selective pressure against inactive rDNA units eliminat-
ing them from the loci. The remarkable efficiency by
which the concerted evolution process removes these
elements is, however, somewhat of a double-edged sword.
It allows the loci to function smoothly in the face of a
continuous onslaught of mobile element insertions, but
by doing so continually provides these elements with
new target sites, allowing them to remain active.

FOLLOWING CHANGES IN THE rDNA
LOCUS OVER TIME

The studies in higher organisms described to this
point measured differences in the rDNA loci between
individuals in the same or different populations. The
studies suggested rapid change in evolutionary terms.
Addressing the issue of the rate of recombination is best
accomplished by monitoring the changes that accumu-
late in specific rDNA loci over short time frames.

AveRrRBECK and ErcksusH (2005) evaluated the short-
term dynamics of an rDNA locus by measuring differ-
ences in the locus among 15 replicate D. melanogaster
lines after 400 generations. All lines were initially started
from the progeny of one pair of flies from a highly
inbred stock. Changes in the rDNA locus were dramatic.
The total number of rDNA units on the X chromosome
across the lines varied from 140 to 310, similar to the
range found within or between natural populations of
D. melanogaster. These lines had several unique as well as
14 common IGS length variants. The common IGS
variants varied significantly in abundance: from near
zero to 30 copies in most cases and from 25 to 70 cop-
ies for the two most abundant variants. The observed
changes in number of rDNA units suggested frequent
unequal sister chromatid exchanges, given the slow rate
of interchromosomal exchange (WILLIAMS et al. 1989).
The dramatic change in abundance of all IGS variant
types further suggested that these crossover events
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occurred at many regions throughout the locus. Addi-
tional support for the rapid changes in the rDNA loci
came from the study of the Rl and R2 elements. Two
hundred new Rl and R2 insertions as well as 100
independent losses of insertions present in the parental
stock were scored in these lines (PEREZ-GONZALEZ et al.
2003).

An equally dramatic demonstration of the dynamic
nature of the rDNA locus came from MCTAGGART
et al. (2007) and their study of the rDNA loci of the
freshwater crustacean, Daphnia obtusa. An advantage of
this organism is that females can produce diploid eggs
via parthenogenesis that develop directly into female
adults. Daughters from a single stem mother were used
to establish multiple lines, and every generation a single
daughter was selected at random to produce the next
generation. Recombination in the locus was scored at
b-generation time intervals in two ways: variation in the
total number of genes and variation in the ratio of six
nucleotide variants within the 18S gene. The changes
were again remarkable. Over the 90 generations of this
study, each line (z.e., chromosome) underwent from
one to six measurable shifts in the ratio of sequence
variants. These changes appear to involve unequal
crossovers with large offsets because the number of
rRNA genes varied from 50 to 230 units and the shifts
observed in variant ratios between time points were as
large as 33%. On the basis of the number of scored
changes the recombination rate was estimated to be
between 2 and 6% per generation. This is clearly an
underestimate because unequal crossovers involving
small offsets or sequential events with canceling effects
would not have been scored.

These two studies clearly indicate that rDNA loci of
both Drosophila and Daphnia are in a continual, dy-
namic state of flux. Therefore monitoring changes in
the loci in real time is possible and does not require
selection schemes.

CONCLUDING COMMENTS

The many studies summarized in this review suggest
that unequal crossover is undoubtedly involved in the
process of concerted evolution. Further, both direct
demonstration in yeast and the greater intrachromoso-
mal than interchromosomal homogeneity observed in
Drosophila and in humans indicate that these cross-
overs are more frequent between sister chromatids than
between chromosomes (homologous and nonhomolo-
gous). While gene conversion is clearly an enticing
mechanism to help explain the sequence homogeneity,
direct evidence for its involvement remains elusive. As
our genetic and molecular tools increase, the involve-
ment of gene conversion as well as the rules governing
crossovers can be further addressed. These tools may
also help address the many unresolved questions re-
garding the expression of the locus (reviewed in

GruMMT and PikaarD 2003). Like attending a good
symphony, one could simply sit back and marvel at the
intricate movements and synchronous effect of the
many players. However, to truly understand its com-
plexity, one needs to know the role played by each
instrument.
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