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ABSTRACT
The rRNA gene (rDNA) loci of all arthropod lineages contain non-LTR retrotransposable elements

that have evolved to specifically insert into the 28S rRNA genes. Extensive in vitro experiments have been
conducted to investigate the mechanism of R2 retrotransposition but little is known of the insertion
frequency or cellular factors that might regulate R2 activity. In this article, isofemale lines obtained from
a population of Drosophila simulans were surveyed for recent R2 insertions. Within most lines, all individuals
showed the same collection of R2 insertions, providing no evidence for recent R2 activity. However, in a
few of the isofemale lines, virtually all individuals differed in their R2 insertion profiles. The descendants
of individual pairs of flies from these “active lines” rapidly accumulated new insertions. The frequent
insertion of new R2 elements was associated with the elimination of old R2 elements from the rDNA locus.
The existence of lines in which R2 retrotransposes frequently and lines in which the elements appear
dormant suggests that cellular mechanisms that can regulate the activity of R2 exist. Retrotransposition
activity was correlated with the number of full-length R2 elements but not with the size of the rDNA locus
or the number of uninserted units.

TRANSPOSABLE elements compose a significant other animal phyla (Kojima and Fujiwara 2004). When
units within the rDNA array are inserted by R1 and/orproportion of eukaryotic genomes and have played

an important role in their evolution. To understand the R2, they can no longer synthesize functional 28S rRNA
(Long and Dawid 1979; Jamrich and Miller 1984;dynamics of transposable element insertions, attempts

have been made, most often in the genus Drosophila, Eickbush and Eickbush 2003). Despite this deleterious
effect on the host, R1 and R2 elements appear to haveto monitor the insertion of transposable elements over
been maintained in arthropods by vertical transmissiontime. Most studies have detected no activity or activity
since the origin of the phylum (Burke et al. 1998, 1999;on the order of 10�5–10�3 new insertions per copy per
Gentile et al. 2001). The long-term maintenance of R1generation (Nuzhdin and Mackay 1995; Dominguez
and R2 in arthropods is achieved without close regula-and Albornoz 1996; Maside et al. 2001). Higher rates
tion of the fraction of the rDNA units they occupy. Theof new insertion have been identified in dysgenic crosses
levels of R1 or R2 insertion can vary from only a small(Kidwell et al. 1977; Bucheton 1990; Petrov et al.
percentage to �70% of the total rDNA units in different1995) or in isolated laboratory stocks (Prud’homme et
Drosophila populations (Jakubczak et al. 1992; Malikal. 1995; Desset et al. 2003; Houle and Nuzhdin 2004),
and Eickbush 1998; Perez-Gonzalez and Eickbushwhich suggests that transposable element activity is nor-
2001).mally restrained. It is not known what percentage of the

Understanding how R1 and R2 are maintained re-transposition events in a population occurs by elements
quires information on how often these elements areoccasionally escaping this regulation and what percent-
inserted into and eliminated from the rDNA locus. Se-age occurs by the periodic breakdown of regulation in
quence analysis from many Drosophila species revealedcertain individuals, permitting high rates of transposi-
low levels of R1 and R2 sequence variation, strong selec-tion.
tion on their open reading frames, and few examplesR1 and R2 elements are non-LTR retrotransposable
of elements containing mutations that disrupted theirelements that insert specifically into the 28S genes of
reading frames (Eickbush and Eickbush 1995; Eick-the ribosomal RNA (rRNA) gene locus (Figure 1A).
bush et al. 1995; Lathe et al. 1995; Lathe and EickbushR1 and R2 elements exist in all lineages of arthropods
1997; Gentile et al. 2001). Population surveys in Dro-(Jakubczak et al. 1991; Burke et al. 1998) as well as in
sophila melanogaster and D. simulans have suggested that
recombination eliminates individual copies of R1 and
R2 from the rDNA locus more often than it amplifies
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Genetics 170: 195–205 (May 2005)



196 X. Zhang and T. H. Eickbush

using ImageQuant version 1.2. Within each lane, the weakestments suggests they must propagate by retrotransposi-
bands were defined as representing single-copy elements; copytion to remain within the rDNA locus. In the only studies
numbers of the remaining bands were estimated by dividing

to directly follow the retrotransposition of new R1 and the signal of each band by the average signal of the single-
R2 elements and the elimination of old copies, hun- copy bands.

Southern blots and the size of the rDNA locus: Southerndreds of new R1 insertions but few R2 insertions were
blots were conducted with genomic DNA extracted from 30observed in the Harwich mutation accumulation lines of
adults of each Paradise line. To determine the proportionsD. melanogaster (Perez-Gonzalez and Eickbush 2002;
of different types of rDNA units, genomic DNA was digested

Perez-Gonzalez et al. 2003). The identification of with Cla I, HindIII, and Pst I, electrophoresed on a 1% agarose
stocks in which new R2 integrations could be monitored gel, transferred to a nitrocellulose membrane and probed

with a 280-bp segment from the 28S gene (as described inin vivo would be of significant value to understand the
Jakubczak et al. 1992) immediately downstream of the R1dynamics of R2 retrotransposition and to complement
insertion site (see Figure 1A for the position of the probe andour in vitro studies of the R2 integration mechanism
the locations of restriction sites). Uninserted rDNA units, R1-

(reviewed in Eickbush 2002). inserted units (including units that have both R1 and R2
In this article we have returned to a population of D. insertions), and R2-inserted units gave rise to 1.9-, 1.1-, and

0.9-kb fragments, respectively. Using the PhosphorImager andsimulans in which a previous survey had suggested a
ImageQuant to analyze the gel, the percentages of these threerapid turnover of R2 insertions (Perez-Gonzalez and
rDNA unit types were calculated for each line. To determineEickbush 2001). Analysis of isofemale lines derived
the proportions of double-inserted rDNA units, the genomic

from this population revealed lines in which the R2 DNA was digested with MspA1I and probed with a sequence
elements appeared completely inactive and lines where from the 3� end of the R2 element (as described in Perez-

Gonzalez and Eickbush 2001). rDNA units inserted by R2R2 frequently retrotransposed.
alone gave rise to a 2.3-kb fragment and units inserted with
both a full-length R1 and either a full-length or a 5�-truncated
R2 gave rise to a 1.2-kb fragment (see Figure 1A). The ratioMATERIALS AND METHODS of double- to single-inserted units was again quantitated with a
PhosphorImager. By combining data from these two SouthernFly stock, PCR amplification, and R2 5�-truncation profiles:
blots, the proportions of uninserted units, units inserted byThe D. simulans isofemale lines were the gift of M. Turelli
R1 alone, units inserted by R2 alone, and units inserted byand have been previously described (Perez-Gonzalez and
both elements were calculated. The total number of rDNAEickbush 2001). Fifteen of the lines in the previous study
units in the locus of each line was estimated on the basis ofwere still in existence and were used in this report. The PCR
the number of R2 elements directly counted by virtue of theirprotocol was the same as described in Perez-Gonzalez and
different 5� ends (see above) divided by the fraction of theEickbush (2001) except that the Taq DNA polymerase and
rDNA locus containing an R2 insertion.PCR buffer were from Promega (Madison, WI). Genomic DNA

was extracted from single flies and prepared for PCR as de-
scribed by Gloor et al. (1993). A forward primer, 5�-TGCCCAGT

RESULTSGCTCTGAATGTC-3�, which anneals to the 28S gene 80 bp
upstream of the R2 insertion site, was used in combination with New R2 insertions within the rDNA locus of an organ-one of the following reverse primers: 5�-ATACCCACGCAGGT

ism can be characterized even though all elements insertTCCGC-3�, 5�-CGCTGGACGACAGCATACTGC-3�, 5�-GAAGAC
into the same site of the 28S gene because the mecha-GGTTCTGGCCAGTC-3�, 5�-TCGAATGCCTTGCTTACATC-3�,

5�-GATAGAAAATCCAACGTTCTGTC-3�, 5�-GTGCATGAAT nism of R2 insertion generates extensive sequence vari-
GAATGCTATC-3�, 5�-CCCCTTGTAGTACGAGACTTC-3�, 5�- ants at their 5� junction with the 28S gene. Variation is
GTCACCTGCGGCTTCGAATC-3�, and 5�-GTATGGAAATCT generated because after initiating cDNA synthesis atATCGAAAGATACT-3�, which bind, respectively, to R2 se-

the 3� end of the R2 RNA transcript, the R2 reversequences 0.8, 1.0, 1.3, 1.6, 2.0, 2.4, 2.8, 3.2, and 3.6 kb from
transcriptase does not need to polymerize to the 5� endthe 5� end of a canonical full-length R2 element (see Figure

1B). To construct an R2 5�-truncation profile, DNA extracted for a complete integration reaction to occur (Luan et
from a single fly was PCR amplified with the above primer al. 1993). Thus the R2 copies in any rDNA locus are a
pairs and the PCR products were separated on 8.75% polyacryl- collection of “full-length” copies and copies that are 5�amide gels. Lengths of the R2 5� truncations were calculated

truncated at various positions along the length of theon the basis of the sizes of the PCR products and the positions
element (see Figure 1B). The different 5�-truncated R2of the reverse primers. To avoid scoring spurious bands that

are occasionally produced by PCR, every band was confirmed elements can be scored by PCR using one primer that
by two adjacent primers before being scored as an authentic binds to the 28S gene upstream of the R2 insertion site
R2 5�-truncated copy. and a series of second primers that bind to differentDetermination of the number of full-length R2 elements:

regions of R2 (Perez-Gonzalez and Eickbush 2001).To score full-length R2 elements, the primer (5�-GACTTGAG
On the basis of an analysis of isofemale lines establishedTAAAGGAGAGACT-3�) that annealed to the R2 sequence 123

bp downstream of the 5� end of a full-length R2 was 32P-end- from a population of D. simulans in Paradise, California, it
labeled (Perez-Gonzalez and Eickbush 2002) and used in was found that a majority of the 5�-truncated R2 insertions
combination with the primer complementary to the 28S gene within this population were of unique length (i.e., corre-
80 bp upstream of the R2 insertion site. The products were

spond to a single copy per X chromosome) (Perez-separated on an 8% high-voltage denaturing polyacrylamide
Gonzalez and Eickbush 2001). In addition, the 5�-gel, exposed in a PhosphorImager cassette, and quantitated

in a Molecular Dynamics (Sunnyvale, CA) Storm Analyzer truncated copies found in each line were not extensively
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Figure 1.—The rDNA locus and its R1 and R2 insertions. (A) The rDNA locus of D. simulans, as in most eukaryotes, is composed
of a tandem array of rDNA units each encoding 18S, 5.8S, and 28S rRNA. Each rDNA unit can be inserted by R1, R2, or both
elements. The ORFs and untranscribed region of the R1 and R2 elements are shown. Also shown are the locations of restriction
sites for ClaI, HindIII, Pst I, MspA1I and the positions of the probes used for the Southern blot experiments to determine the
data in Table 1. (B) Sample summary diagram of the collection of 5�-truncated R2 elements present in the rDNA loci of the
Paradise lines. The locations of R2 PCR primers used to determine the length of 5�-truncated and full-length R2 elements are
shown above the diagram of the R2 element. The R2 copies in any organism are a collection of full-length copies and copies
truncated at their 5� end. The length of each copy is represented by the closely spaced horizontal lines. The 5�-truncated elements
are usually present only at a single copy per rDNA locus (each copy has a unique length). Multiple full-length R2 elements of
similar length are also present. Differences of these full-length elements can be detected on high-resolution gels (see Figure 4).
A summary (truncation profile) of the 5�-truncated R2 copies in an rDNA locus is shown in the diagram at the bottom. The
horizontal line represents the length of a full-length R2 and vertical lines represent the different 5�-truncated R2 copies.

shared among the different isofemale lines. Thus the Variation in the R2 5�-truncation profiles of the Para-
dise lines: It is straightforward to score the R2 profileR2 truncation patterns in these lines indicated that most

R2 insertions were sufficiently recent that they had nei- of individual rDNA loci in D. simulans because the rDNA
units exist exclusively on the X chromosome; i.e., therether spread by recombination to other chromosomes

in the population nor been amplified by recombination are no units on the Y chromosome, unlike most other
Drosophila species (Lohe and Roberts 1990; Mechevato higher numbers on the same chromosome. Such

rapid turnover of R2 elements can explain the �0.5% and Semionov 1992). Therefore the R2 elements scored
in individual D. simulans males from each Paradise linenucleotide sequence divergence found in the full-length

and 5�-truncated R2 elements of all Drosophila species represented the R2 insertions on individual X chromo-
somes in that line. As examples of the variation foundstudied to date (Eickbush and Eickbush 1995; Lathe

and Eickbush 1997). in the different Paradise lines, the profiles of the 5�-
truncated R2 elements from three lines are shown inIf R2 insertions and eliminations continued while

these isofemale lines were maintained as inbred stocks Figure 2. In line 1 (Figure 2A), the same 21 PCR frag-
ments were found in all 18 males surveyed. The 5� endswithin the laboratory, then changes in the R2 profile

over time would be expected. Therefore, �75 genera- of the truncated R2 copies that gave rise to these frag-
ments are indicated by the vertical lines on the hori-tions after the initial characterization of the lines, the

PCR analysis was repeated. zontal line representing the length of the complete R2
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Figure 2.—R2 5�-truncation profiles of the X chromosome rDNA loci from Paradise lines 1, 31, and 58. rDNA units are only
on the X chromosome of D. simulans ; thus the R2 profiles of individual males represent the profiles of individual X chromosomes
in that population. As diagrammed in Figure 1B, the horizontal line represents the length of the complete R2 element, with
vertical lines representing the different 5�-truncated copies. (A) Line 1. All 18 males had the same profile containing 21 5�-
truncated elements. (B) Line 31. Four different R2 truncation profiles were found in males from this line. The number to the
right of each R2 truncation profile is the number of males in which the particular profile was found. The 5�-truncated elements
marked with dots at the bottom represent R2 elements found in all males. (Bottom) A composite truncation profile, representing
all R2 5� truncations seen in this line, is shown. Polymorphic truncations (truncations that are not present in all males sampled)
are marked with the number of males in which the particular truncation was found. (C) Line 58. Ten different R2 truncation
profiles were identified. Nine truncation copies were present in all males while 27 truncated copies were polymorphic.

element (see Figure 1B). All PCR products correspond- differences in R2 elements between any two X chromo-
somes within this line ranged from 1 to 16. As showning to 5�-truncated copies were of similar intensity, sug-

gesting that they each correspond to a single R2 copy. by the composite R2 truncation profile, only 9 of 36
total R2 length variants were present in all males. ThisThus there was no evidence of recent R2 insertions,

deletions, or amplifications in line 1. level of variation suggested many recent insertions and/
or deletions in line 58.Unlike line 1, variation within the R2 insertion pattern

was found in D. simulans line 31 (represented by the A similar analysis was done for the remaining 12 Para-
dise lines, and the composite R2 truncation profiles forfour horizontal lines in Figure 2B). While 14 males

sampled had the same profile consisting of 23 5�-trun- all 15 lines are shown in Figure 3. The 15 lines could
be divided into three groups on the basis of the levelcated copies, 2 males were missing 7 R2 copies found

in all other males, and 1 male had 1 R2 copy missing. of R2 5�-truncation variation. The first group comprised
6 lines (top), in which all males within a line had identi-Finally, 1 male had 3 R2 copies that were not found on

any other chromosome. Thus new R2 insertions and/ cal R2 truncation profiles on their X chromosomes. The
11 (line 76) to 25 (line 96) 5�-truncated copies matchedor eliminations had occurred in this line since the last X

chromosome fixation event. A composite R2 truncation the profiles scored 75 generations earlier. Therefore,
there was no evidence in this group for insertions orprofile is shown at the bottom of Figure 2B with the

number of males in which each unfixed R2 copy was deletions over a 3-year period.
The five paradise lines shown in the middle of Figurefound indicated above the vertical line.

An even higher level of variation in R2 profiles was 3 composed a group in which two to four different
X chromosome profiles were found among the malesdetected in line 58 (Figure 2C). Ten different X chro-

mosomes were found with no chromosome type present sampled from each line. These lines had from 14 to 28
5�-truncated R2 copies present on all X chromosomesin more than three of the males sampled. The number

of 5�-truncated R2 copies on the X chromosomes in and from 1 to 11 copies present on only a subset of the
X chromosomes. Most of the variation in two lines (linesthis line ranged from 14 to 26, while the number of
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Figure 3.—R2 truncation profiles of all Paradise lines. Numbers at left are isofemale line numbers. Numbers at right are the
number of X chromosome R2 truncation profile types found in that line. In the first six Paradise lines shown, all males sampled
from each line had identical 5�-truncation profiles. For the remaining lines the profiles presented are composite R2 truncation
profiles. Polymorphic R2 truncations are marked with the number of males in which the particular truncation was found. The
number of males sampled in each line was 18 except for the sampling of 11 males in line 65, 13 males in line 61, and 16 males
in line 58.

31 and 61) could be explained by one chromosome in percentage of full-length elements in each line). Fortu-
nately, even individual full-length R2 insertions can beeach line undergoing a deletion, which eliminated 7

R2 copies. Because the analysis in the R2 profile in the identified because the mechanism used by R2 to initiate
second-strand DNA synthesis is imprecise, frequentlyoriginal study (Perez-Gonzalez and Eickbush 2001)

had been conducted with DNA derived from a pool of generating small deletions, insertions, and duplications
at the 5� junction of the element (George et al. 1996).flies in each line, deletions as well as any insertions

present in only a few flies would have gone undetected. To determine if the many differences in the 5�-truncated
R2 elements scored among males from Paradise line 58Therefore while suggestive, this group of lines did not

provide definitive evidence for recent insertion or dele- were also true of full-length elements, a PCR primer
that anneals to R2 sequences 123 bp from the 5� endtion events.

Finally, the four lines in the third group (Figure 3, of full-length elements was end-labeled and used in com-
bination with the primer that anneals to the 28S genebottom) had 10 or more different X chromosomes in

each line. In line 89, all 18 males had a different R2 5�- 80 bp upstream of the R2 insertion site. The labeled
PCR products were then electrophoresed on a high-truncation profile. In all four lines less than half of the

R2 copies were present in all males sampled, and the resolution denaturing gel to resolve small differences in
product lengths. Figure 4 shows the results of individualR2 truncation profiles had dramatically changed com-

pared to the previous study (Perez-Gonzalez and Eick- males sampled from line 58. The full-length R2 profile
of the males differed in the number of bands as well asbush 2001). These stocks had not become contami-

nated because the R1 truncation profiles showed little in the intensity of some bands. The canonical full-length
R2 element as determined in the original study (Perez-variation from the profiles seen 75 generations earlier

(data not shown). The high level of variation seen within Gonzalez and Eickbush 2001) is the intense band
identified with an asterisk. Many other R2 copies werethese lines suggested the recent and rapid turnover of

R2 elements. up to 80 bp shorter or longer than this canonical length.
Nine different X chromosome types could be identifiedVariation within the full-length R2 elements of line

58: Forty to 80% of the R2 elements in the Paradise solely on the basis of the combination of R2 copy lengths
present. The intensity of some bands also differed be-isofemale lines do not have large 5� truncations and are

thus classified as full length (see below for the exact tween X chromosomes, indicating an increase or de-
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A, 16 new insertions (5 full length and 11 5� truncated)
generated nine X chromosome profiles that differed
from those in the original pair. Only two males tested
in generation 5 contained an X chromosome identical
to one of the parental X chromosome profiles. Three X
chromosomes of the descendents, in addition to gaining
new insertions, had lost four R2 elements present in
the original pair.

In the B lineage, 16 new insertions (7 full length and
9 5� truncated) generated 14 different X chromosome
types. This lineage had three X chromosomes with 4–7
deletions that involved in total 12 R2 copies. Interest-
ingly 2 of the deleted R2 copies had also been deleted
in the A lineage. None of the males tested in generation
5 contained an X chromosome identical to one of the
parental types.

Finally in a third lineage (data not shown), new inser-
tions were not detected but five R2 copies were deleted
from one male. These deleted copies were among the
same R2 copies deleted from lineages A and B, indicat-
ing that certain R2 copies (or locations within the rDNA
locus) were prone to elimination. The failure to find
new insertions in this lineage suggested that all X chro-
mosomes in line 58 did not contain equally active R2
elements.

Characterization of the rDNA loci of the Paradise
lines: We next asked whether the R2 activity detected
in some of the D. simulans lines could be correlated

Figure 4.—5� variation in the full-length R2 elements of
with the number of R2 elements, the fraction of theD. simulans line 58. DNA from 17 males of line 58 was individu-
rDNA units inserted with R2, or the size of the rDNAally PCR amplified with an end-labeled primer that annealed

to the 28S rRNA gene 80 bp upstream of the R2 insertion site locus (i.e., the total number of rDNA units). The num-
and the 0.1-kb R2 primer shown in Figure 1B. The labeled ber of R2 insertions present within individuals of a line
PCR products were run on a high-voltage, denaturing 8% can be accurately determined because of the extensive
polyacrylamide gel and the signal was quantitated on a Phos-

sequence variation present at the R2 5� ends. We havephorImager screen (see materials and methods). The aster-
previously shown that the many 5�-truncated bandsisk indicates the length of canonical full-length R2 elements

as described in Perez-Gonzalez and Eickbush (2001). Base seen by PCR amplification of individual D. simulans
positions relative to this canonical full-length R2 are shown males or D. melanogaster males are of equal intensity, and
at right. thus correspond to one copy per chromosome (Perez-

Gonzalez and Eickbush 2001, 2002; Eickbush and
Eickbush 2003; Perez-Gonzalez et al. 2003). Thereforecrease in the number of elements of these specific
the number of 5�-truncated copies can be determinedlengths. By quantitating the amount of signal in each
by counting the number of distinct PCR bands detectedPCR band on a PhosphorImager, virtually all X chromo-
in our 5�-truncation profiles (Figure 4). Polymorphicsomes sampled from line 58 could be resolved as differ-
truncations (i.e., those not present in all X chromo-ent. Clearly the extensive variation in R2 profiles in line
somes sampled from each line) were counted as the58 involved both 5�-truncated and full-length elements.
number of chromosomes in which the truncations wereR2 insertions and deletions rapidly accumulated in
observed divided by the number of X chromosomesline 58: To determine how quickly variation in the R2
sampled. Because we have not shown that all 5�-trun-profile could accumulate in these D. simulans lines, a
cated elements are single copy, these counts may repre-subline of line 58 was started with one pair of flies to
sent an underestimation of the number of 5�-truncatedreduce the initial level of variation. Single pairs of flies
R2 elements in each line. The number of full-length R2from this subline were mated and their progeny were
insertions was determined by using the end-labeled PCRmaintained as separate lineages. R2 5�-truncation pro-
primer and separating the products on high-resolutionfiles as well as full-length R2 profiles of individual male
denaturing gels (see Figure 4). Many of the full-lengthdescendents after five generations were compared (Fig-
copies were present at one copy per chromosome. Theure 5). Because the R2 truncation profiles of the original
number of elements corresponding to the more intensepair were determined (top of each panel), new inser-

tions could be distinguished from deletions. In lineage PCR bands was estimated by dividing the total 32P signal
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Figure 5.—R2 insertions and deletions rapidly
accumulated in line 58. Single pairs of flies from
line 58 were mated and their progeny were main-
tained as separate lineages for five generations.
Data from two lineages are presented. Shown at
the top of A and B are the R2 profiles of the two
X chromosomes from the original female and the
single X chromosome from the original male used
to establish the lineage. The profiles of the two
X chromosomes of the female were determined
by analysis of the R2 profiles of a collection of
her sons. Below these progenitor profiles are the
profiles of males collected at the fifth generation.
The dotted line to the left of each R2 5�-truncation
profile represents an expanded scale of differ-
ences in the full-length R2 elements. Because
there are many full-length R2 elements, only full-
length elements not present in parental X chro-
mosomes are shown. New R2 insertions are in
bold and marked with a star. Deletions of the
parental R2 copies are marked by solid ovals.
Numbers on the right are the number of genera-
tion 5 males in which this profile type was found.

in each band by the signal present in the single-copy inserted rDNA units were calculated (Table 1). The
fraction of the rDNA locus inserted with R2 elementsbands (see materials and methods).

Shown in ascending order in Figure 6A are the total averaged 22% and varied from a low of 14% in line 95
to a high of 44% in line 58. The fraction of the locusnumber of 5�-truncated R2 elements (open area of the

bar) and full-length R2 elements (solid area of the bar) inserted with R1 elements averaged 10% and also
showed significant variation among the lines. The frac-present in each of the D. simulans lines. The number

of R2 elements varied from a low of 23 in line 76 to a high tion of the rDNA units inserted with R1 showed no
relationship to the fraction inserted with R2. The frac-of 85 in line 58 (3.7-fold range). Most of the differences

between lines were due to the variation in the number of tion of the R1 and R2 double-inserted rDNA units varied
from 3 to 14%, which, as we have noted previouslythe full-length R2 elements (range 12–62).

To determine the fraction of the rDNA locus inserted (Perez-Gonzalez and Eickbush 2001), is significantly
higher than what would be expected from the randomwith R1 and R2 elements, genomic DNA from 30 adults

of each line was extracted and two Southern blots were insertion of R1 and R2 elements into the rDNA units.
Finally, to determine the size of the rDNA locus (theconducted. In the first Southern blot, restriction en-

zymes were used that cleaved the rDNA units into three total number of rDNA units) in each line, the total
number of R2 elements (5� truncated and full length,fragments: uninserted, R1 inserted (including R1 and

R2 double inserts), and R2 inserted. The genomic blot Figure 6A) was divided by the fraction of the units that
contained R2 insertions (Table 1). The size of the locuswas probed with a fragment of the 28S gene downstream

of the R1 insertion site. In the second Southern blot, a averaged �200 units varying from an estimated 140 in
line 92 to 270 units in line 95 (shown in Figure 6B).restriction enzyme was used that cleaved the R2-inserted

units into two fragment sizes depending upon whether The calculated numbers of uninserted, R1 only inserted,
R2 only inserted, and R1 � R2 double-inserted rDNAthey were or were not also inserted with an R1 element.

This blot was probed with sequences from the 3� end units are represented by the open, shaded, solid, and
stippled areas of the bars, respectively. Lines with highof the R2 element (see Figure 1A and materials and

methods for a more detailed description of these blots). R2 activity are indicated with an asterisk. As will be
described in the discussion, R2 activity correlated withBy determining the relative intensity of the bands from

these two Southern blots, the percentages of uninserted, the number of full-length R2 elements but not with the
size of the rDNA locus.total R1-inserted, total R2-inserted, and R1 � R2 double-
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TABLE 1

Percentages of uninserted, R1-inserted, R2-inserted, and
double-inserted rDNA units in the Paradise lines

Fly Uninserted
line (%) R1 (%) a R2 (%) a R1 � R2 (%)

1 83 11 16 10
31 71 17 25 14
34 86 8 14 8
57 66 15 29 10
58 51 14 44 9
61 83 5 16 3
65 77 11 18 6
71 72 7 28 7
76 85 9 14 7
89 72 9 27 8
90 79 11 17 6
92 73 15 20 8
95 85 5 14 4
96 80 8 17 6

100 73 12 27 11

a Includes both single- and double-inserted (R1 � R2) units.

Figure 6.—R2 copy number and size of the rDNA locus in position events were found randomly distributed over
each Paradise line. (A) Average R2 copy number in each 19 sublines, suggesting a uniform low rate of new inser-
Paradise line. The open portion of each bar represents the

tions.number of distinct 5�-truncated R2 elements scored in the
The isofemale lines of D. simulans characterized inPCR analysis (Figure 3), and the solid portion of each bar

represents the number of full-length elements as determined this report offered a different indication of the rate and
by a PCR analysis similar to that in Figure 4. Polymorphic R2 pattern of R2 retrotransposition. Most lines were similar
insertions were scored by the number of males containing the to the previously reported D. melanogaster lines, and pro-
element divided by the number of total males sampled. (B)

vided little evidence of active retrotransposition. TheAverage size of the rDNA locus in each Paradise line. The
insertion profiles of R2 elements in these lines wereestimated number of uninserted, R1-inserted, R2-inserted, and

double-inserted (R1 � R2) rDNA units are represented, re- similar or identical to the profiles scored 75 generations
spectively, by the open, shaded, solid, and stippled portions earlier. On the other hand, virtually every rDNA locus
of each bar. These values were determined by genomic DNA sampled from a few isofemale lines had differences in
blots and using the calculated total number of R2 insertions

their R2 insertion profiles, suggesting retrotransposi-in each line divided by the fraction of the total rDNA units
tion. Direct evidence for frequent retrotransposition wasthat were inserted by R2 to determine the total number of

units (Table 1) (see materials and methods for details). In demonstrated by showing that the descendants of indi-
A and B, lines with high R2 activity, as indicated by the level vidual pairs of flies from the “active” lines rapidly accu-
of variation in the R2 profiles (see Figure 3), are indicated mulated new R2 insertions.
with an asterisk.

The characterization of naturally occurring active and
inactive lines of D. simulans provides new insights into
the dynamics of R2 element insertions and deletions.DISCUSSION
The data suggest that there are stable genetic conditions

All laboratory stocks and geographical lines of D. mela- under which new retrotransposition events can occur
nogaster and D. simulans characterized to date have con- frequently and stable genetic conditions under which
tained significant numbers of R2 elements ( Jakubczak events are rare or absent. Because some of the lines
et al. 1992; Eickbush and Eickbush 1995; Eickbush et contained intermediate levels of R2 variation, it will be
al. 1995; Perez-Gonzalez and Eickbush 2001). The important to determine whether these lines have lower
various copies of these elements contained �0.5% nu- rates of retrotransposition or whether the current varia-
cleotide sequence variation and few had mutations that tion in these populations represents either remnants of
disrupted the R2 open reading frame. These observations former activity or the recent initiation of activity.
suggest R2 retrotransposition occurs on a continuing basis Genetic conditions under which quiescent mobile ele-
in a population, but do not indicate the frequency of ments actively generate new copies have most often been
such events. To monitor the rate of retrotranspositions, found associated with hybrid dysgenic crosses (Kidwell
replicate sublines of one D. melanogaster stock were scored et al. 1977; Bucheton 1990; Petrov et al. 1995). In
after 350 generations (Perez-Gonzalez and Eickbush these crosses, mobile elements are activated when an

individual that has copies of a mobile element mates2002; Perez-Gonzalez et al. 2003). Only 16 retrotrans-
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with an individual with no copies of that element. Ele-
ment activity continues in the descendents of this cross
for a number of generations until eventually element
activity is turned off. The mechanisms that suppress the
continued activity of these elements are believed to be
cellular systems designed to detect the expression of
any sequence present in multiple copies (Chaboissier
et al. 1998; Roche and Rio 1998; Jensen et al. 1999;
Boivin et al. 2003). The R2 activity we have detected in
the D. simulans isofemale lines clearly differs from that
of hybrid dysgenesis in that both males and females
from all lines contain many copies of R2 elements, and
R2 activity is maintained for many generations. We do
not know how long the R2 elements have been active
in these lines but the rapid accumulation of new inser-
tions in the descendants of single pairs has been ob-
served over a 1-year period (�25 generations) in several
independent trials with two of the active lines (58 and
89) (Figure 5; data not presented).

R2 activity is more similar to the activity associated
with the LTR retrotransposons copia, gypsy, Zam, and
Idefix. The activity of these elements is associated with
one or more alleles present at specific “control” loci in
the genome (Prud’homme et al. 1995; Nuzhdin et al.
1998; Desset et al. 2003), although a more general con-
trol mechanism may be involved (Sarot et al. 2004).
Element activity continues for generations and does so Figure 7.—Correlation between R2 activity and the number
irrespective of the number of mobile element copies of full-length R2 elements or the fraction of the rDNA locus

inserted with R2. The level of R2 activity was scored as thepresent in the organism.
level of variation within each line (i.e., the number of X chro-One likely locus that might control the activity of
mosome variant profiles from Figure 3). The Paradise linesR2 elements is the rDNA locus itself. In Figure 7A the are divided into three groups on the basis of the number of

number of full-length and, thus, potentially active R2 chromosome types found in sampled males from that line and
elements has been plotted vs. the amount of R2 variation plotted vs. (A) the number of full-length R2 elements found

in the Paradise lines and (B) the fraction (as percentage) ofthat was present in each subline (scored as the number
the rDNA units in each line inserted with R2.of X chromosome R2 profiles identified in 18 males).

The six lines with no R2 activity had on average 17
full-length R2 elements, while the four lines with high

intermediates, which overwhelms cellular control mech-activity (10 and more X chromosome R2 profiles) aver-
anisms. However, such a correlation between R2 copyaged 44 full-length elements or over 2.5 times that of
number and R2 activity was not exact. Line 96 containedthe no activity lines. The five lines with 2–4 different
26 full-length R2 copies and no detectable R2 activity,R2 profiles averaged higher numbers of full-length ele-
while line 89 had 32 full-length elements and the highestments but overlapped extensively with the no activity
level of R2 activity (as measured by the variation withinlines. In contrast, there was no correlation between R2
the line), even higher than line 58, which had 65 full-activity and the size of the rDNA locus. The four active
length elements.lines had on average �195 rDNA units while the six

An alternative model to explain R2 activity is that theinactive lines averaged �215 units (see Figure 6B). How-
rate of retrotransposition is unrelated to element copyever, because the active lines had more R2 elements
number or the fraction of the locus inserted with R2;there was a positive correlation between R2 activity and
rather the larger numbers of R2 copies present in activethe percentage of the locus that was inserted with R2
lines is the result (not the cause) of R2 activity. In this(average �15% for the inactive lines and �31% for the
model, R2 activity could be controlled by a genetic locusactive lines, Figure 7B).
other than the rDNA locus itself. We should be able toTransposable element insertion rates have previously
resolve between these two models by conducting crossesbeen correlated with the number of elements (Nuzhdin
between the active and inactive Paradise lines and genet-et al. 1996; Pasyukova et al. 1998). Thus one possible
ically mapping control over R2 activity.model to explain the correlation of R2 activity with

Another important finding of this report is that theelement number is that the larger number of R2 ele-
insertion of many new R2 elements resulted in the elimi-ments or the greater fraction of inserted rDNA units is

able to produce a high level of the retrotransposition nation of preexisting R2 elements from the locus. Non-
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Burke, W. D., H. S. Malik, W. C. Lathe, III and T. H. Eickbush,LTR retrotransposable elements have never been shown
1998 Are retrotransposons long-term hitchhikers? Nature 392:

to excise, thus these eliminations presumably involved 141–142.
Burke, W. D., H. S. Malik, J. P. Jones and T. H. Eickbush, 1999recombination events that deleted the R2-inserted rDNA

The domain structure and retrotransposition mechanism of R2units. These recombination events appeared to involve
elements are conserved throughout arthropods. Mol. Biol. Evol.

more than single rDNA units because four to seven R2 16: 502–511.
Chaboissier, M.-C., A. Bucheton and D. J. Finnegan, 1998 Copycopies were eliminated per event (Figure 5). The deletions

number control of a transposable element, the I factor, a LINE-frequently involved the same regions of the rDNA locus
like element in Drosophila. Proc. Natl. Acad. Sci. USA 95: 11781–

because the same subset of R2 elements was often elimi- 11785.
Desset, S., C. Meignin, B. Dastugue and C. Vaury, 2003 COM, anated (Figure 5). Hot spots for the elimination of R1

heterochromatic locus governing the control of independentand R2 elements within the rDNA locus have also been
endogenous retroviruses from Drosophila melanogaster. Genetics

seen in our studies of the D. melanogaster Harwich lines 164: 501–509.
Dominguez, A., and J. Albornoz, 1996 Rates of movement of trans-(Perez-Gonzalez et al. 2003). In addition, deletions

posable elements in Drosophila melanogaster. Mol. Gen. Genet. 251:within the rDNA locus in the presence of active R2
130–138.

insertion machinery are associated with our in vivo R2 Eickbush, D. G., and T. H. Eickbush, 1995 Vertical transmission
of the retrotransposable elements R1 and R2 during the evolutionintegration system (Eickbush and Eickbush 2003). In
of the Drosophila melanogaster species subgroup. Genetics 139:this system the injection of purified R2 protein and
671–684.

RNA into Drosophila embryos results in the insertion Eickbush, D. G., and T. H. Eickbush, 2003 Transcription of endog-
enous and exogenous R2 elements in the rRNA gene locus ofof marked R2 elements in the rDNA locus. These inser-
Drosophila melanogaster. Mol. Cell. Biol. 23: 3825–3836.tions are frequently accompanied by large deletions of

Eickbush, D. G., W. C. Lathe, III, M. P. Francino and T. H. Eick-
rDNA. Finally, retrotransposition of another non-LTR bush, 1995 R1 and R2 retrotransposable elements of Drosoph-

ila evolve at rates similar to those of nuclear genes. Genetics 139:transposable element, L1, has been shown to cause large
685–695.deletions (�70 kb) of host genomic DNA (Gilbert et

Eickbush, T. H., 2002 R2 and related site-specific non-long terminal
al. 2002). repeat retrotransposons, pp. 813–835 in Mobile DNA II, edited by

N. L. Craig, R. Craigie, M. Gellart and A. M. Lambowitz.The elimination of R2-inserted rDNA units in the
American Society for Microbiology, Washington, DC.active lines can explain why the rDNA loci in these lines

Gentile, K. L., W. D. Burke and T. H. Eickbush, 2001 Multiple
are not extensively filled with R2 insertions. However, lineages of R1 retrotransposable elements can coexist in the
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