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Abstract. Tandemly repeated sequences are a majotion by the accumulation of mobile elements at the ends
component of the eukaryotic genome. Although the genof tandem arrays and into “islands” within arrays. Mo-
eral characteristics of tandem repeats have been wellile elements inserting into arrays will tend to migrate
documented, the processes involved in their origin andnto islands and to array ends, due to the turnover in the
maintenance remain unknown. In this study, a region omumber of intervening repeats.

the paternal sex ratio (PSR) chromosome was analyzed

to investigate the mechanisms of tandem repeat evoluKey words: Tandemly repetitive DNA — Satellite
tion. The region contains a junction between a tandenDNA — Retrotransposons — Junction site — Unequal
array of PSR2 repeats and a copy of the retrotransposasister chromatid exchange — Recombination
NATE,with other dispersed repeats (putative mobile el-
ements) on the other side of the element. Little similarity
was detected between the sequence of PSR2 and the

region of NATE flanking the array, indicating that the Introduction
PSR2 repeat did not originate from the underlyM@§TE

sequence. Howevc_ar, ashort re_gion of sequence Sim."arit¥andemly repeated sequences, or satellite DNAs, are
(11/15 bp) and an inverted region of sequence identity (8 esent in a wide range of organisms, and in certain cases

bp) are present on either side of the junction. These shoﬁ]r

sequences may have facilitated nonhomologous recom. ese sequences may constitute a large percentage of the
bination betweerNATE and PSR2, resulting in the for- otal genome. Because tandemly repeated sequences are

. . ; . . ; so abundant and appear to have little or no functional
mation of the junction. Adjacent to the junction, the three™,” .- e
. ; o significance, they are commonly regarded as “selfish

most terminal repeats in the PSR2 array exhibited & =, "/, . . i

. . . . or “junk” DNA (Doolittle and Sapienza 1980; Orgel

higher sequence divergence relative to internal repeats

which is consistent with a theoretical prediction of the dnd Crick 1980). Studies of tandem repeats have gener-

unequal exchange model for tandem repeat evolution‘r.leIy focused on determining the nucleotide sequence,

Other NATE insertion sites were characterized which abundance, genomic organization, and/or species distri-

show proximity to both tandem repeats and complexbuuon of the repeats (Willard 1989). Tandem repeats are

L " . .« routinely divided into distinct classes based on the size of
DNAs containing additional dispersed repeats. An “ac- . ) . . S
the repeating sequence; such as microsatellite, minisat-

cretion model” is proposed to account for this aSSOCIa_eIIite, and satellite DNA (Charlesworth et al. 1994). Itis
the “classic” satellite sequences (approximately 200
bases in length) which are the focus of this investigation.
Correspondence tdBryant McAllister at Department of Biology, Uni- TWO important questlorjs regardlng the evolution of sat-
versity of Texas at Arlington, Box 19498, Arlington, TX 76019-0498, €llite sequences remain unresolved: What leads to the
USA origins of these repeats? and What are the dynamics of
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repetitive arrays? Many theoretical models have pro-exchanges involving repeats located near the termini
vided a framework in which to address these issues, alfStephan 1989). These terminal repeats are also influ-
though the empirical data have been inadequate for dissnced by overall rates of unequal exchange, which
tinguishing among the proposed mechanisms underlyingauses identity among repeats to decrease as spatial
repeat evolution. distance increases (Ohta 1980). Therefore, evolution by
The first issue is the origins of repetitive arrays. Se-unequal exchange should lead to terminal repeats
guence duplication by an aberrant recombinationcontaining the highest sequence divergence relative to
(Kriiger and Vogel 1975; Ohta 1980) or replication slip- the common repeated sequence. Models of unequal
page (Levinson and Gutman 1987; Walsh 1987; Stephaaxchange also indicate that higher order organiza-
1989) may represent the primary event which creates &on of repeats can occur (Stephan 1989). This pro-
repeat. Both of these processes involve duplicating a prezess may be facilitated by the insertion of mobile
viously single-copy sequence, thus initializing a tandemelements into tandem arrays, although there have been
repeat. After amplification of the sequence into a largefew studies of the pattern and distribution of elements
array, the final sequence of the repeating unit shouldvithin tandem arrays and little is known about the struc-
resemble the original nonrepetitive sequence. Smitliure of junctions between tandem arrays and other
(1976) envisioned a different process of repeat origin. HEDNAs.
postulated that a nonfunctional sequence will experience The Paternal Sex Ratio (PSR) chromosome in the
unequal exchange events (mismatches out of registgrarasitic waspNasonia vitripennisprovides a unique
from complete identity), and the recombinant productssystem for studying the origin, maintenance, and struc-
would not be eliminated by purifying selection. Follow- ture of tandemly repeated sequences. A key feature of
ing a large number of these unequal exchanges, a perRSR is that it never experiences meiosis and is main-
odicity evolves in the sequence (Smith 1976; Stephartained strictly as a haploid through mitotic cell cycles.
1989). This model predicts that repeats originate from arPSR is continually maintained in a haploid cell lineage
existing sequence, although the relationship between thieecause it is always carried by (haploid) male wasps. The
original sequence and the final repeated unit is indeterechromosome is transmitted in sperm, and after fertiliza-
minate. The duplication, replication slippage, and un-tion PSR causes loss of the paternal autosomes in the
equal exchange models all propose a de novo origin ofirst zygotic division (Werren et al. 1987; Nur et al.
each repetitive array, but an alternative is that new re1988). The result is development of a male wasp con-
petitive arrays evolve from existing arrays at other loca-taining the haploid maternal autosomes and PSR.
tions in the genome. Excision and circularization of aSince spermatogenesis is entirely mitotic in male wasps,
few repeats from a tandem array may provide a templat®SR never undergoes meiotic recombination. Therefore,
for rolling circle replication (Walsh 1987), and following all processes involved in the maintenance of tandem
amplification into a linear array, the repeats may insert atepeats on PSR act exclusively during mitotic cell divi-
a new location in the genome. By examining the se-sions.
guences immediately flanking repetitive arrays, or by The PSR chromosome contains four major families of
inferring the ancestral state of the underlying single-copytandemly repeated sequences (Eickbush et al. 1992).
sequence prior to repeat origin, it may be possible torhree of these tandem repeats (PSR2, PSR18, and
identify patterns that are consistent with one of thesd?SR22) are classic “satellite” DNAs and they appar-
mechanisms. ently evolved specifically on PSR, because they are not
A second issue concerns the dynamics and maintepresent on the autosomes Nf vitripennisor related
nance of existing arrays. The most widely acceptedspecies (Nur et al. 1988; Eickbush et al. 1992). The three
mechanisms underlying maintenance of arrays of satelrepeated sequences are approximately 171-214 bp in
lite DNA are unequal exchange and intrastrand exchangkength (Eickbush et al. 1992) and are present in large
(Charlesworth et al. 1994). Successive unequal exlocalized arrays on the PSR chromosome (Beukeboom
changes between paralogous units of repetitive arrays oand Werren 1993). Overall sequence similarity is evident
separate DNA strands prevents individual repeats fromand two palindromes are highly conserved among the
evolving independently, instead the arrays evolve in consequences, thus it appears that these repetitive sequences
cert (Smith 1976; Ohta 1980; Stephan 1989). Unequaére evolutionarily related (Eickbush et al. 1992; Reed et
exchanges increase and decrease the number of repeats1994). In this study, junction regions between tandem
in an array, which over successive generations reduceasrrays and regions of nonarray DNA are analyzed to
sequence variation and causes turnover among repeats byaluate mechanisms of tandem array evolution.
stochastic fixation of a single repeat type. According toPrompted by the frequent association between tandem
this model, homogenization by unequal exchange occureepeats and dispersed repeats on the PSR chromosome, &
in regions of the array that are free to recombine; how-model is also proposed for the accumulation of mobile
ever, unique sequences flanking a repetitive array inhibiDNA in “islands” and at the ends of arrays.
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Materials and Methods present; this was consistent with mapping estimatesR§ and p8-

SS13 indicating the presence of thrieindlll fragments containing
PSR2 repeats.

Sequences from the reverse transcriptase (RT) domain from mul-
Stiple copies ofNATE cloned from the PSR chromosome revealed a
close relationship among the elements (McAllister 1995). The RT se-
quence of the element at this juncticdATEP5) shares 99.0% (597 bp
1994). Regions of tha-clones were subcloned into plasmid (Blue- compared) identity with the same region of the full-length element

. ; . NATEP16. Because these elements appear to have recently replicated
script) vectors for use as probes in Southern blots and as sequencing’ - Jmmon ancestor. the region corresponding to the junction in
template. Southern blotting and hybridization followed standard pro- ' . .
cedures (McAllister 1995; McAllister and Werren 1997). NA.TEP.5 Wﬁs subcI’c’)ned frONATEP16 to obtain the sequence of this

region in a “normal” copy ofNATE.The enzyme&caRl andHindlll
were used to subcloneP16 into Bluescript (Fig. 1A). A clone with a

Characterization of theNATE P5/PSR2 JunctioriTwo  clones ~ 1.7-kb insert homologous to the junction regionNATE P5 was ob-
were used for a detailed analysis of a junction region (Fig. M98  tained and this clone was used for sequencing.
contains the junction between a truncated copy of the retroelement All sequencing reactions were performed on chemically (NaOH)
NATEand an array of PSR2 repeats, arfil6 contains a full-length ~ denatured double-stranded plasmid DNA (Ausubel et al. 1992), using
copy of NATE and flanking sequences at both ends of the elementthe Sequenase (USB) kit and labeling wit*{S] dATP. Reaction
Because the PSR2 sequences are organized in tandem, a cloning apgpducts were electrophoresed through buffer gradient gels. Once se-
sequencing strategy was used whereby the location of each PSR2 rguences were obtained, manipulations were performed using ESEE
peat in\P8 was identified relative to the junction site (Fig. 1B). The (Cabot and Beckenbach 1989). Dot-plot comparisons were performed
entire array of PSR2 repeats and the adjacent regioNASFE were ~ Using the algorithm of Maizel and Lenk (1981) available in GCG
subcloned from\P8 by digesting the clone witBad and Sal and ~ (Genetics Computer Group, Madison, WI, Version 8.0, 1994).
ligating fragments into Bluescript (Stratagene) plasmid, digested with
the same enzymes and dephosphorylated with calf intestinal alkaline Amplification of theNATE P5/PSR2 Junctiorilo verify the pres-
phosphatase. A clone with an insert of 1.7 kb containing the junctionence of the junction between PSR2 aW8TEP5 on the PSR chromo-
site was obtained and designated p8-SS13 (Fig. 1B). This clone wasome and to determine if the junction site is variable among chromo-
further subcloned usingindlll. A 300-bpHindlll fragment containing  somes, primers flanking the junction were used to amplify the region
theNATEP5/PSR2 junction andindlll fragments of PSR2 repeat size from five different isolates of PSR using the polymerase chain reaction
(171 bp) were subcloned from p8-SS13 into Bluescript (Fig. 1B). (PCR). Template DNA was extracted from males carrying PSR A, the

The junction site, including 63 bases of the first PSR2 repeat, wasstandard laboratory strain that was used to maka fii@ary, and from
sequenced using the 300-blindlll fragment as template and sequenc- four additional isolates of the PSR chromosome. All of these strains
ing both strands. Sequencing of the PSR2 repeats at the other end of theere collected from natural populations Mf vitripennisin northeast-
cloned region was initiated by reading one strand of p8-SS13 from theern Utah. The region was amplified using a primer which anneals to the
cloning site (ofAP8) into the PSR2 array about 370 bases (Fig. 1B). PSR2 repeat (PSR2R, GCT TCT TCA TTT AAG ACG) and another
This sequence spanned 135 bases of the PSR2 array before encountgérat anneals ttNATE (N5, CCA TCC TGT GCA GCC TAG). Reac-
ing the firstHindlll site, one complete stretch of 171 bases flanked by tions volumes were 5Q.l; containing 1/10 reaction buffer (BRL), 2.5
Hindlll sites, and 65 bases into the adjacétfindlll fragment. Six mM MgCl,, a 200 ™M concentration of each primer, a 108rcon-
clones containingHindlll fragments of PSR2 repeat size were fully centration of each dNTR U of Taqpolymerase (BRL), and approxi-
sequenced on both strands. Three clones were identical to the 171-bas®tely 5 ng of template DNA. A Perkin Elmer Cetus DNA thermal
Hindlll fragment sequenced from p8-SS13, two shared unique nucleoeycler was used with the following parameters: 2x (95°C, 2 min; 54°C,
tide substitutions with the 65-base incomplétmdlll fragment, and 1 min; 72°C, 4 min) linked to 35% (95°C, 0.5 min, 57°C, 1 min, 72°C,
one contained unique nucleotide substitutions that had not been ider2 min). Reaction products were digested witindlll and electropho-
tified in otherHindlll fragments. Upon organization of these sequencesresed through a 1.5% agarose gel to determine the size dfitfuill
into a linear array, threelindlll fragments of PSR2 repeat size were fragment containing the junction. The products were also cloned into

The methods for isolating and restriction mapping Xhelones used in
this study have been presented previously (McAllister 1995). Clone
were isolated from a genomic library (EMBL 3) constructed from
SaBAl partially digested DNA from a standard PSR lab strain (PSR A)
crossed to the high fertilizing Ml strain df. vitripennis(Reed et al.
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Fig. 2. A Sequence of the junction betweBATEP5 and PSR2. In  shaded boxe$3 Proposed pairing configuration involving the regions
eachlarge boxed regionthe junction sequence is compared to either of similarity that could have promoted nonhomologous recombination
reference sequence MATEP16 or PSR2-1, withlotsindicating that ~ betweenNATE and PSR2. Theéneavier linesindicate the observed
the same nucleotide is present. Two stretches of sequence similaritjinction resulting from nonhomologous recombination.

region A and region B, and the palindrome | of PSR2, are indicated by

Bluescript usingHindlll, and the sequence was obtained from both Neither the sequence immediately ﬂanking the intact
strands of one clone containing the junction site from each chromo—end ofNATEP5 or a 150-bp sequence located about 1 kb

some away from the insertion site exhibited any similarity with
the standard PSR2-1 sequence upon visual comparison
Results and by dot-plot analysis. Within these flanking se-

quences, no repetition was identified. The sequence
flanking this element was very AT rich. Overall, the

‘sequence was 72% AT, and many polynucleotide
stretches of A and T were observed. Southern hybridiza-
tion revealed that this region contains a middle-repetitive

f'rSt' we descr['\lb:_é de(;a'IEd analyfsllasscl)?fza JunCtt'On_l_Ee'sequence present on both the PSR chromosome and the
ween acopy o andan array o repeats. 1€ giandard chromosomal complement (data not shown).

region reveals pat.te”.‘s of repeat evolution and nonho'Thus, the region flankindNATE to one side contains
mologous recombination.

PSR2 repeats, whereas the other flanking region does
not.
Analysis of theNATE/PSR2 Junction In both clones containing the junction, one cloning
site fell within the PSR2 array (Fig. 1A). A restriction
General features of thdATEPSR2 junction are shown map indicated that one clonaR8) contains approxi-
in Fig. 1, based on twa clones containing this region. mately four PSR2 repeats. This small number of repeats
Restriction digestion patterns are identical in the 11-kbmadexP8 amenable for a detailed study of the junction
region shared by the two clones, thus the inserts apparegion, and it was subcloned for further analysis (Fig.
ently represent overlapping frames of the same regionlB).
Hybridization to restriction-digested phage DNA re-  An approximately 300-bp region of the PSR chromo-
vealed that the PSR2 array localizes to one eldATE  some encompassing tHeéATE P5/PSR2 junction was
P5, and upon comparisons to intact copiesNATE, subcloned and sequenced. Sequence was obtained for
truncation of this end (9 of the element is evident (Fig. 227 bases dNATEPS5 leading up to the junction site and
1A). The other end (3 of NATEPS appears intact (Fig. for 63 bases of the first PSR2 repeat. The homologous
1A). To confirm the hybridization data, a 3.0-kb frag- region, and an additional 100 bases representing what
ment encompassing the LTR, insertion site, and flankingvould be on the other side of the junction site IATE
sequence was subcloned froiR5 (p5-ES3 in Fig. 1A). P5 was not truncated at the junction), was sequenced
A primer homologous to a site within the LTR was usedfrom NATEP16. Figure 2A shows the junction sequence
to read the terminal sequence of the LTR and 100 basesompared to sequences fraWATEP16 and a reference
flanking the element. Consistent with the hybridization PSR2 repeat [PSR2-1 (Eickbush et al. 1992)]. This com-
data, the 3end of the element is intact compared to LTR parison reveals an abrupt transition between NAETE
sequences of other elements (data not shown). and the PSR2 sequences, with only a “CT” being shared

Several regions containing different copies of the retro
transposoNATE have been cloned from the PSR chro-
mosome (McAllister 1995). These are described later
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at the junction site. The copy MMATE at the junction  gous recombination that may have led to the formation of
exhibits 96.9% sequence identity with the reference elethis junction. To determine if there is evidence that the
ment throughout 227 bp leading up to the junction site,PSR2 array is encroaching oWATE, the junction site
where there is an immediate transition to a PSR2 sewas determined on different chromosomes. The junction
quence with 92.1% (over 63 bp excluding a 3-bp indel)site was amplified by PCR, cloned, and sequenced from
identity with the reference repeat. PSR A (lab standard used to constrhdibrary) and four
additional PSR chromosomes that were collected inde-
o _ pendently from natural populations. Identical junction
Origin of the NATE/PSR2 Junction sites betweelNATEP5 and PSR2 were found on all five
PSR chromosomes, confirming that the junction site is

As shown in Fig. 2A, two short stretches of sequencenot 3 cloning artifact and indicating its stability during
similarity betweerNATEand PSR2 are present on either he time interval since the divergence of these chromo-

side of the junction site (designated A and B). Region Aggmes.

is a stretch of 11 bases of identity shared between & angther alternative to nonhomologous recombination
13-base sequence NATE and a 15-base sequence in ig that the PSR2 repeat family evolved fraWwATE. To
PSR2. Reg|.on A IS 12 bp upstream of the. Junc,t'on,'ndetermine if there were large-scale similarities between
NATE and llmme'dlately upstream of the junctlon N the PSR2 sequence and the regiorNa{TE underlying
PSR2. Region B is 1 base downstream of the junction in, o junction, dot-plot comparisons (Maizel and Lenk
PSR2 and 5 bases downstreamNATE. It consists of 1981) were performed. A 229-bp region BIATE P5
eight bages 'rNATE'W'th the exact compleme_nt In re- leading up to the junction site, the four PSR2 repeats, and
verse orientation present in PSR2. Short regions of S€100 bp ofNATEP16 on the other side of the junction site
guence similarity are known to be associated with re-

o were joined into a composite sequence and this was com-
combination events (Metzenberg et al. 1991; Warburton J P q

i . X T ared to the PSR2-1 sequence. Window sizes of 8 and 21
etal. 1993; Sakagami et al. 1994). This region is unusgagases were used, with stringencies of 50, 75, and 100%.

in having two short stretches with one a compliment in .~~~ . . .
reverse orientation. It seems unlikely that these two re—Slmllarlty among the four PSR2 repeats was evident in

gions of notable identity occur in such close proximity of all .Of the dot-plot analyses, although no remarkable simi-
the junction by chance larity was detected between the PSR2 repeatNAdE.

A possible configuration leading to recombination be_Therefore, except for the two short regions of similarity

tween NATE and PSR2 is presented in Fig. 2B. This d_ire_ctly adjacent to the junction, there is no significant
configuration involves illegitimate homologous pairing Similarity betweerNATE and PSR2. The observed pat-
betweenNATE and PSR2, either within the same chro- tern is more consistent with a recombination event be-
mosome or between sister chromatids, and would havBVee€n NATE and PSR2 than with PSR2 arising from
occurred mitotically (due to the paternal inheritance pat—NATE ) ) ) )
tern of PSR). Assuming some sort of DNA damaging Arlloth.er pO.SSIble_ explanation for the formatlon of this
event, such as a single-strand or double-strand breanction is an insertion of PSR2 repeats iNATE.If the
illegitimate homologous pairing betweeMATE and ~ PSR2 array inserted intNATE, it is expected that the
PSR2 could have occurred in region A, with this short'€maining piece oNATEPS should be flanking the other
region of homology being further stabilized WWATE  end of this PSR2 array. Both PCR assays and a PSR
region B pairing with the complementary strand of PSR2library screen were used in attempts at isolating the ex-
region B (Fig. 2B). The formation of the hybrid structure pected junction at the other end of the array. A combi-
with region B is made possible by the looping of the nation of primers were used in an attempt to amplify the
17-base stretch separating A and B witNATE.In ad-  expected junction. Two primers were used that were lo-
dition, a short palindromic region (AGGCCT) may have cated within the LTR oNATEand oriented in the same
further facilitated the DNA bending that was required. direction (N8, 5 ACG ATT ACA TAA AGC ATA G;
Resolution of the configuration presumably led to aN7, 5 CAC GAG GCA TCA TCT GCG), in combina-
break between A and B, with recombination betweention with primers homologous to the PSR2 and PSR18
NATE and PSR2 at this site causing truncation of thesequences (2R, %GC CTC AGG ACG GCG TTGC,; 2F,
NATE element. It is also interesting to note that this5" GAA CGC CGT CCT GAG GCC; 18R, CGA CAT
region of the PSR2 sequence has been involved in re€TT TTC CTC AGC G; 18F, 5GAG GAA AAG ATG
combination with another tandemly repetitive sequenceTCG CTC C). Based on the organization of the PSR2
(Reed et al. 1994) and is adjacent to a 14-bp palindromisequence at thBIATE P5/PSR2 junction, eitheNATE
region (palin 1) present in the PSR2 repeat (Fig. 2A).primer in combination with the 2R primer should have
Palindromes are known to facilitate DNA melting produced the expected product. Attempts at amplifying
(Chalker et al. 1993) and to be associated with recomthe junction with all of these primer combinations were
bination events (Bigot et al. 1990; Reed et al. 1994). unsuccessful (data not shown). In addition, the PSR ge-
We investigated several alternatives to nonhomolo-homic library was screened to determine if clones rep-
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Fig. 3. Sequences of five previously published PSR2 sequences that represent internal repeats and four complete and one partial repeats obt
from the junction region. Recognition sites f8aBAI and Hindlll are underlined,and the palindromic regions are indicated.

resenting the expected structure were present. The regiganction with NATE. After the sequence of the PSR2
of NATEP16 (p16-EH27) that encompasses the junctiorarray present ilnP8 was obtained, the presence of the
in NATE P5 was used as a probe to screen about fivehreeHindlll restriction fragments of PSR2 was verified.
genome equivalents of the library. Approximately 150 Using the initiation of the first PSR2 repeat to define the
clones hybridized strongly to the probe. Thirty-two periodicity in the array, four complete PSR2 repeats (ap-
clones were isolated, regrown, and screened for hybridprox 171 bp each) and one partial PSR2 repeat (27 bp)
ization to the PSR2 repeat. No clones were identifiedyere identified in this sequence (Fig. 3). Even though the
which hybridized to both probes. Therefore, these exentire sequence of the array was not obtained in a linear
periments failed to identify the expected organization atfashion, by sequencing overlapping clones the relative
the other end of the array. positioning of the PSR-2 repeats is this region was de-
termined (see Materials and Methods). The repeat which
Sequences of PSR2 Repeats at an Array Terminus forms the junction withNATEP5 is referrgd to as 8-1,
and the others are numbered consecutively (8-2, etc.)
To investigate the evolution of repeats at the junctioninto the array (Fig. 3).
region, the number and linear structure of PSR2 repeats For comparative purposes, five “random” PSR2 re-
in this region was determined. The observed pattern ipeat sequences were available (Eickbush et al. 1992).
consistent with unequal exchange being inhibited at th&hese published PSR2 repeats presumably represent a
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NATE [3 ﬁll 1 l 4: - e Fig. 4. Inferred history of unequal exchange
between repeats adjacent to the junction INATE.
NATE [TI[ [ i ] Nucleotide sites that are present in at least two PSR2
1 ! 4 repeats (but not all) are representedsatd lines,
whereas the sites only present in a single repeat are
represented byotted linesRecombination events are
T I 7] depicted as one chromatid with a double-strand break
3 4 using the other chromatid as template for repair. The
shaded boxemdicate the window where the
] exchange event is localized for the strand containing
4 the PSR 2 repeat#\ Oldest inferred unequal
exchange shifting the block of unique nucleotides
into the arrayB Unequal exchange creating the
| [f 1 mosaic second repedE. Structure of the array in its
present form.
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random sample of repeats located internally within theare similar, different regions of each repeat may repre-
array, because they were subcloned and sequenced fragent units with their own history, and unequal exchange
four A clones, each with 15- to 20-kb inserts consistingevents have brought these units together into the extant
entirely of PSR2 repeats. PSR2 sequences on the PSpeats which were observed. One apparent example of
chromosome are remarkably homogeneous in restrictiothis pattern is in repeat 8-2 from the PSR2 array termi-
enzyme digestion patterns, there is no evidence of aus. This repeat is a perfect mosaic containing partial
higher-order structure in the array, and they are localizedegions of the first and third repeats. By postulating an
in one or a few arrays (Eickbush et al. 1992; Beukeboonarray containing the first and third repeats, a single un-
and Werren 1993; J.H.W., unpublished data). As is eviequal exchange between these two repeats would gener-
dent in the visual comparison of repeats in Fig. 3, theate the second repeat (Fig. 4). This unequal exchange
PSR2 repeats adjacent to the junction site are similar tevent appears to be recent, because no nucleotide sub-
the internal PSR2 repeats. Nevertheless, there are a nurstitutions are apparent in the 348 bases representing the
ber of unique nucleotides in the PSR2 repeats at the enchosaic second repeat compared to the progenitor seg-
of this array which have not been identified in the otherments. In addition to the apparent mosaic nature of the
PSR2 repeats (Fig. 3). second repeat, a block of distinctive nucleotides that

Sequence comparisons were performed to quantifjnave not been identified in other PSR2 repeats are shared
the differences between the PSR2 repeats at the junctidoy the first, second, and third repeats (Fig. 3 and 4). The
relative to the internal repeats. The mean pairwise sepresence of these nucleotides in the second repeat is
guence difference among the five internal repeats wasonsistent with the previously mentioned unequal ex-
0.044 + 0.019 (SD). Each of the four repeats at the juncehange, but their presence in the third repeat indicates
tion was compared to the five internal repeats, and meananother unequal exchange. These distinctive nucleotides
and standard deviations of these pairwise comparisonsiay have been present at the formation of the junction,
were calculated. The sequence difference between theith subsequent divergence of the more interior array, or
first, second, and third repeats was 0.068 + 0.021, 0.05ée terminal repeats may have diverged from the internal
+ 0.012, and 0.075 + 0.015, respectively, which wasarray by mutations following formation of the junction.
higher than the calculated difference among the internaln either case, it appears that unequal exchanges have
repeats. The fourth repeat in the array 8-4 had a meamoved this segment into the array. Furthermore, at least
difference of 0.034 + 0.019, lower than the value ob-three nucleotide substitutions have occurred in both the
served among the internal repeats. These sequence cofirst and the third repeats during the time separating these
parisons reveal a trend where the first three repeats in thisvo unequal exchanges. The pattern observed indicates
array are more divergent from the internal repeats thaithat the repeats adjacent MATE are divergent from
the internal repeats are to each other, and the fourtkonsensus PSR2 repeats but converge on the consensus
repeat is very similar to the internal repeats. sequence by the fourth repeat.

The distance estimates indicate that the three most
terminal repeats are distinct from other PSR2 repeats,
although visual comparisons reveal many of the nucleoGeneral Structure oNATE-Repeat Junctions
tide positions which distinguish these first three repeats
are clustered and shared among them (Fig. 3). In contra§the structure of five additional regions containiNgTE
to the first three repeats, the fourth repeat does not connserts are shown in Fig. 5. The results are based on
tain these distinct features and it is almost identical to thecloning, restriction digestion analyses, and Southern hy-
internal PSR2 repeats. Although the first three repeatbridizations using subclones from these regions as
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arrowheadsrepresenting the LTRs. THalocks of vertical linegepresent arrays of the tandemly repetitive sequences PSR2, PSR22, and PSR79
Regions flanking the copies MATEwhich have middle-repetitive hybridization patterns are representenidsg-hatched boxes.

probes to restriction-digested genomic DNA. As a gen-of a PSR79 array. PSR79 is a complex tandemly repeated
eral patternNATE inserts are found near tandem arrayssequence (Eickbush et al. 1992), and current deletion
and near other dispersed repetitive sequences. Three sfudies indicate that it occurs in a localized block on the
the five junctions contain nearby (or immediately flank- PSR chromosome (Beukeboom and Werren 1993; Mc-
ing) regions of known tandemly repetitive DNA. As de- Allister, Beukeboom, and Werren, in preparation). The
scribed previouslyWNATEPS has a junction with an array probability thatNATEP18 inserted at the end of a PSR79
of PSR2, with apparently dispersed repetitive DNA array is thus low, suggesting migration of this element
flanking the other end of the elememMATE P18 is a  toward the end of an array after inserticddATEP5 is at
truncated retroelement with PSR79 on one side and the end of a PSR2 array and near other mobile elements.
short (about 1.5-kb) stretch of PSR79 on the other, fol-BothNATEP17 andNATEP16 occur in complex genetic
lowed by a complex nonarray regioNATE P41b/4la regions containing other dispersed repetitive DNA (pre-
are adjacent truncated elements, with approximately 5 kisumed mobile elements). The general pattern suggests
of complex DNA followed by a region of PSR22 repeats. accumulation of mobile elements into complex regions at
The other two clones contaMATEelements adjacent to or near junctions with tandemly repetitive DNA. Below
complex non-array DNA. The regions of complex DNA we present a general model to account for this observa-
flanking these elements are primarily composed of a dition.

verse set of dispersed repetitive DNA (for an example,
see McAllister and Werren 1997). A high frequency of
truncation is also observed among these copi@$/ofE;

of six elements, at least four are truncated.

Several specific features are noteworthy (Fig. 5).
NATE P4la and b are two back-to-back truncated eleAlthough the general characteristics of “satellite” se-
ment in the vicinity of a PSR22 array. It is estimated thatquences are well documented, the mechanisms govern-
there are nine copies ®§ATE on the 40-Mb PSR chro- ing their origin and maintenance still remain elusive. One
mosome. The probability of these two elements beingof the reasons for not being able to resolve these funda-
associated by chance is very low. They must have eithemental processes is the inherent difficulties involved in
(a) preferentially inserted next to each other or (b) in-studying long tandem arrays of repeated sequences.
serted at more distant location and subsequentlyAnalyses of junction sites at the ends of repetitive arrays
“moved” into close proximity. This may have been fa- provide an opportunity to characterize repetitive se-
cilitated by nonhomologous recombinatiddATE P18  quences with a unique level of resolution. Several studies
also shows interesting features. It is very close to the endf junctions between different tandemly repeated se-

Discussion
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guences reveal that these junctions are generally conregion of NATE underlying the junction (except for a
plex and not defined by a specific site of transition short 11-bp region). Therefore, the PSR2 repeat was un-
(Maresca and Singer 1983; Lohe and Brutlag 1987; Reetlkely to have been generated from this region\sATE

et al. 1994). This complexity arises because the differenby sequence duplication or an aberrant replication error.
repeated sequences interdigitate throughout a junctiownder the model of successive unequal exchanges caus-
region, suggesting that multiple recombination eventsing the origin of a repetitive array, there is an unpredict-
have occurred between established repetitive arraysible relationship between the final repeated sequence
Single junctions between repetitive and nonrepetitive seand the progenitor sequence (Smith 1976; Stephan
quences provide a better means for examining the propt9g89). Even though the relationship is not direct, a tran-
erties underlying the evolution of tandem arrays, such asition from the repeat sequence to the flanking sequence
the studies of arrays of tandem repeats within codings expected, and this transition was not observed. Fur-
regions (Eckert and Green 1986; Hogan et al. 1995)thermore, instability of the junction site is expected if the
although it can be difficult to identify where the array array originates by successive unequal exchange, be-
begins. When junctions are not localized to a specificcg;se chance unequal exchange events are expected tc
site., it is difficult to determine the potgntial role thesg occur between repeats in the array and sequence flanking
regions may have played in the evolution of the repeti-he array (Smith 1976). Inconsistent with this expectation
tive array. The junction characterized in this study in-iq the apparent stability of the junction site among the
volves the tandem repeat PSR2 adjacent to a truncatége jndependent natural isolates of the PSR chromo-
end of the retroelemeATE. One benefit of this par- g,me since this junction does not represent the expected
t!CU'aT organization was the ability 1o resolve thE_" ranst-irycture following the primary origin of the PSR2 array
tion site betweemNATEPS and PSR2 by comparing the by either duplication, slippage replication, or unequal

Junction region to a fuII—Iepgth copy ONATE and a exchange, another mechanism is necessary to explain the
reference PSR2 repeat. This comparison revealed an ex

. Secondary formation of the junction following the estab-
tremely abrupt transition from theATEsequence to the y J g

L . ishment of the PSR2 repeat.
beginning of the PSR2 array, where only short regions o .
2 . o . . Secondary processes may have led to formation of
similarity were identified around the junction.

this junction after the origin of the PSR2 array on this
chromosome. One possibility is th&ATE P5 inserted
into the PSR2 array in its current form; however, two
observations are inconsistent with this hypothesis. Since
NATEPS is truncated at one end, the long terminal repeat

By specifically identifying the junction site, this study | ¢ _
was able to distinguish between sequences contained {fi 2PSent from this end of the element making the current

the array and sequences flanking the array. Thus, thgrm of the element incapable of insertion (Varmus and
sequence of the full-length retroelem@ATE P16 rep- Brown 1992). Upon |_n|t|al insertioMJATEP5 must have
resents the ancestral stateNATEP5 prior to the origin contained long termlngl repeats at bqth ends of the ele-
of the junction. This study addresses several mechanisnf§€nt and the truncation and formation of the current
that could have led to the origin of this junction betweenjunction with PSR2 must have followed the element’s
NATEP5 and PSR2. (1) The PSR2 sequence may havi@sertion. Additionally, the PSR2 repeat is located only
originated from the underlyingl ATEsequence. (2) Dur- at the truncated end MATE P5. Had this element in-
ing array amplification, tandemly repeated sequenceserted into a PSR2 array, the presence of the repeat is
may expand into nonrepetitive sequences that are flankexpected in the flanking regions at both ends of the el-
ing arrays. Therefore, the PSR2 array may be expandingment. However, it is possible that the PSR2 repeat was
into the sequence MMATEP5. (3)NATEP5 may have once located at both ends of the element, and the se-
inserted into the PSR2 array or (4) alternatively the PSRZjuence has subsequently been lost on the intact end due
array may have inserted inthNATE P5. (5) The two to element accretion (see model below).
sequences may have become juxtaposed following a The immediate transition from tiéATEPS sequence
structural rearrangement of the chromosome. to the PSR2 array is curiously similar to an insertion, and
Several proposed mechanisms of tandem repeat origian alternative mode of insertion is that the PSR2 array
make specific predictions about the relationship betweeinserted into this region dIATEP5. Although mobility
the repeated sequence within an array and the sequenoétandemly repeated sequences has never been demon-
from which the array originated. Similarity between strated, the rolling-circle-replication model (Walsh 1987)
PSR2 andNATEis expected if the PSR2 repeat originat- provides a mechanism whereby this process could occur.
ed from this region oNATEDby duplication (Kiger and  The presence of extrachromosomal “plasmids” contain-
Vogel 1975; Ohta 1980) or replication slippage (Levin- ing tandemly repeated sequences does provide empirical
son and Gutman 1987; Walsh 1987; Stephan 1989)support that template for rolling circle replication is pro-
Upon comparison of these sequences, no extensive simituced by intrastand exchange within repetitive arrays
larity was detected between the PSR2 repeat and th@iyama et al. 1986, 1987; Okumura et al. 1987). How-

Origin of the Junction Site
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ever, replication of these plasmids and insertion of arepeats. This observation is consistent with Stephan’s
linear array of repeats has not been demonstrated. Th@989) simulation of repetitive sequence evolution where
structure of the junction in this study is consistent with unequal exchange at the array terminus was suppressed
an insertion of the PSR2 array intdATE P5, but at- by the presence of nonrepetitive sequences (i.e., presence
tempts at verifying this hypothesis by identifying the of the nonhomologousATE element), and this effect
missing piece oNATEPS at the other end of the PSR2 should operate over very short distances.
array were unsuccessful. Although a PSR2 insertion was The observed pattern is consistent with unequal ex-
not ruled out by the failure to detect the expected strucchanges being inhibited at the array end. However, some
ture at the other end of the PSR2 array, it is unlikely thatunequa| exchanges are apparent. Unequal exchange in
this structure is currently present on the PSR chromothese end repeats may be rare relative to exchange events
some. within the array, and these exchange events may be lo-
The absence of evidence supporting any of the previgalized (Ohta 1980). The data are consistent with both of
ously mentioned mechanisms, and the presence of Nqhese assumptions; only two unequal exchanges were
table regions of similarity in this relatively short junction eyident and both of these apparently resulted from dis-
region, suggests that the junction was formed by nonhog|5cement of the array by a single repeat. However, why
mologous recombination which joined an establishecfs there no evidence of gene conversion? How do the end
PSR2 array with an .|ntgrnal region NATE P5. When repeats diverge in the presence of unequal exchange?
short regions of similarity are involved in nonhomolo- A iternative explanation that encompasses the ob-
gous recombination, resolution may result in productsseyations is based on a revised model of unequal ex-
which are no_nc_onsgrvative (Sakagami et al. 1994), a§hange proposed by Fletcher (1994). In his model, un-
appears in this junction betwedATEPS and PSR2. It equal exchange is initiated by a double-strand break in a

5 ort gt ne of e reons ol e I epetive aray. To repat th break, th tio sands
i ' ; search independently for homology and ultimately pair
teraction among the DNA strands. This nonhomologous b y g9y y P

recombination would have truncatBiATE.Since a large with dlffergnt repeats. If the Stfa”ds pair into a HoII|.day
. . complex with the 5and 3 ends in the correct orientation
amount of this chromosome appears to be functionall

Vo .
inert (Beukeboom and Werren 1993; McAllister, Beuke- (facing _each other), although. with a number of repeats
separating the ends, resolution of the complex causes

boom, and Werren, in preparation), it is reasonable to ) f th This iunci : id
assume that the rearrangement was not deleterious. €xpansion of the array. 1his Junction region provides a
special case for this process as illustrated by the inferred

unequal exchange events in Fig. 4. When a double-strand
Maintenance and Evolution of Repetitive Arrays break occurs near a junction site, homology searching

and pairing of the strand containing the junction may be
This junction site is also useful for examining processeglominated by the flanking sequence, whereas the other
governing the maintenance and evolution of repetitiveStrand contains repetitive sequence and can pair with any
arrays. Unequal exchange is currently the favored€peat in the array. Studies have demonstrated that re-
mechanism to explain the observed sequence homogengombination is influenced by long stretches of sequence
ity among repeats in repetitive arrays (i§ar and Vogel identity (Waldman and Liskay 1987, 1988; Metzenberg
1975; Smith 1976; Stephan 1989; Charlesworth et alet al. 1991), so when a break occurs near a junction the
1994; Elder and Turner 1995). One prediction of thestrand containing the array terminus and flanking se-
model is that repeats at the end of an array should exhibfiluence should preferentially anneal to its homologous
the highest level of sequence divergence (Ohta 19808ite. Because the junction region and terminal repeats
Stephan 1989). This pattern has been documented in awould always be repaired from identical sequence on the
rays of 200-bp tandem repeats within Balbiani ring genegemplate DNA strand, the sequence of these repeats
in Chironomus tentan§Hoog et al. 1988) and in alpha would be protected from gene conversion. Nucleotide
satellite arrays in the human genome (Wevrick et al.substitutions occurring in the end repeats would be re-
1992; Cooper et al. 1993). This study indicates that thdained, even in the presence of recombination. Depend-
same phenomenon occurs in an array of PSR2 repeats @mg on where the break occurs, nucleotide substitutions
the PSR chromosome. The three most terminal repeats @iresent in the end repeats could shift into the array dur-
this PSR2 array exhibited greater overall sequence diing this process, and the pattern exhibited by the last
vergence from a set of internal PSR2 repeats. Furtherthree repeats in this PSR2 array suggests that this has
more, these end repeats contained many unique nucleoecurred.
tide substitutions that have not been identified in other The data on the windows in which recombination
PSR2 repeats. Effects of the array terminus apparentlgvents have occurred also implicate the double-strand
act over a very short distance, because increased divebreak model. Very short stretches of identity were ob-
gence was only observed in the first three repeatsserved in the regions where recombination was evident.
whereas the fourth repeat was very similar to the internallhe most recent inferred unequal exchange was localized
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in a stretch of 26 bases of complete sequence identityA. Terminal Accretion

whereas the older exchange occurred in a window of 15
bases of complete identity between the junction with insertion IIl||l|I|I|||l||||||IlIlIIIIlII||||Il|I|II|I||I|Il|I|I|I

NATEand the distinct nucleotides that were shifted into

the array by the exchange. Other studies have also re-
vealed t%at{mequal exchgange in repetitive arrays occurs unequal (T 7 T
in very short tracts of identity (Cabot et al. 1993; War- exchange O

burton et al. 1993; Reed et al. 1994). Because the double-
strand break model allows the two broken ends to inde-
pendently anneal at different locations on the template migration TN r = R
strand, the short window of identity where recombination
events are localized may be misleading with regard to the
sequence identity that was present between the broken accumulation I T el e TE]
ends and the template.
Findings of this study are consistent with unequal
exchange being the mechanism maintaining homogene-
ity throughout the array. A previous report also docu-
mented unequal exchange on the PSR chromosome, aB- Island Formation

though the exchanges were between different families of
repetitive sequences (Reed et al. 1994). Because of the  insertion IIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIII!II’

unique transmission pattern of PSR, unequal exchanges

can only occur between sister-chromatids during mitotic T

) o : ; al [ T e
(haploic) cel divisions, thus these Studies provide sup- eigﬁg:ge (T e T e
port that unequal exchange can be limited to sister- Il TE TE

chromatids. This is consistent with a sequence analysis

of the Responderarray in Drosophila melanogaster

which indicated that unequal exchange was primarily an migration TN e T e U
interchromatid process (Cabot et al. 1993).

accumulation I e
Accretion Model Spatial Structure of Tandem Arrays Fig. 6. Large-scale effects of mobile element insertion and unequal
exchange on the structure of tandem arrays. Transposable elements
We have demonstrated an association among tandemlyE) insert into a large tandem array. A single product of unequal
repeated arrays and truncated dispersed repeats on tﬁ)é:hange is indicated byt_lhleavylineand this_causes migration of the
PSR chromosome, and here we propose a model thtr nsposable_element. L_Jltlmately, gccumulatlon of mobile elements oc-
. . . rs.A Terminal accretion of mobile elements at the end of an array.
may provide a general explanation for this frequentlyg isiand formation by mobile element accumulation within repetitive
observed association. It is recognized that mobile elearrays.
ments will accumulate within noncoding regions such as
tandem DNA, because they are less likely to cause harm-
ful mutations (Charlesworth et al 1994). However, thereexchange, the portion of tandem array located to one side
has been little discussion of how mobile elements ardor the other) of the element will eventually be lost by
expected to be distributed spatially within tandem arrayschance drift in repeat numbers, causing migration of the
Here we present an “accretion model” that predicts theelement to the end or the array (Fig. 6A). Following the
accumulation of mobile elements at the ends of arraysnsertion of more elements and repetition of the process,
and into “islands” within arrays. The model is based on unequal exchange will ultimately cause the accumulation
the prediction that, due to the stochastic processes aif many mobile elements at the ends of the tandem array.
duplication and deletion from unequal exchanges, the&Similarly, if two elements are inserted into a tandem
ultimate fate of any particular array is loss (Charleswortharray (Fig. 6B), there would be an intervening array be-
et al. 1986, Stephan 1987). This drift in array size hagween them. Random loss of this intervening array would
implications for macrostructural features of tandem ar-move the elements together where they would accumu-
rays and associated DNAs. In particular, we propose thdate into an “island” within the tandem array by this
mobile elements inserting into tandem arrays will sub-accretion process. Accretion of additional elements and
sequently “migrate” to the ends of arrays, and into is- islands will lead to the further growth of non-array is-
lands within arrays, due to the turnover of tandem redands composed of dead, dying, and functional mobile
peats. elements.
Consider an insertion of a mobile element into a tan- The accretion model, therefore, predicts both islands
dem array (see Fig. 6). Due to the process of unequabdf mobile elements within tandem arrays and large num-
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bers of mobile elements at the ends of tandem arrayg:harlesworth B, Sniegowski P, Stephan W (1994) The evolutionary
Features in the cloned regions of the PSR chromosome dynamics of repetitive DNA in eukaryotes. Nature 371:215-220

. . . . . . Cooper KF, Fisher RB, Tyler-Smith C (1993) Structure of the se-
are consistent with this prediction. In all regions contain- P . y C (1993) :
guences adjacent to the centromeric alphoid satellite DNA array on

ing the tel’milj?.l region of a tandem array, many _diﬁerent the human Y chromosome. J Mol Biol 230:787-799

middle repetitive sequences are present flanking thespoolittle WF, Sapienza C (1980) Selfish genes, the phenotype para-
arrays. Retroelements should be more susceptible to ac- digm and genome evolution. Nature 284:601-603

cretion. because once inserted into a tandem array thé%}:kert RL, Green H (1986) Structure and evolution of the human

. . involucrin gene. Cell 46:511-523
should rarely excise (NUZhdm and MaCkay 1994)' SeV_Eickbush DG, Eickbush TH, Werren JH (1992) Molecular character-

eral regent st.udies have characterized'complex repetitive ization of repetitive DNA sequences froa B chromosome. Chro-
DNAs involving retroelements (Wevrick et al. 1992;  mosoma 101:575-583
Hochstenback et al. 1994; Nurminsky et al. 1994; Le etElder JF Jr, Turner BJ (1995) Concerted evolution of repetitive DNA

al. 1995). Consistent with the accretion model, WevrickFI fique;‘fef;g‘le‘;kary%ﬁesl- Q Rfel" Bi?r'] 70:297—35_0 d recirot
et al. (1992) describe the presence of retroelements eice" HL (1994) Possible loss of length conservation and reciprocity
du”ng recombination or conversion in tandem arrays. Genetics

flanking alpha satellite arrays, and Le et al. (1995) found 13g:511-518
that Drosophila heterochromatin is composed of tan- Hochstenback R, Harhangi H, Schouren K, Hennig W (1994) Degen-
demly repetitive DNA with alternating regions of com-  eratingGypsyretrotransposons in a male fertility gene ¥rchro-

plex DNA. Analysis of one of the “islands” of complex mossges‘l"?fsgph"a hyi‘EiJGMog E;’g' 39:432‘4‘\5;6 bardue ML
ogan , olot , lraverse , Garbe , benaena , Paraue M-
DNA revealed presence of a retroposof‘- (1995) Stability of tandem repeats in tBeosophila melanogaster
Loc_al accumulatlon of dlffere_nt mobile elements b_y Hsr-omeganuclear RNA. Genetics 139:1611-1621
accretion, coupled with truncations (as observed withHoog C, Daneholt B, Wieslander L (1988) Terminal repeats in long
copies ofNATE on PSR), could result in the juxtaposi- repeat arrays are likely to reflect the early evolution of Balbiani ring

tion of different coding sequences. This may have im- 9°ne> i _Z”Oll_ﬂogog_iﬁfl‘g:; A repeitive DNA famiyatzA
. . . . lyama R, Ridekl i, Oisni repetitive ami al
plications for the evolution of novel genetic sequences, family) in human chromosomes: extrachromosomal DNA and

because it is conceivable that such accretions will be pna polymorphism. Proc Natl Acad Sci USA 83:4665-4669

breeding grounds for new mobile elements, viruses, OKkiyama R, Okumura K, Matsui H, Bruns GAP, Kanda N, Oishi M
novel Coding sequences. (1987) Nature of recombination involved in excision and rearrange-
ment of human repetitive DNA. J Mol Biol 198:589-598
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