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Repair of a double-strand break (DSB) in yeast can induce very frequent expansions and contractions in a
tandem array of 375-bp repeats. These results strongly suggest that DSB repair can be a major source of
amplification of tandemly repeated sequences. Most of the DSB repair events are not associated with crossover.
Rearrangements appear in 50% of these repaired recipient molecules. In contrast, the donor template nearly
always remains unchanged. Among the rare crossover events, similar rearrangements are found. These results
cannot readily be explained by the gap repair model of Szostak et al. (J. W. Szostak, T. L. Orr-Weaver, R. J.
Rothstein, and F. W. Stahl, Cell 33:25–35, 1983) but can be explained by synthesis-dependent strand annealing
(SDSA) models that allow for crossover. Support for SDSA models is provided by a demonstration that a single
DSB repair event can use two donor templates located on two different chromosomes.

Tandem repeat instability is implicated in several human
genetic diseases. The best-documented examples of deleteri-
ous rearrangements in tandem repeats are the massive ampli-
fications of microsatellite DNA, known to be responsible for a
dozen diseases, including fragile X syndrome and Huntington’s
disease (for reviews, see references 62 and 74). Rearrange-
ments affecting minisatellites (repeats of 10 to 50 nucleotides)
can be harmful, too (4). For example, expansions of a minisat-
ellite are associated with epilepsy (30, 31, 73). During meiosis,
minisatellites can display a very high rate of modification, in-
cluding intra-allele duplications and deletions, and nonrecip-
rocal interallelic transfer of information (2, 24). Recently, a
human minisatellite was also found to display massive ampli-
fication (78). Rearrangements in tandem repeats are not spe-
cific to micro- and minisatellites. Expansions and contractions
of larger tandem repeats have been observed in Drosophila
melanogaster and yeast (48, 49, 69, 75, 76).

While replication slippage can easily account for small
changes in microsatellite copy number (63), the origin of mas-
sive amplifications remains a mystery. Since the predominant
rearrangement events observed in minisatellites are nonrecip-
rocal interallelic transfers of information, the meiotic instabil-
ity affecting those sequences is thought to result from gene
conversions rather than replication (24). Tandem repeat rear-
rangements observed in Drosophila are linked to P-M dysgen-
esis and have also been supposed to be the consequence of
genetic recombination, because P-element excision is known to
induce gene conversion (9, 29, 48, 49, 69).

Gene conversions are most often explained by the double-
strand break (DSB) repair model, proposed by Resnick and
Martin (54) and Szostak et al. (68) to account for recombina-
tion events in yeast and other fungi. Many of the features of
this model, or of its revised version (67), have been experimen-
tally verified in Saccharomyces cerevisiae. The initial observa-
tion that a DSB in the DNA double helix induced a gene
conversion in mitotic cells (45) was corroborated by results
showing that some site-specific gene conversions, such as mat-
ing-type switching and intron homing, are initiated by site-

specific DSBs (3, 52, 64), as are most meiotic gene conversions
and chromosomal exchanges (33, 66). DSB formation is fol-
lowed by resection of the ends (Fig. 1A, step 1) (65, 67, 77).
The resulting 39 ends can then invade the template (Fig. 1A,
step 2) and provide a primer for new DNA synthesis, resulting
in the restoration of the degraded single strands.

As gene conversion in yeast was observed to be frequently
associated with crossover, the DSB repair model postulates
that resolution of the gene conversion occurs through the cut-
ting of two Holliday junctions (Fig. 1A, step 4) (58, 68). Hol-
liday junctions are symmetrical structures, and it was assumed
that they could be resolved in two different ways, resulting
either in crossover or in no crossover (23). In the original
experiment supporting the DSB repair model, half of the gene
conversion events were accompanied by crossover (46). How-
ever, in most subsequent studies, the rate of crossover associ-
ated with gene conversion was found to be much less than
50%, and many types of gene conversion are rarely associated
with crossover, in Saccharomyces (26, 27, 51), Drosophila (10,
18), Ustilago maydis (11), bacteria (41), and humans (24). Thus,
a series of models which do not require Holliday junctions
have been proposed. Their basic assumption is that after strand
invasion and new DNA synthesis, the newly synthesized DNA
strands are unwound from the template, allowing the anneal-
ing of the two free 39 ends surrounding the DSB (Fig. 1A, step
5) (4, 10, 11, 22, 38, 41–44). Because this model of gene con-
version includes an event of single-strand annealing, it was
termed synthesis-dependent strand annealing (SDSA) by Nas-
sif et al. (43).

The distinctive feature of SDSA models is that the recipient
locus receives two newly synthesized strands of DNA and the
donor template remains unchanged. DNA synthesis is thus
conservative and fundamentally different from the semiconser-
vative genome replication that occurs during the S phase of the
cell cycle. As McGill et al. (38) noted, this could be the result
of an unwinding, by a topoisomerase, of the two duplex DNAs
created during gene conversion, restoring the original template
strands to one duplex and the newly made strands to the other.
An alternative model is that newly synthesized strands are
continuously displaced from the template, analogous to the
bubble migration mechanism proposed by Formosa and Al-
berts (14). In this view, newly synthesized DNA maintains only
a short base-paired contact near the point of synthesis, as in
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RNA transcription, and the newly synthesized DNA is largely
unpaired with its template and is free to anneal with a com-
plementary strand.

SDSA models were initially proposed to explain a lack of
crossover, but they can also explain the observation that during
yeast mating-type switching and P-element excision, gene con-
version events are unidirectional (18, 38), in other words, that
there is no transfer of information from the repaired molecule
to the template. In addition, they can explain the P-induced
rearrangements in tandem repeats in Drosophila (9, 29, 48, 49,
69) and the meiotic rearrangements in human minisatellites (2,
4, 24) and in yeast CUP1 sequences (75, 76) as the conse-
quences of DSB repair. Figure 1C shows how unwinding of
newly synthesized sequences can lead to tandem repeat rear-
rangements. Although recombination has been implicated in
these systems, there are limitations to a complete description
of the process: the hypothesis of an initiating DSB cannot be
checked, and the donor and recipient molecules cannot both
be recovered (in the Drosophila and human systems) or cannot
be identified (in the yeast CUP1 system). Moreover, to explain
P-induced rearrangements, one had to suppose that the tem-
plate for gene conversion was the sister chromatid, which is
impossible to demonstrate.

In this paper, we present an experimental system in which
both the donor and recipient molecules can be recovered and
identified after recombination induced by a known DSB at a
specific site. We demonstrate that when a repeated array is
transferred by DSB repair to a broken molecule in yeast, the
transferred sequence displays various expansions and contrac-
tions in half of the recombinants. The template itself is not
modified. The expansions sometimes involve the duplication of
more than 4 kb. To explain such events by “classical” replica-
tion slippage, one would have to hypothesize that the newly
synthesized DNA strands are unwound from their template
over several kilobases, which is the distinctive feature of con-
servative DNA synthesis (14). Furthermore, we formally dem-
onstrate that DSB repair can be achieved from two different
templates, which also requires the detachment of newly syn-

thesized DNA. These results support the SDSA model for
gene conversion and the idea that the DNA synthesis associ-
ated with DNA repair is fundamentally different from the
semiconservative replication of the genome. We suggest that
DSB repair can be a major source of amplification of tandemly
repeated sequences. Thus, the massive amplifications of mic-
rosatellites responsible for many genetic diseases could have
their origin in DNA repair rather than in genome replication.

MATERIALS AND METHODS

Plasmids. A series of five plasmids, diagrammed in Fig. 2, were derived from
Ted, a centromeric plasmid marked by the URA3 gene (provided by W. Kramer).
In pFP14, a genomic XhoI/SalI fragment including the LEU2 gene was inserted
into the polylinker of Ted. In the other four Ted derivatives, an extra sequence
was inserted in the KpnI site of LEU2. In pFP5, the extra sequence contains two
5S arrays of seven 5S genes surrounding the white gene from D. melanogaster and
was taken from pCA422 (49). When pFP5 is transformed into yeast, the repeated
5S genes undergo deletions similar to those described in this study, but the
plasmid is stable after transformation (50). The two plasmids containing 5S genes
and diagrammed in Fig. 2 are transformant derivatives of pFP5. In pFP23, the
insert is a EcoRI fragment containing white, and in pFP24, it is a EcoRI/SmaI
fragment containing a truncated white copy. pFP13, the plasmid shown in Fig. 6,
is a centromeric plasmid marked by TRP1 and contains an XhoI/SalI fragment
corresponding to the LEU2 gene, where the 400-bp KpnI/EcoRI fragment has
been replaced by a 40-bp synthetic HO cut site.

We used the following plasmids to modify the chromosomal genome. pLS27
(provided by Laurence Signon) contains the URA3 marker and a LEU2 gene with
a 117-bp HO cut site inserted into the KpnI site. pFP18 contains a MATa locus
where the BglII/BsaAI fragment containing the HO cut site is replaced by a
hisG::URA3::hisG cassette (1). pJH18 contains the URA3 and LEU2 genes in the
same orientation, and pFP20, a derivative of pJH18, contains the same insert in
LEU2 as pFP5. pFP10 contains the URA3 marker and a truncated leu2 gene,
missing the EcoRI/SalI fragment embracing the 39 end of the gene.

Strains. The S. cerevisiae strains studied in this study all derive from JKM111
(40), which contains a GAL::HO fusion inserted into the chromosomal ADE3
locus (57), and G304 (20). All transformations were performed as described by
Chen et al. (7). One-step disruption (55) and two-step replacement (59) were
used to modify the genome, and the corresponding transformed strains were
checked by Southern blotting. The MAT locus of JKM111 was disrupted with
pFP18, and an HO cut site was introduced into its LEU2 gene with the pLS27
plasmid, resulting in the YFP17 strain. To provide a chromosomal LEU2 donor
template, pJH18 or pFP20 was integrated into the ura3-52 gene, on chromosome
V of YFP17. To provide a plasmid LEU2 template, pFP5, pFP14, pFP23, or
pFP24 was transformed into YFP17.

FIG. 1. The SDSA model, and how it could explain rearrangements in tandem arrays. (A) Two alternative DSB repair models. The ends of the break are first
resected (step 1), and the resulting 39 ends can invade a homologous template and prime DNA synthesis (steps 2 and 3). Szostak et al. (68) proposed that resolution
would require cutting of two Holliday junctions, resulting in crossover or noncrossover products (step 4), but to explain the lack or low frequency of crossover events
accompanying mitotic gene conversion, other authors (10, 22, 42) proposed that the newly synthesized strands could be unwound from the template and anneal together
(step 5). (B) A model of tandem repeat rearrangements derived from the DSB repair model of Szostak et al. (68). Expansions and contractions could be due to slippage
events during semiconservative DNA synthesis (step 1). The resulting loop could be corrected in either direction, or not be corrected, but anyway, after resolution of
the Holliday junctions (step 2), the rearrangements should be found on both donor and recipient molecules. (C) Origin of tandem repeat rearrangements according
to a simple SDSA model. Both 39 ends of the broken molecule invade the homologous template and prime DNA synthesis (step 1). Then, the newly synthesized strands
are unwound from the template and anneal together. Two of the many possibilities of annealing are represented (step 2).
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G556, a G304 derivative, contains a GAL::HO fusion integrated into the
chromosomal ADE3 gene. In the related G522 strain, an XhoI/KpnI fragment in
the 59 part of LEU2 has been replaced by ADE1. pFP10 was integrated in G522,
into the ura3-52 gene on chromosome V, to produce the G520 strain, with two
truncated leu2 donor templates. G520, G522, and G558 were transformed with
pFP13 to obtain the strains diagrammed in Fig. 6.

DSB induction and characterization of recombinants. Yeast was grown for
24 h in yeast extract-peptone (YEP)-dextrose, or in uracil or tryptophan dropout
medium if plasmid selection was required. This culture was then used to inocu-
late 50 ml of YEP-glycerol at an initial concentration of 106 cells per ml. The
YEP-glycerol culture was grown overnight, to a final concentration of 1 3 107 to
5 3 107 cells per ml, to prepare the cells for galactose induction. Then cells were
plated on YEP-dextrose and YEP-galactose plates at a concentration of about
200 cells per plate. In the absence of any DSB, colonies appear on YEP-dextrose
and YEP-galactose with the same efficiency (data not shown). For strains with an
HO cut site on the chromosomal LEU2 gene, DSB repair efficiency was scored
as the ratio of the number of colonies on YEP-galactose to that on YEP-
dextrose. Independent colonies were then subcloned, and independent subclones
were molecularly characterized as described by Pâques et al. (49). For the strains
with an HO cut site on a plasmid LEU2 gene, we used a different procedure. For
the strains with a single truncated leu2 template (Fig. 6B) or with two truncated
leu2 templates (Fig. 6C), colonies were replicated onto leucine dropout plates,
and the efficiency of gap repair was scored as the frequency of Leu1 colonies.
Twenty Leu1 recombinants from the strain with two templates were checked
molecularly and were shown to have gap repaired the plasmid LEU2 gene. For
the strain with a single continuous LEU2 template (Fig. 6A), the LEU2 marker
cannot be used to monitor homologous repair because all the cells already have
a functional LEU2 copy. Therefore, colonies were replicated onto tryptophan
dropout plates, and the efficiency of gap repair was scored as the frequency of
Trp1 colonies among all colonies. Twenty Trp1 recombinants were checked
molecularly, and in these strains, the plasmid LEU2 gene had been gap repaired.

Identification of crossover events. A leu2 donor was inserted on chromosome
V of YFP17 by targeted integration of pFP20 in ura3-52, so that the leu2 donor
is surrounded by ura3-52 and URA3. Spontaneous “pop-out” events recombining
the functional URA3 gene and the mutated ura3-52 in a single ura3-52 gene occur
with a frequency of about 1024 and result in papillations when the strain is
replicated onto 5-fluoro-orotic acid (5-FOA) medium (21). Crossover occurring
between the two leu2 copies on chromosomes III and V will give rise to a
reciprocal translocation. The URA3 and ura3-52 gene will then be separated,

pop-out will be impossible, and the papillations will disappear (21). Recombi-
nants were patched onto 5-FOA plates, and if no papillation was observed, the
strain was analyzed molecularly by Southern blotting. Crossover structure was
tested with the diagnostic SphI and EagI restriction enzymes (see Fig. 4). How-
ever, because of coconversions of an adjacent delta sequence, only 20% of total
crossover events could be identified by this screen. Nevertheless, these cocon-
versions do not seem to affect the nature and frequency of the rearrangements
we observe (50).

Media and growth conditions. YEP-dextrose and synthetic dropout media
used for the growth of S. cerevisiae were made according to the method of
Sherman et al. (60). YEP-galactose contains 2% galactose (wt/vol) instead of
glucose to replace glucose as a carbon source. YEP-glycerol contains 2% glycerol
(wt/vol) instead of glucose.

RESULTS

P-induced rearrangements in tandem repeats in Drosophila
and meiotic rearrangements in the yeast CUP1 locus and in
human minisatellites led to the hypothesis that copying of a
repeated array during DSB repair could occur with deletions
and duplications of the repeated sequence (4, 9, 24, 29, 48, 49,
69, 75, 76). To test this hypothesis, we designed an assay with
the yeast S. cerevisiae (Fig. 2). We used the site-specific HO
endonuclease under the control of an inducible promoter to
deliver one DSB per cell within the LEU2 gene. In S. cerevisiae,
DSBs are repaired mainly by homologous recombination, so
when no homologous template is available, DSB repair is very
inefficient (0.3% of the cells). However, a homologous LEU2
template, either on a centromeric plasmid (Fig. 2C) or inserted
on a chromosome (Fig. 2H), allows DSB healing in 28 to 36%
of the cells. Various additional sequences were inserted in the
template, at the exact same location as the HO cut site, so that
in order to repair the break by homologous recombination, the
broken molecules would have to copy the insert. Three of these
inserts have a complex repeated structure: they carry a single
D. melanogaster 5S RNA gene array containing eight repeats
(Fig. 2D) or the D. melanogaster white gene surrounded by two
5S gene arrays (Fig. 2E and 2I). These same constructs were
made and used previously to characterize P-induced rear-
rangement in Drosophila (49). Repair occurred in 6 to 13% of
the cells, depending on the size of the insert and the location
(plasmid or chromosome) of the template. When repair oc-
curred on a template containing a repeated array, we checked
the structure of a sample of repaired molecules to look for
DSB-induced tandem repeat rearrangements.

Copying of a repeated array during DSB repair is accom-
panied by expansions and contractions of this array. After
galactose induction of DSBs, independent recombinants were
recovered. With a plasmid template, only noncrossover events
can be recovered, because crossover would result in a dicentric
chromosome. With a chromosomal template (Fig. 2I), molec-
ular analysis showed that a crossover event created a pair of
reciprocal translocations in 5 of 80 cases (6.3%). We first
focused on the noncrossover events.

Analysis of the noncrossover-repaired molecules showed
that 36 to 48% of them had assimilated a rearranged repeated
insert. The types of tandem repeat rearrangements are shown
in Fig. 3. With a plasmid template containing a 2.9-kb insert
corresponding to eight 5S genes (Fig. 2D), 36% of the repaired
molecules were rearranged, including 10 deletions and 6 du-
plications (Fig. 3A). With a plasmid template containing two
5S arrays and the white gene (8.7 kb; Fig. 2E), 45% of the
repair events were associated with rearrangements, nearly all
of them deletions, with a single large duplication including
white (Fig. 3B, column R). In most of the rearrangements that
did not remove the white gene, only one of the two 5S arrays
was modified. The same distribution of events was observed

FIG. 2. Experimental system to study DSB repair involving tandem arrays.
An HO cut site is introduced into a KpnI site of the chromosomal endogenous
LEU2 gene. The HO gene can be expressed from an inducible promoter and will
cut the LEU2 gene (A). The structures of the templates are shown as follows: no
homologous template (B); plasmid LEU2 template (C); plasmid LEU2 templates
containing eight D. melanogaster 5S genes in a tandem array (D), two 5S arrays
surrounding the D. melanogaster white gene (E), the 59 part of the white gene (F),
or the entire white gene (G); chromosomal LEU2 template (H); and chromo-
somal leu2 template with a 9.1-kb insert corresponding to two 5S arrays sur-
rounding the white gene (I). Shaded box, LEU2 gene; open box, one D. mela-
nogaster 5S gene (375 bp); solid box, D. melanogaster white gene; open circle,
centromere. The number of repeats in each 5S array is given above the array.
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when this template was integrated in chromosome V (Fig. 2I
and 3C).

In these experiments, random colonies appearing after ga-
lactose induction were picked and subcloned before character-
ization. One could argue that if induction occurred in G2, we
did not necessarily recover the donor and recipient molecules
from the same recombination event. Therefore, we separated
unbudded (G1) and large-budded (G2) cells by micromanipu-
lation and induced them separately. The survival was 13.0% for
G1 cells (47 of 360) and 25.6% for G2 cells (45 of 176). The
entire colony derived from each of 44 G1 cells was analyzed.
The structures of the 41 noncrossover events are shown in Fig.
3D. Again, various rearrangements are found on a recipient
molecule in about half of the cases (21 of 41). Interestingly, we
sometimes recovered a mixture of two different structures of
the recipient locus (Fig. 3D, seven bottom rows). In six cases,
one recipient molecule had received a contracted tandem array
while the other had received an unrearranged array. In one

case, the recipient molecules had two different contracted tan-
dem arrays. These composite colonies would not have been
obtained in the former experiment, as the recombinants were
subcloned before characterization. Here, however, we recov-
ered and analyzed the entire colony derived from a G1 cell, so
that a rearranged molecule (recipient or donor) could not have
segregated away from the recipient before analysis.

While the repeated sequences that were transferred into the
recipient molecule were frequently rearranged, the template
was modified in only 4 of 159 cases (Fig. 3B and D, columns
D). In two of these four cases, the recipient molecule also
displayed a complex rearrangement. We conclude that the
rearrangements are almost always confined to the newly syn-
thesized sequences.

These results cannot readily be explained by the DSB repair
model proposed by Szostak et al. (68), which assumes that
semiconservative DNA synthesis is initiated from both 39 ends
of the DSB (Fig. 1A, step 3). Rearrangements could occur on
either of the newly synthesized strands (Fig. 1B, step 1) and,
after resolution of the Holliday junctions, would be found on
both donor and recipient molecules. Our results support SDSA
models, which imply a conservative DNA synthesis and predict
that whatever rearrangement occurs during DNA synthesis will
be found on the recipient molecule only.

Crossovers and tandem repeat rearrangements are compat-
ible. In its simplest form, the SDSA model of DSB repair
predicts that rearrangements should occur on the recipient

FIG. 3. Recombinants obtained by DSB repair involving tandem repeats. For
each panel, the structure of the template is diagrammed in the upper box, and
the numbers of recipient (R) and donor (D) molecules with each structure are
given on the right. (A) Forty-four recombinants obtained after DSB repair using
the plasmid template diagrammed in Fig. 2D. (B) Forty recombinants obtained
after DSB repair using the plasmid template diagrammed in Fig. 2E. (C) Thirty-
four noncrossover recombinants obtained after repair using the template dia-
grammed in Fig. 2I. (D) Forty-one noncrossover recombinant lines obtained
after repair in G1 of the template diagrammed in Fig. 2I. In seven cases (bottom),
two populations of cells differing in the structure of the repaired molecule, were
obtained. In panels B and D, one recombinant displays tandem repeat rearrange-
ment in both donor and recipient. In these cases, the corresponding donor and
recipient molecules are labeled with stars.
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molecule without altering the donor, and without any associ-
ated crossover (10, 22, 42). As illustrated in Fig. 1C, both ends
would invade the template and prime new DNA synthesis.
Rearrangements would appear during the resolution step, be-
cause of the multiple possibilities of annealing offered by the
repetitive structure. In this version of SDSA, rearrangements
and crossovers would be mutually exclusive.

To test this hypothesis, we looked for crossover events and
checked if they were associated with 5S gene deletions or
duplications. Only five crossovers (6.3%) had been detected
among 80 characterized recombinants (the noncrossover
events are diagrammed in Fig. 3C and D). Therefore, we used
a genetic screen to identify more events (see Materials and
Methods). Figure 4 diagrams the structures of 29 crossover
recombinants. Thirteen of them were not associated with tan-
dem repeat rearrangement. Of the 16 recombinants with rear-
rangements, 13 had a rearrangement in only one of the re-
peated arrays. Two large duplications encompassing white were
found among the rearrangement events. In noncrossover
events, we can define a donor and a recipient molecule, but in
crossover events, both are split by the reciprocal translocation.
This is probably why the crossover events we characterized
display rearrangement on either of the two 5S loci found after
DNA repair. Thus, rearrangements occur in about 55% of
crossovers. This ratio is not significantly different from the 48%
of rearrangements found among noncrossover events. Both
deletions and duplications appear to be perfectly compatible
with crossovers. This rules out the simple SDSA hypothesis
cited above (Fig. 1C).

Thus, we favor an alternative model of SDSA (11, 41, 44),
which assumes that most of the time, only one 39 end invades

the template donor, and it is extended by bubble migration
(Fig. 5A). As pointed out by Ferguson and Holloman (11), this
SDSA model is compatible with crossovers. Invasion or pairing
of the second 39 end may stabilize the strand displaced by the
first one, making unwinding unlikely. The gene conversion
would thus resemble the branched intermediates proposed by
Szostak et al. (68), and resolution of the Holliday junctions
would occur with or without crossover.

This SDSA model can also account for the tandem repeat
rearrangements we observe (Fig. 5B). After a newly synthe-
sized strand is unwound, it may reinvade the template duplex.
If newly synthesized DNA strands from both sides of the break
do not overlap yet, it may even be the only possibility, for no
annealing would be possible. Rearrangements could then oc-
cur because of the multiple possibilities of strand reinvasion
(Fig. 5B, step 3) allowed by the redundant structure, and they
would thus be the consequence of “slippage-like” events. Sub-
sequently, resolution could occur by annealing (Fig. 5A, step 3)
or by formation and cutting of Holliday junctions (Fig. 5A, step
4), and thus, crossovers and tandem repeat rearrangements
would be compatible.

Use of a split template during DSB repair. In Drosophila,
many complex P-induced gene conversion events have been
found, where sequences were supposed to be copied from two
different templates (18, 19, 43). However, in these studies, one
of the two templates was presumed to be a sister chromatid,
which could not be demonstrated. Similar observations have
been reported with S. cerevisiae in a transformation experiment
(61). The origin of such events could rely on the ability of
newly synthesized DNA to unwind from its template during
DNA repair: DNA synthesis could be initiated on two dif-

FIG. 4. Crossover events. The diagram at the top represents the donor and the recipient. The cutting of the donor by HO endonuclease, and genetic and molecular
identification of crossover events (with SphI and EagI diagnostic restriction enzymes) allowed us to characterize the 29 events whose structures are shown here.
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ferent templates, and the two different new DNA molecules
could then be annealed together (18, 43, 61). This corre-
sponds to the model of SDSA diagrammed in Fig. 1A, ex-
cept that the two 39 ends invade sequences on different
chromosomes. Another possibility is that template switching
would occur during DNA synthesis (19), which corresponds
to the SDSA model diagrammed in Fig. 5A, the one we
favor (see above).

We designed a system to test if DSB repair can occur when
it must use two different templates (Fig. 6). A plasmid with a
gapped leu2 gene containing an HO cut site was transformed
into three yeast strains differing only in their LEU2 donor
sequences. Gap repair resulting in a functional plasmid LEU2
gene was induced by HO endonuclease. It is well documented
that gap repair of a plasmid can occur by gene conversion from
a chromosomal template (44–46), and in our assay, a complete
LEU2 donor template allowed for gap repair in 13% of the
cells (Fig. 6A). As predicted by current models, gap repair was
very inefficient (,1026) with a truncated leu2 template that
shares no common sequence with one side of the DSB in the
plasmid leu2 (Fig. 6B). However, a significantly higher level of
gap repair (0.3%) was observed with two overlapping trun-
cated templates located on different chromosomes (Fig. 6C).
We confirmed genetically and molecularly that the gap-re-
paired, functional LEU2 gene was plasmid borne and was not
the result of a chromosomal rearrangement.

This result clearly shows that during DSB repair, sequences
can be recruited from two different overlapping templates. Our
assay does not allow us to decide between the two models
proposed above, i.e., (i) the two 39 ends each invade one of the
templates (Fig. 6C), and resolution occurs by annealing of the
newly synthesized DNA, or (ii) one of the 39 ends invades one

of the donors, and then switches to the other donor, in the
overlapping region (Fig. 6D), and then anneals to the second
end of the plasmid.

Gap repair efficiency decreases as the size of the gap in-
creases. When we induced a DSB in a chromosomal leu2 gene
to obtain gap repair events that would have copied 5S genes,
we noticed that as the size of the repeated array inserted in the
leu2 template increased, gap repair efficiency decreased. With
a plasmid template, repair occurred in 28% of the cells when
the LEU2 donor contained no insert (Fig. 2C), but repair
efficiency dropped to 12.6% with a 2.9-kb insert of eight 5S
genes (Fig. 2D) and to 6.4% with a 9.1-kb insert containing two
5S arrays surrounding the white gene (Fig. 2E). When the
template was on chromosome V, repair efficiencies were quite
similar, dropping from 35.7% with no insert (Fig. 2H) to 12.5%
with the 9.1-kb insert (Fig. 2I). This effect on gap repair could
be specific to repeated sequences or to the 5S gene; therefore,
we checked the effects of two other inserts. When we intro-
duced a truncated 2.1-kb white gene into the LEU2 gene (Fig.
2F), DSB repair efficiency was 11.3%, very similar to the 12.6%
efficiency obtained with a 2.9-kb 5S array. With a complete
4.1-kb white gene as an insert, repair efficiency reproducibly
dropped further, to 9.8% (Fig. 2G). These results indicate that
the decrease in DSB repair efficiency observed with inserts of
increasing size is not 5S specific or specific to a redundant
structure: increasing amounts of sequences from the white
gene have the same effect. Our conclusion is that during dou-
ble-strand gap repair, the size of the DNA segment to be
copied limits the efficiency of repair. The most likely difficulty
in gap repair appears to be in the processivity of DNA synthe-
sis.

FIG. 5. A model of SDSA compatible with crossovers. (A) A single 39 end invades the template and primes synthesis (step 1) and is extended by bubble migration
(step 2). Most of the time, resolution can occur by annealing (step 3). However, invasion of the template by the second 39 end may sometimes stabilize the strand
displaced by the first 39 end (step 4). DNA synthesis would become semiconservative (step 5), and Holliday junctions could be formed (step 6) and subsequently cut.
(B) Creation of tandem repeat rearrangements by reinvasion. A single 39 end would invade the donor template and initiate DNA synthesis (step 1). It would then be
unwound from the template (step 2) and invade this template a second time. Because repeated sequences have been added to the 39 end, this second invasion can be
initiated on any of the tandem repeats on the template. Two different possibilities are shown here (step 3). The conversion could then be accomplished by annealing
or by formation and cutting of Holliday junctions, as shown in panel A.
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DISCUSSION

We describe here rearrangements of a repeated array during
DSB-induced gene conversion. These rearrangements are very
similar to changes in tandem repeats that have previously been
observed in Drosophila by using the same substrates (48, 49), in
human minisatellites (24), and in the yeast CUP1 repeated
locus (75, 76) and which have been explained as the conse-
quences of gene conversion. However, this is the first study in
which we know not only where but also when the DSB appears,
so that we can determine how often DSB repair results in
tandem repeat rearrangements. One of our most striking re-
sults is that half of the repair events are associated with a
deletion or a duplication.

This is also the first study in which we could recover and
identify both donor and recipient sequences. This is impossible
in the Drosophila and human systems, as mentioned above.
Although Welch et al. (75, 76), who characterized meiotic
contractions and expansions of the CUP1 locus in yeast, could
recover all the recombination products, they could not identify
donor and recipient molecules, nor could they tell how often
repair occurred without rearrangement. This advantage al-
lowed us to examine the mechanism of DSB repair in detail.
We made two key observations.

First, when gene conversion is not associated with crossing-
over, the rearrangements are almost always at the recipient site
while the donor template remains unchanged. Second, while
crossing-over associated with gene conversion is rare, about
half of these events also contain changes in the number of
repeats, but most of the time on only one of the two partici-
pating chromosomes. As we discuss below, these events are not
readily explained by the DSB gap repair model proposed by
Szostak et al. (68) or by an SDSA model that does not permit
crossing-over (10, 22, 42). We can account for all these events
by a modified form of the SDSA model that allows crossovers
to occur (11).

DSB-induced rearrangements in tandem repeats are best
explained in terms of an SDSA model. The gap repair model of
Szostak et al. (68) envisions that the two 39 ends of a DSB will
each invade the donor template and copy a new strand of
DNA. This DNA synthesis is assumed to be semiconservative,
like genome replication. Thus, the recipient locus as well as the
donor locus become heteroduplex, with one original and one
newly synthesized strand. Therefore, in the discussion below,
we will refer to the Szostak et al. (68) model for DSB gap
repair as a semiconservative gene conversion (SCGC) model.
It might be imagined that during this semiconservative repli-
cation process, there was replication slippage, leaving a loop
on either the newly synthesized or the template strand, to add
or subtract repeats (5, 36, 63, 71, 72). However, such events
should be just as likely to occur at the donor locus as at the
recipient locus, since each is the product of an equivalent
semiconservative replication process (Fig. 1B). But we find
such rearrangements almost always at the recipient site. More-
over, although replication slippage can explain small duplica-
tions, such as the 100-bp duplications observed in a rad27
mutant (70), they can hardly account for the events we observe,
involving sometimes more than 4 kb. To explain these dupli-
cations by replication slippage, one has to assume that the
newly synthesized strands can be unwound from their template
over several thousand base pairs, so that they can reinitiate
DNA synthesis far upstream from the point they reached.

One might also hypothesize that rearrangements at the re-
cipient locus are the consequence of a secondary event, after
gap repair had produced a donor and a recipient with identical
numbers of repeats. We think this unlikely for two reasons.
First, the initiating lesion again would have to be confined to
the recipient locus, and there is no evident asymmetry in the
intermediate structures postulated by the SCGC gap repair
model that would account for such bias. Second, while one
might imagine a nick or DSB stimulating deletions between
flanking repeats, as in models of single-strand annealing (6, 12,
34, 35, 47, 56, 65), it is difficult to explain how these lesions
would produce increases in copy number.

Thus, we believe that these results are better explained in
terms of SDSA. Here, newly synthesized DNA does not remain
base paired to the template, as in normal DNA replication;
rather, newly synthesized strands are displaced, allowing them
to anneal. Because alignment of complementary newly synthe-
sized strands can occur in different registers, the total number
of repeats in the recipient site can easily have fewer or more
copies than the donor template. The distinctive feature of
SDSA is that the recipient locus receives two newly synthesized
strands of DNA, while the donor template remains unchanged,
so that DNA synthesis is conservative rather than semiconser-
vative. This, of course, accounts for the observation that rear-
rangements are almost always found at the recipient and not at
the donor site.

When we analyzed whole colonies resulting from a single G1
cell, we sometimes obtained mixed populations of recipient

FIG. 6. Direct evidence for the SDSA model. (A) A plasmid with a gapped
leu2 gene can be repaired on an uninterrupted LEU2 template. This event
minimally requires one strand invasion. The newly synthesized strand can then
anneal to the other 39 end of the DSB. (B) A truncated template with no overlap
with one side of the gap does not allow for efficient repair. (C and D) Two
truncated templates also allow for gap repair. Each template is lacking an
overlap on one side of the gap but is overlapping with the other template. On
each panel, an arrow(s) represents the invading 39 end(s) after it has been
extended by DNA synthesis. Panels C and D represent two different mechanisms
to account for the same events: both 39 ends invade and prime DNA synthesis
before the newly synthesized DNA strands are unwound from the templates and
anneal together (C), or DNA synthesis from a single 39 end can switch from one
template to the other (D). In both cases, two strand invasion steps and one
annealing step are required.
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molecules (Fig. 3D). These events can be explained if repair of
the DSB did not occur until after replication of the broken
chromosome, at which time two independent repair events
occurred. Alternatively, the DNA synthesis initiated from the
second 39 end after annealing (Fig. 5A, step 3) could also be
prone to slippage-like events, resulting in heteroduplexes in
the recipient molecule that would, after the first cell division,
yield two different recipient molecules. However, we cannot
rule out the possibility that in these cases, induction actually
occurred after the cell had entered the S or G2 phase.

Direct evidence of SDSA. The most compelling evidence for
SDSA comes from our demonstration of gap repair when the
template consists of two unlinked overlapping sequences, each
of which has homology to only one end of the DSB (Fig. 6).
Reconstitution of the intact LEU2 gene on a centromeric plas-
mid was accomplished 0.3% of the time, approximately 40
times less often than when the two ends of the DSB were both
homologous to a single template strand. The difference in
efficiency most likely reflects the fact that repair from two
templates requires an additional strand invasion step. Gap
repair from a single, intact template minimally requires a sin-
gle strand invasion producing a displaced new strand of DNA
that can anneal with the other 39 end of the DSB (Fig. 6A). In
contrast, repair from two overlapping unlinked templates re-
quires two independent strand invasion steps, followed by an
annealing step (Fig. 6C and D). Once one end of the DSB
interacts with a donor, the interaction of the second end with
the same template could be greatly enhanced.

We envision two alternative versions of this model. In the
first (Fig. 6C), each end invades a template and each spins out
a strand, which then anneals to repair the DSB. Alternatively,
only one end may invade the first template, then detach and
invade the second template (Fig. 6D) to complete the missing
region, and finally anneal to the second end of the DSB, which
need never have invaded the donor duplex. The latter mech-
anism resembles copy choice models (32), and a similar model
has been proposed recently to account for P-induced events
that seem to require the use of two different templates (19). In
either case, there are two strand invasions and an annealing
step.

The two models proposed in Fig. 6 can both account for the
change in copy number during the copying of a template con-
taining tandem repeats, as shown in Fig. 1C and 5B. However,
the reinvasion (or template switching) mechanism can also
account for gap repair events associated with crossing-over.

A modified SDSA model can account for crossover-associ-
ated events. About half of the gap repair events yield the same
number of repeats as the donor. One explanation for this
distinctive clustering of “perfect” events is that many of them
arise by a mechanism (i.e., SCGC) that is different from that
which produces the gene conversions with different repeat
numbers (SDSA). This possibility cannot be excluded, and it
led us to examine gene conversion events with crossing-over. If
all SDSA occurred without crossover, then one might conjec-
ture that the crossover-associated events might derive from
SCGC. In this case, one might expect all such events to have
the same number of repeats as the donor; but we showed that
this was not so (Fig. 4). Moreover, 13 of the 16 crossover-
associated events showed a rearrangement on only one of the
two arrays. This is not consistent with an unequal reciprocal
exchange event occurring between two initially identical re-
gions, although it could occur if some repeats were looped out
in heteroduplex DNA (75). Consequently, although we cannot
rule out the possibility that some gap repair events occur via
SCGC, the crossover outcome predicted by such a model was
not found.

Crossover-associated rearrangements can be explained by
the reinvasion of one end during the copying of the template-
containing repeats. Most of the time, the conversion event
could be accomplished by an annealing with the second end of
the DSB (Fig. 5A, step 3). However, if the second end also
paired with the template, it might sometimes stabilize the dis-
placed strand (Fig. 5A, step 4). DNA synthesis on both strands
could then become semiconservative (Fig. 5A, step 5), and
Holliday junctions could arise (Fig. 5A, step 6) and be cut, as
predicted by Szostak et al. (68). This would account for the
events shown in Fig. 4.

It must be pointed out that once DNA synthesis becomes
semiconservative, no further change in copy number is likely. If
a rearrangement has been generated by a reinvasion event
(Fig. 5B, step 3) prior to the invasion of the second 39 end (Fig.
5A, step 4) and the switch to a semiconservative mode of DNA
synthesis (Fig. 5A, step 5), it will remain outside the region
where the Holliday junctions are formed (Fig. 5A, step 6).
Branch migration across the expanded or contracted repeated
array would be difficult because it would have to bypass a loop.
Thus, the rearrangement will not be affected by the crossover
and will be clustered on one chromosome, which is what is
observed in 13 of 16 cases. Invasion and reinvasion happening
simultaneously on both sides of the DSB could result in two
rearranged arrays, as happens in three cases.

We therefore propose that during DNA repair in vegetative
cells, DNA synthesis is mostly not semiconservative but can
sometimes switch to the semiconservative mode (11), which
would allow for the appearance of crossover events. Given the
low frequency of crossovers, switching to a semiconservative
mode of DNA synthesis should be a rare event, and gene
conversion would be accomplished by annealing most of the
time. In this case, the two processes diagrammed in Fig. 1B and
5B (and the two processes suggested in Fig. 6, which are their
analogs) would include exactly the same number of events, i.e.,
two strand invasions priming synthesis and one annealing, and
would be two different versions of the same mechanism.

Meiotic gene conversions are associated with crossover more
often than are mitotic conversions, which could indicate that
semiconservative DNA synthesis would occur more frequently
during DNA repair in meiotic cells. However, an overall deficit
in crossover still appears (13), and some data indicate that
nonsemiconservative DNA synthesis might be important in
meiotic cells as well (17, 53).

DNA synthesis as a rate-limiting step. If DNA repair syn-
thesis by bubble migration is prone to be interrupted, it could
also explain another feature of our results: gap repair efficiency
decreases when the size of the gap increases. During genome
replication, DNA polymerases are apparently very processive,
but PolI, the bacterial DNA polymerase associated with DNA
repair, is not (28). Nothing is known about the DNA poly-
merase(s) associated with DSB repair in eukaryotes, but our
results suggest that they are not processive. When long se-
quences have to be synthesized before DNA repair can be
accomplished, repair fails most of the time. An insert of 9 kb
decreases repair efficiency fourfold. In addition, half of the
repair events apparently require a reinitiation of DNA synthe-
sis, resulting in a rearrangement. It is only the other half, the
perfect repair events with no deletion or duplication, which
may reflect uninterrupted DNA synthesis across the repeated
template.

Altogether, our data strongly suggest that the DNA synthesis
associated with DNA repair is fundamentally different from
the genome replication occurring during the S phase: it is
neither semiconservative nor processive.
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DSB repair, a major cause of tandem repeat amplification?
Fu et al. (15) proposed that the massive amplifications of
microsatellites could be the consequence of reinitiation of
DNA synthesis. Our result show that DNA synthesis resulting
from DSB repair is more likely to induce tandem repeat rear-
rangements than DNA synthesis associated with genome rep-
lication. Thus, the origin of the massive amplifications of mi-
crosatellites in fragile X syndrome or Huntington’s disease
may be linked more to DNA repair than to genome replica-
tion. Thus, in the case of fragile X syndrome, amplifications
appear during oogenesis or shortly after fertilization (15, 37),
possibly during meiosis, when DSBs may frequently cut the
genome. Some microsatellites have been shown to have the
potential to form very stable hairpins (8, 16, 39), which could
pause the replication machinery (25) and be responsible for
small slippage events. The effect of such structures would be
much more severe on the synthesis associated with DNA re-
pair, because any pause of the polymerase could favor disso-
ciation of the elongating strand from its template. One can
imagine that with microsatellites, several events of dissociation
and reinvasion of the elongating strand could occur during a
single repair event. Very large amplifications could thus appear
as a consequence of repairing a single DSB.
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