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Ionizing radiation is an established source of chromosome aber-
rations (CAs). Although double-strand breaks (DSBs) are implicated
in radiation-induced and other CAs, the underlying mechanisms are
poorly understood. Here, we show that, although the vast majority
of randomly induced DSBs in G2 diploid yeast cells are repaired
efficiently through homologous recombination (HR) between sis-
ter chromatids or homologous chromosomes, �2% of all DSBs give
rise to CAs. Complete molecular analysis of the genome revealed
that nearly all of the CAs resulted from HR between nonallelic
repetitive elements, primarily Ty retrotransposons. Nonhomolo-
gous end-joining (NHEJ) accounted for few, if any, of the CAs. We
conclude that only those DSBs that fall at the 3–5% of the genome
composed of repetitive DNA elements are efficient at generating
rearrangements with dispersed small repeats across the genome,
whereas DSBs in unique sequences are confined to recombina-
tional repair between the large regions of homology contained in
sister chromatids or homologous chromosomes. Because repeat-
associated DSBs can efficiently lead to CAs and reshape the
genome, they could be a rich source of evolutionary change.

ectopic recombination � gamma radiation � genome rearrangements �
nonallelic homologous recombination � retrotransposon

From the time that H. J. Muller discovered that x-rays in-
creased mutation rates (1) and Barbara McClintock first

identified chromosome abberations (CAs) that correspond to
specific phenotypes (2), ionizing radiation has been used as a
powerful tool for mutagenesis and exploration of genome or-
ganization. Despite the long-known connection between CAs
and x-rays, the underlying mechanisms that give rise to rear-
rangements remain unclear. In Saccharomyces cerevisiae, various
types of DNA damage result in elevated levels of chromosome
rearrangements including deletions, duplications, and translo-
cations (3). These studies usually involve genetic methods that
select for one type of event at specific loci. For example, Fasullo
et al. (4) showed that DNA-damaging agents stimulated homol-
ogous recombination between ectopic repeats (resulting in trans-
locations) by selecting for histidine prototrophs in strains with
his3 alleles located at sites on chromosomes II and IV. Myung
and Kolodner (5) showed that a variety of DNA-damaging
agents stimulated the frequency of chromosome rearrangements
associated with loss of markers located near the end of chro-
mosome V; most of these rearrangements reflected nonhomolo-
gous end-joining or telomere addition to the broken end.

In our study, we took advantage of genomic tools to analyze
a large number of unselected CAs arising from randomly in-
duced double-strand breaks (DSBs) across the entire genome.
We showed that most of the CAs result from homologous
recombination between retrotransposons located at nonallelic
sites. Although interactions between transposable elements have
been proposed as sources of genome rearrangements after
chromosomal damage (6), our findings provide a direct demon-
stration that DSBs within these elements can reshape the
genome.

Results and Discussion
Chromosomal Damage and Repair. We chose to examine the
outcome of randomly induced DSBs on the stability of the
genome under conditions where opportunities for homologous
recombination (HR) repair of DSBs were maximal. In S. cer-
evisiae, repair of DSBs by HR is highly favored over repair by
NHEJ, particularly in diploid cells (7). Breaks were introduced
into the yeast S. cerevisiae genome by ionizing radiation, and the
resulting CAs were characterized at the molecular level. Before
irradiation, the diploid cells were arrested in the G2 stage of the
cell cycle with nocodazole; this arrest was maintained during the
irradiation [Fig. S1 in supporting information (SI) Appendix].
This treatment allowed efficient HR repair between sister
chromatids (8) or homologous chromosomes. DSB induction was
assessed by analyzing changes in full-length chromosomal mol-
ecules using pulsed-field gel electrophoresis (PFGE) (Fig. 1a).
Cells were exposed to 80 krad (800 Gray), corresponding to 7%
and 28% survival in two independent experiments (JW and A
sets, respectively; Table S1 in SI Appendix). Using Southern blots
to quantify loss of full-length molecules, we showed (Fig. S2 A–F
in SI Appendix) that this dose produced �250 DSBs per diploid
G2 cell.

As shown in Fig. 1B, the G2 diploid cells have a remarkable
ability to repair a shattered genome, as shown for haploid G2
cells (8). Repair of specific chromosomes was detected by 1 h
postirradiation by using PFGE, and by 3 h, most of the chro-
mosomal bands were restored (Fig. 1B, Fig. S2 G–I in SI
Appendix). These results reflect the cumulative repair in the
irradiated cell population but do not reveal CAs that may be
present in individual cells. To visualize CAs, we analyzed chro-
mosomes from individual colonies that arose on rich media after
irradiation, a condition in which the only selection was for
viability (Table S1 in SI Appendix). Because the cells were
diploid, they could tolerate a wide assortment of CAs, including
large heterozygous deletions. This approach differs from a
selection system for elaborating the genetic control of gross
chromosomal rearrangements (9), where isolation of CAs relies
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on selecting events that originate in a small nonessential region
of single-copy DNA in the haploid genome.

Nearly two-thirds of the colonies (54 of 71) contained at least
one novel chromosomal band. The molecular karyotypes of 11
such colonies are shown in Fig. 1C. In contrast, no CAs were
found among 24 clones derived from unirradiated cultures
(except for occasional expansions/contractions of the ribosomal
DNA cluster on Chr 12; Fig. S12 in SI Appendix and data not
shown). Because �-radiation produced �250 DSBs per cell, most
DSBs were repaired by mechanisms that did not result in a CA.
These results differ markedly from findings with haploid cells
(10), where only a few percent of colonies contained a CA even

at high radiation doses, presumably because many CAs would
alter gene dosage and adversely affect growth.

Genome-Wide Detection of CAs. Microarray-based comparative
genomic hybridization (CGH array) was used to analyze the CAs
observed in 37 survivors (legend to Table S1 in SI Appendix; see
examples in Fig. 2B and Fig. 3B). This analysis (summarized in
Table 1, Table S2, and Fig. S14 in SI Appendix) identifies
contiguous genomic segments in which there are genomic am-
plifications or deletions. The sites where gene-dosage transitions
from normal to altered, termed chromosome aberration break-
points (CABs), are presumed to have been involved in the
recombination event that gave rise to the CAs. CABs are
considered the repair outcome of a DSB and might not represent
the actual site of a precursor lesion. With our tiled full-coverage
genomic microarrays, the CABs could be estimated with a
resolution of one or two ORFs. In addition to imbalanced CAs,
CGH arrays also detect aneuploidy. It is important to note that
the CGH-array analysis can accurately detect only rearrange-
ments that span regions of unique DNA. Although expansions
and contractions of tandemly repeated DNA such as ribosomal
DNA and CUP1 (Chr 8) were often observed among survivor
colonies in PFGE/Southern blot analysis, they were not detected
by CGH arrays and are not shown in Table 1.

Despite the random induction of DSBs (Fig. S2 in SI Appendix),
91% of the 97 CABs were found at dispersed repetitive DNA
sequences. Eighty-one were located at Ty retrotransposon se-
quences, either full-length element insertions of Ty1 or Ty2 (�6 kb)
or at solo delta elements (�0.3-kb LTRs of Ty1 and Ty2). Retro-
transposons and LTRs comprise 3% of the genome and represent
the most abundant class of dispersed repetitive DNA in S. cerevisiae
(11). Another nine breakpoints were found in diverged gene
families such as HXT and FLO. These genes are frequently located
near yeast telomeres and have been identified as sites of genome
rearrangements between closely related yeast species (12).

There were seven CABs that appeared to be in single-copy
DNA regions, based on the published yeast sequence. Because
our strain is not identical to the sequenced strain, such CABs
could represent homologous recombination between repeats not
present in the sequenced strain or could represent NHEJ events.
CABs in this class are termed ‘‘uncharacterized’’ in Table 1.
Subsequent analysis of two such CABs showed that one was
associated with a previously unidentified Ty, and the other was
likely due to DSB healing by telomere addition. Thus, at most
only five of the radiation-induced CABs could involve NHEJ.

Molecular Characterization of Recombination Products. To under-
stand completely the events leading to chromosomal rearrange-
ments, we sought to define all of the CAs (excluding rDNA)
within each of the 11 strains in Fig. 1C using a combination of
Southern blot, PCR, and Band-array analysis. Band-array anal-
ysis involves excision of specific chromosomal bands from PFGE
that are then examined in a second round of CGH-array (13).
Molecular characterization of 32 CAs (3 by Southern analysis, 2
by PCR, and 27 by Band-array) enabled us to account for all
novel chromosomes in nine of the isolates.

This molecular autopsy approach revealed a variety of chro-
mosomal changes involving repetitive DNA sequences. The CAs
in the JW8 and JW2 isolates (shown in Figs. 2 and 3, respectively)
are examples of the recombination events induced by ionizing
radiation. Detailed analysis of eight other isolates is available in
SI Appendix. There were three categories of rearrangements in
JW8: interstitial duplication, nonreciprocal translocation, and a
potential loss of heterozygosity (LOH) event. The JW8-1 chro-
mosome aberration resulted from two independent recombina-
tion events in the same DNA molecule. The interstitial dupli-
cation on the right arm of Chr 5 between two Ty1 insertions
(YERCTy1-1 and -2) presumably reflects an unequal cross-over

Fig. 1. DNA DSB induction, chromosomal restoration, and identification
of rearrangements. (A) PFGE showing fragmentation of chromosomes in
nocodazole-arrested (G2) diploid cells after the indicated dose of �-radiation.
(B) PFGE showing a time course of chromosomal restoration after exposure to
80 krad. (C) PFGE molecular karyotyping of the parental diploid strain (Par)
and of the 11 radiation-survivor isolates that were investigated in detail.
Molecular weight in kilobases is indicated to the left and specific chromo-
somes (numbers) to the right. Arrows emphasize the lanes with the JW8 and
JW2 isolates.
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between the Ty elements. The second event was a nonreciprocal
translocation between the HXT13 (Chr 5) and HXT15 (Chr 4)
loci, which share 90.7% sequence identity over a 1,670-bp
homology region. Sequencing of this translocation product
showed that exchange occurred inside identical 26-bp regions
(Fig. S8E in SI Appendix). Another CA was a nonreciprocal
translocation, JW8-2, which involved a 197-bp homologous
region in a solo LTR on Chr 7 (YGLWdelta2) and an LTR
associated with a Ty1 element on Chr 13 (YMRCdelta8). One
mechanism for generating this nonreciprocal translocation is
break-induced replication (BIR) (14) repair of a DSB that may
have occurred in YMRCdelta8 using the YGLWdelta2 as a
template. Because of size polymorphisms found in Chr 8 and 9,
it was also possible to identify events that may have been due to
radiation-induced recombination between homologues. One
such event (CA JW8-3) resulted in a sharp deletion peak on Chr
9 through loss of a hemizygous Ty3 insertion (Fig. 2B; detailed
in Fig. S8 in SI Appendix). This event could be an LOH event
(reflecting either gene conversion or mitotic crossing-over prox-
imal to the heterozygous insertion) or a ‘‘pop-out’’ of the Ty3
element.

The JW2 strain was a good example of the complex events that
can occur in a single cell after irradiation. Four new chromosomal
bands (JW2–1 to -4) were identified in the PFGE profile of this
isolate (Fig. 3A). In addition, the Chr 2 and 14 bands were detected
at half the normal intensity, indicating that only a single copy of the
parental-sized DNA molecules was present in the diploid. This
pattern was more complex than predicted from the CGH array data
alone (Fig. 3B), which showed simply a gain of sequences on the
right arm of Chr 5 (4� level) and loss of sequences (1� level) on

the right arm of Chr 13 and near the right telomere of Chr 8.
Because no gene dosage changes were detected for Chr 2 and 14
sequences, these chromosomes must have been involved in conser-
vative chromosomal rearrangements where chromosome structure,
but not gene dosage, is altered. Band-array analysis (Fig. 3C)
resulted in a complete characterization of the rearranged chromo-
somes in JW2 (Fig. 3D).

Three of the CAs (JW2-1, -3, and -4) were particularly
informative, because they represented interrelated events, which
resulted from tripartite recombination between full-length Ty
elements located on Chr 2, 5, 13, and 14 (detailed description in
Fig. 3 legend). Note that one full copy of Chr 2 and one full copy
of Chr 14 were recovered in these three CAs. Because no DNA
was lost on Chr 2 or 4, we were able to unambiguously localize
the precursor DSB lesions to Tys on those chromosomes. This
indicated that a DSB on Chr 2 (at YBLWTy1-1) and a DSB on
Chr 14 (at YNLWTy1-2) triggered the formation of these CAs.
In both cases, the two DNA ends generated by a DSB each
engaged in recombinational repair with independent homolo-
gous Ty sequences on other chromosomes. This could have
occurred as follows: CA JW2-4 formed as a result of a DSB end
from Chr 2 interacting with another DSB end from Chr 14,
possibly through a single-strand annealing (SSA) pathway. The
remaining DSB end from Chr 2 recombined with a homologous
Ty sequence on Chr 5 resulting in CA JW2-3, whereas the second
DSB end from Chr 14 engaged a Ty on Chr 13 forming CA
JW2-1.

The fourth CA in this isolate, JW2-2, was also complex in
structure, because it resulted from two different recombination
events on Chr 5 and 8, both involving Ty sequences (see Fig. 3
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Fig. 2. Molecular dissection of CAs in the JW8 isolate. (A) Cropped alignment of the PFGE profiles from Fig. 1C. (Par) Parental diploid strain. JW8-1, -2, and -3
indicate the CAs characterized in JW8. (B) CGH-array data for chromosomes involved in CAs. Chromosome numbers are shown to the left of each plot and the
horizontal lines correspond to the genomic position of microarray probes from the left to the right telomeres; black circles indicate the position of centromeres.
Vertical bars correspond to the average signal of seven consecutive probes. Coloring indicates gene dosage as follows: gray. no significant change; red, gene
amplifications; green, gene deletions. (C) Schematic representation of CAs and parental chromosomes with the respective genomic sites involved in rearrange-
ments. Terminal boxes with internal labeling represent the left (L) and right (R) telomeres, and labeled circles represent centromeres. Each chromosome is drawn
in a different color. Solid black arrows represent full-length Ty elements with their respective LTRs; arrowheads represent solitary LTR insertions. Empty box
arrows with an internal ‘‘X’’ label represent the HXT loci. Chromosomes in B and C were scaled according to the reference bar in kilobases, except for Chr 4 and
7, which are truncated.
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legend). In summary, a small number of DSBs associated with
Tys efficiently triggered nonallelic recombination between re-
petitive DNA elements and reshaped the karyotype of JW2.

Surprisingly, tripartite recombination was frequent. Repair
events analogous to the ones described above were also found in
isolates JW6, JW9, and JW13 (Figs. S7, S9, and S10 in SI
Appendix). Among the 11 conservative CAs identified in our
study, nine were formed by a tripartite mechanism. The partic-
ipation of both ends in the same exchange event resulting in a
reciprocal translocation was found in only 2 of the 11 conser-
vative CAs (isolate A2; Fig. S11 in SI Appendix). Recently, it was
proposed that capture of both ends of a DSB by a single D loop
in a donor sequence may suppress BIR, thereby making gene
conversion a preferential mechanism for accurate repair of
DSBs in single-copy DNA and preventing CAs (15). Our results
suggest that DSBs in repetitive DNA elements interfere with this
mechanism, because both ends are able to find homology
independently in the genome rather than being captured by a
single a D loop structure.

The predominance of aberrations associated with Tys suggests
a strong relationship between CAs, Tys, and DSBs. Using a
computational simulation based on DSBs per cell and the
portion of the genome occupied by retrotransposons (11), we
calculate that the average cell received about seven DSBs within
Tys (Fig. S3 in SI Appendix). Thus, although it is possible that

DSBs external to Tys could stimulate the frequent Ty-associated
CAs, there were enough Ty-associated DSBs to account for the
two to three Ty-associated CABs observed per survivor. Overall,
�2% of all DSBs gave rise to detectable CAs. These results also
demonstrate that most DSBs are repaired by HR in a manner
that does not result in CAs, presumably using sister chromatids
or homologous chromosomes as templates.

The finding that repetitive elements are the predominant sites
of CAs induced by random DSBs suggest a model (Fig. 4)
wherein the combination of repetitive DNA sequences and DSBs
(and possibly other lesions) play a key role in providing plasticity
to an otherwise rigid genome. A DSB in a region of unique DNA
provides the genome with a limited choice of repair partners
(sister chromatid or homolog; blue arrows), none of which can
yield a chromosomal rearrangement (Fig. 4A). Once a DSB is
formed inside a repetitive DNA element, the HR system is
confronted with the choice of recombining with allelic sequences
located on either a sister chromatid or homologous chromosome
or of recombining with nonallelic repeats (red arrows). Our
results suggest that the ends produced by a DSB within a Ty
element (Fig. 4B) open the genome to DSB interactions among
essentially all of the chromosomes, often independently, as
discerned from the high incidence of tripartite recombination.
Considerable sequence divergence between the Ty and delta
elements (Table S3 in SI Appendix) might reduce, but does not
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Fig. 3. Molecular dissection of CAs in the JW2 isolate. All numbers and drawings are presented according to the legend in Fig. 2. (A) Cropped alignment of
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necessarily prevent repair of, radiation-induced DSBs (16, 17).
Although it is formally possible that CAs could arise via resected
DNAs that extend to Tys (18, 19), such events would not readily
explain the observed tripartite events described here.

We previously suggested that translocations generated in yeast
strains with low levels of DNA polymerase alpha reflected a DSB
in one Ty element that was repaired by a BIR event involving a
Ty element on a nonhomologous chromosome (18), consistent
with the translocations observed in the present study. Alterna-
tively, translocations could be formed by annealing of two Ty
elements each containing a DSB (as in CA JW2-4, Fig. 3). Such
events have been termed ‘‘half crossovers’’ and have been
observed in strains lacking Rad52p (20). Translocations could
also result from two consecutive BIR events, using a Ty cDNA
to initiate the first BIR event (21). Chromosome rearrangements
in which retrotransposon sequences are captured at the trans-
location breakpoint have been observed in yeast (22). Finally,
although in our experiments, most CAs reflect homologous
recombination between nonallelic repeats, under different ex-
perimental conditions, CAs resulting from nonhomologous end-
joining might also occur. Such events have been detected as a
consequence of HO (homothallic) endonuclease-induced DSBs
in haploids (23).

Nonallelic Ty-Ty recombination has been extensively investi-
gated by Kupiec and coworkers (24–26), who used a selection
system to detect loss of a genetically marked Ty element by gene
conversion with other Tys or intra-Ty recombination between
the two flanking delta sequences. Interestingly, these workers
showed that Ty-Ty gene conversion and intra-Ty deletion were
not stimulated by ionizing radiation (24, 26) but could be induced
by a site-specific DSB (25). The absence of detectable radiation-
induced Ty-Ty events could be because they used a 100-fold
lower dose and the requirement for specific interactions with the
Ty reporter being used (26), unlike the present study, which can
sample interactions across nearly all Tys. In addition, a site-
specific DSB would cut both chromatids, limiting the opportu-
nities for repair, a situation different from randomly induced
DSBs in sister chromatids.

Our studies show that, in response to DSBs, repetitive DNA

is a major source of genome plasticity. The efficient repair of
G2/M-induced DSBs displayed in yeast resembles the extraor-
dinary HR properties of the radioresistant bacterium Deinococ-
cus radiodurans (27). Both organisms have similar amounts of
repetitive DNA [3.8% in D. radiodurans (28)]. It would be
interesting to determine whether under the highly efficient
homology-driven repair of D. radiodurans there is a similar
capability for the generation of genome rearrangements.

Chromosomal rearrangements between repetitive DNA se-
quences have been observed in a variety of laboratory and
natural populations (12, 21, 29–31). Although some CAs are
selectively advantageous, there are also negative consequences
to a mechanism that generates high rates of CAs. Selection
against cells with high levels of genome instability, reflecting
high levels of transposable elements, may be one mechanism by
which the number of such elements per genome is limited (32).
In higher eukaryotes such as humans, whose genomes are replete
with repetitive DNA, a compromise between opportunities for
variation and excessive genome instability could be accom-
plished by increasing the efficiency of local interactions (end
rejoining and sister chromatid recombination) and by shifting
the balance of DSB repair from homologous to nonhomologous
pathways. Despite the presence of these balancing forces, recent
studies of structural genomic variation have uncovered a very
significant role for nonallelic HR in reshaping the human
genome (33, 34). In these studies, about half of the structural
variants reflected nonallelic HR between repetitive DNA se-
quences such as transposable elements. Taken together, these
recent results support the proposal that HR between repetitive
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Fig. 4. Model for generation of CAs through the repair of repeat-associated
DSBs. Given the random distribution of induced DSBs, most are expected to
appear in single-copy DNA sequences as indicated in A, where efficient
recombinational repair can occur between a sister chromatid or homolog
(blue arrows). In contrast, DSBs that occur within the repetitive DNA se-
quences shown in B also have numerous opportunities for the ectopic recom-
bination (red arrows), generating the CAs. The two ends formed by a single
DSB can act independently in these interactions. The ectopic repair of DSBs in
repetitive elements is in competition with the repair involving the sister
chromatid or the homologue.

Table 1. Summary of CGH-array analysis

Number of events (%)

Survivor isolates analyzed 37
Numerical chromosomal aberrations: 13

Monosomy 4 (30.8)
Trisomy 9 (69.2)

Structural chromosomal aberrations: 78
Terminal deletions 28 (35.9)
Terminal amplifications 27 (34.6)
Interstitial deletions 13 (16.7)
Interstitial amplifications 10 (12.8)

Breakpoint positions: 97
Full-length Ty insertions 64 (66.0)
Solo LTRs insertions 17 (17.5)
Other repetitive DNA 9 (9.3)
Uncharacterized 7 (7.2)

Most frequent breakpoints:
YERCTy1-1 9 (9.3)
YERCTy1-2 5 (5.2)
YCRWdelta8 4 (4.1)
YHRCTy1-1 4 (4.1)
YJRCdelta19 4 (4.1)

A complete description of the CGH-array analysis is provided in Table S2 in
SI Appendix. The numbers in parentheses are percentages within each
category.
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DNAs is a major source of genomic variation in humans (6, 35)
and a mechanism for disease-associated CAs that might arise
from DNA lesions such as DSBs.

Methods
Procedures and Strains. Standard procedures were used for yeast genetic
manipulation and culture. The parental diploid strain used in this study
(JW1777) was constructed, as described in SI Appendix, from nearly isogenic
derivatives to obtain complete homozygosity. JW1777 was derived from crosses
between strains of the S288c background, with a minor contribution from
strains of the A364A background (Craig Giroux, personal communication).

Nocodazole Arrest and Irradiation. A detailed description of the G2 arrest and
irradiation is described in SI Appendix. Briefly, nocodazole was added to
logarithmically growing cells. By 2 hours, 80–90% of cells were in G2, as
determined by cell morphology and flow cytometry. Cells were harvested,
washed, resuspended, and kept in ice-cold sterile water throughout the
irradiation procedure. Cell suspensions were irradiated in a 137Cs irradiator at
a dose rate of 2.38 krads/minute with periodic aeration and cooling intervals
after every 10 krads of irradiation. After irradiation, cell suspensions were held
on ice, diluted, and plated on yeast extract, peptone, dextrose, adenine
(YPDA). Colonies were counted after 3 days at 30°C.

PFGE. Two types of instruments were used to analyze high-molecular-weight
DNA: transverse alternating field electrophoresis gels (Fig. 1 A and B and Fig.

S2 in SI Appendix) were run in a Gene Line II apparatus from Beckman, and
contour-clamped homogeneous electric field gels (CHEF; Fig. 1C and Fig. S12
in SI Appendix) were run in a BioRad CHEF Mapper XA system. Running
conditions were according to the manufacturer’s recommendations, with
appropriate modifications. Detailed PFGE protocols are available upon
request.

Microarray Analysis. The procedures used to prepare, label, and hybridize
genomic DNA for CGH arrays were described in ref. 18. To determine the gene
composition of specific chromosomes (Band-arrays), we used a modified
version of a previously described protocol (13) (see complete Band-array
protocol in SI Appendix). Briefly, the procedure consisted of excising specific
ethidium bromide stained bands from PFGE, followed by �-agarose treat-
ment, purification, amplification, and labeling with Cy5. The resulting DNA
was competitively hybridized to microarrays in the presence of Cy3-labeled
JW1777 total genomic DNA. Genomic regions present in the bands were
found as regions of enriched Cy5 signal relative to the Cy3 total DNA back-
ground.
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