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Genomes are dynamic structures. Different mechanisms partici-
pate in the generation of genomic rearrangements. One of them is
nonallelic homologous recombination (NAHR). This rearrangement is
generated by recombination between pairs of repeated sequences
with high identity. We analyzed rearrangements mediated by
repeated sequences located in different chromosomes. Such rear-
rangements generate chimeric chromosomes. Potential rearrange-
ments were predicted by localizing interchromosomal identical
repeated sequences along the nuclear genome of the Saccharomyces
cerevisiae $288C strain. Rearrangements were identified by a PCR-
based experimental strategy. PCR primers are located in the unique
regions bordering each repeated region of interest. When the PCR is
performed using forward primers from one chromosome and re-
verse primers from another chromosome, the break point of the
chimeric chromosome structure is revealed. In all cases analyzed,
the corresponding chimeric structures were found. Furthermore,
the nucleotide sequence of chimeric structures was obtained, and
the origin of the unique regions bordering the repeated sequence
was located in the expected chromosomes, using the perfect-match
genomic landscape strategy (PMGL). Several chimeric structures
were searched in colonies derived from single cells. All of the struc-
tures were found in DNA isolated from each of the colonies. Our
findings indicate that interchromosomal rearrangements that gener-
ate chimeric chromosomes are recurrent and occur, at a relatively
high frequency, in cell populations of S. cerevisiae.

genomic rearrangements | chimeric chromosomes | reciprocal
translocations | genome architecture | PMGL strategy

Since the pioneering studies of Barbara McClintock (1), ge-
nomes have been established as dynamic structures. Several
mechanisms participate in the generation of genomic rearrange-
ments, all of them based on central biological processes such as
transposition (2); DNA repair, including NAHR and nonhomol-
ogous end joining (3, 4), and DNA replication, including break-
induced replication, fork stalling, and template switching; and
origin-dependent inverted-repeat amplification (5, 6). Genomic
rearrangements have been associated with pathological condi-
tions, including genomic disorders (7) and cancer (8); with re-
sistance to drugs (9); and with adaptive processes (10). The field of
experimental evolution (11) has also provided examples of the
central biological role of genomic rearrangements (12). Further-
more, genomic rearrangements are the source of structural vari-
ation. Although structural variants were initially considered only in
the context of pathological conditions, pioneering experiments
from two independent groups indicated that structural variation is
present in the genome of normal humans (13, 14).

The present study is focused on genomic rearrangements gen-
erated by NAHR. The targets of recombination in NAHR are long
repeated sequences with high identity. According to the position
and orientation of the repeated sequences, different types of
rearrangements can be generated by this mechanism. Repeated
sequences present in the same DNA molecule in direct orientation
can generate duplications (which in turn can lead to amplifications)
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or deletions of genetic material. If the repeated sequences are lo-
cated in inverted orientation, inversions of genetic material can be
generated. Repeated sequences located in different circular mol-
ecules, such as bacterial circular chromosomes or plasmids, can
generate cointegration of the corresponding replicons. If the re-
peated sequences are located in different linear DNA molecules,
such as eukaryotic chromosomes, NAHR might generate chimeric
molecules, harboring the proximal region of one chromosome and
the distal region of another chromosome. Most interesting, if the
position and orientation of the repeated sequences present along a
genome are known, it is possible to predict the different types of
potential rearrangements that can be generated by NAHR.
Using a PCR-based strategy, we previously detected the
products resulting from different types of rearrangements gen-
erated by NAHR. In the Rhizobium genome we analyzed
duplication-amplifications and deletions (15) as well as replicon
cointegrations (16); in the human genome, we analyzed inver-
sions of genetic material (17). In the present study, we predicted,
identified, and quantified interchromosomal rearrangements
that generate chimeric chromosomes in the yeast Saccharomyces
cerevisiae. This organism represents the most used model of a
simple eukaryote. It has several advantages, including a compact
genome of about 12 Mb, that has been accurately sequenced,
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Genome dynamics has implications in different biological
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quence of the PCR products to the genome ascertained the
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found in the culture and in colonies isolated from single cells.
Our findings indicate that interchromosomal rearrangements
that generate chimeric chromosomes are recurrent and occur, at
a relatively high frequency, in cell populations of S. cerevisiae.
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Fig. 1. Schematic of the generation and identification of chimeric chro-
mosomes. Two chromosomes sharing an identical repeated sequence are
shown. Orange, chromosome A (CHR A); purple, chromosome B (CHR B);
gray, repeated sequence; X, centromere. The solid line indicates a region of
unique sequences close but outside the repeated region, where the PCR
primers must be located; the broken line indicates a fragment of the rest of
the chromosomes. Short arrows indicate the relative position of the PCR
primers used to detect the wild-type and chimeric structures. Forward primers,
a and a'; reverse primers, b and b'. The dotted black line indicates the site
where NAHR generated two chimeric chromosomes. If forward primers lo-
cated in one chromosome and reverse primers located in the other chromo-
some are used, the chimeric structures are detected. The corresponding
structures can be detected either from CHR A-CHR B (Top) or from CHR B-CHR
A (Bottom) according to the positions of the forward and reverse primers.

annotated, and systematically mutated; a fast division rate; the
possibility of propagation in either haploid or diploid state; and
highly sophisticated tools for genetic manipulation. We con-
clude that interchromosomal rearrangements driven by NAHR,
that generate chimeric chromosomes, are recurrent and occur,
at a relative high frequency, in the model yeast organism
Saccharomyces cerevisiae.

Results

Rationale for the Prediction and Identification of Interchromosomal
Genomic Rearrangements. High-identity repeated sequences lo-
cated in different chromosomes can be targets of NAHR. Such
recombination generates interchromosomal genomic rearrange-
ments which in turn produce chimeric chromosomes. Fig. 1
schematizes this phenomenon. Two chromosomes, A and B, share
a repeated sequence. NAHR between them results in the simul-
taneous generation of two chimeric chromosomes, with reciprocal
translocations. These rearrangements can be predicted in the
whole genome by locating the corresponding repeated regions
shared by pairs of different chromosomes. To detect the genera-
tion of chimeric chromosomes, we used a PCR-based strategy.
PCR primers corresponding to a unique region located near the
repeated region of each chromosome were designed and synthe-
sized. When PCR is performed using a forward primer from
chromosome A and a reverse primer from chromosome B (CHR
A-CHR B) or a forward primer from chromosome B and a re-
verse primer from chromosome A (CHR B-CHR A), the resulting
PCR products contain the break points of the corresponding
chimeric chromosome.
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Location of Interchromosomal Repeated Sequences in the S. cerevisiae
Genome. The nuclear reference genome of S. cerevisiae strain
S288C was analyzed to locate high-identity repeated sequences
shared by pairs of different chromosomes. According to the
reported nucleotide sequence of the strain (18, 19), we
searched for identical sequences equal to or larger than 1 kb
located in different chromosomes (see Materials and Methods).
NAHR requires a minimum of perfect homology, on the order
of 300 nucleotides. To have optimal targets for NAHR, we
selected regions with large tracts of identity—in this case, at
least 1 kb. A total of 164 such pairs of sequences were found.
For each pair of sequences, ST Appendix, Table S1,” reports the
chromosomes involved, the position in each chromosome, the
size of the identical sequence, and a brief summary of the an-
notation. Fig. 2 shows the 16 chromosomes of S. cerevisiae
arranged as a circle, with colored lines connecting the corre-
sponding pairs of repeated elements considered in this work.
We distinguished two types of pairs: those where both repeats
are located either in the left arm or in the right arm of the
respective chromosomes (133 pairs; orange or green lines); and
those where one repeat is located in the right arm and the other
in the left arm of the two chromosomes (31 pairs; purple lines).
Following a NAHR event, the former pairs might generate two
viable chimeric chromosomes (Fig. 1). In contrast, the latter
pairs would generate one chromosome with two centromeres
and one chromosome without centromeres. Such structures
should be nonviable unless secondary rearrangements occur
(20), and those were not considered in the present study. We
focused on analysis of the results of NAHR in the pairs of
identical sequences shown as green lines in Fig. 2 and high-
lighted in the SI Appendix, Table S1. Six pairs of sequences
were randomly selected, and all of them involved transposons.

XV

pll

Fig. 2. Location of interchromosomal repeated sequences. Identical re-
peated sequences larger than 1 kb and shared by different chromosomes
were located (Materials and Methods). The chromosomes were arranged as
a circle (I-XVI1). The position of the centromere is indicated by a black line;
the left arm, light gray line; the right arm, dark gray line. Lines joining the
corresponding chromosomes indicate the position of each pair of repeated
sequences. Orange and green lines join repeated sequences located both
either in the left arm or in the right arm of the corresponding chromosomes;
green lines indicate the subset analyzed. Purple lines join repeated se-
quences, one located in the left arm and the other in the right arm of the
corresponding chromosomes.
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One pair of sequences, corresponding to elongation factor 2
paralogous genes (EFT1/EFT2), was intentionally added (see
SI Appendix, Table S1).

Identification of Chimeric Chromosome Break Points. As schema-
tized in Fig. 1, the presence of chimeric chromosomes in an S.
cerevisiae culture was detected by identifying the corresponding
break points generated by NAHR between pairs of chromo-
somes. Forward and reverse PCR primers were generated from
the unique sequence adjacent to the repeated sequence in each
chromosome. It should be pointed out that the identical re-
peated sequences reported in the SI Appendix, Table S1 are
usually framed by additional repeats both upstream and down-
stream, located in the corresponding chromosome and/or else-
where in the genome. In particular, most of such sequences
correspond to transposons (see SI Appendix, Table S1) that have
a size of about 6 kb and that are highly repeated throughout the
genome. The PCR primers should border the complete repeated
region and must be located in a unique region, taking into ac-
count the whole genome. In the present study, such regions were
localized using the perfect-match genomic landscape (PMGL)
strategy (21) (see Discussion and Material and Methods). If the
forward and reverse primers are located in the same chromo-
some, a wild-type (nonrearranged) structure will be detected. In
contrast, if the forward primer is located in one chromosome and
the reverse primer is located in another chromosome, a chimeric
structure harboring the break point of the NAHR will be de-
tected. To increase PCR specificity, we performed nested PCRs
(see Materials and Methods).

PCR products from wild-type and chimeric structures are
shown in the SI Appendix, Fig. S1 A and B, respectively. The
reactions involving transposons usually generate two fragments,
one large and one small. The large fragment harbors the complete
wild-type or chimeric transposon; the small fragment results from
a deletion within the transposon (see Discussion). As expected, the
PCRs that do not involve transposons, either wild-type (SI Ap-
pendix, Fig. S14, lanes 9 and 10) or chimeric (SI Appendix, Fig.
S1B, lanes 5 and 6) yield only one PCR product. Data relevant to
wild-type structures and chimeric structures are shown in the S
Appendix, Tables S2 and S3, respectively.

Identification of the Genomic Origin of PCR Products Harboring Chimeric
Chromosome Break Points. The generation of PCR products using
forward primers from one chromosome and reverse primers from
another chromosome strongly suggests the presence of chimeric
chromosome structures in the cell populations analyzed. To cor-
roborate the chimeric nature of such structures, the nucleotide
sequence of several PCR products was obtained (see Materials and
Methods) and compared with the nucleotide sequence of the cor-
responding region(s) of the chromosome(s) involved in the gen-
eration of the PCRs. To this end, a methodology based on the
PMGL strategy (21) was used (see Materials and Methods). As
shown in Fig. 3, the PMGLs are generated by merging a reference
genome string dataset, from the region of the reference genome
corresponding to the PCR, with a sequence reads dataset from the
PCR product. The PMGLs reflect the coverage of sequence reads
along the different regions of the PCR product and reveal their
corresponding origins. All of the larger fragments of the PCR
products shown in the SI Appendix, Fig. S1, as well as some of the
small fragments, were sequenced and PMGLs were generated.
The PCR identifiers of the products generated in this study and the
identifiers of the PMGLs of all PCR products sequenced are
presented in the ST Appendix, Tables S2 and S3, respectively.

Fig. 4 shows an example of the analysis of PCR products
generated from a wild-type region located in chromosome I. The
PCR generated two products, a large fragment of 6,334 nucle-
otides and a small fragment of 746 nucleotides (see SI Appendix,
Table S2). The large fragment of the PCR (Fig. 44) contains the
sequence of the transposon, as well as the unique regions of
chromosome I that border the transposon. A PMGL was gen-
erated using the reference string dataset from the corresponding
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Fig. 3. Genomic location of the PCR fragments derived from wild-type and
chimeric structures. Illumina reads from each PCR fragment were obtained
(see Materials and Methods). A fragment of the reference genome was cut
in the corresponding chromosome (wild-type structure) or chromosomes
(chimeric structures) PMGL was used to determine the coverage of the PCR
sequence reads along the corresponding reference genome fragment (see
Material and Methods). The reference genome fragment is shown as a line
bordered by arrows. This fragment is divided into overlapping 25-nucleotide
strings shifted by 1 nucleotide. This constitutes the ordered reference string
dataset. The rest of the chromosome is shown as a broken line. Each se-
quence read from the PCR product is similarly divided. This constitutes the
PCR read string dataset. Both datasets are merged, and a directed PMGL is
generated to indicate the coverage of PCR read strings at each ordered
position of the reference genome.

region of chromosome I and the sequence read string dataset
from the corresponding PCR product. The PCR sequence reads
cover all regions of the PCR. As expected, the regions of the
reference genome that are outside the region corresponding to
the PCR product did not attract read strings. The small PCR
fragment was also sequenced (Fig. 4B), and the PMGL was gen-
erated from the same region of chromosome I used for the large
fragment and the set of read strings from the small fragment. The
proximal and distal regions of the PMGL show the same charac-
teristics as the PMGL derived from the large fragment. In con-
trast, a large region of about 6 kb in the zone of the transposon
does not attract any read strings (Discussion).

Fig. 5 shows an example of the PCR products generated by
NAHR between repeated sequences shared by chromosomes 11
and XV. In this case, the forward primers were located in
chromosome II and the reverse primers in chromosome XV (II-
XV). Since the NAHR involves transposons in the two chro-
mosomes, two PCR fragments were produced: a large fragment
(Fig. 54) and a small fragment (Fig. 5B). The II-XV PCR
products contain, from the proximal to the distal end, a unique
region of chromosome II, the transposon sequences (in the case
of the large fragment) or a fragment of the transposon sequences
(in the case of the small fragment), and a unique region of
chromosome XV. When the PMGL was made using the se-
quence reads from the respective fragment and the region of the
reference genome from chromosome II, read strings were
attracted from the regions of the PCR corresponding to the
unique region of chromosome II, the transposon sequences
(large fragment) or a fragment of the transposon sequences
(small fragment), but not from the unique region corresponding
to chromosome XV. In contrast, when the PMGL was generated
using as a reference a fragment from chromosome XV, the
unique region of chromosome II did not attract read strings. The
reaction was also performed locating the forward primers in
chromosome XV and the reverse primers in chromosome II
(XV-II; see SI Appendix, Fig. S2). The PCR products presented
a general pattern similar to that in Fig. 5.

The PCR products corresponding to the chimeric structures
generated by NAHR between repeated regions harboring elon-
gation factor 2 paralogous genes located in chromosomes I'V and
XV are shown in the SI Appendix, Fig. S3. The reaction was
primed either IV-XV (SI Appendix, Fig. S3A) or XV-IV (8
Appendix, Fig. S3B). When the corresponding PMGLs were
generated using a reference region from chromosome 1V, the
unique region corresponding to chromosome XV did not at-
tract read strings. In contrast, when the PMGLs were generated
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Fig. 4. Origin of the PCR products generated by a wild-type structure in-
volving a transposon. The data were derived from a PCR generated by for-
ward and reverse primers located near but outside the repeated region in
chromosome | (CHR I-1). The PCR (ID 2702; S/ Appendix, Table S2) shows two
products: (A) a large product and (B) a small product (S/ Appendix, Fig. S1A).
The products are schematized as rectangles. Green, regions upstream and
downstream of the transposon (see Results) that correspond to unique se-
quences in the chromosome; black, regions corresponding to the transposon
direct repeated regions or delta sequences; gray, the rest of the transposon
or epsilon sequence; line bordered by two-headed arrows, fragment cut
from the reference genome; red bars, limits of the large PCR product. The
PMGL was generated from the ordered reference string dataset (scale in
nucleotides at the top) and the PCR read string dataset from either the large
product (PMGL 01_01) or the small product (ID PMGL 027_01) (see S/ Ap-
pendix, Table S2); coverage of read strings is presented on the y-axis of the
corresponding panel. The gray arrow indicates the zone of the transposon
that did not attract read strings.

using a reference genome from chromosome XV, the unique region
corresponding to chromosome II did not attract reference strings.

Estimation of the Relative Concentration of Chimeric Structures
Versus Wild-Type Structures. The data just presented indicate that
the corresponding PCR products represent either wild-type or chi-
meric chromosome structures. The concentration of chimeric struc-
tures relative to wild-type structures was estimated (see Discussion).
To this end, serial dilutions of the DNA from a particular cell pop-
ulation were made and the corresponding PCRs were performed for
each dilution. The comparison of the highest dilution at which wild-
type structures were observed with that at which chimeric structures
were observed was an approximation of the relative amount of chi-
meric vs. wild-type structures (see Materials and Methods).

A DNA sample from a culture of S. cerevisiae strain S288C, or
from colonies derived from single cells (see below) correspond-
ing to about 105 cells, was serially diluted by a factor of 2. PCRs
primed to detect either wild-type structures or chimeric struc-
tures were performed in each dilution. PCRs were performed to
detect wild-type structures from chromosomes I, I, IV, V, VII,
XII, XV, and XVI; chimeric structures, from chromosomes I-
VII, XV-II, XV-1V, XIII-V, XV-XII, XIII-XVI, and XVI-
XV. Fig. 6 shows an example of the PCR products obtained
from a wild-type structure from chromosome VII (4) and a
chimeric structure from chromosomes I-VII (B). Much higher
dilutions show the wild-type structure compared with those
showing the chimeric structure. Interestingly, the different wild-
type structures analyzed generated products up to about the
same dilution (not shown), while the chimeric structures varied
among them (see Discussion and Fig. 7).
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Generation of Chimeric Chromosomes in Colonies Derived from
Single Cells. A highly diluted culture of S288C S. cerevisiae
was plated to obtain isolated cells that formed independent
colonies. DNA was isolated from each of four such colonies,
and PCRs were performed using primers to detect the following
chimeric chromosomes: I-VII, XV-II, XV-1V, XIII-V, XV-
XII, XIII-XVI, and XVI-XV. As shown in Fig. 7, each of
the seven chimeric chromosome structures was present in the
culture and in each of the four colonies. The relative concen-
tration of chimeric vs. wild-type structures was estimated in the
culture and in the different colonies as explained previously
(Fig. 6). The relative concentrations of chimeric structures
varied according to both the origin of the DNA and the specific
rearrangement (see Discussion).

Discussion

By analyzing the nucleotide sequence of the reference genome of S.
cerevisiae strain S288C and locating identical sequences shared by
different chromosomes, we could predict potential rearrangements
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Fig. 5. Origin of the PCR products generated by a chimeric structure in-
volving transposon sequences. The PCR was primed with forward primers
located in chromosome Il and reverse primers located in chromosome XV.
The PCR (ID 2401; see S/ Appendix, Table S3) produced a large fragment (A)
and a small fragment (B). The products are schematized as rectangles (A, a;
B, a) and contain a unique region of chromosome Il (orange): the transposon
sequences (large fragment) or a fragment of the transposon sequences
(small fragment; gray); and a unique region of chromosome XV (purple).
Shown in A, b; A, ¢; B, b; and B, c are the PMGLs obtained using as reference
a fragment of the indicated chromosome. Orange arrows, regions that did
not attract read strings from chromosome Il; purple arrows, regions that did
not attract read strings from chromosome XV; gray arrows, regions of the
transposon sequences that did not attract read strings from the small frag-
ment. Other indications are as in Fig. 4.
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Fig. 6. Estimation of the proportion of chimeric structures relative to wild-
type structures. DNA was serially diluted by a factor of 2. Each dilution was
used to generate a PCR from either a wild-type structure (here CHR VII, ID
PCR 2710; see SI Appendix, Table S2) or a chimeric structure (here CHR I-CHR
VII, ID PCR 2382; see SI Appendix, Table S3). Agarose gel electrophoresis was
used to detect the corresponding PCR products. (A) wild-type structure; (B)
chimeric structure. The first and last lanes of the gels show a reference
ladder, with the corresponding sizes in kb shown in the y-axis of each gel.
The comparison of the maximal dilution at which chimeric structures are
observed with the maximal dilution at which wild-type structures are ob-
served is an indication of the relative number of chimeric structures present
in the population. In this case, there are about 23 chimeric structures per
~2'7 wild-type structures.

produced by the NAHR mechanism. Such rearrangements generate
chimeric chromosomes. Most of the repeated sequences found as
potential targets for interchromosomal rearrangements corre-
sponded to transposon sequences. The structure of each yeast
transposon consisted of two direct repeated regions of about 300 bp
(delta sequences), which bordered a unique sequence of about 6 kb
(epsilon sequence) (22). Whole Ty elements were present as in-
terspersed repeated sequences along the 16 chromosomes of the S.
cerevisiae genome. The dynamics of NAHR involving transposon
sequences is complex. The two delta sequences of a Ty element can
internally recombine, producing either a deletion of the epsilon
sequence of the transposon or a tandem duplication-amplification
of the whole transposon sequence. The deletion of the epsilon se-
quence could explain the small fragment observed in the PCR
products of either wild-type or chimeric structures observed
throughout the study (Figs. 4 and 5 and SI Appendix, Figs. S1 and
S2). Repeated regions of the transposon or solo delta sequences
present in different regions of the genome can be targets of NAHR
recombination as well. If they are present in the same chromosome,
deletions, duplications-amplifications, or inversions can be pro-
duced. If they are located in different chromosomes (as analyzed in
this work) they can generate chimeric chromosomes. Furthermore,
chimeric chromosomes can in turn recombine with other transpo-
sons or solo delta sequences located in different places along
the genome.

The break points expected to be present in the chimeric
chromosomes were analyzed using a PCR-based approach. Of
the seven rearrangements analyzed, six mediated by transposon
sequences and one by elongation factor 2 paralogous genes
(EFT1/EFT2), all of the expected break points were detected.
The genomic origin of the chimeric structures present in the
PCR products was ascertained by generating the nucleotide se-
quence of several PCR products and aligning it to the corre-
sponding genomic regions of the chromosomes involved in the
rearrangements. This was performed by applying a methodology
based on the PMGL strategy. This strategy was recently de-
veloped in our laboratory (21) to compare genomes and detect
variation using only perfect matches between a reference and
a query genome.

The precise quantification of genomic rearrangements gener-
ating chimeric chromosomes represents an elusive problem. As
explained above, the dynamics of NAHR among transposon
sequences is complex. In addition, different primers, which are
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essential to detect wild-type vs. chimeric structures, could pro-
duce PCR amplifications of different magnitude. As indicated in
Results, we estimated the relative proportion of wild-type and
chimeric structures by performing PCR reactions in serial dilu-
tions of the template DNA, both from the culture and from in-
dividual colonies derived from single cells. We found that the
wild-type reactions generated products up to about the same
dilution, while specific rearrangements varied among them and
also according to the source of the template. Our general estimate
is that chlmerlc structures were present at an average concen-
tration of 10~ in the culture and 10~ in the individual colonies. It
can be assumed that the original cell did not contain the rear-
rangements. Thus, each specific rearrangement should have
appeared at some point(s) during the reproduction of the cell. Our
data indicate that NAHR-mediated rearrangements that generate
chimeric chromosomes are recurrent and occur at relatively high
frequency in the genome of the model strain studied.

It is interesting that the generation of genomic rearrangements
has been established in yeast in multiple in vivo studies (23-26),
including experimental evolution cases where chimeric chromo-
somes have been generated. Natural evolution also shows that
rearrangements have shaped the chromosomal landscape in yeast.
The whole genome sequence of more than 1,000 natural isolates
of S. cerevisiae has been determined (27, 28). The nucleotide se-
quences of seven strains of S. cerevisiae and five strains of its most
related species, Saccharomyces paradoxus, were generated by as-
semblies using long-read technologies. It was found that both
species show a high level of interchromosomal reshuffling (27).
Furthermore, the chromosomal landscape of S. cerevisiae has been
altered using genome editing (29, 30).

The human genome contains a very large number of in-
terspersed repeated sequences, with the Alu sequences the most
abundant of all. NAHR between Alu sequences has reshaped the
primate genome (31) and has generated rearrangements related
to genetic diseases and to cancer genomic instability (32). The
methodology outlined here provides a simple bioinformatic and
experimental strategy to rapidly and accurately predict and
identify genomic rearrangements at break-point resolution. Such
a strategy could be useful in a variety of research and applied
areas, including genome dynamics, experimental evolution, genetic
diseases, and cancer.
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Fig. 7. Identification and estimation of the relative proportion of in-
terchromosomal rearrangements from colonies derived from single cells. The
culture of strain S. cerevisiae $288C was plated at high dilution to obtain
separated cells. Cells were grown to generate single colonies. DNA was
extracted from the culture and from each of four colonies. The proportion of
different chimeric structures relative to wild-type structures was estimated
as in Fig. 6. Bars indicate the relative number of chimeric structures (y-axis).
Black, culture; yellow, colony 1; green, colony2; orange, colony 3; blue,
colony 4. Each chimeric structure is indicated at the bottom: the first chro-
mosome is that containing the forward primers; the second chromosome is
that containing the reverse primers.
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Materials and Methods

S. cerevisiae Strain and Growth Conditions. Strain S288C was obtained from
the American Type Culture Collection. The strain was stored at —80 °C. It
was cultured at 30 °C in rich yeast extract-peptone—dextrose (YPD) me-
dium, either in liquid with agitation (250 rpm) or in agar.

DNA Isolation, PCR Conditions, and Illlumina Sequencing of PCR Products. DNA
was isolated from liquid cultures or colonies using the Yeast DNA Extraction
Kit from Thermo Scientific. PCR was performed using the Verity Thermal
Cycler from Applied Biosystems. Nested PCRs were performed using primers
located in the positions indicated in the S/ Appendix, Tables S2 and S3; the
sequence of each primer is presented in the S/ Appendix, Table S4. In the first
PCR, forward primers, a, and reverse primers, b, were used; in the second
PCR, forward primers, a', and reverse primers, b', were used (Fig. 1). The total
volume of both, the first and the second PCR reactions, was 25 pL. The re-
action contained the template DNA (see below); each primer at a final
concentration of 0.4 pM; and Platinum PCR SuperMix High Fidelity from
Invitrogen, which supplied the following reagents: dNTPs at a final con-
centration of 200 pM; 0.5 U recombinant Taq DNA polymerase (Pyrococcus
species GB-D thermostable polymerase and Platinum TagAntibody); 60 mM
Tris-SO4 (pH 8.9); 19 mM (NH4),S04 2.0 mM MgSO,4; and stabilizers. An
additional 1 U of the same polymerase was added to each reaction. The
template DNA concentration for the first PCR was 1 ng. After the first re-
action, the resulting product was purified using the QIAquick PCR Purifica-
tion Kit from QUIAGEN and recovered in 25 pL of water. For the second
(nested) PCR 1 pL of the recovered product was used. The conditions for both
reactions were 94 °C for 1 min, 32 cycles (94 °C for 30's, 58 °C for 30 s, 68 °C
for 6 min), and 72 °C for 10 min. To sequence the PCR products, libraries
were prepared using the Nextera XT DNA Library Preparation Kit from
Illumina. Sequencing was performed in a NextSeq 500 Mid Output v2 Kit
(300 cycles) from Illumina.

Location of Interchromosomal Repeated Sequences. The reference genome of
the model strain S288C (18, 19) version R64 was downloaded from the Na-
tional Center for Biotechnology Information. Using Mummer (33), we lo-
cated pairs of identical repeated sequences larger than 1 Kb and present in
different chromosomes along the whole nuclear genome of S. cerevisiae.
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Location of Unique Sequences Adjacent to Repeated Sequences. PCR primers
must be located in unique regions adjacent to the repeated sequences tar-
geted for searching either wild-type or chimeric regions. Such regions must be
unique in regard to the whole genome. To localize these regions, the first
module of the PMGL algorithm (20) was used. The reference genome se-
quence of strain $288C was utilized in FASTA format to generate a binary
database with Bowtie (34) and to generate the reference string dataset (25
nucleotides each with a shift of 1 nucleotide). The number of identical
strings of each reference string in the whole genome was counted and a
reference genome self-landscape (RGSL) was generated (21). The extended
region(s) corresponding to the repeated sequence(s) in the corresponding
chromosome(s) were analyzed in the RGSL to locate the repeated and
unique sequences of interest.

Generation of PMGLs to Identify the Genomic Origin of PCR Products. The se-
quence of the reference genome corresponding to the PCR product (large
fragment when transposons were involved) extended upstream and down-
stream was cut from the corresponding chromosomes. Each sequence was
divided in overlapping strings (25 nucleotides each with a shift of 1 nucle-
otide) to generate an ordered reference string dataset. Similarly, each se-
quence read from the corresponding PCR product was divided into strings to
generate the read strings dataset. Directed PMGLs (21) were then generated
for each PCR product by reporting the coverage of read strings for each
reference string (Fig. 3). In the case of wild-type structures, one PMGL be-
tween the PCR product sequence and the reference sequence of the corre-
sponding chromosome was generated. In the case of chimeric structures,
two PMGLs were generated for each PCR product sequence, using the ref-
erence strings dataset from each of the chromosomes involved.
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