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Abstract

Although homologous recombination between transposable elements can drive genomic
evolution in yeast by facilitating chromosomal rearrangements, the details of the underlying
mechanisms are not fully clarified. In the genome of the yeast Saccharomyces cerevisiae,
the most common class of transposon is the retrotransposon Ty1. Here, we explored how
Cas9-induced double-strand breaks (DSBs) directed to Ty1 elements produce genomic
alterations in this yeast species. Following Cas9 induction, we observed a significant eleva-
tion of chromosome rearrangements such as deletions, duplications and translocations. In
addition, we found elevated rates of mitotic recombination, resulting in loss of heterozygos-
ity. Using Southern analysis coupled with short- and long-read DNA sequencing, we
revealed important features of recombination induced in retrotransposons. Almost all of the
chromosomal rearrangements reflect the repair of DSBs at Ty1 elements by non-allelic
homologous recombination; clustered Ty elements were hotspots for chromosome rear-
rangements. In contrast, a large proportion (about three-fourths) of the allelic mitotic recom-
bination events have breakpoints in unique sequences. Our analysis suggests that some of
the latter events reflect extensive processing of the broken ends produced in the Ty element
that extend into unique sequences resulting in break-induced replication. Finally, we found
that haploid and diploid strain have different preferences for the pathways used to repair
double-stranded DNA breaks. Our findings demonstrate the importance of DNA lesions in
retrotransposons in driving genome evolution.

Author summary

Transposable elements can affect gene expression and gene function. Recombination
between elements located on the same chromosome can produce deletions, duplications,
and inversions, whereas recombination between transposable elements on non-
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homologous chromosomes can generate translocations. Thus, recombination between
transposable elements is an important cause of genetic variation. In this report, we present
a comprehensive analysis of recombination events induced in both haploid and diploid
strains of Saccharomyces cerevisiae by targeting the Tyl family of retrotransposons with
CRISPR/Cas9. Chromosome rearrangements were stimulated more than 1000-fold. DNA
sequencing, using both conventional short “reads” and ultra-long “reads”, showed that
almost all of these rearrangements had Tyl elements at their breakpoints. In contrast, we
also observed a stimulation of allelic mitotic recombination events between homologs,
most of which did not involve direct Ty-Ty interactions. Our results provided novel
insights into the mechanism of genome evolution as regulated by repetitive sequences.

Introduction

Transposable yeast (Ty) elements: general considerations

In the yeast Saccharomyces cerevisiae, there are about 50 retrotransposons (termed Ty ele-
ments), although the number of such elements shows considerable strain-to-strain variation
[1]. Each 6-kb element contains sequences necessary for its expression and transposition [2].
The most common class of retrotransposon (Tyl) is flanked by 330-bp long terminal repeats
(LTRs) called delta elements [2]. The Ty2 element is closely related to Tyl in its DNA
sequences and is also flanked by delta elements [3]. There are 32 intact Tyl elements in the
S288c genome (the reference genome in the Saccharomyces Genome Database) and two trun-
cated Tyl elements [1, 3].

Ty elements as agents of genomic alterations

The Tyl retrotransposon is associated with two types of genomic alterations. First, a small frac-
tion of spontaneous mutations in yeast are a consequence of insertion of a Ty element within
or nearby the target gene [4,5]. In addition, since Tyl elements represent non-allelic regions of
sequence homology, homologous recombination between non-allelic Ty elements located on
the same chromosome can result in a variety of chromosome rearrangements (Fig 1A-1E),
and recombination between Ty elements located on non-homologous chromosomes can pro-
duce translocations [5-14] (Fig 1F). It should also be noted that DSBs located near but not
within Ty elements can stimulate Ty-Ty recombination [15].

In most previous studies of Tyl-Tyl interactions, events were selected to involve a specific
region of the genome, either because of the method used to identify recombinants
[4,7,8,13,15-17] or because of the placement of the targets for site-specific endonucleases [15-
17]. In our experiments, we used the CRISPR/Cas9 system to target all Tyl elements in a dip-
loid genome and identified Ty1-Tyl recombination events without selection except for viabil-
ity. In addition, diploid strains were used to allow the identification of allelic mitotic
recombination events. We also compared the effects of expressing CRISPR/Cas9 in haploid
and diploid cells. A detailed comparison of our analysis and those of others will be reserved for
the Discussion.

Non-allelic recombination between repeated transposons is also important in the genera-
tion of structural variants in human cells, some of which are disease-associated [18]. It is esti-
mated that there are between one and four non-allelic homologous recombination events
(mostly between Alu and L1 elements) per cell during development in humans. Diseases asso-
ciated with Alu-Alu recombination are hypercholesterolemia, Fanconi anemia, von Hippel-
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Fig 1. Ectopic recombination between Ty elements resulting in chromosome rearrangements. Ty elements are
depicted with black arrows, and centromeres are shown as white ovals or circles. (A) An unequal crossover between Ty
elements located on sister chromatids can produce both duplications and deletions. Deletions between direct repeats
can also occur by the single-strand annealing pathway (Fig 2B). (B) A crossover between repeats on opposite
chromosome arms of sister chromatids can generate dicentric and acentric chromosomes. (C) An intrachromatid
crossover between repeats on opposite arms can produce an acentric linear chromosome and a centromere-containing
circle. (D) A crossover between Ty elements located on opposite arms in inverted orientation can generate two
isochromosomes. (E) A crossover between inverted Ty elements located on the same arm results in an inversion in the
segment located between the Ty elements. (F) Recombination between repeats located on non-homologous
chromosomes can generate reciprocal translocations. Depending on the segregation pattern of the chromosomes, this
event can produce cells that have a coupled terminal duplication and a terminal deletion. The two homologs are shown
in red and blue.

https://doi.org/10.1371/journal.pgen.1010590.g001

Lindau syndrome, and others [19]. Thus, studies of this phenomenon in yeast are relevant to
understanding genome evolution and pathogenesis in higher organisms.

Pathways of homologous recombination

As described above, most large structural variations of chromosomes in S. cerevisiae reflect
homologous recombination (HR) between non-allelic Ty elements [10]. There are a number
of pathways of HR (Fig 2) [20]. In all of these pathways, the event is initiated by a processed
single-stranded end invading either an allelic or non-allelic region of homology. If both ends
are involved in the repair (double-strand break repair (DSBR) pathway), a double Holliday
junction is formed. This junction can be resolved to generate a crossover of flanking sequences
or a non-crossover, although we show only the crossover event in Fig 2A. The DSBR and other
pathways have heteroduplex regions as intermediates, shown in the figure as a duplex in which
the DNA strands are of different colors. If the heteroduplex contains mismatches, repair of
those mismatches will result in either a gene conversion event (both chromosomes containing
the same allele) or in a restoration event (maintenance of heterozygosity for the alleles). Gene
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Fig 2. Pathways of homologous recombination. (A) Repair of a double-strand break (DSB) by synthesis-dependent strand
annealing (SDSA), break-induced replication (BIR), and double-stranded break repair (DSBR). All pathways are initiated by a DSB
shown by the vertical arrow, followed by 5’ to 3 resection of the broken ends; the 3” ends of the strands are marked with an arrow.
The 3’ single-strand of one broken end invades the unbroken chromosome. DNA synthesis (dotted line) displaces a strand from the
unbroken template. In the SDSA pathway, the invading strand is displaced and re-pairs with one of the broken ends. Mismatch repair
of the heteroduplex (duplex formed from red and blue strands) results in a region of gene conversion (boxed) in which the flanking
sequences are in the original parental configuration. In the BIR pathway, one of the broken products of the “red” chromosome is lost,
and replaced by DNA synthesis from the unbroken template. This conservative synthesis involves the use of the blue strand as a
template for one strand (continuous dotted line), and the new strand as a template for synthesis of the second strand (multiple short
fragments with dotted lines). The net result of this process is a non-reciprocal LOH event that may extend to the end of the
chromosome. The DSBR pathway is characterized by pairing between the displaced blue single-strand and one of the broken red
strands. The resulting double-Holliday junction is resolved by cleaving the strands that connect the two duplexes. If the strands are
cut as shown by the short arrows, the resulting duplexes have a region of conversion flanked by sequences in the recombinant
configuration. It should be pointed out that extensive strand resection from the DSB may allow the recombination breakpoint to be
displaced from the location of the DSB by >10 kb, as observed by Hoang et al. [15]. (B) Single-strand annealing (SSA) pathway. This
intrachromosomal pathway is used to repair a DSB located between two repeated sequences (shown in black) that are separated by a
region of non-repeated DNA (shown in gray). Resection of both ends exposes homology within the two repeats, allowing pairing. The
unpaired single-strands are removed by endonucleases. The net result of this event is loss of one repeat and the intervening non-
repeated sequence. Since Ty elements are flanked by 330-bp repeats, loss of the Ty and retention of one delta sequence may reflect the
SSA pathway.

https://doi.org/10.1371/journal.pgen.1010590.9002

conversion events unassociated with crossovers can also arise by the synthesis-dependent
strand annealing (SDSA). In this pathway, following strand invasion and DNA synthesis, the
invaded strand is displaced and reanneals to the other broken end. For DSB-induced events
between dispersed repeats, conversions unassociated with crossovers are more frequent than
conversions associated with crossovers [20]. In break-induced replication (BIR) events, one
broken end of the chromosome is lost and the other end invades the unbroken chromosome,
copying the unbroken chromosome to the end [21]. In wild-type yeast cells, DSBR-related
crossovers are more common than BIR events [22]. Lastly, if a DSB occurs between two
directly-oriented repeats such as the delta repeats in a Tyl element, processing of the broken
end followed by reannealing of the repeated sequences can produce a deletion [20]; this
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pathway is termed SSA, “single-strand annealing.” As described below, we detected most of
the events shown in Fig 1, occurring by the pathways shown in Fig 2.

Results
Targeting Tyl with CRISPR/Cas9

In our analysis of the effect of DSBs targeted to the Tyl retrotransposon, we used strains con-
taining the plasmid pMD97 which encodes a guide RNA directed to a DNA sequence con-
served in Tyl elements but not the other classes of S. cerevisiae transposons such as Ty2. The
cut site is located about 2180 bp from the 5’ end of the 5’ terminal delta element (Fig 3A). In
our experimental strains, the CAS9 gene is regulated by the GALI,10 promoter that is inte-
grated into the HIS3 locus on chromosome XV. Thus, high levels of DSBs within genomic Ty
elements are expected to be induced when the strains are grown in the presence of galactose,
but not when grown in the presence of glucose. Details concerning the construction of the
pMD97 plasmid and the yeast strains containing this plasmid are given in S1 Text, and S1 and
S2 Tables.

Analyzing CRISPR/Cas9-targeted Tyl recombination events in haploid
strains

To ensure that the CRISPR/Cas9 system would induce chromosome alterations, we first exam-
ined the effects of this system in a control experiment with the haploid strain FW588 (isogenic
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Fig 3. Sequence of CRISPR/Cas9 target in the Ty element, and diagnosis of events causing loss of URA3 insertion
from TyI::URA3. (A) Sequence in Tyl targeted by the guide RNA (shown in red). (B) Position of marked Ty element
on chromosome III, and location of PCR primers used to diagnose 5-FOA-resistant isolates. The distance between the
DSB site (CRISPR/Cas9 target) and the 3’ end of URA3 is about 2.5 kb. Large black arrows show the LTRs (delta
elements) associated with Ty1. (C) Different classes of 5-FOA-resistant isolates based on PCR analysis. The sizes of the
fragments resulting from PCR reactions with various combinations of primers are given in S3 Table. The wavy line in
Class 4 indicates a different flanking sequence from the original Ty1 element. (D) CHEF gel analysis of rearranged
chromosome IIT in MD745-21F. The size of chromosome III was altered as a result of a crossover-associated gene
conversion. MD745 is the control strain.

https://doi.org/10.1371/journal.pgen.1010590.9003
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with S288c) [23]. In this strain, a Tyl element containing the wild-type URA3 gene is located
upstream of the HIS4 gene (his4-912(URA3-b), resulting in a His™ phenotype [24]. The URA3
gene is separated from the Cas9 cleavage site by about 2.5 kb (Fig 3B).

We constructed a haploid strain MD745 (details in S1 Text) containing his4-912(URA3-b)
in addition to the plasmid pMD97 expressing the guide RNA and a galactose-regulatable CAS9
gene; the control strain MD747 was isogenic with MD745 except it had a plasmid pAA2 that
did not contain the guide RNA. Mitotic recombination events initiated within the URA3-
marked Tyl will often result in loss of the URA3 gene [8]. Such strains will be 5-fluoro-orotate
(5-FOA) resistant.

To induce cleavage in Tyl elements, we placed cells of MD745 (containing pMD97), pre-
grown in SD-leucine medium (2% glucose, 0% galactose) on solid medium lacking leucine and
containing 2% raffinose and 0.01% galactose; the medium used in these experiments lacked
leucine to force retention of the LEU2-containing pMD97 plasmid. Following colony forma-
tion, individual colonies were resuspended in water and appropriate dilutions were plated on
SD-leucine medium and SD-leucine + 5-FOA medium. Based on the frequencies of 5-FOA-
resistance (5-FOA®) derivatives in more than 30 individual colonies, we calculated a rate of
5-FOAR using the method of the median [25,26]. A similar procedure was performed with the
control strain MD747 that contains the plasmid pAA2 which lacks the guide RNA.

The rates of 5-FOA" isolates in the control MD747 strain, when colonies were grown with-
out galactose or with galactose were 5.2x107/cell division and 1.5x10"%/cell division, respec-
tively. This result indicates that expression of Cas9 in the absence of the guide RNA has little
effect on the formation of recombinogenic lesions. In contrast, in the MD745 strain, the rates
of 5-FOAR derivatives on glucose- and galactose-containing media were 1.6x10 and 3.6x10™%,
respectively. Thus, elevated expression of Cas9 in a strain with the guide RNA increases the
rate of 5-FOA-resistant colonies by about 240-fold relative to the strain without the guide
RNA. The rate of 5-FOA" derivatives in the MD745 strain grown in glucose (1.6x107),
although 23-fold lower than the rate of the strain grown in galactose (3.6x10™), is still about
30-fold higher than the rate observed in the control strain grown on glucose. The likely expla-
nation of this result is that GALI promoter results in a very low level of expression in cells
grown in glucose [27] and, therefore, can induce a low level of Cas9 in the absence of galactose.
It should also be pointed out that the rate of CRISPR/Cas9-induced events may be an underes-
timate, since more than 99% of the cells were killed by long-term expression of CRISPR/Cas9,
and there may have been selection for cells with lower expression levels of the construct.

We confirmed the cutting of Tyl elements by CRISPR/Cas9 by Southern analysis of
MD?745 (S1 Fig). Xhol cuts the LTR sequences associated with Tyl sequences, producing a
fragment of about 5.6 kb (S1A Fig). In the haploid strain MD745 containing pMD97 (express-
ing the guide RNA specific to Tyl) grown on galactose-containing medium (allowing expres-
sion of CRISPR/Cas9), we found two additional DNA fragments of sizes 3.7 and 1.9 kb,
corresponding to the expected sizes of cleavage of the Xhol 5.6 kb fragment by CRISPR/Cas9
(S1B and S1C Fig). Assuming all Tyl elements were cleaved with the same efficiency, we calcu-
late that the efficiency of cutting of Ty1 elements in MD745 was about 8%. The control haploid
MD747 (containing the plasmid lacking the guide RNA) had no bands corresponding to
CRISPR/Cas9-induced cleavage.

We examined 36 independent 5-FOA® isolates derived from MD745 grown in galactose by
PCR. From previous results [8], we expected several classes of 5-FOA® isolates: mutation of
the embedded URA3 gene (Class 1); replacement of the marked Tyl with a solo delta elements
as a consequence of recombination between the flanking delta elements (Class 2); gene conver-
sion with a non-allelic Tyl event unassociated with crossing over, resulting in loss of the URA3
insertion but retention of the Ty element (Class 3); and gene conversion with a non-allelic Tyl
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element associated with a crossover, resulting in a chromosome rearrangement (Class 4). To
distinguish among these classes, we used PCR analysis with four sets of primers shown in Fig
3B. Based on the existence and sizes of the diagnostic PCR fragments (shown in S3 Table), we
sorted the isolates into the classes described above that are shown in Fig 3C.

Class 1 (mutation of the URA3 gene within the his4-912(URA3-b) allele) was an uncommon
alteration, found in only 1 of 36 isolates. This result is expected since the rate of 5-FOA-resis-
tant isolates in MD745 grown in galactose was 3.6 x 10~*/division, > 1000-fold higher than the
rate of URA3 point mutations found in other studies [28,29]. When we sequenced the gene in
the Class 1 isolate, we found that it contained the same ura3 mutation (G to A at position 701)
as the mutant ura3-1 gene on chromosome V. Thus, the Class 1 isolate is likely the conse-
quence of a gene conversion event between the URA3 gene on chromosome IIT and the mutant
gene on chromosome V rather than a de novo mutation.

Replacement of the Ty element by a solo delta (Class 2) was the most common alteration,
present in 25 of 36 isolates. This alteration could reflect either a crossover between the flanking
delta elements (intrachromosomal or unequal sister-strand exchange, Fig 1A) or SSA between
the delta elements (Fig 2B). Since the events are initiated by a DSB in the sequences located
between the delta elements, SSA is the most likely mechanism for the event. Class 3 events, loss
of the URA3 insertion with retention of the Ty element, were also common (9 of 36 events).
These events likely reflect a gene conversion event with a non-allelic Ty element that is unasso-
ciated with a crossover. Lastly, we found one Class 4 event. In this class, although the junctions
of the Ty element with the flanking chromosome III sequences are conserved, based on PCR
evidence, the left and right junctions are no longer contiguous, since no PCR product was
observed with primers CHKdeltaF and CHKdeltaR-3 (Fig 3B and S3 Table). The simplest
explanation of this pattern is that there was a gene conversion event between the his4-912
(URA3-b) Ty and a non-allelic Ty that deleted the URA3 gene, and this conversion event was
associated with a crossover. By Clamped Homogeneous Electric Field (CHEF) gel analysis (Fig
3D), we confirmed that the wild-type chromosome III of the starting strain was missing in this
isolate, confirming a chromosome III rearrangement.

We also examined the relative frequency of delta-delta recombinants and Tyl-associated
rearrangements by long-read Nanopore sequencing of ten isolates of QL62, a haploid contain-
ing pMD97 that is closely related to (but not isogenic with) MD745. This sequencing method
allows detection of delta-delta recombinants since the reads are often >20 kb. We found nine
delta-delta recombinants and no chromosome rearrangements involving Ty1-Tyl
recombination.

In experiments similar to ours, Parket and Kupiec [30] found spontaneous recombination
events involving a marked Ty in a haploid strain occurred at a rate of about 3x10/cell divi-
sion. About two-thirds of these events were delta-delta recombination events and one-third
were gene conversions with non-allelic Ty elements. Consistent with our results, translocations
were very infrequent in the previous study. As described below, the spectrum of events
observed in diploid strains expressing CRISPR/Cas9 was broader than that observed in
haploids.

System for analyzing CRISPR/Cas9-targeted Tyl recombination events in
diploid strains

Our subsequent experiments were performed in a diploid generated by crossing two
sequence-diverged haploids, YJM789 and W303-1A. Since our study was not specific for any
selected Tyl-Tyl interaction, it was necessary to map the location of all Tyl elements in the
haploid parental strains in order to interpret the chromosome rearrangements. The details of
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this mapping are described in the S1 Text and the location of Ty elements in W303-1A,
YJM789, and S288c (the reference strain in the Saccharomyces Genome Database (SGD)) are
in the S1 Data and S2 Fig. The W303-1A strain had 37 Tyl and 15 Ty2 elements, whereas
YJM789 had only 17 Tyl and 9 Ty2 elements. Most of the Tyl elements in the two strains are
in non-allelic positions (S2 Fig).

The diploids used in our study (MD704 and MD741) had the same insertion of the galac-
tose-induced CAS9 gene and CRISPR-containing plasmid pMD97 plasmid used in our haploid
experiments. We expressed CRISPR/Cas9 for various lengths of time, and then examined mul-
tiple isolates by genomic sequencing or SNP-specific microarrays [31]. The diploids used in
our analysis, in addition to being heterozygous for many Ty elements, were also heterozygous
for about 55,000 single-nucleotide polymorphisms (SNPs). For these isolates, we determined
the gene dosages for each SNP. This determination allowed us to distinguish both chromo-
some rearrangements (Fig 4) and mitotic recombination between homologs (S3 Fig).

In Fig 4, we show some of the patterns of sequence coverage (Ratio of Coverage as defined
in the Fig 4 legend) that allowed us to identify the chromosome alterations; examples of the
sequencing data are in S4 Fig. There are two types of events that result in loss of heterozygosity
(LOH) of SNPs. In one class, the SNPs from one homolog are duplicated and the SNPs from
the other homolog are deleted (for example, Fig 4A and 4B). In the second class, the SNPs
from one homolog are duplicated or deleted without a compensating change in the SNPs of
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Fig 4. Depictions of various classes of LOH events along one chromosome as analyzed by DNA sequencing or
microarrays. The Y-axis shows the ratio of coverage (RC), the number of “reads” for each SNP divided by the average
“reads” of the two types of SNPs for the whole genome. Thus, a ratio of 0.5 indicates heterozygosity for a SNP. The RCs
for each W303-1A- or YJM789-specific SNP are shown by red and blue circles, respectively. The open black circles
indicate centromeres. The X-axis represents the SGD (Saccharomyces Genome Database) coordinate of the
chromosome of the reference strain (S288c) numbered from the left to the right telomere. (A) Terminal LOH
(T-LOH) event, reflecting a crossover or BIR. (B) Interstitial LOH (I-LOH) resulting from gene conversion or a
double-crossover (less likely). (C) Terminal deletion (T-DEL). (D) Terminal duplication (T-DUP). (E) Interstitial
deletion (I-DEL). (F) Interstitial duplication (I-DUP). (G) Double T-DEL or I-DUP that contains a centromere. (H)
Coupled intrachromosomal T-DEL and T-DUP; isochromosome.

https://doi.org/10.1371/journal.pgen.1010590.9004
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the other homolog (for example, Fig 4C and 4D). In this manuscript, we will reserve the LOH
designation for events of the first type.

A reciprocal crossover or a BIR event results in a terminal LOH event (T-LOH, Figs 4A and
S3), whereas an SDSA event (gene conversion) results in interstitial LOH (I-LOH, Figs 4B and
S3). The pattern in which an isolate has both a terminal deletion (T-DEL) of one homolog (Fig
4C) and a terminal duplication (T-DUP) of a different homolog (Fig 4D) is usually a conse-
quence of recombination between Tyl elements located on different homologs forming a
translocation (Fig 1F); additional experiments in support of this conclusion will be described
below. Interstitial deletions (I-DEL, Fig 4E) or duplications (I-DUP, Fig 4F) are usually a con-
sequence of recombination between directly-oriented Tyls on one chromosome arm, reflect-
ing unequal sister-chromatid exchange (Fig 1A), SSA, or intrachromatid crossing-over. A
recombination event between directly-oriented Tyl elements located on different arms of one
chromosome (Fig 1C) would produce a double deletion (Fig 4G); although such an event
would generate both a centromere-containing circle and a linear acentric fragment, the acen-
tric fragment would likely be lost. An exchange between Ty elements in inverted orientation
on different sides of the centromere could produce a T-DEL on one arm of the chromosome
and a T-DUP on the other (Figs 1D and 4H). Aside from chromosome rearrangements, geno-
mic sequencing can also identify loss or gain of whole chromosomes, or loss of one homolog
with a duplication of the other (uniparental disomy, UPD).

The evidence that most of the alterations shown in Figs 1 and 4 are a consequence of Tyl-Tyl
recombination is primarily based on the demonstration that the breakpoints of the rearrangements
contain Tyl elements (S2 Data). However, not all chromosome rearrangements can be readily iden-
tified by short-read DNA sequencing alone. For example, recombination events between inverted
repeats on one chromosome arm do not change sequence coverage, and thus they can only be iden-
tified using sequencing methods that yield “reads” of 10 kb or greater. Although we used such meth-
ods for a number of isolates, all samples were not examined by long-read sequencing. Another class
that is not easily detected by sequence coverage analysis is reciprocal translocations in which both
translocation products are segregated into the same daughter cell (balanced translocations). Simi-
larly, reciprocal mitotic crossovers in which both recombinant chromosomes co-segregate do not
result in LOH. As described below, we examined some of the isolates resulting from expression of
CRISPR/Cas9 by other methods to detect such events including CHEF gel electrophoresis coupled
with Southern analysis and long-read Nanopore sequencing.

Cas9-mediated breaks at Tyl elements stimulate global genomic alterations
in the diploid genome

Two different protocols were used to generate diploids with CRISPR/Cas9-induced chromo-
some alterations. First, we grew cells with the galactose-inducible CAS9 gene on solid medium
for several days, allowing them to form colonies (long-term induction). Second, we limited the
exposure of cells with the GAL-CAS9 construction to two or four hours in galactose-containing
medium (transient induction). Following exposure of the diploids to galactose, we selected
derivatives of the strains that lost pMD97 (the plasmid containing the Tyl-directed guide
RNA) on medium containing glucose for analysis of chromosome rearrangements. Although
the same diploid strain was used for both types of experiments, the isolates from the long-term
and short-term exposure were designated MD741 and MD704, respectively.

Genomic rearrangements induced by long-term expression of CRISPR/Cas9

Long-term expression of CRISPR/Cas9 killed about 99.9% of the cells. After screening for
independent survivors that lost pMD97, we examined the isolates by Illumina sequencing
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Table 1. Summary of homologous recombination events for diploid strains with long-term and transient CRISPR/Cas9 expression.

Recombination Class® MD741 (long-term exposure) MD?704 (transient exposure) wWT?
Number of events Number of events | Rate of events (normalized to WT) | Number of events | Rate of events

Intrachromosomal alterations

Large deletions® 5 12 6.32E-01 (14000) 12 4.55E-05

Large duplicationd 1 4 2.11E-01 (9300) 6 2.27E-05

Circle formation® 1 1 5.26E-02 (14000) 1 3.79E-06
Isochromosome’ 3 0 0 0 0
Complex events® 1 0 0 0 0

Translocations

Simple translocations 11 12 6.32E-01 (170000) 1 3.79E-06

Complex translocations” 1 3! 1.58E-01 0 0
Allelic recombination’

I-LOH 19 9 4.74E-01 (150) 859 3.25E-03

T-LOH 16 13 6.84E-01 (510) 356 1.35E-03

Total Events 58 54 2.84E+00 (610) 1235 4.68E-03

*Only breakpoints involving Tyl elements are counted in this table for intrachromosomal alterations and translocations.

PThe rates (per cell division) of recombination events in the wild-type strain were measured by Sui et al. [12].

“Only large internal deletions (>1kb) with Tyl elements at both breakpoints are included in this category, including classes h1 and h2 in Dataset S2.2 in S2 Data.
4Only large internal duplications (>1kb) with Ty1 elements at both breakpoints are included in this category, including classes gl and g2 in Dataset $2.2 in S2 Data.
“Terminal deletions occurred on both the left and right arms of the same chromosome, and PCR verification confirmed chromosomal circularization.

fThis category includes recombination within the same chromosome, a terminal deletion at one arm end combined with terminal duplication at the other arm.

8This category includes events with multiple transitions (>3) between homozygous and heterozygous regions in the same chromosome.

"This class represents for translocations between different chromosomes with more than two transitions.

“The complex pattern LOH events on chromosomes II and III were counted as one complex translocation in isolate MD704-4h-2. Also, the rearrangements involving
chromosomes III, VII, and XIII were classified as one complex translocation in isolate MD704-4h-6P.

JAIl LOH events were included in this table. I-LOH (interstitial LOH events) includes Classes al, a2 and c1 in Dataset $2.2 in S2 Data. T-LOH (terminal LOH events)
includes Classes b1, b2, b3, d1 and d2 in Dataset S2.2 in S2 Data.

https://doi.org/10.1371/journal.pgen.1010590.t001

(details in S1 Text); some isolates were also analyzed by using SNP-specific microarrays [31].
The patterns of genomic alterations observed in this experiment and the location of the break-
points of each event are given in the Dataset S2.1 in S2 Data with depictions of each class of
event in the Dataset 52.2 in S2 Data.

The numbers of each type of chromosome rearrangement or mitotic recombination event
are shown in Table 1. The total number of events in 18 isolates was 58, about 3 per isolate.
After one cycle of growth from a single cell to a colony in galactose-containing medium, this
frequency of chromosome rearrangements was much greater (>100-fold) than observed in an
isogenic wild-type strain that lacked the CRISPR/Cas9 construct [12]. We did not estimate a
rate of genomic alterations for MD741 because we found that most (14 of 18) isolates lost the
CAS9 gene during growth of the colony as the consequence of a mitotic event on chromosome
XV (the location of the heterozygous CAS9 gene) or loss of the chromosome XV (Dataset S2.1
in S2 Data and S3 Data). For this reason, we also performed experiments in which we mea-
sured rates of instability in strains transiently exposed to CRISPR/Cas9 (as described below).

As shown in Table 1, although both intrachromosomal alterations and translocations were
common among the MD741 isolates, allelic mitotic recombination events (I-LOH and
T-LOH) were also common. We also observed five monosomic chromosomes and two unipa-
rental disomy events (Dataset S3.1 in S3 Data) [32].

Since we targeted Tyl elements with CRISPR/Cas9, we expected most of the chromosome
alterations to have Tyl elements at their breakpoints. This expectation was met for the I-DEL
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and I-DUP events, and the T-DEL and T-DUP events in which 6 of 6 events (I-DEL or
I-DUP) have Tyl elements at both breakpoints; and 31 of 32 events (T-DEL and T-DUP),
respectively, had Tyl elements at their breakpoints. The large I-DEL and I-DUP events likely
reflect unequal crossovers between non-allelic Ty elements located on the same chromosome
arm (Fig 1A), whereas the coupled T-DEL and T-DUP events are a consequence of recombina-
tion between Ty elements on non-homologous chromosomes (Fig 1F). Of the 17 T-DEL
events, 15 were associated with a T-DUP event in the same isolate. Further evidence that these
paired deletions/duplications are a consequence of translocations will be described below. In
contrast to the interstitial and terminal deletion/duplication events, of the 35 LOH events, only
one had a Tyl element at the breakpoint; breakpoints were defined as the region between het-
erozygous SNPs for I-LOH events and as 20 kb “windows” centered at the midpoint of hetero-
zygous and homozygous SNPs for T-LOH events [12,31].

We also examined single-base mutations among the isolates. Among the 18 samples, we
found 13 single-base alterations and one single-base deletion (S4 Data). As expected, all
induced mutations were heterozygous (54 Data).

Genomic rearrangements induced by transient expression of CRISPR/Cas9

Since a large fraction of the diploids expressing CRISPR/Cas9 for many cell divisions lost the
heterozygous CAS9 gene as a consequence of mitotic recombination or chromosome loss (as
described above), we examined patterns of genomic alterations in the same diploid strain
(MD704) following transient expression of CRISPR/Cas9. The diploid was pre-grown for
three days on solid medium containing only glucose and lacking leucine. The strain was then
incubated in liquid medium containing 2% galactose for two or four hours. Following expo-
sure to galactose-containing medium, the cells were allowed to form colonies on rich growth
medium containing glucose. For both the two-hour and four-hour samples, viability was
>75% following the galactose incubation. DNA was isolated and sequenced from nineteen col-
onies, nine from the two- and ten from the four-hour samples; results were similar for both
types of samples. By Southern analysis, about 4% of the Tyl elements in diploid strains that
were transiently exposed to CRISPR/Cas9 were cut (S1 Fig).

The detailed data are in the Dataset S2.3 in S2 Data and are summarized in Table 1. Since
the results for the two- and four-hour samples were very similar, we show the sum of these
conditions in Table 1. Assuming that the genomic alterations occur during the first cell
division in galactose-containing medium, we can calculate the rates of each class of event
compared to the rates in the isogenic wild-type strain; this rate estimate is approximate,
since we cannot exclude the possibility that the CRISPR/Cas9 activity persists for several
generations after the cells are transferred to glucose-containing medium. The rates of most
types of chromosome alterations were elevated by two to three orders of magnitude
(Table 1).

Aneuploidy was also very significantly elevated in the strains exposed to galactose for two
or four hours. We observed 12 monosomic, one trisomic, and two uniparental disomic chro-
mosomes (Dataset $3.2 in S3 Data). The rate of aneuploidy per cell division is 7.9x10™', greater
than 1000-fold higher than observed in wild-type cells [12]. The very high rate of monosomy is
consistent with the expected high rate of DSB formation and incomplete repair of DSBs, result-
ing in chromosome loss.

We observed only a small number of mutations (six) in cells with transient exposure to
CRISPR/Cas9 (54 Data). The calculated rate of mutations/base pair/cell division was 1.4x10°®
or about 70-fold higher than observed in an isogenic wild-type diploid [12]. This estimate,
however, is based on a small number of events.
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Fig 5. Locations of CRISPR/Cas9-induced genomic alterations relative to the positions of Ty elements. The
locations of Tyl and Ty2 elements are shown as short vertical black or red lines, respectively, and the centromeres are
shown as black ovals. Two partial Ty elements with the CRISPR/Cas9 target (one at 803 kb on IV and one at 215 kb on
XII) are also shown as black lines. The breakpoints for various types of events are indicated by horizontal lines of
different colors. The color code for genomic alterations is: I-LOH (red), T-LOH (gray), I-DEL (black), I-DUP (green),
T-DEL (yellow), T-DUP (purple). Most I-LOH and T-LOH events are not associated with Ty elements at their
breakpoints, whereas the breakpoints of I-DEL, T-DEL, I-DUP, and T-DUP events are associated with Ty elements.

https://doi.org/10.1371/journal.pgen.1010590.9005

Properties of the genomic rearrangements associated with expression of
CRISPR/Cas9

We observed 151 chromosome rearrangements (excluding aneuploidy) among the isolates
obtained from transient or long-term expression of CRISPR/Cas9. As shown in S2 Data and
Fig 5, the breakpoints of most (91 of 92) T-DELs or T-DUPs, and I-DELs and I-DUPs had Tyl
elements or delta sequences at the breakpoints. In contrast, only 12% (7 of 59) of the break-
points of I-LOH (reflecting gene conversions) and T-LOH events (reflecting crossovers or
BIR) involved Tyl elements. Possible explanations for this observation will be given in the
Discussion.

The locations of the genomic rearrangements determined in our study are shown in Fig 5.
From this figure, both the association of I-DEL, I-DUP, T-DEL, and T-DUP with Ty1 elements
is clear, as is the lack of association between LOH breakpoints and Tyl elements. Although the
Tyl-associated recombination events were broadly distributed among the yeast chromosomes,
two Tyl elements were associated with significantly elevated levels of chromosome rearrange-
ments, the Tyl element located on chromosomes IIT (W-IIIR-WTyI-5, p<0.001) and IV
(Y-IVR-CTyI-2, p = 0.03). The “hot” Tyl element on chromosome III is adjacent to an
inverted Tyl element, and together these elements were shown to be a fragile site in strains
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with low levels of DNA polymerase alpha [33]. The “hot” Tyl element on chromosome IV is
about 25 kb of the Tyl Y-IVR-CTyI-1. Since many of the events observed for these two ele-
ments involve closely-linked Tyls, it is possible that these elements are not preferred targets of
CRISPR/Cas9, but have an elevated probability of recombination with the neighboring
element.

Although Ty2 does not contain the target site for the guide RNA used in our experiment,
Tyl and Ty2 share considerable homology and a DSB induced in Tyl might be able to recom-
bine with the 24 copies of Ty2 in the MD704/MD741 genomes. The average identity between
Tyl and Ty2 in the $288c background is about 74%, although there are numerous blocks of
identity 250-750 bp in length; the levels of sequence identity for Tyl-Tyl or Ty2-Ty2 compari-
sons are about 96% for both [15]. Nonetheless, of 124 breakpoints involving at least one Tyl
element, 118 were Ty1-Tyl, only 5 were Ty1-Ty2, and 1 was Tyl-delta. This strong preference
for Ty1-Tyl interactions may reflect the sequence diversity around the CRISPR/Cas9 target
site between Tyl and Ty2 (average of 75% in the 500 bp flanking the target). Mismatches
within the heteroduplex would be expected to reduce the frequency of exchange [34],

Hoang et al. [15] found that there was a 50-fold preference for intrachromosomal non-alle-
lic Ty interactions over interchromosomal non-allelic interactions. We examined the same
issue in our data (details of the calculations in S1 Text). Considering all possible interactions of
Tyl elements that would give a detectable change in gene dosage, if there is no preference for
intrachromosomal or interchromosomal recombination, the expected proportion is 0.10 for
intrachromosomal events and 0.90 for interchromosomal events. The observed number of
intrachromosomal and interchromosomal Ty-Ty events were 43 and 52, respectively; by chi-
square analysis, the excess of intrachromosomal events is very significant (p<0.001). The mag-
nitude of the excess of intrachromosomal events (about five-fold) is considerably less in our
study than in that of [15], possibly because their study involved DSBs induced on the right arm
of chromosome III which has a very high density of Ty elements. The preference for intrachro-
mosomal recombination is also observed for duplications of non-Ty1 repeats [35].

Physical analysis of translocations and other chromosome rearrangements
by CHEEF gel electrophoresis, microarray analysis and/or by Nanopore
sequencing

As described above, analysis of short-read DNA sequencing and DNA microarrays indicated
that large chromosome alterations (large deletions and duplications, as well as putative translo-
cations) could be induced by expression of CRISPR/Cas9. To provide additional evidence for
these conclusions, we analyzed genomic DNA from some of the MD741 (long-term expression
of CRISPR/Cas9) and MD704 (short-term expression of CRISPR/Cas9) isolates by CHEF gels
(allowing the separation of intact chromosomal DNAs), PCR analysis, and/or Nanopore
sequencing.

The detailed description of these chromosome rearrangements will be given in the S1 Text
and SI Figures. Here, we restrict the discussion of these rearrangements to a single example, a
translocation in the isolate MD741-7. CHEF gel analysis of DNA from MD741-7 showed a
novel chromosome of about 820 kb (Fig 6A). Whole-genome sequencing detected a T-DUP
on chromosome V near coordinate 498 kb (the location of YERCTyI-2) and a T-DEL on chro-
mosome XIII near coordinate 747 kb (the location of a Crick-oriented Tyl element) (Fig 6B).
Based on the location of these elements and the sizes of the unrearranged chromosomes, a
reciprocal crossover between these two Ty elements would produce two translocations of
about 820 kb and 670 kb. Segregation of the 820-kb translocation and untranslocated copies of
chromosomes V and XIII would generate an isolate with the observed deletion-duplication
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Fig 6. Analysis of the translocation in MD741-7. (A) CHEF gel showing a novel chromosome band at 820 kb. This
chromosome hybridizes to probes derived from the right end of chromosome V and the left end of chromosome XIII.
(B) Sequencing data showing a T-DUP on chromosome V and a T-DEL on chromosome XIII; both breakpoints are at
Tyl elements (Dataset 2.1 in S2 Data). (C) Production of the translocation by crossing-over between Ty elements
(shown as yellow triangles). The translocation could also result from a BIR event (Fig 6B). (D) Nanopore sequencing of
a chromosome V-XIII translocation (depiction by Ribbon software). The breakpoints of the translocation are 493,149
on V (close to a Crick-oriented Ty at 493 kb, S2 Data) and 748,223 (close to a Crick-oriented Ty at 748 kb, S2 Data) on
XIIL

https://doi.org/10.1371/journal.pgen.1010590.9006

pattern (Fig 6C). As expected, the 820-kb translocation hybridizes to probes from the left end
of XIII (PGA3) and the right end of V (PDA1I). Alternatively, the same pattern could be pro-
duced by a BIR event initiated by a DSB in the Ty element on chromosome XIII.

We also confirmed the translocation between V and XIII by using long-read Nanopore
sequencing (Fig 6D). For displaying the Nanopore data, we use Ribbon software [36]. In this
display, the 16 chromosomes are shown in different colors at the top of the figure with chro-
mosomes XIII and V colored in brown and light blue, respectively. At the bottom of Fig 6D,
the diagram shows a segment of DNA with a fusion of sequences from chromosomes XIII and
V with the approximate locations of these sequences within the chromosome indicated in the
upper and middle portions of the diagram. Both segments were located near the right ends of
the two chromosomes, and both segments contained Crick-oriented Tyl elements. The novel
arrangement included a Tyl element at the breakpoint.

With similar methods, we analyzed nine other translocations in MD741-3, MD741-5,
MD741-6, MD741-8, and MD741-9 (S1 Text and SI Figures). Although most of the isolates
had only one translocation, MD741-9 had a pair of III-IV and IV-III balanced translocations
(S15 Fig). This result argues that at least some of the events are reciprocal crossovers rather
than BIR events. We also did detailed examinations of four isolates of MD704 (S1 Text). We
detected three examples of recombination between Tyl elements arranged in inverted
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orientation on opposite chromosome arms (for example, as shown in S11 Fig), but no recom-
bination events between inverted repeats located on the same chromosome arm.

As described above, in Nanopore sequencing of ten haploid isolates in which the Ty1-dir-
ected CRISPR/Cas9 was expressed, we found nine examples of replacement of a Tyl element
with a solo delta element (a “pop-out” likely due to single-strand annealing) and no examples
of a chromosome rearrangement reflecting Ty1-Tyl recombination. We also examined five
diploid strains expressing CRISPR/Cas9 (two MD741 and three MD704) by Nanopore
sequencing and detected only one “pop-out” and eight Tyl-Tyl recombination events. The
differences in the recovery of these two classes of events in haploids and diploids is very signifi-
cant (p < .001 by Fisher exact test). We also examined whether Tyl elements in haploid strains
expressing CRISPR/Cas9 had small deletions of the target site as expected if the DSBs could be
repaired by non-homologous end-joining. No such deletions were found in examining 185
Tyl elements.

Analysis of the location of breakpoints within Ty elements using Nanopore
sequencing

In addition to using Nanopore sequencing to confirm translocations and other chromosome
rearrangements, we used long-range sequencing to map the breakpoints of the recombination
events within the Tyl elements for a sub-set of the rearrangements. The approach is feasible
since non-allelic Tyl elements often have multiple polymorphisms that distinguish one ele-
ment from the other. Our summary of the mapping of eleven events is shown in Fig 7. We ana-
lyzed hybrid Ty elements associated with four translocations, four intrachromosomal
recombination events resulting in a deletion of one chromosome arm and a duplication of the
other arm, and three internal deletion events. For each event, we detected a transition between
the SNPs of the heterozygous Ty elements within the Ty element. As expected, since the repair
of DSBs is associated with a region of gene conversion (Fig 2), the transition between the SNPs
of one Ty element and those of the other was usually close to, but not at, the position of the
CRISPR/Cas9 target sequence (S5 Fig).

A detailed analysis of the breakpoints within the Ty elements shows one other point of
interest. In the isolate MD741-6, an isochromosome was formed by recombination between
Tyl elements on the right (YPRCTyI-2) and left (YPLWTyI-1) arms. This rearrangement can
be formed either by a BIR event or by a reciprocal crossover. As shown in S6 Fig, in a BIR
event, the breakpoint between SNPs is likely to be located at the site of the DSB, whereas for a
reciprocal crossover, the breakpoint can be displaced from the DSB. The observation that the
breakpoint is displaced from the DSB site (S5 Fig) argues that this event is likely a crossover
rather than a BIR event. We cannot rule out, however, that mismatch correction occurs during
the initial strand invasion step of BIR resulting in a displacement of the observed breakpoint
from the position of the DSB.

Discussion

As described in the Introduction, genomic rearrangements resulting from ectopic recombina-
tion between Ty elements have been observed in many studies, our study analyzed the nature
of genomic alterations in a diploid in which all Tyl elements are potential targets for CRISPR/
Cas9, and in which both allelic and non-allelic recombination can be detected. We also exam-
ined Tyl-associated genomic events in haploids as well as diploids. Our main conclusions are:
(1) The types of recombination events observed in haploid strains are different from those
observed in diploid strains; (2) In diploid strains, expression of CRISPR/Cas9 greatly increases
the frequency of large deletions, duplications, translocations, and other chromosome
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Fig 7. Breakpoints within Ty elements as determined by Nanopore sequencing. Since Ty elements often have
polymorphisms that distinguish different elements, we can sometimes determine the breakpoints within the Ty
elements involved in homologous recombination. These Ty-Ty recombination events sometimes involve elements
located on non-homologous chromosomes (giving rise to translocations; A, E, H, and K) or elements located on the
same chromosome (giving rise to I-DEL, I-DUP or other rearrangements; B, C, D, F, G, I, and J). The position of the
target guide RNA is indicated by an arrow marked “DSB” and different colors represent sequences derived from
different elements. In some of the recombination events (C, G, I, and J), the breakpoint between the contributions of
the different Ty elements to the recombinant element is near the DSB site. In most of the other events, the transition
between the different Ty elements does not coincide exactly with the DSB site. In these cases, it is likely that the repair
of the DSB was associated with a gene conversion event. Lastly, one of the isolates (K) was associated with a tripartite
recombination event between Ty elements located on three different chromosomes as illustrated in S24 and S25 Figs.

https://doi.org/10.1371/journal.pgen.1010590.9007

rearrangements reflecting homologous recombination of non-allelic Tyl elements; (3) Many
different Tyl elements were involved in the rearrangements, although two Ty elements had
significantly more events than the average; (4) Although Tyl and Ty2 share homology, almost
all rearrangements were between two Tyl elements; in addition, Ty1-Tyl recombination
events are biased toward intrachromosomal events; (5) Using polymorphisms that distinguish
Tyl elements, we showed that the breakpoint of the Ty1-Tyl was usually near, but not at, the
CRISPR/Cas9 target site; (6) Unlike the chromosome rearrangements, only a small fraction
(12%) of the allelic mitotic recombination events had Tyl elements at their breakpoints.
Below, we will emphasize only those issues not previously discussed in the Results section.

Comparisons of Tyl-Tyl interactions in haploid and diploid strains

In haploids, the events were biased to delta-delta recombinants, presumably the result of SSA.
In diploids, in contrast, most Tyl-related events were crossovers or BIR between non-allelic
Tyl elements. Although our initial observations in haploids and diploids utilized two different
methods for detecting genomic rearrangements, this conclusion was subsequently confirmed
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by Nanopore sequencing in both haploids and diploids. Note however, that our haploid strains
were isogenic or very similar to $288¢c/W303-1A, whereas the diploid was a hybrid of W303-
1A and the sequence-diverged YJM789 strain. Thus, experiments in which a homozygous dip-
loid is generated from W303-1A by mating type switching are needed to strengthen our
conclusion.

Our observations concerning the relative frequencies of pop-outs and Ty1-Tyl-associated
crossover/BIR events are consistent with previous observations of Kupiec and co-workers
[8,30]. In haploid strains with a single marked Ty1 element, Parket and Kupiec [30] found that
two-thirds of the events resulting in loss of the insertion were a consequence of delta-delta
recombination, whereas in diploids with a Ty1::URA3 insertion, only 10% (4 of 42) of the
ectopic recombination events causing loss of URA3 were the result of delta-delta recombina-
tion [8]. Loss of a marker by delta-delta recombination is likely to reflect a different recombi-
nation pathway (single-strand annealing) than ectopic exchanges that delete the marker
(SDSA and/or DSBR). One possibility is that a gene required for SSA, but not for SDSA and
DSBR, is expressed at higher levels in haploids than in diploids. No such candidate gene is
known, although only a limited number have been tested.

Another explanation is that more extensive resection is required for delta-delta recombina-
tion than for non-allelic SDSA or DSBR, and that resection is more extensive in haploids than
diploids. Such a difference has not been reported. It has been suggested by Agmon et al. [37]
that there are competing pathways for homology searches involving intrachromosomal repeats
and interchromosomal repeats. Although the details of this competition have not been eluci-
dated, it is possible that haploids more effectively engage in an intrachromosomal homology
search than diploids. It is also possible that heteroduplexes between non-allelic Tyl elements
are usually resolved without crossovers in haploids but are often associated with crossovers in
diploids. Alternatively, BIR events may be more processive in diploids (resulting in transloca-
tions and other chromosome rearrangements) than in haploids. Regardless of the mechanisms
involved, these results argue that the genomes of haploids and diploids evolve by qualitatively
different pathways.

LOH events in diploid strains expressing Tyl-targeted CRISPR/Cas9 do
not directly involve Ty elements

Besides Tyl-mediated chromosome rearrangements in the diploid strains MD704 and
MD741, we found that LOH events (sum of I-LOH and T-LOH) were elevated about 280-fold
in cells expressing CRISPR/Cas9 compared to the wild-type strain [12]. Strikingly, most of
these LOH events did not have Ty elements at the breakpoints. In a previous study by Fleiss

et al. [16] in which a CRISPR/Cas9 guide RNA was targeted to a sub-set of Ty3 LTRs, it was
observed that some of the chromosome rearrangements did not have the appropriate targets at
the breakpoints. They suggested that some of the DSBs could generate chromosome rearrange-
ments by a template-switching mechanism that did not require extensive sequence homology
[38]. Since the LOH events in our study likely involve extensive sequence homology, this
mechanism does not apply to our observations.

Although we cannot offer a single explanation for the stimulation of mitotic recombination
in genomic regions without Ty elements, a number of possibilities exist. First, the guide RNA
used in our CRISPR/Cas9 experiments may produce “off-target” DSBs. We do not favor this
explanation for two reasons. In BLAST searches of the yeast genome with the guide RNA
sequence, no non-Ty sequence is found. Based on BLAST searches with guide RNA sequences
in which we introduced sequence changes in silico, related sequences with one or two mis-
matches could have been detected, but were not observed. In addition, if one or a few non-Ty
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genomic sequences were recognized by the guide RNA, we would expect that the non-Ty LOH
events would have strongly preferred breakpoints. No such preferences were observed.

A second possibility is that a fraction of Ty-Ty recombinants produces dicentric chromo-
somes. Breakage of a dicentric could produce recombinogenic broken ends that do not have
Ty elements at the termini. Although it is likely that a substantial fraction of the Ty-Ty recom-
bination events results in formation of a dicentric, the cycles of repair and breakage required
to produce monocentric products likely select against such isolates. A third explanation is that
a strain with multiple DSBs may alter the ratio of breaks repaired by sister-strand recombina-
tion (an event that does not lead to LOH) in favor of recombination between homologs. Sister-
strands are used as a template for repair of DSBs with a preference of at least 10-fold over the
homolog [22,39]. By this model, the frequency of DSBs targeted to non-Ty sequences is not
altered in strains expressing CRISPR/Cas9. A related possibility is that large numbers of DSBs
result in an arrest of the cell cycle in a recombination-prone stage.

Hoang et al. [15] showed the DSBs located more than 10 kb from a Ty element could stimu-
late recombination events involving that element, suggested very long excision tracts from the
broken ends could stimulate exchange. This observation raises the possibility that DSBs within
the Ty element could stimulate recombination at sites distal to the broken Tyl. One observa-
tion consistent with this possibility is that there is a strong bias (24:1) for T-LOH events to lose
W303-1A sequences and duplicate YJM789 sequences (S2 Data); this bias is not observed in
isogenic wild-type cells that do not express CRISPR/Cas9 (151 T-LOH events homozygous for
YJM789, 129 homozygous for W303-1A) [12]. One plausible explanation for the bias is that
the W303-1A-derived homologs break more frequently because of the higher density of Tyl
elements on these homologs, and these breaks are then repaired by BIR using the YJM789
homologs as templates. This model predicts that the Ty event that is responsible for the
T-LOH event would be located centromere-distal to the observed breakpoint (S26A Fig). We
measured the distances between the T-LOH breakpoints and the closest centromere-distal Tyl
elements in a wild-type diploid not expressing CRISPR/Cas9 [12] (S26B Fig) and an isogenic
strain expressing CRISPR/Cas9 (S26C Fig). The distribution is skewed toward smaller dis-
tances in the strain expressing CRISPR/Cas9, consistent with the hypothesis that the T-LOH
events that do not have Ty1 at the breakpoint may nonetheless be induced by Tyl-associated
breaks.

However, there are several observations that suggest that all LOH events are not initiated by
extensive process of DSBs within Tyl elements. First, I-LOH events do not show the same bias
toward DSB formation on the W303-1A homolog. Of the I-LOH events, 13 were homozygous
for YJM789 alleles and 15 were homozygous for W303-1A alleles. In addition, expression of
CRISPR-Cas9 elevated T-LOH about 500-fold, but I-LOH only 150-fold (Table 1). Thus, either
the initiation or subsequent repair events for T-LOH and I-LOH events must be different.

Hicks et al. [40] showed that BIR elevated mutation rates more than 1000-fold. From the
data in the S2 Data, we calculated that 0.025 of the total genomes of 27 isolates were in regions
of T-LOH. Of the 20 mutations detected in these strains, two were in these T-LOH regions
and 18 were outside these regions. By chi-square analysis, mutations were not significantly
over-represented in the T-LOH regions (p = 0.15). This conclusion, however, is based on a
small number of mutations.

Currently, we do not have data that distinguish among these models. It is likely that T-LOH
events, as well as other chromosome alterations, can be produced by both BIR and reciprocal
crossovers. As described above, we found one isolate (MD741-9) with reciprocal transloca-
tions, arguing that reciprocal crossovers can be formed between non-allelic Ty elements. It is
important to consider the possibility that yeast strains with large numbers of DSBs or DSBs
that undergo multiple cycles of breakage may utilize recombination pathways differently than
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wild-type strains with very low levels of breaks observed in uninduced cells. In wild-type cells
grown under non-stressed conditions, most T-LOH events occur by reciprocal crossovers
rather than BIR [22]. It is possible that BIR events are more common in strains attempting to
repair multiple breaks.

Closing thoughts

In summary, expression of CRISPR/Cas9 directed to the Tyl elements is an efficient method
of generating a variety of novel types of chromosome rearrangements. Given the ease with
which such alterations are generated, it is perhaps surprising that most (80%) of the genomes
of S. cerevisiae strains obtained from the wild are co-linear [41], and co-linearity is also
observed among several Saccharomyces species that are closely related to S. cerevisiae [42]. This
observation suggests that the arrangement of genes among the 16 chromosomes may be under
genetic selection. Two other important issues raised by our study are: 1. The degree to which
recombination events in haploids and diploids are different, and 2. Whether the patterns of
recombination in cells that receive large numbers of DSBs or repeated cycles of DSB formation
are different from cells that receive single DSBs (as expected from spontaneous events).

Materials and methods
Strains and plasmids

The genotypes of the yeast strains used in this study are shown in S1 Table, and constructions
of strains and plasmids are described in S1 Text.

SNP microarray analysis

A custom SNP microarray designed in our previous studies was used to detect the genomic
alterations in diploid strains [31,43]. In brief, the control DNA extracted from the heterozy-
gous strain JSC24-2 was labeled with Cy3-dUTP, and the experimental DNA was labeled with
Cy5-dUTP. The labeled DNA was mixed and competitively hybridized at 62°C. A GenePix
scanner and GenePix Pro-6.1 software were used to examine the ratio of hybridization of the
control and experimental DNA. The designs of the array are on the Gene Expression Omnibus
(GEO) dataset, with the accession number of GPL20144.

INlumina sequencing

Genomic DNA of yeast cells was extracted using the EZNA yeast DNA kit (Omega, Doraville,
USA). Whole-genome Illumina sequencing was performed on a NovaSeq 6000 platform using
a 150-bp paired-end indexing protocol. Data analysis was done as described previously [12].
In brief, the software BWA [44] was used to align reads to the reference genome of S288c¢ (sac-
Cer3). The output.sam files were processed by Samtools [45] and VarScan 2 [46] to detect
sequencing coverage and mutations.

PacBio sequencing

The genomic DNA of the strain JSC20-1 (YJM789 background) was extracted using a modi-
fied CTAB DNA Extraction method [47]. Standard sequencing library construction was car-
ried out with the PacBio DNA Template Prep Kit 2.0. Genome sequencing was performed on
a Pacific Biosciences RS II instrument with P6C4 chemistry. Assemblies were carried out using
the software Falcon [48], followed by mapping the reads back to the assembled sequence with
BLASR [49]; consensus calling was done with Arrow software [50].
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Nanopore sequencing

Yeast cells were grown in 50 ml of YPD to a concentration of >107 cells/ml. The methods of
library construction and Nanopore sequencing were described in [51]. Briefly, input DNA was
treated with NEBNext FFPE RepairMix (M6630; NEB) to repair single-strand nicks, then
DNA ends were repaired to form blunt ends using NEBNext End Repair Module (E6050;
NEB). Samples were purified using AMPure XP beads. Each sample was barcoded using the
Oxford Nanopore native barcoding genomic DNA kit (EXP- NBD104), followed by adapter
ligation using ligation-based library kit (SQK-LSK109). After final purification, multiple bar-
coded libraries were loaded onto MinION flow cells (FLO-MIN106D R9.4.1) and analyzed on
a MinION sequencer (MIN-101B).

The monitoring of the sequencing process, as well as real-time basecalling, were performed
using Minknow (v21.02.1). The build-in basecaller (Guppy,4.3.2) was used to simultaneously
convert raw electrical signals into fastq files. Output fastq files were aligned to S288c genome
(sacCer3) using NGMLR [52]. The resulting.sam files were converted to.bam files using Sam-
tools [45]. The sorted bam files were used to call structural variants by Sniffles [52] generating.
vcf files. Both sorted bam file and.vcf file were uploaded to Ribbon [36] to visualize genomic
structural variants.

CHEEF gel electrophoresis and Southern blot analysis

Intact chromosomal DNA was prepared by embedding yeast cells in plugs made of 0.8% low-
melt agarose followed by the treatment of the plugs with Zymolase and Proteinase K as
described in [9]. A Biorad CHEF Mapper XA system was used to perform the CHEF gel elec-
trophoresis. The chromosomal DNA was transferred to nylon membrane for Southern analy-
sis. The preparation of hybridization probes, and the conditions used for hybridization are
described in our previous study [53].

Data deposit

The raw data of SNP microarray is deposited as a GEO dataset with the accession number
GSE205199. The raw sequencing data are available at the National Center for Biotechnology
Information (NCBI) Sequence Read Archive (SRA) under BioProject PRINA544995.

Supporting information

S1 Fig. Southern analysis of CRISPR/Cas9-induced DSBs within Tyl elements. (A) Loca-
tion of CRISPR/Cas9 target with respect to flanking Xhol sites. Most of the Tyl elements have
Xhol sites in the flanking delta elements. A cut within the CRISPR/Cas9 target would be
expected to produce fragments of about 1.9 and 3.6 kb in Xhol-treated DNA. The location of
the three hybridization probes used in the experiment are shown as short black lines within
the Tyl. (B) Ethidium-bromide-stained gel of Xhol-treat DNA. DNA was isolated from cells
grown in liquid medium containing 2% raffinose (R), or grown in 2% raffinose then harvested,
washed, and grown in 2% raffinose plus 2% galactose (G) for four hours. The relevant geno-
types (full genotypes in S1 Table) are: MD703 (diploid without plasmid), MD704 (diploid with
pMD97), MD745 (haploid with pMD97), MD747 (haploid with control plasmid lacking the
guide RNA). (C) Hybridization pattern of Xhol-treated samples. In both the haploid and dip-
loid isolates with the pMD97 plasmid, bands of the sizes expected for cleavage at the CRISPR/
Cas9 target are observed after galactose induction. There are also 3 kb bands in all of the sam-
ples likely to reflect cross-hybridization of the probes with DNA fragments derived from the
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2-micron plasmid.
(TIF)

S2 Fig. Location of Ty elements in strains $288c, W303-1A, and YJM789. Tyl and Ty2 were
indicated by orange and violet respectively, and gray ovals show the locations of centromeres.
The direction of the arrows indicates whether the Ty element is annotated in the Watson or
Crick orientations. The triangles with nicks represent incomplete Ty elements. The black, red
and blue horizontal lines represent S288c, W303-1A and YJM789 chromosomes, respectively.
Chromosomes are normalized to the same size with SGD coordinates shown above the top
lines.

(TIF)

S3 Fig. Recombination events that lead to T-LOH or I-LOH. Red and blue lines indicate dif-
ferent homologs and ovals/circles show centromeres. All events are initiated as a DSB on the
red homolog. The mechanistic details of these events are outlined in Fig 2. (A) Reciprocal
crossover associated with conversion. The region of conversion is shown within the horizontal
rectangle. The products shown in the vertical rectangle are homozygous for the blue SNPs
located distal to the exchange. (B) The same pattern of T-LOH shown in S3A Fig can be the
result of a BIR event. (C) In this figure, the DSB is repaired by an interaction that is not associ-
ated with a crossover, leading to an I-LOH event.

(TIF)

$4 Fig. Examples of different types of chromosome alterations as determined by genomic
sequencing. As described in the legend to Fig 4, the Y-axis shows the Ratio of Coverage, the
normalized numbers of reads for each SNP, and the X-axis shows SGD coordinates. (A)
I-LOH event on XIII. (B) T-LOH event on XV. (C) T-DUP on V. (D) T-DEL on XIII. (E)
I-DUP on XII. (F) I-DEL on XII.

(TIF)

S5 Fig. Nanopore sequence analysis of a hybrid Ty elements created by recombination
between YPLWTyl-1 and YPRCTyI-2. The sequence shown is that of YPRCTyI-2. We did a
BLAST analysis with the sequence of YPRWTyI-1, and the SNPs that distinguish these two
Tyl elements are highlighted in purple, green or black; the sequence of the target site for the
guide RNA is shown in yellow. We examined 15 Nanopore “reads” that included the hybrid
Ty element in isolate MD741-6. Those SNPs that matched the YPRCTy1-2 sequence in at least
two-thirds of the reads are shown in purple, and those that matched the YPLWTyI-1 SNPs are
shown in black. The SNPs shown in green matched the YPLWTy1-2 SNP, but in less than two-
thirds of the reads. As shown in the figure, the putative region of gene conversion extended to
both sides of the guide RNA target.

(TIF)

S6 Fig. Analysis of the breakpoints of Ty-Ty recombinants in MD741-6. (A) Based on
microarray data and CHEF gel analysis, we predicted a recombination event between two Tyl
elements located on opposite arms of chromosome X VI (left arm of XVI and right arm of XVI
shown in black and red, respectively). Such an exchange requires that one chromatid is looped
relative to the other. One daughter cell (shown in a rectangle) would contain a duplication of
the segment of XVI near the left end of the chromosome, and a deletion of sequences near the
right end; this pattern of deletion/duplication was observed in MD741-6. Nanopore sequenc-
ing of MD741-6 (shown in S5 Fig) demonstrates the existence of a hybrid Ty element in which
most of the element is derived from YPRCTyI-2 with a smaller contribution from YPLWTyI-
1. Notably, sequences from YPRCTyI-2 are found flanking the guide RNA target site as
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indicated by the green arrow. (B) Predicted pattern of gene conversion events associated with
BIR. The region of conversion is expected to be restricted to one side of the DSB, assuming
that mismatch repair does not occur during the initial strand invasion. (C) Predicted pattern
of gene conversion associated with double-strand break repair. For many of these events, the
region of gene conversion will occur on both sides of the initiating DSB.

(TIF)

S7 Fig. Chromosome rearrangements in MD741-3. (A) Whole-genome sequencing analysis
of chromosomes II, XII, and XIII. Two T-DELs (near coordinates 328 kb on II and 372 kb on
XIII) and two T-DUPs (601 kb on XII and 196 kb on XIII) were detected. There is also a
T-LOH event on XII that partially obscures the T-DEL on XII. (B) CHEF gels and Southern
blots verified two rearranged chromosomes (red arrows). The larger one was generated by the
tusion of segments from XII (601 kb to the right end) and XIII (0 kb to 372 kb), while the
smaller one consists of segments from II (0 kb to 328 kb) and XIII (0 kb to 196 kb). The probes
used for Southern analysis were SEA4 (on the left arm of II), RIF2 (on the right arm of XII),
and PGA3 (on the left arm of XIII).

(TIF)

S8 Fig. Chromosome rearrangements in MD741-5. (A) Microarray analysis of chromosomes
L IL, IV, X, XIII, and XV. The variation of ratio of coverage (RC) indicates copy-number
changes of W303-1A- (red) and YJM789 (blue)-derived SNPs. Chromosomes I, IV, and XV
have T-DELs, whereas chromosomes II, X, and XIII have T-DUPs. (B) Based on the patterns
of terminal duplications and deletions, as well as the sizes of novel chromosome bands, we cal-
culated that the three translocations involved are I and II, XIII and XV, and IV and X (details
in S1 Text). The left part of B. shows the ethidium-bromide-stained gel of the control and
MD?741-5 samples with red arrows indicating novel chromosome bands. The nature of the
translocations was verified by Southern analysis using the following probes: FLC2 (left arm of
I), SEA4 (left arm of IT), SORI (right arm of X), HPRI (right arm of IV), PGA3 (left arm of
XII) and FRES5 (right arm of XV).

(TIF)

S9 Fig. Detection of chromosome rearrangements in MD741-5 by Nanopore sequencing.
(A) Chromosome I-II translocation. The numbers below the black line are coordinates in a
contiguous sequence demonstrating the translocation. Based on the coordinates in SGD, the
breakpoint on chromosome I was 166,162 (close to a Crick-oriented Tyl, S2 Data) and the
breakpoint on chromosome II was 226, 954 (close to a Watson-oriented Tyl, S2 Data). These
breakpoints are also consistent with the microarray data (S2 Data). (B) Chromosome IV dele-
tion. Based on the Nanopore sequencing data, there is a deletion on chromosome IV between
coordinates 489,024 and 513,669, the approximate location of two Crick-oriented Ty elements
in the YJM789 homolog (Dataset S1.3 in S1 Data). The Tyl elements are in the gap in the
Nanopore sequencing read (bottom part of figure) since the elements are not present in the
reference strain S288c.

(TIF)

$10 Fig. Analysis of sub-clones derived from MD741-5. By genomic sequencing, we exam-
ined the original isolate of MD741-5 in addition to two sub-clones derived from the original
isolate (MD741-5-S1 and MD741-5-S2). (A) Patterns of LOH on chromosome IV. On chro-
mosome IV, all three strains had the same deletion near coordinate 500 kb. Both MD741-5
and MD741-5-S1 had a terminal deletion near coordinate 1100 kb. However, MD741-5-S2
had a terminal LOH event with a breakpoint at approximately the same position. (B) Strains
MD741-5 and MD741-5-S1 had terminal duplications near coordinate 480 kb. In contrast,
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MD741-5-S2 had an I-LOH event near coordinate 670 kb.
(TIF)

S11 Fig. Chromosome rearrangements in MD741-6. (A) Genomic sequence analysis of chro-
mosomes XIII and XVI. T-DELs were evident on chromosomes XIII and XVI on one arm,
and T-DUPs were evident on the opposite arm of the same chromosome. Based on the
observed sizes of the novel chromosomes and the breakpoints on XIII and XVI, we hypothe-
sized that the chromosome of 860 kb represented a recombination event between Ty elements
on the left and right arms of XIII, and the 580 kb chromosome was a consequence of recombi-
nation between Ty elements on the left and right arms of XVI (additional details in S1 Text).
(B) By Southern analysis, we found that the 860 kb chromosome hybridized strongly to a
probe from the left arm of XVI (PLCI), and the 560 kb chromosome hybridized strongly to a
probe from the left arm of XIII (PGA3).

(TIF)

S12 Fig. Detection of chromosome rearrangements in MD741-6 by Nanopore sequencing.
(A) Coupled duplication and deletion on chromosome XIII as a consequence of recombina-
tion between Ty elements located on the opposite arms of XIII. The breakpoints obtained
from Nanopore sequencing were 202,221 (close to a Watson-oriented Ty at 202 kb, S2 Data)
and 378,618 (close to a Crick-oriented Ty at 379 kb, S2 Data). (B) Coupled duplication and
deletion on chromosome XVI as a consequence of recombination between Ty elements
located on the opposite arms of XVI. The breakpoints obtained from Nanopore sequencing
were 62,375 (close to a Watson-oriented Ty at 62 kb, S2 Data) and 810,564 (close to a Crick-
oriented Ty at 810 kb, S2 Data).

(TIF)

$13 Fig. Nanopore analysis of chromosome rearrangements in MD741-7. (A) Chromosome
V-XIII translocation. The breakpoints of the translocation are 493,149 on V (close to a Crick-
oriented Ty at 493 kb, S2 Data) and 748,223 (close to a Crick-oriented Ty at 748 kb, S2 Data)
on XIIIL (B) I-DEL on chromosome XII. The breakpoints of the deletion on XII are 599,053
(close to Crick-oriented Ty at 599 kb, S2 Data) and 688,178 (close to a Crick-oriented Ty at
688 kb).

(TIF)

$14 Fig. Unbalanced translocations in MD741-8 and MD741-9. (A) From the genomic
sequence analysis, isolate MD741-8 has a T-DEL event on chromosome II, and a T-DUP event
on XIII. If these changes in gene dosage reflect the II-XIII translocation, the expected size of
the translocation is about 510 kb, and a novel chromosome of this size is detectable by CHEF
gel analysis (S14C Fig). (B) In MD741-9, chromosomes II and XVI represent T-DEL and
T-DUP products, respectively. If these products reflect the II-XVI translocation event, the
expected size of the translocation is about 700 kb, and a novel chromosome (marked with red
arrows in S14C and S14D Fig) is observed at this position. (C) By Southern analysis, the 510
kb chromosome in MD741-8 hybridizes to probes derived from the left arm of IT (SEA4) and
the left arm of XIII (PGA3). The 700 kb chromosome in MD741-9 hybridizes to a probe from
the left arm of II (SEA4). (D) By Southern analysis, the 700 kb chromosome hybridizes to a
probe from the left arm of XVI (PLCI), confirming the II-XVI translocation in MD741-9.
(TIF)

S$15 Fig. Balanced translocation in MD741-9. In addition to a translocation between I and
XVI that was detectable by changes in gene dosage (S14B Fig), MD741-9 had several novel
chromosomes that did not result in changes in gene dosage; the novel chromosomes were the
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result of a balanced translocation between chromosomes III and IV. (A) Microarray analysis
showing that chromosomes III and IV had no alterations in gene dosage. (B) CHEF gel analy-
sis indicating the presence of two novel chromosomes, one about 1240 kb and one about 610
kb (marked with red arrows). Southern analysis showed that the 1240 kb chromosome had a
portion of the sequences from the right arm of IV (RAD34, coordinate 1092 kb) and the right
arm of III (FEN2, coordinate 171 kb). The 610 kb chromosome hybridized to sequences
derived from the right arm of IV (HIM1I, coordinate 1102 kb) and the right arm of III (NPP1I,
coordinate 164 kb), although the breakpoints for the two translocations were different. (C)
Depiction of the recombination event producing the III-IV reciprocal translocation. Ty ele-
ments are marked with black arrows. Co-segregation of the two translocations would maintain
a balanced gene dosage for chromosomes III and IV. (D) Confirmation of the IV-III transloca-
tion of the 1240 kb chromosome by PCR. Primers located at coordinate 1095 kb of IV and 170
kb of III were used in a PCR reaction with genomic DNA of MD741-9. A fragment of the
expected size (about 10 kb) was observed in the experimental, but not the control strain.

(TIF)

$16 Fig. Formation of a circular chromosome in MD741-18. (A) By genomic sequence anal-
ysis, the strain MD741-18 had T-DELSs on both the left and right arms of chromosome XV, but
no T-DUPs on other chromosomes. (B) Generation of a double deletion by recombination
between Ty elements on the opposite arms of chromosome XV derived from the W303-1A
homolog. The acentric linear product would be expected to be lost, generating the observed
double deletion. Continuous and dotted lines indicate the sequences on chromosome XV near
the translocation breakpoint, and black triangles show the involved Ty elements. (C) PCR
analysis showing the band expected for the circular chromosome. Primers XV-A and XV-S
(shown in S16B Fig) were used in the PCR reaction.

(TIF)

$17 Fig. Nanopore analysis of chromosome rearrangements in MD704-2h-1. The I-DEL
(coordinates 489-514 kb) on chromosome IV, evident by sequencing, has the same Ty-associ-
ated breakpoints as in MD741-5 (S9B Fig). The Ty elements that are at the breakpoints of the
YJM789-derived homolog, but are absent in S288c are shown as a gap.

(TIF)

S18 Fig. Patterns of LOH observed in MD704-4h-1. (A) By microarray analysis, this isolate
has T-DEL events on chromosomes III and IV with breakpoints in Ty elements. As shown in
S19 Fig, this pattern can be explained as a consequence of a crossover between the Ty elements
on the right arms of chromosomes IIT (FS2 has an inverted pair of Ty elements near coordi-
nates 169 kb) and IV (Ty element at coordinate 668 kb), followed by a non-disjunction event.
(B) CHEF gel analysis demonstrating the III-IV translocation. By ethidium-bromide staining,
there an incompletely visualized novel chromosome in MD704-4h-1 with a size of about 817
kb. This band hybridizes to a probe from the right arm of chromosome III (PAT1I located at
coordinate 250 kb) and the left arm of chromosome IV (ADY3 at coordinate 26 kb). The
expected size of this translocation is 817 kb.

(TIF)

S$19 Fig. Pathway for producing the double deletion observed in isolate MD704-4h-1. Chro-
mosomes III and IV are shown as thick and thin lines, respectively, with the red color indicat-
ing W303-1A-derived homologs and the blue color indicating YJM789-derived homologs. The
event begins with a crossover between a Watson-oriented Tyl at coordinate 668 kb on IV and
a Watson-oriented Tyl on IIT in FS2 at 169 kb. The second step is a non-disjunction event in
which both chromatids with CEN3 sequences derived from W303-1A are segregated into one
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daughter cell. The daughter cell that is outlined in the black rectangle will have the pattern of
LOH events observed in MD704-4h-1.
(TIF)

$20 Fig. Patterns of chromosome rearrangements in MD704-4h-2. (A) Genomic sequenc-
ing analysis of gene dosages on chromosomes I and III. Chromosome II has multiple transi-
tions between regions with different gene dosages, whereas chromosome III has a single
T-DEL event. On chromosome II, S20A Fig does not show a small region of heterozygosity
between coordinates 221-230 kb at the scale used in the figure. (B) Based on Dataset $2.3 in S2
Data, we depict the ratio of coverage for different segments of chromosome II and III with the
breakpoints of transitions shown as SGD coordinates. Horizontal arrows indicate Ty elements.
Red and blue lines show W303-1A and YJM789 sequences, respectively. Thick and thin lines
represent chromosome II and III sequences, respectively. (C) Arrangement of chromosome
segments in MD704-4h-2 that are consistent with the analysis in S20A and S20B. Recombina-
tion events that could produce these rearranged chromosomes are shown in 522 Fig.

(TIF)

$21 Fig. Nanopore analysis of chromosome rearrangements in MD704-4h-2. (A) Inver-
sion/pseudo-isochromosome rearrangement on II. Based on microarray data, we predicted an
inversion on chromosome II with a breakpoint fusing coordinates 227 kb and 406 kb (S22C
Fig and S2 Data). By Nanopore sequencing, the inversion involves similar breakpoints at
226,953 and 405,572. There are Tyl elements at both breakpoints. (B) II-III translocation. As
predicted by the microarrays, the Nanopore sequencing confirmed a translocation between
coordinate 336,548 of IT and 168,934 of IIT; Tyl sequences are located at both breakpoints.
(TIF)

S22 Fig. Pathway for generating chromosome rearrangements in MD704-4h-2. In this fig-
ure, we show one pathway that could produce the patterns of LOH and I-DELSs observed in
MD?704-4h-2. Other homologous recombination events could likely produce the same pat-
terns. Other observations in support of these chromosome rearrangements are described in S1
Text. W303-1A- and YJM789-derived homologs are shown as red and blue lines, respectively.
Green arrows show the position of DSBs that initiate the events, and black arrows show the
SGD coordinates at the breakpoints of the rearrangements (consistent with the depictions in
S20 Fig). (A) Gene conversions and a crossover on chromosome II. One conversion event,
unassociated with a crossover, is the result of a DSB near coordinate 230 kb on the W303-1A
homolog with a conversion tract that extends through the centromere to coordinate 266 kb. A
second DSB occurs in the Ty element near coordinate 328 kb. The repair of this DSB is associ-
ated with a conversion event that extends to coordinate 295 kb and a crossover between the
two homologs. Ty elements are shown as short horizontal arrows. (B) Recombination between
chromosomes II and III. A DSB in a Ty element located on the W303-1A homolog of chromo-
some III is repaired by a BIR event with a Tyl element on one of the chromosome II homologs.
The resulting translocation would be about 660 kb. Chromosome III and II are shown as a
thin and thick lines, respectively. (C) Recombination between Ty elements located on opposite
arms of chromosome II. A DSB within a Ty element located on the right arm of YJM789
homolog of I is repaired by a BIR event involving the Ty element located at 221 kb on the left
arm of the W303-1A homolog of II. The resulting translocation would be 620 kb. Co-segrega-
tion of the chromatids marked with asterisks would produce the observed patterns of LOH.
(TIF)

$23 Fig. Patterns of LOH and I-DELs observed in isolate MD704-4h-6P. (A) Chromosome
III has a duplication of the sequences between Ty elements located in FS1 and FS2 in the
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W303-1A homolog. (B) Chromosome VII has a T-DEL with a breakpoint in a Ty located near
coordinate 536 kb. (C) Chromosome XIII has a complex pattern of alterations (breakpoints of
each transition in parentheses): 1. Triplication of W303-1A-derived sequences (from left end
of chromosome to 184 kb), 2. One copy of W303-1A and YJM789 sequences (184-280 kb), 3.
Two copies of YIM789-derived sequences and no copies of W303-1A-derived sequences (280-
372 kb), and 4. One copy of YJM789-derived sequences and no copies of W303-1A-derived
sequences (372 kb to the right end of chromosome).

(TIF)

$24 Fig. Nanopore analysis of chromosome rearrangements in MD704-4h-6P. (A) Tripar-
tite VII-III-XTII translocation. As shown in S23 and S25 Figs, the microarray experiments indi-
cate formation of a tripartite translocation as the result of a DSB on chromosome VII being
repaired by a BIR event involving chromosome III, followed by a dissociation and a re-inva-
sion of chromosome XIII. All breakpoints occur at the positions of Ty elements. (B) Chromo-
some XIII-XIII pseudo-isochromosome. This event reflects a recombination event between
chromosome XIII homologs involving a Crick-oriented Tyl element on the right arm of XIII
near coordinate 372 kb and a Watson-oriented Ty element on the left arm of XIII located near
coordinate 184 kb (S23C Fig). (C) I-DEL on chromosome XV. The Nanopore sequencing con-
firms that the deletion on chromosome XV results from recombination between two Watson-
oriented Tyl elements located near coordinates 664 kb and 710 kb (S2 Data).

(TIF)

$25 Fig. Pathway for generating the rearrangements observed in MD704-4h-6P. W303-1A
and YJM789 homologs are drawn in red and blue, respectively; arrows show the location of Ty
elements and ovals indicate centromeres. Chromosomes XIII and VII are shown as thick and
thin lines, respectively. Chromosome III is shown as a dotted line. (A) Recombination events
involving chromosome XIII. A reciprocal crossover occurs between the two homologs at a
breakpoint near coordinate 280 kb. In a second event, a DSB within the YJM789 homolog at a
Ty located at coordinate 372 kb is repaired by a BIR event involving an invasion of the end
into a Ty element located at position 184 kb on the W303-1A homolog. The resulting chromo-
some is about 556 kb, and has sequences from the left arm of XIII on both ends. (B) Recombi-
nation between chromosomes VII and XIII. A break occurs on the W303-1A-derived VII ata
Ty element located at 536 kb. The broken end is repaired by two consecutive BIR events, the
first invading a Ty at 169 kb on chromosome III and replicating sequences to a non-allelic Ty
at position 149 kb. The end is then extruded and invades a Ty on the left arm of chromosome
XIII at coordinate 184 kb, performing a second BIR event. The resulting chromosome contains
sequences derived from chromosomes III, VII, and XIII and is about 740 kb. The bottom part
of this figure shows the chromosomes (marked with asterisks) that could segregate together to

yield the observed microarray pattern.
(TIF)

$26 Fig. Distance between centromere-distal Tyls and recombination breakpoints. Chro-
mosomes are shown as double-stranded DNA molecules with centromeres indicated as circles
or ovals. Dotted lines indicate DNA synthesis during the BIR event. (A) A DSB in the Ty1 fol-
lowed by degradation of the centromere-proximal broken end can produce a recombinant
chromosome in which the breakpoint is displaced from the initiating DSB. (B) For spontane-
ous T-LOH events, we examined the distance between the recombination breakpoint and the
nearest centromere-distal Tyl (shown as a percentage of the total events) [12]. (C) For T-LOH
events induced by CRISPR/Cas9, we show a bar graph comparable to that of S26B Fig.

(TIF)

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010590 January 26, 2023 26/30


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010590.s024
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010590.s025
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010590.s026
https://doi.org/10.1371/journal.pgen.1010590

PLOS GENETICS

CRISPR/Cas9-induced breaks in transposons cause chromosome rearrangements

S1 Data. Positions of Ty elements in $288c, W303-1A, and YJM789.
(XLSX)

$2 Data. Summary of chromosome rearrangements in MD741 and MD704 isolates.
(XLSX)

$3 Data. Summary of changes in chromosome number in MD741 and MD704 isolates.
(XLSX)

S4 Data. Point mutations in strains expressing CRISPR/Cas9.
(XLSX)

S1 Table. Yeast strains used in this study.
(DOCX)

S2 Table. Oligonucleotide primers used in this study.
(DOCX)

S3 Table. Diagnosis of 5-FOA-resistant haploid isolates by PCR.
(DOCX)

S1 Text. Supplemental methods and discussions.
(DOCX)

Acknowledgments

We thank Sue Jinks-Robertson, Lorraine Symington, Fred Winston, and Martin Kupiec for
useful discussions and Heather Froggatt for help with the initial strain constructions.

Author Contributions

Conceptualization: Dao-Qiong Zheng, Thomas D. Petes.

Data curation: Lei Qi.

Formal analysis: Lei Qi, Yang Sui, Ryan J. McGinty, Xiao-Zhuan Liang.
Funding acquisition: Sergei M. Mirkin, Dao-Qiong Zheng, Thomas D. Petes.
Investigation: Lei Qi, Xing-Xing Tang, Margaret Dominska.

Project administration: Dao-Qiong Zheng, Thomas D. Petes.

Supervision: Thomas D. Petes.

Validation: Yang Sui, Xing-Xing Tang.

Visualization: Lei Qi.

Writing - original draft: Lei Qi, Ke Zhang, Dao-Qiong Zheng, Thomas D. Petes.
Writing - review & editing: Dao-Qiong Zheng, Thomas D. Petes.

References

1. CzajaW, Bensasson D, Ahn HW, Garfinkel DJ, Bergman CM. Evolution of Ty1 copy number control in
yeast by horizontal transfer and recombination. PLoS Genet. 2020; 16(2):e1008632. https://doi.org/10.
1371/journal.pgen.1008632 PMID: 32084126

2. Curcio MJ, Lutz S, Lesage P. The Ty1 LTR-retrotransposon of budding yeast, Saccharomyces cerevi-
siae. Microbiol Spectr. 2015; 3(2):1-35. https://doi.org/10.1128/microbiolspec. MDNA3-0053-2014
PMID: 26104690

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010590 January 26, 2023 27/30


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010590.s027
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010590.s028
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010590.s029
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010590.s030
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010590.s031
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010590.s032
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010590.s033
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010590.s034
https://doi.org/10.1371/journal.pgen.1008632
https://doi.org/10.1371/journal.pgen.1008632
http://www.ncbi.nlm.nih.gov/pubmed/32084126
https://doi.org/10.1128/microbiolspec.MDNA3-0053-2014
http://www.ncbi.nlm.nih.gov/pubmed/26104690
https://doi.org/10.1371/journal.pgen.1010590

PLOS GENETICS

CRISPR/Cas9-induced breaks in transposons cause chromosome rearrangements

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

Kim JM, Vanguri S, Boeke JD, Gabriel A, Voytas DF. Transposable elements and genome organization:
a comprehensive survey of retrotransposons revealed by the complete Saccharomyces cerevisiae
genome sequence. Genome Res. 1998; 8(5):464—478. https://doi.org/10.1101/gr.8.5.464 PMID:
9582191

Errede B, Cardillo TS, Sherman F, Dubois E, Deschamps J, Wiame JM. Mating signals control expres-
sion of mutations resulting from insertion of a transposable repetitive element adjacent to diverse yeast
genes. Cell. 1980; 22(2 Pt 2):427—-436. https://doi.org/10.1016/0092-8674(80)90353-0 PMID: 6256080

Roeder GS, Fink GR. DNA rearrangements associated with a transposable element in yeast. Cell.
1980; 21(1):239-249. https://doi.org/10.1016/0092-8674(80)90131-2 PMID: 6250713

Argueso JL, Westmoreland J, Mieczkowski PA, Gawel M, Petes TD, Resnick MA. Double-strand breaks
associated with repetitive DNA can reshape the genome. Proc Natl Acad Sci U S A. 2008; 105
(33):11845-11850. https://doi.org/10.1073/pnas.0804529105 PMID: 18701715

Chan JE, Kolodner RD. A genetic and structural study of genome rearrangements mediated by high
copy repeat Ty1 elements. PLoS Genet. 2011; 7(5):e1002089. https://doi.org/10.1371/journal.pgen.
1002089 PMID: 21637792

Kupiec M, Petes TD. Allelic and ectopic recombination between Ty elements in yeast. Genetics. 1988;
119(3):549-559. https://doi.org/10.1093/genetics/119.3.549 PMID: 2841187

McCulley JL, Petes TD. Chromosome rearrangements and aneuploidy in yeast strains lacking both
Tel1p and Mec1p reflect deficiencies in two different mechanisms. Proc Natl Acad Sci U S A. 2010; 107
(25):11465-11470. https://doi.org/10.1073/pnas.1006281107 PMID: 20534547

Mieczkowski PA, Lemoine FJ, Petes TD. Recombination between retrotransposons as a source of
chromosome rearrangements in the yeast Saccharomyces cerevisiae. DNA Repair. 2006; 5(9—
10):1010-1020. https://doi.org/10.1016/j.dnarep.2006.05.027 PMID: 16798113

Song W, Dominska M, Greenwell PW, Petes TD. Genome-wide high-resolution mapping of chromo-
some fragile sites in Saccharomyces cerevisiae. Proc Natl Acad SciU S A. 2014; 111(21):2210-2218.
https://doi.org/10.1073/pnas.1406847111 PMID: 24799712

Sui Y, QiL, WuJK, Wen XP, Tang XX, Ma ZJ, et al. Genome-wide mapping of spontaneous genetic
alterations in diploid yeast cells. Proc Natl Acad Sci U S A. 2020; 117(45):28191-28200. https://doi.org/
10.1073/pnas.2018633117 PMID: 33106417

Umezu K, Hiraoka M, Mori M, Maki H. Structural analysis of aberrant chromosomes that occur sponta-
neously in diploid Saccharomyces cerevisiae: retrotransposon Ty1 plays a crucial role in chromosomal
rearrangements. Genetics. 2002; 160(1):97—110. https://doi.org/10.1093/genetics/160.1.97 PMID:
11805048

Zheng DQ, Zhang K, Wu XC, Mieczkowski PA, Petes TD. Global analysis of genomic instability caused
by DNA replication stress in Saccharomyces cerevisiae. Proc Natl Acad Sci U S A. 2016; 113
(50):8114—-8121. https://doi.org/10.1073/pnas.1618129113 PMID: 27911848

Hoang ML, Tan FJ, Lai DC, Celniker SE, Hoskins RA, Dunham MJ, et al. Competitive repair by naturally
dispersed repetitive DNA during non-allelic homologous recombination. PLoS Genet. 2010; 6(12):
€1001228. https://doi.org/10.1371/journal.pgen.1001228 PMID: 21151956

Fleiss A, O’Donnell S, Fournier T, Lu W, Agier N, Delmas S, et al. Reshuffling yeast chromosomes with
CRISPR/Cas9. PLoS Genet. 2019; 15(8):e1008332. https://doi.org/10.1371/journal.pgen.1008332
PMID: 31465441

Parket A, Inbar O, Kupiec M. Recombination of Ty elements in yeast can be induced by a double-strand
break. Genetics. 1995; 140(1):67—77. https://doi.org/10.1093/genetics/140.1.67 PMID: 7635309

Pascarella G, Hon CC, Hashimoto K, Busch A, Luginbuhl J, Parr C, et al. Recombination of repeat ele-
ments generates somatic complexity in human genomes. Cell. 2022; 185(16):3025-3040 e3026.
https://doi.org/10.1016/j.cell.2022.06.032 PMID: 35882231

Song X, Beck CR, Du R, Campbell IM, Coban-Akdemir Z, Gu S, et al. Predicting human genes suscepti-
ble to genomic instability associated with Alu/Alu-mediated rearrangements. Genome Res. 2018; 28
(8):1228—1242. https://doi.org/10.1101/gr.229401.117 PMID: 29907612

Symington LS, Rothstein R, Lisby M. Mechanisms and regulation of mitotic recombination in Saccharo-
myces cerevisiae. Genetics. 2014; 198(3):795-835. https://doi.org/10.1534/genetics.114.166140
PMID: 25381364

Wu X, Malkova A. Break-induced replication mechanisms in yeast and mammals. Curr Opin Genet
Dev. 2021; 71:163-170. https://doi.org/10.1016/j.gde.2021.08.002 PMID: 34481360

Jinks-Robertson S, Petes TD. Mitotic recombination in yeast: what we know and what we don’t know.
Curr Opin Genet Dev. 2021; 71:78-85. https://doi.org/10.1016/j.gde.2021.07.002 PMID: 34311384

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010590 January 26, 2023 28/30


https://doi.org/10.1101/gr.8.5.464
http://www.ncbi.nlm.nih.gov/pubmed/9582191
https://doi.org/10.1016/0092-8674%2880%2990353-0
http://www.ncbi.nlm.nih.gov/pubmed/6256080
https://doi.org/10.1016/0092-8674%2880%2990131-2
http://www.ncbi.nlm.nih.gov/pubmed/6250713
https://doi.org/10.1073/pnas.0804529105
http://www.ncbi.nlm.nih.gov/pubmed/18701715
https://doi.org/10.1371/journal.pgen.1002089
https://doi.org/10.1371/journal.pgen.1002089
http://www.ncbi.nlm.nih.gov/pubmed/21637792
https://doi.org/10.1093/genetics/119.3.549
http://www.ncbi.nlm.nih.gov/pubmed/2841187
https://doi.org/10.1073/pnas.1006281107
http://www.ncbi.nlm.nih.gov/pubmed/20534547
https://doi.org/10.1016/j.dnarep.2006.05.027
http://www.ncbi.nlm.nih.gov/pubmed/16798113
https://doi.org/10.1073/pnas.1406847111
http://www.ncbi.nlm.nih.gov/pubmed/24799712
https://doi.org/10.1073/pnas.2018633117
https://doi.org/10.1073/pnas.2018633117
http://www.ncbi.nlm.nih.gov/pubmed/33106417
https://doi.org/10.1093/genetics/160.1.97
http://www.ncbi.nlm.nih.gov/pubmed/11805048
https://doi.org/10.1073/pnas.1618129113
http://www.ncbi.nlm.nih.gov/pubmed/27911848
https://doi.org/10.1371/journal.pgen.1001228
http://www.ncbi.nlm.nih.gov/pubmed/21151956
https://doi.org/10.1371/journal.pgen.1008332
http://www.ncbi.nlm.nih.gov/pubmed/31465441
https://doi.org/10.1093/genetics/140.1.67
http://www.ncbi.nlm.nih.gov/pubmed/7635309
https://doi.org/10.1016/j.cell.2022.06.032
http://www.ncbi.nlm.nih.gov/pubmed/35882231
https://doi.org/10.1101/gr.229401.117
http://www.ncbi.nlm.nih.gov/pubmed/29907612
https://doi.org/10.1534/genetics.114.166140
http://www.ncbi.nlm.nih.gov/pubmed/25381364
https://doi.org/10.1016/j.gde.2021.08.002
http://www.ncbi.nlm.nih.gov/pubmed/34481360
https://doi.org/10.1016/j.gde.2021.07.002
http://www.ncbi.nlm.nih.gov/pubmed/34311384
https://doi.org/10.1371/journal.pgen.1010590

PLOS GENETICS

CRISPR/Cas9-induced breaks in transposons cause chromosome rearrangements

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Winston F, Chaleff DT, Valent B, Fink GR. Mutations affecting Ty-mediated expression of the HIS4
gene of Saccharomyces cerevisiae. Genetics. 1984; 107(2):179-197. https://doi.org/10.1093/genetics/
107.2.179 PMID: 6329902

Roeder GS, Fink GR. Construction of yeast strains containing genetically marked transposons. Fed
Proc. 1982; 41(10):2653-2655. https://doi.org/10.1371/journal.pgen.1008632 PMID: 6286365

Sia EA, Kokoska RJ, Dominska M, Greenwell P, Petes TD. Microsatellite instability in yeast: depen-
dence on repeat unit size and DNA mismatch repair genes. Mol Cell Biol. 1997; 17(5):2851-2858.
https://doi.org/10.1128/MCB.17.5.2851 PMID: 9111357

Lea DE, Coulson CA. The distribution of the numbers of mutants in bacterial populations. J Genet.
1949; 49(3):264-285. https://doi.org/10.1007/BF02986080 PMID: 24536673

Johnston M, Flick JS, Pexton T. Multiple mechanisms provide rapid and stringent glucose repression of
GAL gene expression in Saccharomyces cerevisiae. Mol Cell Biol. 1994; 14(6):3834—3841. https://doi.
org/10.1128/mcb.14.6.3834 PMID: 8196626

Kiktev DA, Sheng ZW, Lobachev KS, Petes TD. GC content elevates mutation and recombination rates
in the yeast Saccharomyces cerevisiae. Proc Natl Acad Sci U S A. 2018; 115(30):7109-7118. https:/
doi.org/10.1073/pnas.1807334115 PMID: 29987035

Lang Gl, Murray AW. Estimating the per-base-pair mutation rate in the yeast Saccharomyces cerevi-
siae. Genetics. 2008; 178(1):67-82. https://doi.org/10.1534/genetics.107.071506 PMID: 18202359

Parket A, Kupiec M. Ectopic recombination between Ty elements in Saccharomyces cerevisiae is not
induced by DNA damage. Mol Cell Biol. 1992; 12(10):4441-4448. https://doi.org/10.1128/mcb.12.10.
4441 PMID: 1328855

St Charles J, Hazkani-Covo E, Yin Y, Andersen SL, Dietrich FS, Greenwell PW, et al. High-resolution
genome-wide analysis of irradiated (UV and gamma-rays) diploid yeast cells reveals a high frequency
of genomic loss of heterozygosity (LOH) events. Genetics. 2012; 190(4):1267—1284. https://doi.org/10.
1534/genetics.111.137927 PMID: 22267500

Andersen SL, Petes TD. Reciprocal uniparental disomy in yeast. Proc Natl Acad Sci U S A. 2012; 109
(25):9947-9952. https://doi.org/10.1073/pnas.1207736109 PMID: 22665764

Lemoine FJ, Degtyareva NP, Lobachev K, Petes TD. Chromosomal translocations in yeast induced by
low levels of DNA polymerase a model for chromosome fragile sites. Cell. 2005; 120(5):587—-598.
https://doi.org/10.1016/j.cell.2004.12.039 PMID: 15766523

Datta A, Adjiri A, New L, Crouse GF, JinksRobertson S. Mitotic crossovers between diverged
sequences are regulated by mismatch repair proteins in Saccharomyces cerevisiae. Molecular and Cel-
lular Biology. 1996; 16(3):1085-1098. https://doi.org/10.1128/mcb.16.3.1085 PMID: 8622653

Lichten M, Haber JE. Position effects in ectopic and allelic mitotic recombination in Saccharomyces cer-
evisiae. Genetics. 1989; 123(2):261-268. https://doi.org/10.1093/genetics/123.2.261 PMID: 2684745

Nattestad M, Aboukhalil R, Chin CS, Schatz MC. Ribbon: intuitive visualization for complex genomic
variation. Bioinformatics. 2021; 37(3):413—415. https://doi.org/10.1093/bioinformatics/btaa680 PMID:
32766814

Agmon N, Pur S, Liefshitz B, Kupiec M. Analysis of repair mechanism choice during homologous
recombination. Nucleic Acids Res. 2009; 37(15):5081-5092. https://doi.org/10.1093/nar/gkp495 PMID:
19553188

Payen C, Koszul R, Dujon B, Fischer G. Segmental duplications arise from Pol32-dependent repair of
broken forks through two alternative replication-based mechanisms. PLoS Genet. 2008; 4(9):
€1000175. https://doi.org/10.1371/journal.pgen.1000175 PMID: 18773114

Kadyk LC, Hartwell LH. Sister chromatids are preferred over homologs as substrates for recombina-
tional repair in Saccharomyces cerevisiae. Genetics. 1992; 132(2):387-402. https://doi.org/10.1093/
genetics/132.2.387 PMID: 1427035

Hicks WM, Kim M, Haber JE. Increased mutagenesis and unique mutation signature associated with
mitotic gene conversion. Science. 2010; 329(5987):82-85. https://doi.org/10.1126/science.1191125
PMID: 20595613

Strope PK, Skelly DA, Kozmin SG, Mahadevan G, Stone EA, Magwene PM, et al. The 100-genomes
strains, an S. cerevisiae resource that illuminates its natural phenotypic and genotypic variation and
emergence as an opportunistic pathogen. Genome Res. 2015; 25(5):762-774. https://doi.org/10.1101/
gr.185538.114 PMID: 25840857

Fischer G, James SA, Roberts IN, Oliver SG, Louis EJ. Chromosomal evolution in Saccharomyces.
Nature. 2000; 405(6785):451-454. https://doi.org/10.1038/35013058 PMID: 10839539

St Charles J, Petes TD. High-resolution mapping of spontaneous mitotic recombination hotspots on the
1.1 Mb arm of yeast chromosome IV. PLoS Genet. 2013; 9(4):e1003434. https://doi.org/10.1371/
journal.pgen.1003434 PMID: 23593029

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010590 January 26, 2023 29/30


https://doi.org/10.1093/genetics/107.2.179
https://doi.org/10.1093/genetics/107.2.179
http://www.ncbi.nlm.nih.gov/pubmed/6329902
https://doi.org/10.1371/journal.pgen.1008632
http://www.ncbi.nlm.nih.gov/pubmed/6286365
https://doi.org/10.1128/MCB.17.5.2851
http://www.ncbi.nlm.nih.gov/pubmed/9111357
https://doi.org/10.1007/BF02986080
http://www.ncbi.nlm.nih.gov/pubmed/24536673
https://doi.org/10.1128/mcb.14.6.3834
https://doi.org/10.1128/mcb.14.6.3834
http://www.ncbi.nlm.nih.gov/pubmed/8196626
https://doi.org/10.1073/pnas.1807334115
https://doi.org/10.1073/pnas.1807334115
http://www.ncbi.nlm.nih.gov/pubmed/29987035
https://doi.org/10.1534/genetics.107.071506
http://www.ncbi.nlm.nih.gov/pubmed/18202359
https://doi.org/10.1128/mcb.12.10.4441
https://doi.org/10.1128/mcb.12.10.4441
http://www.ncbi.nlm.nih.gov/pubmed/1328855
https://doi.org/10.1534/genetics.111.137927
https://doi.org/10.1534/genetics.111.137927
http://www.ncbi.nlm.nih.gov/pubmed/22267500
https://doi.org/10.1073/pnas.1207736109
http://www.ncbi.nlm.nih.gov/pubmed/22665764
https://doi.org/10.1016/j.cell.2004.12.039
http://www.ncbi.nlm.nih.gov/pubmed/15766523
https://doi.org/10.1128/mcb.16.3.1085
http://www.ncbi.nlm.nih.gov/pubmed/8622653
https://doi.org/10.1093/genetics/123.2.261
http://www.ncbi.nlm.nih.gov/pubmed/2684745
https://doi.org/10.1093/bioinformatics/btaa680
http://www.ncbi.nlm.nih.gov/pubmed/32766814
https://doi.org/10.1093/nar/gkp495
http://www.ncbi.nlm.nih.gov/pubmed/19553188
https://doi.org/10.1371/journal.pgen.1000175
http://www.ncbi.nlm.nih.gov/pubmed/18773114
https://doi.org/10.1093/genetics/132.2.387
https://doi.org/10.1093/genetics/132.2.387
http://www.ncbi.nlm.nih.gov/pubmed/1427035
https://doi.org/10.1126/science.1191125
http://www.ncbi.nlm.nih.gov/pubmed/20595613
https://doi.org/10.1101/gr.185538.114
https://doi.org/10.1101/gr.185538.114
http://www.ncbi.nlm.nih.gov/pubmed/25840857
https://doi.org/10.1038/35013058
http://www.ncbi.nlm.nih.gov/pubmed/10839539
https://doi.org/10.1371/journal.pgen.1003434
https://doi.org/10.1371/journal.pgen.1003434
http://www.ncbi.nlm.nih.gov/pubmed/23593029
https://doi.org/10.1371/journal.pgen.1010590

PLOS GENETICS

CRISPR/Cas9-induced breaks in transposons cause chromosome rearrangements

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics.
2009; 25(14):1754—1760. https://doi.org/10.1093/bioinformatics/btp324 PMID: 19451168

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The sequence alignment/map format
and SAMtools. Bioinformatics. 2009; 25(16):2078—-2079. https://doi.org/10.1093/bioinformatics/btp352
PMID: 19505943

Koboldt DC, Zhang Q, Larson DE, Shen D, McLellan MD, Lin L, et al. VarScan 2: somatic mutation and
copy number alteration discovery in cancer by exome sequencing. Genome Res. 2012; 22(3):568-576.
https://doi.org/10.1101/gr.129684.111 PMID: 22300766

Zhang YJ, Zhang S, Liu XZ, Wen HA, Wang M. A simple method of genomic DNA extraction suitable for
analysis of bulk fungal strains. Lett Appl Microbiol. 2010; 51(1):114-118. https://doi.org/10.1111/j.1472-
765X.2010.02867.x PMID: 20536704

Chin C-S, Peluso P, Sedlazeck FJ, Nattestad M, Concepcion GT, Clum A, et al. Phased diploid genome
assembly with single-molecule real-time sequencing. Nat Methods. 2016; 13(12):1050-1054. https://
doi.org/10.1038/nmeth.4035 PMID: 27749838

Chaisson MJ, Tesler G. Mapping single molecule sequencing reads using basic local alignment with
successive refinement (BLASR): application and theory. BMC Bioinf. 2012; 13(1):1-18. https://doi.org/
10.1186/1471-2105-13-238 PMID: 22988817

Chin C-S, Alexander DH, Marks P, Klammer AA, Drake J, Heiner C, et al. Nonhybrid, finished microbial
genome assemblies from long-read SMRT sequencing data. Nat Methods. 2013; 10(6):563-569.
https://doi.org/10.1038/nmeth.2474 PMID: 23644548

McGinty RJ, Rubinstein RG, Neil AJ, Dominska M, Kiktev D, Petes TD, et al. Nanopore sequencing of
complex genomic rearrangements in yeast reveals mechanisms of repeat-mediated double-strand
break repair. Genome Res. 2017; 27(12):2072—-2082. https://doi.org/10.1101/gr.228148.117 PMID:
29113982

Sedlazeck FJ, Rescheneder P, Smolka M, Fang H, Nattestad M, von Haeseler A, et al. Accurate detec-
tion of complex structural variations using single-molecule sequencing. Nat Methods. 2018; 15(6):461—
468. https://doi.org/10.1038/s41592-018-0001-7 PMID: 29713083

Zhao'Y, Strope PK, Kozmin SG, McCusker JH, Dietrich FS, Kokoska RJ, et al. Structures of naturally
evolved CUP1 tandem arrays in yeast indicate that these arrays are generated by unequal nonhomolo-
gous recombination. G3 (Bethesda). 2014; 4(11):2259-2269. https://doi.org/10.1534/93.114.012922
PMID: 25236733

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010590 January 26, 2023 30/30


https://doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1101/gr.129684.111
http://www.ncbi.nlm.nih.gov/pubmed/22300766
https://doi.org/10.1111/j.1472-765X.2010.02867.x
https://doi.org/10.1111/j.1472-765X.2010.02867.x
http://www.ncbi.nlm.nih.gov/pubmed/20536704
https://doi.org/10.1038/nmeth.4035
https://doi.org/10.1038/nmeth.4035
http://www.ncbi.nlm.nih.gov/pubmed/27749838
https://doi.org/10.1186/1471-2105-13-238
https://doi.org/10.1186/1471-2105-13-238
http://www.ncbi.nlm.nih.gov/pubmed/22988817
https://doi.org/10.1038/nmeth.2474
http://www.ncbi.nlm.nih.gov/pubmed/23644548
https://doi.org/10.1101/gr.228148.117
http://www.ncbi.nlm.nih.gov/pubmed/29113982
https://doi.org/10.1038/s41592-018-0001-7
http://www.ncbi.nlm.nih.gov/pubmed/29713083
https://doi.org/10.1534/g3.114.012922
http://www.ncbi.nlm.nih.gov/pubmed/25236733
https://doi.org/10.1371/journal.pgen.1010590

