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ABSTRACT In diploid eukaryotes, repair of double-stranded DNA breaks by homologous recombination often leads to loss of
heterozygosity (LOH). Most previous studies of mitotic recombination in Saccharomyces cerevisiae have focused on a single chromo-
some or a single region of one chromosome at which LOH events can be selected. In this study, we used two techniques (single-
nucleotide polymorphism microarrays and high-throughput DNA sequencing) to examine genome-wide LOH in a diploid yeast strain at
a resolution averaging 1 kb. We examined both selected LOH events on chromosome V and unselected events throughout the genome
in untreated cells and in cells treated with either g-radiation or ultraviolet (UV) radiation. Our analysis shows the following: (1)
spontaneous and damage-induced mitotic gene conversion tracts are more than three times larger than meiotic conversion tracts,
and conversion tracts associated with crossovers are usually longer and more complex than those unassociated with crossovers; (2)
most of the crossovers and conversions reflect the repair of two sister chromatids broken at the same position; and (3) both UV and
g-radiation efficiently induce LOH at doses of radiation that cause no significant loss of viability. Using high-throughput DNA sequenc-
ing, we also detected new mutations induced by g-rays and UV. To our knowledge, our study represents the first high-resolution
genome-wide analysis of DNA damage-induced LOH events performed in any eukaryote.

ALL organisms experience DNA damage from both ex-
ogenous and endogenous sources. Endogenous DNA

damage includes spontaneous deamination of nucleotides,
depurination/depyrimidination, oxidative damage, and dou-
ble-stranded DNA breaks (DSBs) (Friedberg et al. 2006).
DSBs are likely to be particularly deleterious, since unre-
paired DSBs can lead to chromosome rearrangements or
chromosome loss. Although the sources of endogenous DSBs
have not been completely determined, some DSBs appear to
reflect nuclease processing of secondary DNA structures

(such as DNA “hairpins”) or head-on collisions between
the replication and transcription machineries (Aguilera
2002). Below, in addition to examining spontaneous recom-
bination events that presumably reflect the repair of endog-
enous DNA damage, we also analyze recombination events
induced by two exogenous sources: g-rays and ultraviolet
(UV) radiation.

Both g-rays and UV cause a variety of different types
of DNA damage. g-rays cause DSBs, single-stranded DNA
nicks, and base damage (Ward 1990; Friedberg et al.
2006). UV results in pyrimidine dimers (Setlow 1966;
Franklin et al. 1985), DNA–DNA or DNA–protein crosslinks
(Peak and Peak 1986), and single-stranded DNA nicks
resulting from the dimer excision (Breen and Murphy 1995).

In yeast, as in most eukaryotes, there are two recombi-
nation pathways that are used to repair DSBs: nonhomol-
ogous end-joining (NHEJ) and homologous recombination
(HR). In NHEJ events, as the name implies, broken DNA
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molecules are rejoined by a mechanism that requires little or
no homology (Daley et al. 2005). This mechanism is most
active in haploid yeast cells during G1 of the cell cycle
(Shrivastav et al. 2008). In diploid cells, the dominant path-
way is HR. HR uses an intact homologous DNA molecule,
either the sister chromatid or the homologous chromosome,
as a template for repair of the broken chromosome.

DSBs can be repaired by several different HR pathways
(Heyer et al. 2010). The repair of a DSB by gene conversion
unassociated with a crossover is shown in Figure 1A. This
process involves the nonreciprocal transfer of sequences
from the intact donor molecule to the broken chromosome
in several steps: (1) invasion of one broken end into the
intact template molecule, followed by DNA synthesis primed
by the invading 39 strand; (2) removal of the invading end
and reannealing of this end back to the other broken end,
forming a heteroduplex with mismatches; and (3) repair of
the mismatches. This mechanism [synthesis-dependent
strand-annealing (SDSA)] was first suggested to explain
some features of meiotic recombination in yeast (Allers
and Lichten 2001). In the second pathway (Figure 1B), gene
conversion may be associated with crossovers. In this path-
way, a double Holliday junction (dHJ) is formed that can be
resolved to yield a crossover or noncrossover. In this path-
way, heteroduplexes flank the original position of the DSB.
Although the heteroduplex regions have the same size in
Figure 1B, in both meiosis (Merker et al. 2003; Jessop
et al. 2005) and mitosis (Mitchel et al. 2010; Tang et al.
2011), the conversion tracts flanking the DSB are often of
different lengths. The dHJ can also be dissolved without
nucleolytic cleavage of DNA strands to yield noncrossover
products with heteroduplexes located in cis on one of the

two interacting chromosomes (Heyer et al. 2010). In the
third pathway (Figure 1C), one part of the broken DNA
molecule is lost and a complete chromosome is then recon-
structed by break-induced replication (BIR). In this mecha-
nism, one of the broken ends invades the intact template
molecule, and a replication fork is set up that duplicates the
template from the site of invasion to the telomere.

If HR involves an interaction between two homologs that
can be distinguished by single-nucleotide polymorphisms
(SNPs), conversions without crossovers will produce a small
patch of loss of heterozygosity (LOH) within a chromosome
that is otherwise heterozygous, whereas both crossovers and
BIR result in LOH that extends from the site at which the
event initiates to the end of the chromosome. Repair of
a DSB by HR in which the homologous chromosome is used
as a template will result in LOH, but repair events involving
the sister chromatid will not. Although most sister-chromatid
recombination events are genetically silent, unequal sister-
chromatid exchanges can be detected in yeast by a variety of
different systems (Petes and Hill 1988). Using one of these
systems, Kadyk and Hartwell (1992) showed that, in diploid
cells, sister chromatids are the preferred substrate for the
repair of DSBs generated by X-rays. Despite this preference,
it is clear that ionizing radiation and UV strongly stimulate
HR events (both mitotic crossovers and gene conversions)
between homologous chromosomes (Nakai and Mortimer
1969; Fabre 1978).

One problem with studying spontaneous mitotic recom-
bination is that most analytic systems do not allow the
selection of both daughter cells that contain the recombi-
nant chromosomes. Several years ago, we developed a
method of selecting reciprocal crossovers on chromosome

Figure 1 Pathways of DSB repair by homolo-
gous recombination. In this figure, we show
accepted models of DSB repair by homologous
recombination. DNA strands from two different
homologs are shown in red and blue; light red
and blue lines indicate newly synthesized DNA.
Regions of the duplex that have strands of dif-
ferent colors represent heteroduplexes. These
pathways are described in detail in the text.
(A) Synthesis-dependent strand annealing
(SDSA) pathway. Following processing of the
DSB, the 39 end of the left end of the broken
DNA molecule invades the other duplex. Fol-
lowing DNA synthesis, the invading strand is
displaced and hybridizes to the right end of
the broken chromosome. This pathway results
in conversion events unassociated with cross-
overs. (B) Double-strand break repair (DSBR)
pathway. In this pathway, a double Holliday
junction (dHJ) is formed. Resolution of these
junctions by resolvase cleavage can result in
two different crossover products (middle) and
two different noncrossover products (bottom
right). These products have two regions of het-

eroduplex located in trans. Alternatively, the dHJ can be dissolved by the action of topoisomerases/helicases, resulting in a noncrossover product with
heteroduplexes located in cis. (C) Break-induced replication (BIR) pathway. One of the broken ends invades the homologous chromosome and
duplicates sequences from the point of invasion to the telomere. The net result of BIR events is an apparent long terminal gene conversion event.
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V that surmounts this difficulty (Barbera and Petes 2006;
Lee et al. 2009). One copy of chromosome V has the can1-
100 allele (an ochre mutation) and, in the other copy, the
CAN1 gene is replaced by SUP4-o, a gene encoding an ochre-
suppressing transfer RNA (tRNA) (Figure 2A). In the ab-
sence of the suppressor, strains with the can1-100 allele
are resistant to canavanine, but because of the suppressor,
the diploid used in our experiments is canavanine-sensitive.
In addition, the diploid is homozygous for the ade2-1 muta-
tion (an ochre mutation). Strains with this mutation, in the
absence of the SUP4-o gene, form red colonies, but form
pink colonies if one copy of the SUP4-o gene is present.
Thus, the diploid strain is canavanine-sensitive and forms
pink colonies. If a crossover occurs between the centromere
of chromosome V and the can1-100/SUP4-o markers (a dis-
tance of �120 kb), a canavanine-resistant red/white colony
is formed (Figure 2A).

Although this method was first used in diploid strains
lacking polymorphisms, subsequent studies were done in
which a diploid was constructed using two haploid strains
that had �0.5% sequence divergence (Lee et al. 2009; Lee
and Petes 2010), resulting in �55,000 SNPs distributed
throughout the genome. Crossovers and associated gene
conversions on chromosome V were mapped to a resolution
of �4 kb by using PCR, restriction digests, and gel electro-
phoresis to look for LOH. Although a few of the crossovers

had no associated conversion, most of the crossovers were
associated with an adjacent conversion event (boxed regions
in Figure 2). In the 3:1 class of events (Figure 2B), in the
boxed region, three of the four chromosomes had one of the
two forms of the SNP, and one of the chromosomes had
the other form (one sector being homozygous for a SNP with
the other sector being heterozygous). In addition, �40%
of the crossovers were associated with a conversion event
in which the same SNP was homozygous in both sectors
(Figure 2C); we term these events “4:0 conversions.” The
observation of the 4:0 events argues that about half of mi-
totic crossovers result from the repair of two sister chroma-
tids that are broken at approximately the same positions.
One simple mechanism for generating this intermediate is
to have the DSB occur in G1 and the broken chromosome
replicate to form two broken chromatids (Lee et al. 2009).
This proposed mechanism was confirmed by analysis of the
types of conversion events stimulated by g-rays in synchro-
nized G1 and G2 cells (Lee and Petes 2010). In addition to
3:1 and 4:0 conversion events, 3:1/4:0 hybrid tracts are also
observed (Lee et al. 2009; Lee and Petes 2010). Such tracts
can also be explained as a consequence of the repair of two
broken sister chromatids (Figure 3).

In this study, we use SNP microarrays and high-through-
put DNA sequencing (HTS) to map selected events on
chromosome V as well as unselected events throughout

Figure 2 Genetic system used to select mitotic crossovers
and associated conversions on the left arm of chromo-
some V. The starting diploid strain PG311 has the ochre-
suppressible can1-100 on one copy of chromosome V
(shown in red) and the SUP4-o gene (encoding an ochre
suppressor tRNA gene) at an allelic position on the other
homolog (shown in black). The strain is homozygous for
the ochre-suppressible ade2-1 allele. Strains with an
unsuppressed ade2-1 mutation form red colonies. The
starting diploid strain is canavanine-sensitive and forms
pink colonies. (A) Reciprocal crossover without an associ-
ated gene conversion initiated by a single DSB in G2. This
type of event produces a canavanine-resistant red/white
sectored colony (Barbera and Petes 2006). The transition
from heterozygous markers to LOH is identical in the two
sectors. (B) Reciprocal crossover with an associated con-
version event initiated by a single DSB in G2. If a DSB
forms on one of the black chromatids, a conversion asso-
ciated with the crossover may occur. This event will also
result in a canavanine-resistant red/white sectored colony
in which the transitions between heterozygous markers
and LOH are different in the two sectors. The region of
conversion is indicated by the blue rectangle. (C) Recipro-
cal crossover and conversion resulting from a DSB formed
in G1. A black chromosome with a DSB is replicated to
form two sister chromatids that are broken at the same
place. One chromatid is repaired to yield a reciprocal cross-
over and an associated conversion; the second is repaired
to yield a conversion without a crossover. The resulting red
and black sectors will have a 4:0 conversion event, a region
in which both sectors are homozygous for SNPs derived
from the red chromatid (included within the blue
rectangle).
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the genome at a resolution of �1 kb. To our knowledge,
these studies are the first to measure the numbers and types
of LOH events throughout the genome induced by doses of
ionizing radiation (100 Gy) and UV (10–15 J/m2) that have
no significant effect on cell viability. We also determined the
number of mutations induced in the genomes by these
treatments.

Materials and Methods

Strains and genetic methods

All experiments were conducted with the diploid strain
PG311 (Lee et al. 2009). The relevant genotype of PG311 is
MATa::NATR/MATa URA3/ura3-1 ade2-1/ade2-1 TRP1/trp1-1
HIS3/his3-11,15 GAL2/gal2 SUP4-o/can1-100 V9229/V9229::
HYG V261553/V261553::LEU2. This diploid was generated

by crossing the haploid strains PSL2 and PSL5, which are
isogenic with strains W303a and YJM789, respectively, ex-
cept for alterations introduced by transformation (Lee et al.
2009). From this point on, we will refer to the haploid pa-
rents of PG311 as W303a and YJM789. In general, PG311
has the SNPs predicted from the haploid parents. The dis-
ruption of MATa in PG311 allows synchronization of this
diploid by a-factor. Although diploids that lack MATa do
not sporulate under normal conditions, such strains can be
sporulated on plates containing 5 mM nicotinamide (J. Rine,
personal communication). For experiments in which we an-
alyzed meiotic products of PG311, the stains were pregrown
on YPD plates with 5 mM of nicotinamide and then trans-
ferred to sporulation plates containing 5 mM nicotinamide.
Plates were incubated at 25� for 2–4 days before tetrad
dissection.

Standard media were used (Guthrie and Fink 1991) un-
less noted. To detect spontaneous crossovers, we first isolated
single colonies of PG311 grown on rich growth medium
(YPD) at 30� for 2 days. Individual colonies were suspended
in 400 ml of dH2O, and 100 ml of this mixture was plated
on canavanine-containing plates (SD-arg + 120 mg/ml can-
avanine). The plates were incubated 4 days at room temper-
ature, followed by incubation for 16 hr at 4�; the 4�
incubation allows better visualization of the red sectors. We
purified cells from the red and white sectors for subsequent
analysis.

In the experiments in which cells were irradiated, we
synchronized cells in G1 using a-factor (Lee and Petes 2010).
The synchronized cells were treated with either g-radiation
in a Shepherd Mark 1 137Cs irradiator at 100 Gy or with UV
(254 nm) derived from a TL-2000 Ultraviolet Translinker at
a dosage of 10 or 15 J/m2. Following radiation, the cells
were plated either on nonselective plates (SD-arg) or plates
that lacked arginine and contained 120 mg/ml canavanine.
The subsequent growth of the cells and the analysis of sectors
were done as described above for the spontaneous selection
with the exception that sectored colonies for the UV-treated
samples were isolated from nonselective plates grown at 30�
instead of room temperature.

SNP microarrays: design and optimization

We designed the SNP arrays on the basis of genomic
sequence information available from the Saccharomyces
Genome Database (SGD) for S288c (very closely related to
W303a) (Winzeler et al. 2003) and YJM789 (Wei et al.
2007). Microarrays that were capable of detecting LOH for
SNPs in PG311 were designed on the basis of principles
outlined by Gresham et al. (2010). For each SNP repre-
sented on the array, four 25-base oligonucleotides were
used: one for each strand of the W303a SNP and one for
each strand of the YJM789 SNP. The SNP was located in the
middle of the 25-base oligonucleotide. Although there are
�55,000 SNPs in PG311, about three-quarters of these SNPs
were not used for our analysis. We excluded most of the
SNPs found in repeated genes. We also screened out

Figure 3 Production of hybrid conversion tracts by repair of two broken
sister chromatids. The black chromosome is broken in G1 and replicated
to yield two broken sister chromatids. (A) Production of a 3:1/4:0 hybrid
tract. If the two DSBs are repaired to yield conversion tracts that have the
same centromere-proximal boundary, but different centromere-distal
boundaries, a 3:1/4:0 hybrid will be generated (shown in the blue rect-
angle). (B) Production of a 3:1/4:0/3:1 hybrid tract. If one conversion
event is extended beyond the other at both the centromere-proximal
and centromere-distal boundaries, a 3:1/4:0/3:1 tract will be formed.
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oligonucleotides that had a melting temperature for the per-
fectly matched 25-bp duplex that was ,55� or .59�. The
remaining oligonucleotides (representing �15,000 SNPs)
that were printed on the microarray are listed in Supporting
Information, Table S3. We also included on the array �120
oligonucleotides that were not different from W303a and
YJM789; these are listed in Table S4. Oligonucleotides were
printed onto the microarrays by Agilent Technologies in
slides containing �105,000 oligonucleotides. Many of the
oligonucleotides are represented more than once in the
microarrays. Following experiments to determine which oli-
gonucleotides resulted in the most specific hybridization sig-
nals (described in File S1), we reduced the number of SNPs
used in our analysis to 13,000. This final set of oligonucleo-
tides is presented in Table S5.

Methods used for microarray analysis: sample
preparation, hybridization conditions, and data analysis

The methods used for sample preparation, hybridization
conditions, and data analysis are similar to those described
previously (Lemoine et al. 2005; McCulley and Petes 2010).
A detailed description of these procedures is presented in
File S1. In brief, genomic DNA from the experimental strain
was labeled with Cy5-dUTP, DNA from the control strain
(PG311) was labeled with Cy3-dUTP, and the two labeled
samples were competitively hybridized to the microarrays.
The arrays were then scanned at wavelengths of 635 and
532 nm using a GenePix scanner and GenePix Pro software
using settings recommended by the manufacturer. The ratio
of the medians (635 nm/532 nm; RM) for each probe was
used for analysis, and replicate RM’s were averaged. The
data were centered around a value of one by dividing each
probe RM by the average of all of the probe RM’s to normalize
for differences in the hybridization levels for the control and
experimental strain samples.

We calculated 95% confidence intervals on the median
sizes of conversion tracts using table B11 of Altman (1990).
Comparisons of conversion tract lengths under different ex-
perimental conditions were done using the Mann–Whitney
test on the VassarStats website (http://faculty.vassar.edu/
lowry/VassarStats.html).

Generation and analysis of HTS data

Samples were prepared for HTS as described above for the
SNP microarray sample preparation with the exception that
genomic DNA was sonicated to 300- to 700-bp fragments.
The DNA was then prepared for sequencing using the
protocol recommended by Illumina for the Genome Ana-
lyzer IIx. The samples were sequenced using an Illumina
GAIIx machine, generating 67- to 75-bp paired-end reads.
For the eight sequenced samples, coverage varied from 90-
to 180-fold.

The details of the HTS data analysis are presented in File
S1. In brief, we detected regions of LOH by identifying SNPs
in the experimental strains in which at least 90% of the
“reads” that were originally heterozygous were now identi-

cal to one of the original alleles. We identified new muta-
tions by finding bases that were identical in the original
diploid, but had a novel base in at least 40% of the “reads”
in the irradiated diploid; we use the 40% criterion because
we expect that any new mutation will be heterozygous.
Mutations that appeared in more than one independent iso-
late were not counted as de novo mutations, since such
mutations presumably arose in the strain before treatment
with the DNA-damaging agent.

Results

As described in the Introduction, we previously selected
spontaneous mitotic crossovers, as well as crossovers induced
by g-rays, that occurred between the centromere of chromo-
some V and the can1-100/SUP4-o markers, an interval of
�120 kb (Figure 2) (Lee et al. 2009; Lee and Petes 2010).
The diploid used in these studies (PG311) was constructed by
a cross between two haploids that are isogenic with W303a
and YJM789 and is heterozygous for �55,000 SNPs. In our
previous analysis, the positions of the crossovers and associ-
ated gene conversion events were mapped to a resolution of
�4 kb using a PCR-based strategy that determined whether
the SNPs were heterozygous or homozygous. This procedure
is impractical for genome-wide mapping of recombination
events. Below, we describe the use of SNP arrays to map
spontaneous, UV-induced, and g-ray-induced crossovers se-
lected on chromosome V as well as unselected crossovers
and gene conversion events throughout the genome.

SNP arrays have been used previously to map LOH events
in tumor cells (Lindblad-Toh et al. 2000), to map meiotic
recombination events in Saccharomyces cerevisiae (Mancera
et al. 2008), to characterize chromosome rearrangements
and chromosome loss in Candida albicans (Abbey et al.
2011), and in a variety of other experiments. Using princi-
ples outlined by Gresham et al. (2010), we developed a SNP
array to examine LOH events throughout the genome in the
diploid PG311. This array has oligonucleotides that distin-
guish .13,000 SNPs, resulting in an average density of one
oligonucleotide per kilobase of genomic DNA. The details of
the array design and the specific sequences of the probes are
in File S1 and in Table S3, Table S4, and Table S5.

In our experiments, we labeled genomic DNA from
a diploid with a recombination event with one fluorescent
nucleotide and DNA from the control diploid PG311 with
a different fluorescent nucleotide. The samples were mixed
and competitively hybridized to the SNP arrays. If SNPs
retained heterozygosity in the experimental strain, then the
hybridization signal for the oligonucleotides representing
that SNP was similar to that of the control strain. LOH was
detected by an increase in hybridization to oligonucleotides
that had one form of the SNP (e.g., the W303a form) and
a decrease in hybridization to oligonucleotides that had the
other form (e.g., the YJM789 form).

As described above, crossover events between CEN5 and
the can1-100/SUP4-o markers produce canavanine-resistant
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red/white sectored colonies. Thus, all of the samples ana-
lyzed had a selected recombination event on chromosome V,
and we found that samples treated with UV or g-rays also had
unselected events on other chromosomes. We isolated geno-
mic DNA from both the red and the white sides of the sectors
and examined the DNA by SNP arrays for diploids untreated
with recombinogenic agents, as well as for diploids treated
with UV or g-rays. An example of the analysis for chromosome
V for a selected spontaneous crossover (PG311-2A) is shown
on Figure 4. In Figure 4A, a low-resolution depiction of the
hybridization levels is shown for both the red (top) and the
white (bottom) sectors. In both sectors, the hybridization pat-
tern indicates that the transition from heterozygous SNPs to
homozygous SNPs is at approximately SGD coordinate 55000.
As expected, the DNA that is centromere-distal to the cross-
over junction from the red sector hybridizes well to the
W303a-specific probes (red line) and poorly to the YJM789-
specific probes (blue line), since the red sector is generated by
LOH events that include the can1-100 marker that is derived
from the W303a-related homolog (Figure 2). Genomic DNA
from the white sector shows the reciprocal pattern of hy-
bridization. The “spike” of increased hybridization in the
red sector for YJM789 SNPs near SGD coordinate 30000
is an artifact resulting from a deletion of YJM789 sequences
during the insertion of the SUP4-o gene into the YJM789-
derived chromosome.

In Figure 4B, we show the same crossover event at higher
resolution. Each square in Figure 4B shows the hybridization
ratio to a specific oligonucleotide. In the red sector, the tran-

sition between the homozygous SNPs and the heterozygous
SNPs is between SGD coordinates 57170 and 60701. In the
white sector, the transition occurs between 51915 and 53692.
Thus, there is a region (boxed in Figure 4B) in which one
sector is homozygous for SNPs and the other is heterozygous.
This region is a 3W:1Y gene conversion tract (W and Y in-
dicating W303a-derived and YJM789-derived SNPs, respec-
tively), equivalent to the boxed region in Figure 2B; in our
subsequent discussions, a 3:1 conversion event indicates
a 3W:1Y conversion and 1:3 indicates a 1W:3Y conversion.
We estimate the length of the gene conversion tract by aver-
aging the maximal length of the tract (the distance between
markers that are not within the gene conversion tract: 8.8 kb)
and the minimal length of the tract (the distance between the
converted markers: 3.5 kb). For the tract shown in Figure 4B,
this length is �6.2 kb. It is important to emphasize that the
presence and extent of gene conversion tracts can be identi-
fied only when the patterns of LOH are analyzed in genomic
DNA from both sectors of the sectored colony.

With the genome-wide SNP analysis, we found that the
parental diploid PG311 and all of its subsequent derivatives
had two LOH events that were unexpected from the
sequence of the parental haploids. All strains were homo-
zygous for W303a-derived SNPs centromere-distal to SGD
coordinate 685 kb on chromosome XIII and were homozy-
gous for W303a-derived SNPs between coordinates 412715
and 414085 on chromosome X. Since these events, pre-
sumably generated during subculturing of PG311, were
present in all strains, they were excluded from our analysis.

Figure 4 Analysis of a spontaneous reciprocal crossover (PG311-2A) on the left arm of chromosome V by SNP microarrays. Most of the details concerning
this figure are explained in the text. In brief, DNA samples isolated from the red and white sectors were labeled with one fluorescent nucleotide and DNA
from a heterozygous control strain was labeled with a different fluorescent nucleotide. The samples were competitively hybridized to the SNP array, and we
measured the ratio of hybridization of the probes to SNP-specific oligonucleotides. The red and blue colors indicate hybridization to the W303a- and
YJM789-specific oligonucleotides, respectively. CEN5 is located approximately at SGD coordinate 152000. (A) Low-resolution depiction of the samples
derived from the red and white sectors. In the boxed region, the red sector has a region of LOH whereas the white sector is heterozygous at the same
position. This pattern indicates a 3:1 conversion associated with the crossover. Centromere-distal to the conversion event, the red and white sectors are
homozygous for the W303a- and YJM789-specific SNPs, respectively. (B) High-resolution depiction of the samples derived from the red and white sectors.
Each blue and red square represents hybridization to a single oligonucleotide on the array; the converted region is boxed.
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Analysis of spontaneous selected LOH events
on chromosome V by SNP arrays

We examined by SNP arrays genomic DNA from both the red
and white sectors from fourteen independent canavanine-
resistant colonies. The crossover events in five of the isolates
had been mapped previously by PCR-amplifying regions
along the left arm of chromosome V that contained poly-
morphic restriction enzyme sites and testing for homozygosity
or heterozygosity by a restriction enzyme digest analysis (Lee
et al. 2009). We also mapped an additional nine events solely
by SNP arrays. In the previous study, we used 34 markers in
the 120 kb CEN5-can1-100/SUP4-o interval. We monitored
172 markers in this same interval by SNP arrays.

In our previous study, we found that most of the
spontaneous crossovers were crossovers without conversions
(Figure 2A), crossovers with associated 3:1 conversions (Fig-
ure 2B), crossovers with 4:0 conversions (Figure 2C), or cross-
overs with hybrid conversions (3:1/4:0 or 3:1/4:0/3:1 tracts;
Figure 3) (Lee et al. 2009). A comparison of the mapping of
recombination events by the PCR-based method and SNP
arrays for four of the sectored colonies is shown in Table 1.
In Table 1, we define the position of the crossovers with only
two SGD coordinates: the position of the centromere-proximal
heterozygous marker that is closest to the crossover/conversion
event and the position of the centromere-distal homozygous
markers representing the crossover. Although the agreement
between the two methods was reasonably good, as expected,
the SNP array mapped events with better resolution and also
revealed that some of the conversion events were more com-
plex than previously determined. For example, in PG311-1.4,
we previously mapped a crossover between SGD coordinates
125754 and 133080 that appeared to be unassociated with

gene conversion. With the SNP arrays, we mapped the transi-
tion at higher resolution between SGD coordinates 127038 and
130096, and we detected a SNP in this region that had un-
dergone gene conversion. The complete description of all spon-
taneous crossovers and associated gene conversion events is
given in Table S6.

One exception to the generally good agreement between
the two mapping methods is isolate PG311-1.6. This event
was originally classified as crossover associated with a con-
version tract that extended from SGD coordinate 31694 to
63936. SNP analysis demonstrated that the white sector had
a terminal deletion on chromosome V, beginning near
coordinate 62000. The same sector also had a large terminal
duplication on chromosome VII. Although this rearrange-
ment has not been fully characterized, since there are
a cluster of d elements near the breakpoint on chromosome
V and Ty elements at the breakpoint on chromosome VII, it
is possible that the strain has a chromosome V-VII translo-
cation, similar to those that we have characterized previ-
ously (Argueso et al. 2008). No alterations were detected
on either chromosome V or VII in the red sector. Sequence
analysis indicated that the red sector retained the SUP4-o
gene. It is possible that the cell that gave rise to the red
sector lost the prion PSI, which affects the efficiency of ochre
suppressors (Shkundina and Ter-Avanesyan 2007), al-
though other possibilities cannot be excluded. Whatever
the details of the genetic alterations in PG311-1.6, the event
does not represent a conventional allelic crossover on chro-
mosome V and, therefore, is excluded from our analysis.

Of the 13 colonies with spontaneous reciprocal recombi-
nation events analyzed by SNP arrays, the numbers of
colonies of various classes were the following: (1) two
crossovers without detectable conversions, (2) two crossovers

Table 1 Comparison of mapping methods for four spontaneous crossovers on chromosome V

PCR-based method SNP microarrays

Strain name
Centromere-proximal

coordinate
Centromere-distal

coordinate
Event

description
Centromere-proximal

coordinate
Centromere-distal

coordinate
Event

description

PG311-1.4 133080 125754 CO, no conversion 130096 127038 CO + 3:1 tract
PG311-1.7 151440 146855 CO, no conversion 151419 150291 CO, no conversion
PG311-4.1 99267 60163 CO + hybrid tract 98763 62494 CO + complex tract
PG311-4.11 133080 94329 CO + hybrid tract 129511 97792 CO + hybrid tract

Table 2 Summary of all crossovers diagnosed by SNP microarray

Spontaneous g-ray UV

Types of reciprocal crossovers Selected Unselected Selected Unselected Selected Unselected

No detectable conversions 2 0 0 0 0 0
3:1 or 1:3 conversions 2 0 0 1 0 2
4:0 or 0:4 conversions 1 0 1 0 0 0
Hybrid conversionsa 1 0 2 3 2 0
Complex conversions 7 0 4 0 1 5

Total crossovers 13 0 7 4 3 7

In this table, we summarize data from selected crossovers and associated conversion events on the left arm of chromosome V as well as unselected crossovers and associated
conversions on other chromosomes. For this table, the data obtained with high-throughput DNA sequencing were not used.
a 3:1/4:0, 3:1/4:0/3:1, 1:3/0:4, or 1:3/0:4/1:3 conversion events.
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with 3:1 conversion events, (3) one crossover with a 0:4
conversion, (4) one crossover associated with a hybrid tract
(1:3 and 0:4 segments), and (5) seven crossovers with
complex conversion tracts (Table 2). The complex conversion
tracts will be discussed further below.

The locations of the spontaneous crossovers and associ-
ated conversion tracts are shown in Figure 5A. Each sectored
colony is depicted as a pair of lines with the upper line
representing the red sector and the lower line representing
the white sector. The red and black line segments indicate
that the sector is homozygous for the W303a-associated
SNPs and the YJM789-related SNPs, respectively. The green
line segment indicates that the sector is heterozygous for the
SNPs. We show the two chromosomes within each sector as
a single line because our analysis does not allow us to de-
termine the coupling relationships for heterozygous SNPs
between the two homologs. The median length of all cross-
over-associated conversion tracts was 6.1 kb, similar to the
median observed in our previous study of spontaneous con-
version tracts (6.5 kb) (Lee et al. 2009). Only one unselected
LOH was observed in unirradiated cells. Both sectors in
PG311-7B had a gene conversion event on chromosome VIII
unassociated with a crossover (Table S6). Thus, the fre-
quency of spontaneous unselected LOH events/cell is very
low (�0.08) as expected.

For the events shown in Figure 5A, 3:1 conversion events
could reflect an initiating DNA lesion occurring anywhere
within the tract, since events can be propagated bidirection-
ally from the DSB (Tang et al. 2011). For 4:0 or 3:1/4:0

hybrid tracts, the initiating lesion presumably occurs within
the 4:0 region of the tract (Figure 3). Although we do not
see any strong hotspots for spontaneous events with this
limited data set, in a larger sample, we found that the region
between SGD coordinates 41000 and 60000 had a signifi-
cantly elevated level of crossovers and the region near CEN5
had a significantly reduced level of events (Lee et al. 2009).

As shown in Figure 5A, many of the recombination events
are associated with multiple transitions between heterozy-
gosity and homozygosity. In Table S6, for each sectored
colony, we assigned a letter to represent each transition
point; for each transition point, we also show two SGD coor-
dinates, indicating the positions of the closest SNPs on the
arrays that flank the transition points. The simplest events
(crossovers without gene conversion: 6B and 1.7 in Figure
5A) have a single transition point. The recombination event
shown in Figure 4 (which corresponds to event 2A in Figure
5A) has two transition points at different positions, one in
the red sector and one in the white sector. In contrast to
these relatively simple events, the sectored colony 18A (Fig-
ure 5A) has six transitions, one in the red sector and five in
the white sector. In our analysis, if the transition point is
identical in both sectors, it is counted only once. In Table
S6, we also assign a class (A–L) for all events. In Table S1
and Table S2, each class of event is diagrammed using the
same approach employed in Figure 5A. In Table S1 and
Table S2, we also indicate the number of events in each
class in Figures S1–S40 (File S2), which show the pattern
of DNA repair events consistent with the specific conversion

Figure 5 Mapping of crossovers
and associated conversion events
on the left arm of chromosome V
in untreated cells and cells treated
with g-rays or UV by SNP micro-
arrays. Each red/white sectored
canavanine-resistant colony is
given a number and is depicted
as a pair of lines with the upper
line representing the red sector
and the lower line the white sec-
tor. The colored segments signify
heterozygosity for the markers
(green), homozygosity for the
YJM789-derived SNPs (black), or
homozygosity for the W303a-
derived SNPs (red). The green
arrows show that the markers
are heterozygous from the posi-
tion at which the green segment
begins to the end of the chromo-
some, and the red and black
arrows indicate that the markers
are homozygous for the W303a-
or the YJM789-derived SNPs, re-
spectively, from the point at
which the segment begins to the

telomere of the chromosome. Internal regions of heterozygosity and homozygosity are shown as line segments without arrows and are drawn approx-
imately to scale. The numbers at the top of the figure are SGD coordinates. and the region between CEN5 and the can1-100/SUP4-omarkers is �120 kb in
length. (A) Spontaneous crossovers and conversions. (B) g-Ray-induced crossovers and conversions. (C) UV-induced crossovers and conversions.
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event. The same methods are used to describe the recombina-
tion events induced by DNA damage as were used to describe
the spontaneous events. Multiple transitions within conversion
tracts could reflect “patchy” repair of mismatches within long
heteroduplexes (discussed further below) or template switch-
ing between homologs. For the spontaneous conversion events
in Figure 5A, we did not find a correlation between SNP den-
sity and the number of transitions within the tract (r2 = 0).

Analysis of LOH events by SNP arrays in cells treated
with g-rays

We analyzed PG311 sectors that were generated in a previous
study (Lee and Petes 2010) by treatment of G1-arrested cells
with 100 Gy of g-radiation, followed by selection of red/
white sectored colonies on canavanine-containing plates; this
dose of g-rays elevated the frequency of sectoring �26-fold.
All of the colonies examined had a crossover on chromosome
V. We analyzed seven of these sectored colonies with SNP
microarrays, and two of these were also examined by HTS.
The SNP array data are shown in Table S7 with depiction of
the recombination events in Table S1 and Table S2.

The positions of the selected crossovers and associated
gene conversion events in the CEN5-can1-100/SUP4-o inter-
val are shown in Figure 5B. Our mapping of these events by
SNP arrays is in reasonably good agreement with our PCR-
based mapping method (Lee and Petes 2010). All of the
conversion events had at least one SNP that was homozy-
gous on both sides of the sector (4:0 conversion) as expected
if the recombination events were a consequence of repair of
two sister chromatids broken at the same position (Figure 2
and Figure 3).

In addition to the selected events, from our genome-wide
analysis, we observed 17 unselected events on other chro-
mosomes among the seven colonies: four crossovers associ-
ated with conversion (Table 2), 11 conversions that were not
associated with crossovers, and two BIR events (Table 3).
Since the frequency of unselected crossovers in unirradiated
samples is very low (,0.1/cell), it is likely that all of the
events in the irradiated cells reflect the repair of g-ray-
induced DNA damage. The locations of these unselected
events are shown as blue symbols in Figure 6. The events
appear randomly distributed in this small data set. The SNP
arrays for radiation-induced unselected crossovers and asso-
ciated conversions have patterns similar to the selected cross-
over shown in Figure 4. In addition, we observed many
conversion events unassociated with crossovers; Figure 7
shows at low and high resolution a 0:4 conversion event in
which both sectors have gained YJM789 SNPs and lost
W303a SNPs. This pattern could represent an event that oc-
curred prior to radiation. However, since such events were
observed commonly in irradiated cells but not in control dip-
loids, we assume that most (or all) were induced by g-rays.

Since the red and white sectors are produced by the two
daughter cells resulting from the division of radiation
treatment of a G1-synchronized cell, the analysis of genomic
DNA from both sectors gives valuable mechanistic informa-
tion even for unselected events. For example, if we observed
an interstitial LOH event by examining only the white sector,
we would not know whether this event was a consequence
of a 3:1 conversion, a 4:0 conversion, or a two-strand double
crossover. This ambiguity can be resolved by examining
genomic DNA from the red sector.

Figure 6 Genomic locations of unselected recombination
events and de novo mutations in untreated cells and in
cells treated with UV or g-rays as determined by SNP
microarrays and HTS. The horizontal black lines depict
each chromosome and are proportional to the chromo-
some length except for chromosome XII. The solid circles
depict the centromere of each chromosome. Short hori-
zontal bars above each chromosome depict conversion
events unassociated with crossovers and the length of
each bar is approximately proportional to the length of
the conversion tract. All conversion tracts are shown as
single solid lines without regard to the complexity of the
event (e.g., transitions between 4:0 and 3:1). Single
arrowheads depict reciprocal crossovers and double
arrowheads depict BIR events. Asterisks located on the
chromosome indicate the approximate positions of muta-
tions induced by UV or g-rays; two of the mutations (lo-
cated at SGD coordinates 171529 and 301552 on X) are in
regions of LOH. Events observed in untreated cells, in cells
treated with UV, and in cells treated with g-rays are shown
in green, red, and blue, respectively. None of the events
selected on the left arm of V are shown.
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We observed two sectored colonies that had BIR events. In
single BIR events (such as class L2 in Table S1), one sector
has an LOH event that extends from an internal site on the
chromosome to the telomere, whereas the other sector is
heterozygous for the same SNPs. In double-BIR events, both
sectors have LOH events extending from an internal site to
the telomere (class L1 in Table S1). Interestingly, in the col-
ony with the single BIR event, there is a conversion event on
the chromosome that was originally the sister chromatid of
the one involved in BIR. This result argues that both sister
chromatids had DSBs at approximately the same position.
The molecular interactions required to produce classes L1
and L2 are shown in File S2, Figure S39 and Figure S40.

All of the selected and unselected reciprocal crossovers
induced by g-rays were associated with conversion tracts.
The median length of all conversion tracts (both associated
and unassociated with crossover) was 12.9 kb (95% confi-
dence limits of 5.2–20.4 kb). The median lengths of conver-
sion tracts associated and unassociated with crossovers were
18.4 kb (10.8–25.3) and 8.4 kb (2.6–13.3), respectively. By
the Mann–Whitney test, the median lengths of crossover-
associated and crossover-unassociated g-ray-induced con-
version tracts were significantly different (P = 0.01).

Analysis of LOH events by SNP arrays in cells treated
with UV

G1-synchronized PG311 cells were treated with a UV dose
of 10–15 J/m2. This dose resulted in no significant loss of
viability but stimulated the frequency of sectors by �1000-
fold. We examined three sectored colonies by SNP arrays,
and two of these colonies were also analyzed by HTS. In
addition to the selected crossover on chromosome V,
among the three colonies, there were seven unselected

crossovers, 33 unselected conversion events, and one BIR
event (Table 2 and Table 3). Thus, there were about 14
unselected LOH events per UV-treated cell. The locations of
selected chromosome V events and the unselected LOH
events are shown in Figure 5 and Figure 6, respectively.
The UV-induced LOH events are distributed fairly evenly
throughout the genome (Figure 6). As observed for the
g-ray-induced BIR events, the UV-induced BIR event is lo-
cated close to the telomere. The detailed information about
breakpoints in UV-treated cells is shown in Table S1, Table
S2, and Table S9.

All of the crossover events had an associated conversion. In
most of the conversion events, there was at least one SNP with
the 4:0 or 0:4 pattern, suggesting that UV-induced damage in
G1 may result in DSBs (Figure 2B). The median length of all
UV-induced conversion tracts was 9.2 kb (6.5–10.3), whereas
the median lengths of conversion tracts associated and
unassociated with crossovers were 10.3 (7.0–18.9) and 7.5
(4.5–10.2) kb, respectively. Although the crossover-associated
conversions are longer than the crossover-unassociated
conversions, this difference is not significant (P = 0.08 by
Mann–Whitney test).

Figure 7 SNP array analysis of a gene conversion event unassociated with a crossover. In cells treated with g-rays, one of the canavanine-resistant red/
white sectored colonies (43RW) had an unselected gene conversion event on chromosome IV. As shown at low (A) and high (B) resolution, both sectors
had an LOH region in which YJM789-derived SNPs became homozygous (0:4 conversion event). The depiction of the SNP array data is the same as in
Figure 4. The length of the conversion tract is �3 kb. CEN4 is located approximately at SGD coordinate 450000.

Table 3 Summary of all unselected conversion events unassociated
with LOH or BIR events as diagnosed by SNP microarrays

Type of event Spontaneous g-ray UV

3:1 or 1:3 conversions 0 4 9
4:0 or 0:4 conversions 1 4 12
Hybrid conversionsa 0 2 9
Complex conversions 0 1 3
BIR 0 2 1
Totals 1 13 34

a 3:1/4:0, 3:1/4:0/3:1, 1:3/0:4, or 1:3/0:4/1:3 conversion events.
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HTS analysis of LOH in g-ray- and UV-treated cells

Since G1-arrested yeast cells treated with 100 Gy of ionizing
radiation have �35 DSBs per cell (Lee and Petes 2010), the
average number of unselected LOH events per cell (two to
three) indicates that most events must be repaired by mech-
anisms that do not generate LOH. An alternative possibility
is that a substantial fraction of the events have short con-
version tracts that are not detectable by the SNP arrays.
Since HTS can detect LOH events for all of the 55,000 SNPs
existing in the diploid strain, rather than the 13,000 SNPs
represented on the SNP array, we sequenced genomic DNA
samples from both red and white sectors of two sectored
colonies of g-ray-treated samples (PG311-GR-37R/W and
PG311-GR-40R/W) and two colonies of UV-treated samples
(PG311-UV-8R/W and PG311-UV-9R/W). The details of this
analysis are described in File S1. All of the LOH events
detected by SNP arrays were also found by HTS. LOH events
that had not been previously detected by the SNP arrays
were confirmed by resequencing the relevant PCR fragment.
The patterns of LOH as identified by HTS in the g-ray- and
UV-treated samples are in Table S8 and Table S10.

Figure 8 shows a comparison between SNP microarray and
HTS data for an LOH event on chromosome II in a UV-treated
sample (PG311-UV-8R). The SNP microarray indicates that

a transition between heterozygous and homozygous SNPs
occurs somewhere between SGD coordinates 450919 and
452926, whereas the HTS data refine the mapping of this
transition between SGD coordinates 451337 and 451581.
In addition, the HTS data showed that the recombination
event was more complex than indicated by the microarray
data. By HTS, we found that the region between coordinates
448628 and 450279 had undergone LOH; this event was not
detected by microarrays because there were no oligonucleo-
tides between 448488 and 450919 on the microarray. A sum-
mary of the comparison of data from SNP arrays and HTS for
the same samples is given in Table 4.

Although more LOH events were observed with HTS than
with SNP arrays, the difference was not large. For example,
in the two UV-treated samples, we observed 32 LOH events
by SNP arrays and 35 events by sequencing. In the g-ray-
treated samples, we found five events by SNP arrays and six
events by sequencing. Since.80% of the events detected by
HTS were also detected by microarrays, it is unlikely that
our estimates of LOH events are substantially affected by
a high frequency of gene conversion events with short con-
version tracts. We cannot rule out, however, the possibility
of gene conversion events with very short (,100 bp) tracts.
As shown in Table 4, a number of the gene conversion tracts

Figure 8 Analysis of the same recombination event by both SNP arrays and HTS. This figure shows the analysis of the unselected recombination event
on chromosome II in the red sector of the UV-induced sectored colony 8. Our standard SNP array analysis (top, A and B) showed a single transition
between heterozygosity and homozygosity at about SGD coordinate 452000. (Bottom, A and B) HTS data for the same genomic sample. For the HTS
data, the y-axis represents the frequency of YJM789 SNP (blue) or W303a SNP (red) “reads” for the experimental sample when assembled to the PSL2
genome. For heterozygous regions, there should be approximately equal frequencies of the two types of SNPs. It is clear from the high-resolution
depictions of the HTS data that there is a short LOH region (boxed in B) located near SGD coordinate 450000 that was not detected by the SNP arrays.
This region was not detected because oligonucleotides containing these SNPs were not present on the array. In the low-resolution depiction of the HTS
data, within the LOH region, there is a small region near SGD coordinate 800000 in which SNPs appear to be heterozygous. These signals are artifacts
on the basis of “reads” from the repeated diverged MAL and MPH genes that were incorrectly mapped by the genome analysis software to
chromosome II. CEN2 is located near SGD coordinate 238000.
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analyzed by HTS were more complex than the same tracts
examined by the SNP arrays. The frequencies of complex
tracts, as determined by HTS and SNP microarrays, were
0.37 and 0.22, respectively. Despite the differences in the
numbers and types of LOH events detected by HTS and the
SNP microarrays, it is clear that most of the LOH events are
detectable by the SNP microarrays.

HTS analysis of mutations induced in g-ray- and
UV-treated cells

About 99.5% of the bases between the two homologs of
PG311 are identical. The HTS data generated for the same
colonies examined for LOH events were analyzed for
radiation-induced mutations. We analyzed both sectors of
two sectored colonies induced by UV and two sectored
colonies induced by g-rays for new mutations (Table S11).
There were 3 and 12 de novo point mutations detected in the
g-ray- and UV-treated samples, respectively.

All 3 of the mutations induced by g-rays and 6 of the 12
mutations induced by UV were in both red and white sectors
of the colony. The presence of the mutation in both sectors
indicates that the mutation induced in G1 by the radiation
was represented in both strands of the duplex prior to rep-
lication. The mutations in the UV-treated cells that were
present in only one sector could reflect a mutant base in
only one of the two strands. These two types of events have
been observed previously in UV-treated cells (Eckardt and
Haynes 1977; James and Kilbey 1977). Nine of 12 of the UV-
induced mutations and 2 of 3 of the g-ray-induced muta-
tions were transitions. In much more extensive study of
spontaneous and UV-induced mutations at the SUP4-o locus
(Kunz et al. 1987), spontaneous mutations had a ratio of
transitions:transversions of 4:6, whereas UV-induced muta-
tions were biased toward transitions (4:1).

Most (11 of 15) of the induced point mutations were
located within genes rather than between genes (Table
S11). By chi-square analysis, the distribution of mutations
throughout the genome is nonrandom (P = 0.002). Five of
the 15 mutations are located on the left arm of XI and, re-
markably, two mutations (one induced by g-rays and one

induced by UV) are within the NUP120 gene. By similar
methods used to detect new base substitutions, we failed
to detect any insertion/deletion (indels) mutations in the
eight sequenced samples. It should be pointed out, however,
that detection of indels in HTS data with short-paired reads
is challenging, particularly in a diploid that is heterozygous
for many pre-existing indels.

Discussion

In this study, we mapped both selected and unselected
mitotic recombination events in a genome-wide analysis.
Most of the events were mapped using only SNP micro-
arrays, but four events were examined by both SNP micro-
arrays and HTS. To our knowledge, this study is the first to
examine spontaneous and DNA damage-induced LOH
events throughout the yeast genome. The conclusions from
this study are the following: (1) the gene conversion tracts
analyzed by SNP arrays and HTS were often more complex
than inferred from our earlier lower-resolution mapping
studies (Lee et al. 2009; Lee and Petes 2010); (2) doses of
radiation that result in little or no loss of cell viability in G1-
synchronized diploid cells resulted in multiple unselected
LOH events; and (3) the same doses of g-rays and UV used
in the LOH study result in very low levels of de novo muta-
tions. In addition, we conclude that, although HTS has four-
fold better resolution than SNP microarrays, the SNP arrays
detect most of the same events identified by HTS. These
conclusions will be further discussed below.

Lengths of gene conversion tracts

The median lengths (95% confidence limits shown in
parentheses), as measured by SNP arrays, of gene conver-
sion tracts associated with crossovers for spontaneous, UV-
induced, and g-ray-induced events were 6.1 (1.7 to 25.4),
10.3 (7.0 to 19.0), and 18.5 (10.8 to 25.2) kb, respectively.
As we observed previously (Lee et al. 2009), mitotic gene
conversion tracts are substantially longer than meiotic
conversion tracts (Mancera et al. 2008). In addition, for
the g-ray-induced conversion events, the conversion tracts

Table 4 Comparison between recombination events detected by high-throughput sequencing or by SNP microarrays

g-ray UV

Type of event Array HTS Array HTS

Crossovers with no detectable conversion tracts 0 0 0 0
Crossovers with 3:1 or 1:3 conversion tracts 0 0 2 0
Crossovers with 4:0 or 0:4 conversion tracts 1 0 0 0
Crossovers with hybrid conversion tracts 0 1 1 1
Crossovers with complex conversion tracts 1 1 6 8
3:1 or 1:3 conversion tracts without crossovers 1 0 8 9
4:0 or 0:4 conversion tracts without crossovers 1 1 5 4
Hybrid conversion tracts without crossovers 0 1 8 7
Complex conversion tracts without crossovers 1 2 1 5
BIR 0 0 1 1

Total recombination events 5 6 32 35

This table includes data from two UV-induced sectored colonies and two sectored colonies induced by g-radiation that were analyzed by both SNP arrays and HTS. Both
selected recombination events on chromosome V and unselected events on other chromosomes are included. All conversion events unassociated with LOH were unselected.
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associated with crossovers were significantly longer than
those unassociated with crossovers as has been observed
previously (Aguilera and Klein 1989; Mancera et al. 2008).
One simple explanation of this observation is that conver-
sion events unassociated with crossovers usually are a con-
sequence of SDSA, and such events might involve limited
processing of the broken chromosome ends. In contrast,
crossovers likely proceed through formation of a double Hol-
liday junction. Formation of this dHJ intermediate may re-
quire more extensive processing of broken DNA ends and/or
more extensive DNA synthesis primed from the invading
end. It is also possible that branch migration of the dHJ
intermediate could extend the length of the heteroduplex
associated with the crossover; this possibility will be further
discussed below.

Recombinogenic DNA damage

Although it is clear from a variety of studies that DSBs
stimulate mitotic recombination, the DNA lesion responsible
for initiating spontaneous recombination events is not
certain. We previously showed that about half of mitotic
crossovers on chromosome V are associated with gene
conversion tracts that are exclusively 4:0 or 0:4 or that
have a region of 4:0 or 0:4 (hybrid tracts). Such conversion
tracts indicate that both sister chromatids have breaks at
approximately the same position and one simple mechanism
consistent with this property is that these spontaneous
conversion events reflect a DSB formed in G1 of the cell
cycle. Supporting this conclusion, many (44%) of the
conversion events induced by g-rays in G1 of the cell cycle
have regions of 4:0 or 0:4 segregation, whereas none of the
conversion events induced by g-rays in G2 had this pattern
(Lee and Petes 2010). Among the mechanisms that could
produce the spontaneous lesions required to initiate recom-
bination are (1) closely opposed nicks generated during re-
moval of adducts caused by oxidative DNA damage, (2)
DSBs caused by Top2p or other cellular endonucleases,
(3) lesions resulting from collisions between replication
forks and the transcription machinery, (4) DSBs resulting
from the collision of converging replication forks, and (5)
nuclease-dependent processing of secondary DNA structures
(“hairpins” and cruciforms). Thus far, we have been unable
to associate the spontaneous recombination events with any
of these mechanisms. For example, the two positions that
represent the convergence of replication forks on the left
arm of chromosome V (Fachinetti et al. 2010) are not hot-
spots for recombination in our limited data set. If there are
several different mechanisms that can produce recombino-
genic DNA lesions, we will need to map many events to
detect significant associations.

In our current analysis of g-ray-induced gene conversion
events in G1-synchronized cells by SNP microarrays, we
found that 10 of the 11 conversion tracts associated with
crossovers had a 4:0 or 0:4 segment, and 8 of the 11 con-
version tracts that were unassociated with crossovers had
such a segment. This observation is consistent with the pos-

sibility that most of the observed recombination events in
IR-treated cells reflected a DSB introduced by g-rays in G1.

The recombinogenic effect of UV-induced DNA damage is
less clear. One possibility is that small gaps resulting from
the removal of UV-induced dimers are the recombinogenic
lesion. Galli and Schiestl (1999) found that UV did not stim-
ulate mitotic recombination between direct repeats (single-
strand annealing) in G1-arrested cells unless the cells were
allowed to enter the S-period after the UV treatment. In
contrast, when G1-arrested cells were treated with IR, stim-
ulation of single-strand annealing was observed without re-
quiring the cells to enter the S-period. If the recombinogenic
DNA lesion is a DSB, the likely explanation of the different
results is that IR directly creates DSBs whereas the repair of
UV lesions results in nicks that result in DSBs when the
nicked molecule is replicated (Galli and Schiestl 1999). By
this explanation, it is surprising that many of the conversion
events induced by UV in G1 in our experiments had 4:0 or
0:4 segments, suggesting that these exchanges were a con-
sequence of a G1-stimulated DSB. Such a DSB could be
generated in G1 if the removal of dimers on opposite DNA
strands resulted in a very short (,10 bp) duplex region
separating the 30-bp gaps. On the basis of previous esti-
mates of the number of dimers induced by 20 J/m2 of UV
(Daigaku et al. 2010), we calculate that there are �7500
dimers/diploid genome induced by a UV dose of 15 J/m2

and, on the basis of Poisson distribution, there would be
�35 regions per genome in which 2 dimers are on opposite
strands within 75 bp of each other. Since the DSB would
require two closely opposed gaps rather than two closely
opposed dimers, the kinetics of gap formation and gap re-
pair affect the probability of DSB formation by this mecha-
nism. Another complicating factor is that the frequency of
closely opposed dimers is higher than expected if dimer
formation is random (Reynolds 1987).

A second possibility is that DSB formation is initiated by
gaps on opposite strands that are relatively close together
(#500 bp apart), but too far apart to generate a G1 DSB. If
a DNA molecule with such gaps is replicated, the product
would be two sister chromatids with DSBs located #500 bp
apart. Processing of the broken ends to yield single-stranded
DNA regions $500 bp would preclude formation of a dHJ
involving the two sister chromatids. Thus, such molecules
would likely be repaired using the intact homolog as the
template, generating a 4:0 conversion. This model is consis-
tent with the Galli and Schiestl (1999) interpretation. We
calculate that cells irradiated with 15 J/m2 would have
�234 dimers on opposite strands within 500 bp of each
other.

An alternative possibility is that recombination events are
a consequence of DSBs occurring at replication forks stalled
at unexcised pyrimidine dimers. Unrepaired UV-induced
damage has been demonstrated to block replication forks,
and replication of such damaged templates promotes
sister-chromatid recombination (Branzei and Foiani 2010).
Although we cannot exclude this model, the observed
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UV-induced 4:0 events would require that the replication
fork stalled at the dimer result in two broken sister chroma-
tids, perhaps by increasing the probability of a replication
fork collision. It should be emphasized that, although UV
very efficiently stimulates crossovers between homologs,
most of the UV-induced recombination events are likely to
represent sister-chromatid interactions (Kadyk and Hartwell
1992).

Relationship between mitotic gene conversion
and crossovers

In meiosis in yeast, about half of conversion events are
associated with crossovers (Petes et al. 1991; Mancera et al.
2008). In our previous mitotic studies, we selected cross-
overs and found that most (.80%) of these events were
associated with an adjacent tract of gene conversion (Lee
et al. 2009; Lee and Petes 2010); conversion events unasso-
ciated with crossovers could not be selected with our sys-
tem. In the current study, for unselected events stimulated
by radiation, we can estimate the fraction of conversion
events that are associated with crossovers.

For IR-treated cells, including all nonselected events
except BIR, we found 4 conversions associated with cross-
overs and 11 conversions unassociated with crossovers
(Table 2 and Table 3). In these experiments, we detect
the associated crossover because it generates LOH from
the conversion tract to the end of the chromosome. As
shown in Figure 2, depending on the pattern of chromosome
segregation, we expect that only half of the crossovers will
lead to LOH of markers distal to the point of exchange, and
this expectation has experimental support (Chua and Jinks-
Robertson 1991). In addition, as discussed in File S1 and
Table S12, we found preliminary evidence in our experi-
ments for conversion events associated with crossovers that
did not result in LOH.

Thus, we calculate that, of the 15 conversion events
induced by g-rays, it is likely that 8 were associated with
crossovers (53% association). Similarly, among UV-induced
recombinants, since there were 7 unselected conversions
associated with crossovers and 33 unselected conversions
not associated with LOH (Table 2 and Table 3), we calculate
that �35% of the UV-induced conversion events are associ-
ated with crossovers. Our conclusion that the frequency of
crossovers associated with conversions is not very different
for mitotic and meiotic conversion events is consistent with
other recent studies (Ho et al. 2010). In yeast studies in
which conversion events are limited in size, the association
between conversion and crossovers is weaker (Pâques and
Haber 1999). Also, in Drosophila and mammalian cells, con-
version events are only rarely associated with crossovers
(Andersen and Sekelsky 2010).

Complex gene conversion tracts and BIR events

Previously, we classified conversion tracts as “simple” if the
markers within the tract had one of the following patterns:
(1) all markers were 3:1 or 1:3 (not mixtures of 3:1 and 1:3

in same tract); (2) all markers were 4:0 or 0:4; or (3) hybrid
tracts of the form 3:1/4:0, 1:3/0:4, 3:1/4:0/3:1, or 1:3/0:4/
1:3. All such tracts can be explained as the consequence of
the repair of one or two broken chromatids by one of the HR
pathways shown in Figure 1. There were, however, conver-
sion tracts that were more complicated (termed “complex
tracts”), which will be described below. In the UV-treated
samples, 6 of 10 of the crossover-associated conversion
tracts were complex, although only 3 of 33 tracts were com-
plex in conversions unassociated with crossovers (Table 2
and Table 3); this difference is significant (P , 0.01) by
Fisher’s exact test. In the IR-treated samples, the conversion
events associated with crossovers were usually more com-
plex than those that were not (Table 2), although the dif-
ference was not significant. Mancera et al. (2008) reported
that 11% of meiotic crossovers had complex conversion
tracts, whereas the frequency of complex tracts among con-
versions unassociated with crossovers was 3%. One expla-
nation of this difference could be that crossovers that
proceed through the pathway shown in Figure 1B are asso-
ciated with two regions of heteroduplex, while conversions
resulting from SDSA or dHJ dissolution have only a single
region of heteroduplex (Figure 1, A and C). Additionally,
because gene conversion tracts associated with crossovers
are usually longer than those unassociated with crossovers,
there may be a greater chance to observe patchy repair of
mismatches (as defined below) in tracts associated with
crossovers.

Diagrams of all recombination events in our study are
shown in Table S1 and Table S2, and the patterns of DSB
repair required to produce the recombination events are
shown in File S2, Figures S1–S40. Most of the complex con-
version tracts could be divided into two categories: tracts
that had multiple transitions between 3:1, 4:0, and hetero-
zygosity within the tract and those tracts in which 3:1 and
1:3 or 4:0 and 0:4 segments occurred within one tract.
Examples of conversion tracts with multiple transitions are
strains 18A (class J9, Table S1) and 4.1 (class J8, Table S1);
both 18A and 4.1 are also depicted in Figure 5A. The com-
plex tract in 4.1 is consistent with the repair of two DSBs
with “patchy” repair of mismatches in two of the resulting
heteroduplexes (File S1, File S2, Figure S29). Heterodu-
plexes will often contain multiple mismatches that can be
repaired to produce either a conversion event or a restora-
tion event (Kirkpatrick et al. 1998). For example, in Figure
1A, repair of the heteroduplex resulting in a duplex with two
“red” strands would represent conversion-type repair be-
cause this pattern produces 3:1 segregation; repair of the
mismatch to produce a duplex with two “blue” strands rep-
resents restoration-type repair because this pattern gener-
ates two cells that retain heterozygosity at the position of
the original heteroduplex. Although multiple mismatches
within one heteroduplex are generally converted in a con-
certed manner, yielding a continuous conversion tract, tracts
with mixtures of conversion-type and restoration-type repair
have been detected in both meiosis (Symington and Petes
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1988; Mancera et al. 2008) and mitosis (Nickoloff et al.
1999; Mitchel et al. 2010).

The pathway of DSB repair shown to explain the pattern
of markers in the strain 18A conversion event (File S2, Fig-
ure S30) invokes patchy repair and branch migration of the
dHJ. During recombination in Escherichia coli, a Holliday
junction can be translocated by branch migration, resulting
in symmetric heteroduplexes (West 1997). Although genetic
evidence argues against the formation of symmetric hetero-
duplexes during meiotic recombination in S. cerevisiae
(Petes et al. 1991), symmetric heteroduplexes have been
invoked previously to explain certain classes of mitotic gene
conversions (Esposito 1978; Roitgrund et al. 1993; Nickoloff
et al. 1999). Branch migration can also generate patterns of
repair in which a single DSB can produce both 3:1 and 1:3
or 4:0 and 0:4 events as shown in File S2, Figure S10B.

Our data do not allow us to determine unambiguously
the pathways required to generate the observed conversion
tracts. However, we can state that many of the complex
tracts are inconsistent with the simplest form of the re-
combination models shown in Figure 1. In particular, it is
likely that patchy repair of mismatches is a relatively com-
mon feature of mitotic gene conversion tracts. A detailed
discussion of all of the conversion tracts in our studies is
given in File S1.

There were three unselected BIR events observed in our
study (class L, File S2, Figure S39 and Figure S40). For two
of the three events, we observed a region of conversion
associated with the BIR event. This pattern is consistent with
the repair of two DSBs, one by SDSA and one by BIR (File
S2, Figure S40). The BIR events were about threefold less
frequent than unselected crossovers, as expected from pre-
vious studies (McMurray and Gottschling 2003; Ho et al.
2010)

Relationship between the level of DNA damage and the
frequency of LOH events

The 100-Gy dose of IR used in our experiments is expected
to produce �35 DSBs/diploid genome (Lee and Petes
2010). Since we observed only 2.4 LOH events/irradiated
cell, most of these DSBs must be repaired by a mechanism
that does not produce a detectable LOH event. Since the
cells in our experiments were irradiated in G1, the DSBs
must have been repaired either by an interaction with the
homologous chromosome or by NHEJ. We suggest several
possible explanations. First, it is possible that the repair of
the DSB frequently involves an interaction with the homolog
that is associated with a very short conversion tract. Tracts
,50 bp would be rarely detected, even by HTS. Such a repair
event would likely involve very limited processing of broken
DNA ends as well as short excision repair tracts. A system of
short-patch (often ,12 bp) mismatch repair that is indepen-
dent of the classical mismatch repair system in S. cerevisiae
was described by Coic et al. (2000), although the genes in-
volved in this type of repair have not been identified. In
addition, conversion tracts ,53 bp have been detected

among HO-induced events (Palmer et al. 2003). Second,
a related possibility is that gene conversion events occur
nonrandomly in regions of the genome that are not repre-
sented on our microarrays (regions that are identical be-
tween W303a and YJM789 or regions with repeated
genes). A third possibility is that the repair of the DSB is
associated with restoration-type repair of mismatches within
the heteroduplexes. Since most of the crossovers in our
study are associated with detectable gene conversion tracts,
we would have to hypothesize that conversion events that
are not associated with crossovers are much more prone to
restoration-type repair than conversion events that are asso-
ciated with crossovers. A fourth possibility is that the IR-
induced DSBs are frequently (Daley et al. 2005) repaired
by NHEJ events. Although NHEJ events are repressed in
MATa/MATa diploids, since PG311 lacks the MATa locus,
NHEJ events will occur. Although NHEJ events will not pro-
duce LOH, depending on the nature of DNA ends (compat-
ible single-strand overhangs or blunt), some NHEJ events
would be expected to result in loss or gain of a few base
pairs . Although we did not observe indels in our HTS anal-
ysis, this observation does not rule out the possibility that
some repair events reflect NHEJ. It is also possible, of
course, that all four possibilities described above are partly
responsible for the “missing” LOH events.

One explanation that we can exclude as a major contrib-
utor to the discrepancy between the number of lesions and
the number of LOH events is chromosome loss. Chromo-
some loss can be readily detected by the SNP microarrays,
and no losses were observed in cells treated with g-rays or
UV. In experiments in which eightfold higher doses of g-rays
were used, �10% of the treated yeast cells had chromosome
loss (Argueso et al. 2008).

Although we detected .50 unselected LOH events in
cells treated with g-rays and UV, no duplications or dele-
tions were detected. Thus, SNP arrays that can detect both
LOH and changes in copy number are a much more efficient
method of detecting recombinogenic DNA lesions than com-
parative genomic hybridization (CGH) arrays. In our previ-
ous analysis of g-ray-treated diploid cells by CGH (Argueso
et al. 2008), we found that most of the irradiated cells had
one or more chromosome rearrangements, usually nonrecip-
rocal translocations with retrotransposons at the break-
points. In these experiments, we treated G2-synchronized
cells with doses of radiation that were eightfold higher than
the doses used in our current study.

Mutations induced by g-rays and UV

We found only a few mutations induced by g-rays and UV,
averages of 1.5 and 6 mutations/irradiated cell, respectively.
Although there are no genome-wide studies of the frequen-
cies of mutations induced by g-rays, extrapolating from
the frequency of induction of X-ray-induced mutations at
the CAN1 locus (Goeke and Manney 1979) and the rate of
spontaneous mutations per base pair at CAN1 (Lang and
Murray 2008), we calculate that the expected frequency of
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mutations per genome is about two/diploid cell, close to our
observed number. The most direct comparison for the UV-
induced mutations is with data obtained from HTS of UV-
treated stationary-phase haploid yeast strains (Burch et al.
2011). The strains in these studies had a temperature-
sensitive mutation in CDC13. However, three of the se-
quenced isolates were treated at the permissive temperature.
By extrapolating their data to our UV dose, we would expect
�14 mutations/diploid cell, only twofold different from our
observed frequencies. In summary, our HTS data detected
roughly the expected number of mutations per irradiated
strain.

As described in the Results, the mutations induced by UV
and g-rays are nonrandomly distributed among the yeast
chromosomes. Although this nonrandom distribution needs
to be verified with a large data set, it is possible that the
mutagenic DNA damage is distributed nonrandomly because
of the specific position of different chromosomes within the
nucleus or chromosome-specific chromatin domains. Since
the UV-irradiated strains have �7500 DNA lesions (as dis-
cussed above), the vast majority of these lesions must be
repaired by nucleotide excision repair in a manner that does
not result in LOH or mutations.

We assume that most of the UV-induced mutations reflect
errors introduced during the bypass of pyrimidine dimers by
Rev1p and Polz, since 90% of UV-induced mutations require
these activities (Lawrence 2002). The source of the muta-
tions in the g-ray-treated samples is less clear. Since the
mutations are not associated with regions of LOH, the muta-
tions probably do not reflect errors introduced by DSB re-
pair. It is possible that bases damaged by g-rays are bypassed
by error-prone polymerases by a mechanism similar to that
associated with UV-induced DNA damage.

All three of the mutations introduced by g-irradiation and
about half of the mutations caused by UV were found in
both sectors of sectored colonies. This result indicates that
the introduced mutation was placed into both strands of the
duplex before DNA replication. Such events, which have
been observed previously for UV-induced DNA damage
(Eckardt and Haynes 1977; James and Kilbey 1977), have
been termed “two-strand” mutations (Abdulovic et al.
2006). One model for such events is that they reflect the
repair of two closely opposed DNA lesions by nucleotide
excision repair. During the repair of one lesion, a mutation
is introduced. The repair of the second lesion on the oppo-
site strand results in a gap that includes the mutant sub-
stitution and the filling in of the gap results in mutant
substitutions in both strands of the duplex. Whatever the
explanation of two-strand events, both UV and g-rays effi-
ciently produce this type of mutation.

The repair of DSBs is associated with a 100-fold elevation
in the frequency of reversion of a closely linked mutation
(Strathern et al. 1995), and �1000-fold elevated rates of
mutation have been observed during BIR (Deem et al.
2011) and other gene conversion events that result in two
newly synthesized strands (Hicks et al. 2010). In addition,

the frequency of UV-induced mutagenesis is elevated .100-
fold in regions of single-stranded DNA next to DSBs or ab-
normal telomeres (Yang et al. 2008). On the basis of these
observations, we checked whether the de novo mutations
were nonrandomly associated with LOH regions associated
with gene conversion or BIR. There were 15 base substitu-
tions observed among four sectored colonies resulting from
the irradiation of G1 cells. The total lengths of the unse-
lected gene conversion and BIR events among these strains
were 163 kb (PG311-UV-8R/W), 271 kb (PG311-UV-9R/
W), 22 kb (PG311-IR-37R/W), and 50 kb (PG311-IR-40R/
W). The fraction of the genome with these LOH regions was
�0.01. Two of the 15 (0.13) mutations were in regions of
LOH. Although this calculation suggests that the LOH
regions may have a significantly elevated frequency of muta-
tions, most of the induced mutations are located outside of
the LOH regions.

Comparison among methods of physically mapping
recombination events

In our previous studies, we mapped recombination events by
a PCR-based technique (described in the Introduction). As
employed in our analysis of chromosome V events, this
approach was time-consuming and expensive and mapped
events with relatively poor resolution (�4 kb). More impor-
tantly, this method could not be easily used to map events
throughout the genome. In addition, the PCR-based ap-
proach did not allow us to examine changes in gene dosage
(deletions or duplications). For example, we found that an
event classified as a crossover on chromosome V by the PCR-
based method was actually a terminal deletion on V when
examined by SNP arrays.

In contrast, both SNP arrays and HTS allow analysis of
events throughout the genome. The advantages of SNP arrays
compared to HTS are (1) relatively low cost (�$100/sample),
(2) speed of analysis (�4 hr for SNP arrays vs. 1 week for
HTS), and (3) relative ease in detecting changes in gene dosage.
The major advantages of HTS are (1) higher resolution (1 kb for
SNP arrays vs. 250 bp for HTS) and (2) the ability to detect de
novo mutations. In addition, diagnosis of LOH by HTS can be
done with any diploid in which the progenitor haploid strains
have been sequenced, whereas diagnosis of LOH by SNP
arrays requires the construction of strain-specific microarrays.
Although SNP arrays are probably a more cost-effective and
faster approach for mapping large numbers of recombination
events at present, as HTS becomes cheaper and analysis of
HTS data becomes faster, HTS is likely to be the method of
choice in the future. Neither SNP microarrays nor HTS, how-
ever, can map recombination events that do not involve LOH
(e.g., sister-chromatid exchanges).

Conclusion

In conclusion, we have used SNP microarrays and HTS to
map crossovers and gene conversion events at high resolu-
tion throughout the yeast genome. These studies represent
the first genome-wide measurement of the number and
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types of unselected LOH events induced by UV and g-rays. In
G1-synchronized cells treated with either UV or g-rays, 4:0
conversion events are common, suggesting that many of the
LOH events reflect the repair of two sister chromatids bro-
ken at approximately the same position. In addition, the
high-resolution analysis of recombination events by SNP
arrays and HTS reveals that gene conversion tracts, partic-
ularly those associated with crossovers, are more complex
than was previously recognized by low-resolution studies.
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SNP	
  microarrays:	
  specificity	
  of	
  hybridization	
  

To	
  confirm	
  the	
  specificity	
  of	
  the	
  pattern	
  of	
  hybridization	
  to	
  the	
  oligonucleotides,	
  we	
  isolated	
  genomic	
  DNA	
  from	
  the	
  

haploid	
  strains	
  PLS2/W303a	
  and	
  PSL5/YJM789.	
  The	
  DNA	
  was	
  labeled	
  using	
  either	
  Cy3-­‐dUTP	
  (YJM789)	
  or	
  Cy5-­‐dUTP	
  

(W303a)	
  (LEMOINE	
  et	
  al.,	
  2005).	
  The	
  samples	
  were	
  mixed	
  and	
  competitively	
  hybridized	
  to	
  the	
  microarrays	
  (details	
  below).	
  

Our	
  first	
  experiments	
  were	
  done	
  with	
  arrays	
  containing	
  about	
  60,000	
  oligonucleotides	
  (Table	
  S3),	
  representing	
  about	
  

15,000	
  SNP	
  positions.	
  Following	
  scanning	
  of	
  the	
  arrays,	
  we	
  measured	
  the	
  ratio	
  of	
  the	
  signals	
  at	
  wavelengths	
  specific	
  for	
  the	
  

Cy3-­‐	
  and	
  Cy5-­‐labeled	
  samples	
  (532	
  and	
  635	
  nm,	
  respectively).	
  The	
  635	
  nm/532	
  nm	
  ratio	
  was	
  analyzed	
  for	
  each	
  

oligonucleotide.	
  The	
  average	
  value	
  of	
  the	
  median	
  ratios	
  of	
  the	
  control	
  probes	
  (those	
  that	
  were	
  identical	
  in	
  the	
  two	
  haploid	
  

strains	
  listed	
  in	
  Table	
  S4)	
  was	
  calculated	
  and	
  used	
  to	
  normalize	
  the	
  ratios	
  of	
  the	
  experimental	
  probes	
  to	
  a	
  value	
  of	
  1	
  by	
  

dividing	
  each	
  probe	
  ratio	
  by	
  the	
  average	
  control	
  probe	
  ratio.	
  All	
  W303a	
  probes	
  (designated	
  by	
  an	
  “SF”	
  or	
  “SR”	
  as	
  the	
  last	
  

two	
  characters	
  of	
  the	
  ProbeID	
  in	
  Table	
  S3)	
  that	
  had	
  a	
  centered	
  ratio	
  less	
  than	
  1.5	
  were	
  discarded.	
  All	
  YJM789	
  probes	
  

(designated	
  by	
  an	
  “YF”	
  or	
  “YR”	
  as	
  the	
  last	
  two	
  characters	
  of	
  the	
  ProbeID	
  in	
  Table	
  S3)	
  that	
  had	
  a	
  centered	
  ratio	
  greater	
  than	
  

0.67	
  were	
  discarded.	
  These	
  criteria	
  require	
  at	
  least	
  a	
  50%	
  difference	
  in	
  signal	
  between	
  the	
  two	
  strains	
  for	
  any	
  given	
  probe.	
  

We	
  then	
  repeated	
  this	
  experiment,	
  switching	
  the	
  dyes	
  that	
  were	
  used	
  to	
  label	
  the	
  genomic	
  DNA	
  samples.	
  Only	
  probes	
  that	
  

satisfied	
  the	
  criteria	
  described	
  above	
  in	
  both	
  experiments	
  were	
  used	
  in	
  our	
  analysis.	
  The	
  final	
  probe	
  set	
  used	
  for	
  analysis	
  is	
  

listed	
  in	
  Table	
  S5.	
  

Details	
  of	
  methods	
  used	
  for	
  microarray	
  analysis:	
  sample	
  preparation,	
  hybridization	
  conditions,	
  and	
  data	
  

analysis	
  

Five	
  ml	
  YPD	
  yeast	
  cultures	
  were	
  grown	
  at	
  30°	
  overnight	
  with	
  agitation.	
  Approximately	
  55	
  mg	
  of	
  the	
  pelleted	
  culture	
  

was	
  resuspended	
  in	
  500	
  ml	
  of	
  a	
  melted	
  agarose	
  solution	
  (0.5%	
  low	
  melt	
  agarose,	
  100	
  mM	
  EDTA	
  pH	
  7.5	
  at	
  approximately	
  

42°),	
  and	
  then	
  20	
  μl	
  of	
  a	
  25	
  mg/ml	
  Zymolase	
  solution	
  was	
  added.	
  This	
  cell-­‐agarose	
  mixture	
  was	
  distributed	
  into	
  five	
  plug	
  

molds	
  and	
  allowed	
  to	
  solidify.	
  The	
  plugs	
  were	
  then	
  incubated	
  in	
  700	
  μl	
  of	
  an	
  EDTA/Tris	
  solution	
  (500	
  mM	
  EDTA,	
  10	
  mM	
  

Tris,	
  pH	
  7.5)	
  overnight	
  at	
  37°.	
  	
  The	
  next	
  day,	
  400	
  μl	
  of	
  a	
  sarcosyl/proteinase	
  K	
  solution	
  (5%	
  sarcosyl,	
  5	
  mg/ml	
  proteinase	
  K,	
  

500	
  mM	
  EDTA	
  pH	
  7.5)	
  was	
  added	
  to	
  the	
  tubes	
  containing	
  the	
  plugs,	
  and	
  they	
  were	
  incubated	
  at	
  50°	
  for	
  five	
  hours	
  to	
  

overnight.	
  DNA	
  was	
  isolated	
  from	
  three	
  plugs	
  per	
  strain	
  analyzed	
  using	
  the	
  Fermentas	
  Life	
  Sciences	
  GeneJet	
  Gel	
  Extraction	
  

Kit	
  (#K0692).	
  Following	
  the	
  addition	
  of	
  the	
  “Binding”	
  buffer	
  from	
  the	
  kit,	
  the	
  samples	
  were	
  incubated	
  at	
  room	
  temperature	
  

(~25°)	
  until	
  the	
  agarose	
  had	
  melted	
  and	
  were	
  then	
  incubated	
  on	
  ice	
  for	
  5	
  minutes.	
  These	
  samples	
  were	
  sonicated	
  using	
  a	
  

BioRupter	
  sonicater	
  for	
  two	
  15-­‐minute	
  sessions	
  of	
  30-­‐second	
  high	
  pulses,	
  followed	
  by	
  30	
  seconds	
  without	
  sonication,	
  

resulting	
  in	
  DNA	
  fragments	
  of	
  about	
  200-­‐300	
  bp.	
  Following	
  sonication,	
  the	
  samples	
  were	
  treated	
  according	
  to	
  the	
  kit	
  

protocol.	
  



J.	
  St.	
  Charles	
  et	
  al.	
   3	
  SI	
  

We	
  labeled	
  two	
  reactions	
  for	
  each	
  experimental	
  strain	
  and	
  a	
  single	
  reaction	
  for	
  the	
  reference	
  PG311	
  strain	
  using	
  the	
  

Invitrogen	
  Bioprime	
  Array	
  CGH	
  Genome	
  Labeling	
  Module	
  using	
  the	
  kit	
  protocol	
  for	
  all	
  except	
  for	
  the	
  last	
  step	
  (stop	
  buffer).	
  

Experimental	
  strains	
  were	
  labeled	
  with	
  Cy5-­‐dUTP	
  and	
  PG311	
  was	
  labeled	
  with	
  Cy3-­‐dUTP.	
  After	
  incubation	
  at	
  37°,	
  all	
  of	
  the	
  

reactions	
  intended	
  for	
  a	
  single	
  microarray	
  (two	
  reactions	
  of	
  the	
  experimental	
  strain	
  and	
  one	
  reaction	
  of	
  the	
  reference	
  

strain)	
  were	
  combined	
  into	
  a	
  single	
  tube	
  and	
  purified	
  using	
  the	
  Fermentas	
  Life	
  Sciences	
  GeneJet	
  PCR	
  Purification	
  kit	
  

(#K0702)	
  following	
  the	
  kit	
  protocol	
  but	
  eluting	
  with	
  79	
  μl	
  of	
  dH2O.	
  

The	
  hybridization	
  reactions	
  were	
  prepared	
  using	
  an	
  Agilent	
  Oligo	
  aCGH/ChIP-­‐on-­‐Chip	
  Hybridization	
  kit	
  (5188-­‐5220)	
  

following	
  kit	
  instructions.	
  Arrays	
  were	
  incubated	
  for	
  48	
  hours	
  at	
  62°.	
  Following	
  hybridization,	
  the	
  arrays	
  were	
  washed	
  for	
  

5	
  minutes	
  in	
  Oligo	
  aCGH/ChIP-­‐on-­‐Chip	
  Wash	
  Buffer	
  1	
  (Agilent	
  5188-­‐5221)	
  and	
  1	
  minute	
  in	
  Oligo	
  aCGH/ChIP-­‐on-­‐Chip	
  

Wash	
  Buffer	
  2	
  (Agilent	
  5188-­‐5222)	
  that	
  was	
  pre-­‐warmed	
  to	
  37°.	
  The	
  arrays	
  were	
  then	
  scanned	
  at	
  wavelengths	
  of	
  635	
  and	
  

532	
  nm	
  using	
  the	
  GenePix	
  scanner	
  and	
  the	
  GenePix	
  Pro	
  software	
  using	
  settings	
  recommended	
  by	
  the	
  manufacturer.	
  

Microarrays	
  could	
  be	
  re-­‐used	
  approximately	
  4-­‐6	
  times	
  by	
  removing	
  the	
  hybridized	
  labeled	
  DNA	
  sequences	
  from	
  the	
  

oligonucleotides.	
  Microarrays	
  and	
  gasket	
  slides	
  were	
  stripped	
  separately	
  in	
  1x	
  stripping	
  buffer	
  (10	
  mM	
  potassium	
  

phosphate,	
  pH6.6).	
  The	
  slides	
  were	
  slowly	
  heated	
  to	
  the	
  boiling	
  point	
  in	
  the	
  stripping	
  buffer	
  for	
  30-­‐45	
  minutes.	
  After	
  

stripping,	
  they	
  were	
  transferred	
  to	
  deionized	
  water,	
  and	
  then	
  slowly	
  removed	
  and	
  stored	
  in	
  a	
  nitrogen	
  cabinet.	
  The	
  gasket	
  

slides	
  were	
  centrifuged	
  at	
  500	
  rpm	
  to	
  remove	
  excess	
  liquid.	
  Labels	
  on	
  microarrays	
  were	
  removed	
  prior	
  to	
  stripping.	
  

The	
  data	
  generated	
  by	
  GenePix	
  Pro	
  were	
  exported	
  to	
  text	
  files	
  and	
  analyzed	
  with	
  Microsoft	
  Excel.	
  Probes	
  that	
  were	
  

flagged	
  by	
  the	
  software	
  were	
  deleted	
  from	
  the	
  analysis.	
  The	
  ratio	
  of	
  the	
  medians	
  (635	
  nm/532	
  nm)	
  for	
  each	
  probe	
  was	
  

used	
  for	
  analysis,	
  and	
  replicate	
  probe	
  medians	
  were	
  averaged.	
  The	
  data	
  was	
  centered	
  around	
  one	
  by	
  dividing	
  each	
  probe	
  

median	
  by	
  the	
  average	
  of	
  all	
  of	
  the	
  probe	
  medians	
  in	
  order	
  to	
  normalize	
  for	
  differences	
  in	
  the	
  hybridization	
  levels	
  for	
  the	
  

reference	
  and	
  experimental	
  strain	
  samples.	
  The	
  data	
  were	
  plotted	
  separately	
  for	
  each	
  haploid	
  parental	
  strain	
  and,	
  in	
  plots	
  

showing	
  whole	
  chromosomes,	
  the	
  medians	
  were	
  “smoothed”	
  by	
  averaging	
  over	
  nine	
  consecutive	
  probes.	
  	
  

Generation	
  and	
  analysis	
  of	
  high-­‐throughput	
  sequencing	
  data	
  	
  
	
  

Prior	
  to	
  analysis	
  of	
  the	
  experimental	
  strains,	
  a	
  reference	
  genome	
  was	
  compiled	
  from	
  the	
  sequences	
  of	
  the	
  two	
  

parental	
  haploid	
  strains	
  of	
  PG311,;	
  this	
  process	
  required	
  several	
  steps.	
  First,	
  from	
  S288c-­‐YJM789	
  contig	
  alignments	
  (WEI	
  et	
  

al.	
  2007),	
  using	
  in-­‐house	
  PERL	
  scripts,	
  we	
  extracted	
  the	
  S288c	
  and	
  YJM789	
  sequences	
  separately.	
  The	
  PSL2/W303a	
  ”reads”	
  

were	
  then	
  assembled	
  using	
  these	
  S288c	
  contigs	
  and	
  the	
  PSL5/YJM789	
  “reads”	
  were	
  assembled	
  using	
  the	
  YJM789	
  contigs;	
  

this	
  analysis	
  was	
  performed	
  using	
  CLC	
  Genomics	
  software	
  with	
  the	
  “random”	
  flag	
  option.	
  	
  From	
  these	
  assemblies,	
  we	
  used	
  

CLC	
  Genomic	
  software	
  to	
  generate	
  the	
  first-­‐stage	
  reference	
  genomic	
  sequence	
  for	
  PSL2/W303a	
  and	
  PSL5/YJM789.	
  Second,	
  

we	
  re-­‐assembled	
  the	
  PSL2	
  and	
  PSL5	
  “reads”	
  using	
  the	
  first-­‐stage	
  reference	
  sequences;	
  CLC	
  Genomics	
  software	
  was	
  used	
  

for	
  this	
  process	
  with	
  the	
  “unique”	
  flag	
  option.	
  The	
  resulting	
  assemblies	
  were	
  used	
  to	
  generate	
  a	
  second-­‐stage	
  reference	
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sequence	
  for	
  PSL2/W303a	
  and	
  PSL5/YJM789.	
  	
  In	
  the	
  construction	
  of	
  the	
  second-­‐stage	
  reference	
  sequences	
  for	
  

PSL2/W303a	
  and	
  PSL5/YJM789,	
  we	
  altered	
  the	
  base	
  from	
  the	
  first-­‐stage	
  reference	
  sequence	
  if	
  >75%	
  of	
  the	
  “reads”	
  in	
  the	
  

new	
  alignments	
  had	
  a	
  base	
  that	
  was	
  different	
  from	
  the	
  first-­‐stage	
  reference	
  sequence.	
  	
  

We	
  then	
  aligned	
  the	
  second-­‐stage	
  PSL2/W303a	
  and	
  PSL5/YJM789	
  contigs	
  with	
  the	
  previously	
  aligned	
  S288c-­‐YJM789	
  

contig	
  using	
  the	
  MAFFT	
  program	
  with	
  the	
  Sequence-­‐to-­‐skeleton	
  alignment	
  with	
  the	
  ‘-­‐add’	
  option	
  (KATOH	
  et	
  al.	
  2009).	
  	
  The	
  

resulting	
  alignments	
  allowed	
  us	
  to	
  translate	
  between	
  positions	
  in	
  the	
  assemblies	
  of	
  the	
  two	
  paternal	
  haploids	
  using	
  in-­‐

house	
  PERL	
  scripts.	
  In	
  addition,	
  we	
  used	
  in-­‐house	
  PERL	
  scripts	
  to	
  locate	
  the	
  positions	
  of	
  all	
  of	
  the	
  approximately	
  55,000	
  

SNPs	
  that	
  distinguished	
  the	
  two	
  haploid	
  strains.	
  	
  

Each	
  of	
  the	
  irradiated	
  diploid	
  strains	
  was	
  independently	
  assembled	
  to	
  the	
  consensus	
  sequences	
  of	
  both	
  of	
  PSL2	
  and	
  

PSL5	
  using	
  CLC	
  Genomics	
  software	
  and,	
  in	
  addition,	
  the	
  Burrows-­‐Wheeler	
  Alignment	
  Tool	
  (BWA,	
  (LI	
  and	
  DURBIN	
  2009)).	
  

SAMtools	
  was	
  then	
  used	
  to	
  extract	
  “pileup”	
  files	
  out	
  of	
  the	
  assembled	
  files	
  (LI	
  et	
  al.	
  2009),	
  creating	
  files	
  that	
  show	
  the	
  

number	
  of	
  bases	
  supported	
  at	
  each	
  position.	
  For	
  each	
  experimental	
  strain,	
  from	
  the	
  “pileup”	
  files,	
  we	
  determined	
  the	
  

frequency	
  of	
  each	
  SNP	
  allele	
  at	
  each	
  heterozygous	
  SNP	
  position.	
  Positions	
  where	
  the	
  frequency	
  of	
  one	
  of	
  the	
  two	
  original	
  

alleles	
  averaged	
  >90%	
  of	
  the	
  reads	
  (average	
  of	
  frequencies	
  from	
  PSL2/W303a	
  and	
  PSL5/YJM789	
  assemblies)	
  were	
  

candidates	
  for	
  LOH	
  events.	
  To	
  be	
  regarded	
  as	
  confirmed	
  LOH	
  events,	
  the	
  candidate	
  events	
  had	
  to	
  pass	
  the	
  same	
  criterion	
  

for	
  the	
  assemblies	
  obtained	
  with	
  both	
  the	
  CLC	
  Genomics	
  and	
  BWA	
  software.	
  In	
  order	
  to	
  translate	
  the	
  sequence	
  coordinates	
  

of	
  each	
  putative	
  LOH	
  event	
  from	
  our	
  analysis	
  of	
  contigs	
  to	
  SGD	
  coordinates,	
  we	
  aligned	
  SGD	
  genomic	
  sequences	
  from	
  the	
  

16	
  chromosomes	
  with	
  the	
  S288c-­‐YJM789-­‐PSL2-­‐PSL5	
  alignment	
  by	
  using	
  the	
  MAFFT	
  program.	
  In-­‐house	
  PERL	
  scripts	
  were	
  

used	
  to	
  identify	
  the	
  exact	
  SGD	
  coordinates	
  for	
  each	
  putative	
  LOH	
  event	
  and	
  to	
  exclude	
  putative	
  LOH	
  events	
  that	
  were	
  

located	
  in	
  repetitive	
  regions	
  of	
  the	
  genome;	
  the	
  coordinates	
  of	
  repetitive	
  regions	
  are	
  given	
  in	
  SGD.	
  

Mutation	
  analysis	
  

In	
  the	
  irradiated	
  experimental	
  diploids,	
  we	
  looked	
  for	
  induced	
  mutations	
  in	
  non-­‐repetitive	
  regions	
  of	
  the	
  genome	
  that	
  

were	
  originally	
  identical	
  in	
  the	
  two	
  parental	
  haploids.	
  The	
  mutations	
  were	
  identified	
  using	
  the	
  SNP-­‐calling	
  software	
  of	
  CLC	
  

Genomics	
  based	
  on	
  both	
  second-­‐stage	
  parental	
  haploid	
  assemblies.	
  De	
  novo	
  mutations	
  were	
  identified	
  if	
  they	
  were	
  

supported	
  by	
  >	
  40%	
  of	
  the	
  reads	
  in	
  one	
  experimental	
  strain,	
  and	
  less	
  than	
  15%	
  of	
  the	
  reads	
  in	
  the	
  other	
  experimental	
  

strains.	
  We	
  validated	
  each	
  of	
  the	
  identified	
  mutations	
  by	
  a	
  manual	
  comparison	
  to	
  the	
  BWA	
  assembly	
  using	
  Integrative	
  

Genomic	
  Viewer	
  (ROBINSON	
  et	
  al.	
  2011).	
  Finally,	
  we	
  confirmed	
  the	
  existence	
  of	
  the	
  mutations	
  by	
  DNA	
  sequence	
  analysis	
  of	
  

PCR	
  fragments	
  containing	
  the	
  relevant	
  region.	
  	
  

Supporting	
  Information:	
  Discussion	
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Below,	
  we	
  expand	
  our	
  discussion	
  of	
  two	
  topics	
  introduced	
  in	
  the	
  main	
  text:	
  1)	
  evidence	
  that	
  some	
  of	
  the	
  unselected	
  

gene	
  conversion	
  events	
  that	
  are	
  not	
  associated	
  with	
  centromere-­‐distal	
  LOH	
  are	
  associated	
  with	
  crossovers,	
  and	
  2)	
  the	
  

mechanisms	
  involved	
  in	
  forming	
  complex	
  gene	
  conversion	
  events.	
  

Gene	
  conversion	
  events	
  that	
  are	
  unassociated	
  with	
  centromere-­‐distal	
  LOH	
  

In	
  order	
  for	
  a	
  mitotic	
  crossover	
  to	
  produce	
  LOH,	
  the	
  two	
  daughter	
  cells	
  must	
  receive	
  one	
  recombinant	
  chromosome	
  

and	
  one	
  non-­‐recombinant	
  chromosome	
  (Fig.	
  2).	
  If	
  one	
  daughter	
  cell	
  receives	
  both	
  recombinant	
  chromosomes	
  and	
  the	
  

other	
  receives	
  both	
  non-­‐recombinant	
  chromosomes,	
  LOH	
  will	
  not	
  be	
  observed	
  (CHUA	
  and	
  JINKS-­‐ROBERTSON	
  1991).	
  Thus,	
  

about	
  half	
  of	
  the	
  gene	
  conversions	
  that	
  are	
  associated	
  with	
  crossovers	
  will	
  not	
  be	
  detectable	
  by	
  our	
  analysis.	
  To	
  look	
  for	
  

crossover-­‐associated	
  gene	
  conversion	
  events	
  that	
  did	
  not	
  result	
  in	
  LOH,	
  we	
  looked	
  for	
  changes	
  in	
  linkage	
  of	
  markers	
  

flanking	
  the	
  conversion	
  by	
  analyzing	
  the	
  meiotic	
  products	
  that	
  resulted	
  from	
  sporulating	
  diploids	
  derived	
  from	
  sectored	
  

colonies.	
  	
  

We	
  examined	
  the	
  meiotic	
  products	
  of	
  eleven	
  sectored	
  colonies	
  (three	
  from	
  γ	
  ray-­‐treated	
  cells	
  and	
  eight	
  from	
  UV-­‐

treated	
  cells)	
  that	
  had	
  unselected	
  4:0	
  gene	
  conversion	
  events	
  unassociated	
  with	
  LOH.	
  The	
  meiotic	
  segregation	
  patterns	
  of	
  

the	
  heterozygous	
  SNPs	
  flanking	
  the	
  4:0	
  conversion	
  tract	
  were	
  analyzed	
  using	
  the	
  PCR-­‐based	
  method	
  described	
  previously	
  

(Lee	
  et	
  al.,	
  2009).	
  Since	
  the	
  physical	
  distances	
  separating	
  the	
  flanking	
  markers	
  were	
  relatively	
  small	
  (<	
  20	
  kb	
  for	
  most	
  

intervals),	
  we	
  expected	
  that	
  most	
  of	
  the	
  detected	
  crossovers	
  would	
  reflect	
  mitotic	
  rather	
  than	
  meiotic	
  events	
  in	
  the	
  tested	
  

interval.	
  	
  

If	
  no	
  mitotic	
  crossover	
  was	
  associated	
  with	
  the	
  4:0	
  tract,	
  we	
  expected	
  that,	
  in	
  the	
  tetrads	
  derived	
  from	
  both	
  sectors,	
  

most	
  tetrads	
  would	
  have	
  two	
  spores	
  with	
  the	
  YJM789	
  form	
  of	
  SNPs	
  flanking	
  the	
  conversion	
  tract	
  and	
  two	
  spores	
  with	
  the	
  

W303a	
  form	
  of	
  SNPs	
  flanking	
  the	
  conversion	
  tracts.	
  If	
  a	
  mitotic	
  crossover	
  occurred	
  in	
  G2,	
  we	
  expect	
  that	
  one	
  sector	
  would	
  

produce	
  tetrads	
  in	
  which	
  all	
  four	
  spores	
  have	
  the	
  recombinant	
  configuration	
  of	
  the	
  flanking	
  markers,	
  and	
  the	
  other	
  sector	
  

would	
  have	
  tetrads	
  in	
  which	
  the	
  spores	
  have	
  flanking	
  markers	
  in	
  the	
  original	
  parental	
  configurations.	
  Finally,	
  if	
  both	
  a	
  gene	
  

conversion	
  event	
  and	
  a	
  crossover	
  occur	
  in	
  G1,	
  we	
  would	
  expect	
  to	
  find	
  the	
  recombinant	
  configuration	
  of	
  markers	
  in	
  tetrads	
  

derived	
  from	
  both	
  sectors.	
  Of	
  the	
  eleven	
  sectored	
  colonies	
  examined,	
  eight	
  had	
  the	
  pattern	
  expected	
  for	
  gene	
  conversion	
  

unassociated	
  with	
  the	
  crossover	
  (Table	
  S12).	
  One	
  had	
  the	
  pattern	
  expected	
  for	
  a	
  crossover	
  in	
  G2	
  with	
  the	
  segregation	
  of	
  

two	
  recombinant	
  chromosomes	
  in	
  one	
  cell	
  and	
  two	
  non-­‐recombinant	
  chromosomes	
  in	
  the	
  other.	
  Interestingly,	
  two	
  

sectored	
  colonies	
  had	
  the	
  pattern	
  consistent	
  with	
  a	
  conversion	
  event	
  and	
  a	
  crossover	
  occurring	
  in	
  G1.	
  This	
  pattern,	
  

however,	
  could	
  also	
  be	
  a	
  consequence	
  of	
  the	
  repair	
  of	
  two	
  broken	
  chromosomes	
  in	
  G2,	
  both	
  associated	
  with	
  a	
  crossover.	
  

Complex	
  gene	
  conversion	
  tracts	
  	
  

As	
  discussed	
  in	
  the	
  text,	
  many	
  of	
  the	
  conversion	
  tracts	
  associated	
  with	
  crossovers	
  were	
  complex,	
  involving	
  multiple	
  

transitions	
  between	
  3:1,	
  4:0,	
  and	
  2:2	
  regions	
  within	
  the	
  tract	
  or	
  tracts	
  in	
  which	
  3:1	
  and	
  1:3	
  segments	
  occurred	
  within	
  one	
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tract.	
  Below,	
  we	
  will	
  first	
  discuss	
  gene	
  conversion	
  events	
  that	
  are	
  not	
  associated	
  with	
  LOH	
  of	
  centromere-­‐distal	
  markers,	
  

followed	
  by	
  a	
  discussion	
  of	
  LOH-­‐associated	
  conversions.	
  Diagrams	
  of	
  all	
  recombination	
  events	
  in	
  our	
  study	
  are	
  shown	
  in	
  

Tables	
  S1	
  and	
  S2,	
  and	
  figures	
  showing	
  the	
  patterns	
  of	
  DSB	
  repair	
  required	
  to	
  produce	
  the	
  recombination	
  events	
  are	
  shown	
  

in	
  Figs.	
  S1-­‐S40.	
  

Complex	
  gene	
  conversion	
  tracts	
  unassociated	
  with	
  LOH	
  of	
  centromere-­‐distal	
  markers	
  

It	
  is	
  important	
  to	
  note	
  that	
  gene	
  conversion	
  events	
  unassociated	
  with	
  crossovers	
  could	
  occur	
  by	
  three	
  pathways	
  (Fig.	
  

1):	
  1)	
  SDSA	
  in	
  which	
  there	
  is	
  a	
  single	
  region	
  of	
  heteroduplex,	
  2)	
  resolution	
  of	
  a	
  double	
  Holliday	
  junction	
  (dHJ)	
  which	
  

results	
  in	
  two	
  regions	
  of	
  heteroduplex	
  located	
  in	
  trans,	
  and	
  3)	
  dissolution	
  of	
  the	
  dHJ	
  by	
  topoisomerase	
  leading	
  to	
  two	
  

regions	
  of	
  heteroduplex	
  located	
  in	
  cis	
  on	
  the	
  chromosome.	
  	
  In	
  an	
  analysis	
  of	
  plasmid-­‐chromosome	
  recombination	
  in	
  yeast,	
  

MITCHEL	
  et	
  al.	
  (MITCHEL	
  et	
  al.	
  2010)	
  concluded	
  that	
  most	
  mitotic	
  gene	
  conversion	
  events	
  were	
  a	
  consequence	
  of	
  SDSA.	
  	
  

As	
  discussed	
  below,	
  most	
  (about	
  80%)	
  of	
  the	
  conversion	
  events	
  unassociated	
  with	
  LOH	
  of	
  distal	
  markers	
  are	
  

explicable	
  as	
  a	
  consequence	
  of	
  repair	
  of	
  one	
  or	
  two	
  DSBs	
  by	
  the	
  SDSA	
  pathway.	
  These	
  conversion	
  events	
  were	
  divided	
  into	
  

Classes	
  A-­‐G.	
  The	
  defining	
  attributes	
  of	
  each	
  class,	
  the	
  mechanism(s)	
  required	
  to	
  produce	
  each	
  class,	
  and	
  the	
  figure	
  number	
  

illustrating	
  the	
  class	
  are:	
  1)	
  Class	
  A	
  (3:1	
  or	
  1:3	
  conversion,	
  SDSA	
  repair	
  of	
  single	
  G2	
  DSB,	
  Fig.	
  S1),	
  2)	
  Class	
  B	
  (4:0	
  or	
  0:4	
  

conversion,	
  SDSA	
  repair	
  of	
  two	
  DSBs	
  located	
  at	
  the	
  same	
  position	
  on	
  sister	
  chromatids,	
  Fig.	
  S2A),	
  3)	
  Class	
  C	
  (3:1/4:0	
  or	
  

1:3/0:4	
  hybrid	
  conversions,	
  SDSA	
  repair	
  of	
  two	
  DSBs	
  located	
  at	
  the	
  same	
  position	
  on	
  sister	
  chromatids	
  with	
  different	
  

length	
  of	
  conversion	
  tracts,	
  Fig.	
  S3),	
  4)	
  Class	
  D	
  (3:1	
  tract	
  in	
  which	
  the	
  homozygous	
  region	
  is	
  split	
  between	
  the	
  two	
  sectors,	
  

repair	
  of	
  two	
  DSBs	
  by	
  SDSA	
  with	
  the	
  conversion	
  tracts	
  on	
  opposite	
  sides	
  of	
  the	
  DSB,	
  Fig.	
  S4),	
  5)	
  Class	
  E	
  (3:1/4:0/3:1	
  or	
  

1:3/0:4/1:3	
  conversions,	
  repair	
  of	
  two	
  DSBs,	
  one	
  by	
  SDSA	
  and	
  one	
  by	
  the	
  DSB	
  repair	
  pathway	
  as	
  shown	
  in	
  Fig.	
  1,	
  Fig.	
  S5),	
  

6)	
  Class	
  F	
  (3:1,	
  1:3	
  or	
  hybrid	
  conversion	
  tracts	
  are	
  disrupted	
  by	
  segment	
  of	
  2:2	
  segregation,	
  repair	
  of	
  DSBs	
  in	
  which	
  there	
  

is	
  “patchy”	
  repair	
  (defined	
  below),	
  Fig.	
  S6-­‐S9,	
  and	
  7)	
  Class	
  G	
  (two	
  closely-­‐linked	
  conversions	
  with	
  different	
  donors	
  (3:1	
  and	
  

1:3	
  or	
  4:0	
  and	
  0:4);	
  models	
  to	
  explain	
  Class	
  G	
  (Fig.	
  S10-­‐S12)	
  will	
  be	
  described	
  below.	
  

In	
  summary,	
  Classes	
  A-­‐E,	
  which	
  account	
  for	
  more	
  than	
  80%	
  of	
  the	
  conversion	
  events,	
  can	
  be	
  simply	
  explained	
  by	
  the	
  

repair	
  of	
  one	
  or	
  two	
  DSBs	
  by	
  the	
  mechanisms	
  shown	
  in	
  Fig.	
  1.	
  Concerning	
  Classes	
  F	
  and	
  G,	
  several	
  additional	
  points	
  need	
  to	
  

be	
  discussed.	
  First,	
  although	
  yeast	
  cells	
  can	
  efficiently	
  repair	
  a	
  double-­‐stranded	
  DNA	
  gap	
  (MITCHEL	
  et	
  al.	
  2010;	
  ORR-­‐WEAVER	
  

and	
  SZOSTAK	
  1983),	
  it	
  is	
  likely	
  that	
  most	
  mitotic	
  gene	
  conversion	
  events	
  reflect	
  heteroduplex	
  formation	
  followed	
  by	
  the	
  

repair	
  of	
  the	
  resulting	
  mismatches	
  (WENG	
  1998).	
  Mismatch	
  repair	
  can	
  result	
  in	
  a	
  detectable	
  conversion	
  event	
  or	
  a	
  

restoration	
  event.	
  For	
  example,	
  in	
  Fig.	
  1A,	
  repair	
  of	
  the	
  heteroduplex	
  resulting	
  in	
  a	
  duplex	
  with	
  two	
  “red”	
  strands	
  would	
  

represent	
  conversion-­‐type	
  repair,	
  since	
  this	
  pattern	
  produces	
  3:1	
  segregation;	
  repair	
  of	
  the	
  mismatch	
  to	
  produce	
  a	
  duplex	
  

with	
  two	
  “blue”	
  strands	
  represents	
  restoration-­‐type	
  repair,	
  since	
  this	
  pattern	
  generates	
  two	
  cells	
  that	
  retain	
  

heterozygosity	
  at	
  the	
  position	
  of	
  the	
  original	
  heteroduplex.	
  Although	
  multiple	
  mismatches	
  within	
  one	
  heteroduplex	
  are	
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generally	
  converted	
  in	
  a	
  concerted	
  manner	
  yielding	
  a	
  continuous	
  conversion	
  tract,	
  tracts	
  with	
  mixtures	
  of	
  conversion-­‐type	
  

and	
  restoration-­‐type	
  repair	
  have	
  been	
  detected	
  in	
  both	
  meiosis	
  (MANCERA	
  et	
  al.	
  2008;	
  SYMINGTON	
  and	
  PETES	
  1988)	
  and	
  

mitosis	
  (MITCHEL	
  et	
  al.	
  2010;	
  NICKOLOFF	
  et	
  al.	
  1999).	
  Second,	
  we	
  point	
  out	
  that	
  some	
  of	
  the	
  events	
  have	
  more	
  than	
  one	
  

plausible	
  interpretation.	
  	
  For	
  example,	
  the	
  F4	
  recombination	
  event	
  (Table	
  S1)	
  can	
  be	
  explained	
  by	
  patchy	
  repair	
  of	
  two	
  

DSBs	
  in	
  G2	
  (Fig.	
  S8A)	
  or	
  patchy	
  repair	
  of	
  a	
  single	
  DSB	
  in	
  G1	
  (Fig.	
  S8B).	
  	
  

In	
  the	
  Class	
  G	
  events,	
  two	
  conversions	
  in	
  opposite	
  directions	
  are	
  observed	
  (3:1	
  and	
  1:3	
  or	
  4:0	
  and	
  0:4).	
  	
  Although	
  

such	
  events	
  could	
  be	
  explained	
  as	
  a	
  consequence	
  of	
  two	
  independent	
  DSBs,	
  their	
  frequency	
  and	
  the	
  close	
  linkage	
  of	
  the	
  two	
  

types	
  of	
  conversion	
  tracts	
  indicate	
  that	
  they	
  likely	
  reflect	
  the	
  repair	
  of	
  a	
  single	
  DNA	
  lesion.	
  There	
  are	
  two	
  different	
  

modifications	
  of	
  the	
  models	
  shown	
  in	
  Fig.	
  1	
  that	
  can	
  explain	
  the	
  conversion	
  events	
  with	
  two	
  different	
  donors.	
  In	
  one	
  model	
  

(Fig.	
  S10A),	
  there	
  are	
  two	
  different	
  rounds	
  of	
  mismatch	
  repair	
  associated	
  with	
  an	
  SDSA	
  event.	
  In	
  the	
  first	
  round,	
  

conversion	
  occurs	
  in	
  which	
  information	
  from	
  the	
  invading	
  strand	
  is	
  transferred	
  to	
  the	
  invaded	
  strand.	
  Following	
  the	
  

reversal	
  of	
  the	
  strand	
  invasion,	
  a	
  second	
  round	
  of	
  mismatch	
  repair	
  occurs	
  to	
  produce	
  the	
  3:1/1:3	
  conversion	
  pattern.	
  In	
  an	
  

alternative	
  pathway,	
  a	
  dHJ	
  intermediate	
  is	
  formed,	
  followed	
  by	
  branch	
  migration	
  of	
  one	
  of	
  the	
  junctions	
  (Fig.	
  S10B).	
  During	
  

recombination	
  in	
  E.	
  coli,	
  a	
  Holliday	
  junction	
  can	
  be	
  translocated	
  by	
  branch	
  migration,	
  resulting	
  in	
  symmetric	
  

heteroduplexes	
  (WEST	
  1997).	
  Although	
  genetic	
  evidence	
  argues	
  against	
  the	
  formation	
  of	
  symmetric	
  heteroduplexes	
  during	
  

meiotic	
  recombination	
  in	
  S.	
  cerevisiae	
  (PETES	
  et	
  al.	
  1991),	
  symmetric	
  heteroduplexes	
  have	
  been	
  invoked	
  previously	
  to	
  

explain	
  certain	
  classes	
  of	
  mitotic	
  gene	
  conversions	
  (ESPOSITO	
  1978;	
  NICKOLOFF	
  et	
  al.	
  1999;	
  ROITGRUND	
  et	
  al.	
  1993).	
  	
  

As	
  described	
  above,	
  because	
  of	
  the	
  patterns	
  of	
  chromosome	
  segregation	
  following	
  mitotic	
  crossovers,	
  only	
  half	
  of	
  the	
  

events	
  lead	
  to	
  LOH	
  of	
  centromere-­‐distal	
  markers.	
  Thus,	
  some	
  of	
  the	
  gene	
  conversion	
  events	
  that	
  are	
  unassociated	
  with	
  

LOH	
  for	
  centromere-­‐distal	
  markers	
  could	
  reflect	
  the	
  crossover-­‐associated	
  conversions.	
  Thus,	
  there	
  are	
  likely	
  to	
  be	
  

additional	
  pathways	
  of	
  repair	
  other	
  than	
  those	
  shown	
  in	
  the	
  supplementary	
  figures.	
  It	
  is	
  important	
  to	
  stress,	
  however,	
  that	
  

about	
  80%	
  of	
  the	
  conversion	
  events	
  are	
  simply	
  explained	
  as	
  a	
  consequence	
  of	
  the	
  SDSA	
  pathway	
  shown	
  in	
  Fig.	
  1,	
  and	
  that	
  

most	
  of	
  the	
  events	
  (about	
  three-­‐quarters)	
  are	
  most	
  simply	
  explained	
  as	
  a	
  consequence	
  of	
  the	
  repair	
  of	
  two	
  sister	
  

chromatids	
  that	
  are	
  broken	
  at	
  approximately	
  the	
  same	
  position.	
  

Complex	
  conversion	
  tracts	
  associated	
  with	
  crossovers	
  

We	
  divided	
  the	
  gene	
  conversion	
  tracts	
  associated	
  with	
  crossovers	
  into	
  the	
  following	
  classes:	
  1)	
  Class	
  H	
  (no	
  

detectable	
  conversion	
  tract	
  or	
  3:1	
  conversion	
  associated	
  with	
  repair	
  of	
  single	
  DSB	
  (Fig.	
  S13-­‐S15),	
  2)	
  Class	
  I	
  (repair	
  of	
  two	
  

DSBs	
  by	
  canonical	
  repair	
  pathways	
  (no	
  patch	
  repair	
  or	
  branch	
  migration,	
  Fig.	
  S16-­‐S21),	
  3)	
  Class	
  J	
  (repair	
  of	
  one	
  or	
  two	
  

DSBs	
  involving	
  either	
  patchy	
  repair	
  or	
  branch	
  migration,	
  Fig.	
  S22-­‐S35),	
  and	
  Class	
  K	
  (recombination	
  events	
  that	
  involve	
  

more	
  than	
  one	
  independent	
  DSB	
  on	
  one	
  chromosome	
  arm,	
  Fig.	
  S36-­‐S38).	
  	
  Of	
  the	
  crossover-­‐associated	
  conversions,	
  about	
  

half	
  were	
  relatively	
  simple	
  (Classes	
  H	
  and	
  I),	
  and	
  half	
  required	
  patchy	
  repair	
  and/or	
  branch	
  migration.	
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As	
  discussed	
  above,	
  conversion	
  tracts	
  associated	
  with	
  crossovers	
  are	
  significantly	
  more	
  complex	
  than	
  those	
  

unassociated	
  with	
  crossovers.	
  MANCERA	
  et	
  al.	
  (MANCERA	
  et	
  al.	
  2008)	
  reported	
  that	
  11%	
  of	
  meiotic	
  crossovers	
  had	
  complex	
  

conversion	
  tracts,	
  whereas	
  the	
  frequency	
  of	
  complex	
  tracts	
  among	
  conversions	
  unassociated	
  with	
  crossovers	
  was	
  3%.	
  One	
  

explanation	
  of	
  this	
  difference	
  could	
  be	
  that	
  crossovers	
  that	
  proceed	
  through	
  the	
  pathway	
  shown	
  in	
  Fig.	
  1	
  are	
  associated	
  

with	
  two	
  regions	
  of	
  heteroduplex,	
  while	
  conversions	
  resulting	
  from	
  SDSA	
  have	
  only	
  a	
  single	
  region	
  of	
  heteroduplex.	
  Second,	
  

since	
  gene	
  conversion	
  tracts	
  associated	
  with	
  crossovers	
  are	
  usually	
  longer	
  than	
  those	
  unassociated	
  with	
  crossovers	
  

(AGUILERA	
  and	
  KLEIN	
  1989;	
  MANCERA	
  et	
  al.	
  2008),	
  there	
  may	
  be	
  a	
  greater	
  chance	
  to	
  observe	
  patchy	
  repair	
  in	
  tracts	
  associated	
  

with	
  crossovers.	
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Figure"S1."Descrip6on"of"Class"A1"(A2)"events."In"Fig."S1CS40,"we"show"the"mechanisms"needed"to"explain"
the"classes"of"conversions/crossovers"shown"in"Tables"S1"and"S2."Each"sectored"colony"is"shown"as"a"pair"
of"line"segments"of"various"colors:"green"(heterozygous"SNPs),"red"(SNPs"homozygous"for"W303a"SNPs),""
and"black"(SNPs"homozygous"for"YJM789"SNPs);"segments"are"not"drawn"to"scale."DNA"molecules"are""
drawn"as"doubleCstranded"structures"with"red"lines"represen6ng"W303a"sequences"and"black"lines""
represen6ng"YJM789"sequences."Do[ed"lines"indicate"repairCassociated"DNA"synthesis."Heteroduplexes""
are"enclosed"in"blue"boxes."Prior"to"mismatch"repair,"heteroduplexes"have"red"and"blue"strands."A\er"repair,"
both"strands"have"the"same"color."Chroma6ds"are"numbered"1"to"4,"and"blue"arrows"show"chromosome"
segrega6on."In"Class"A"events,"there"is"a"single"3:1"or"1:3"conversion"tract"unassociated"with"a"crossover."
Such"events"can"be"explained"as"a"consequence"of"the"repair"of"a"single"DSB"in"G2"by"the"SDSA"pathway."
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single"4:0"or"0:4"conversion"tract"unassociated"with"a"crossover."
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Each"DSB"is"repaired"by"an"SDSA"event"in"which"the"conversion"tracts"are"of"equal"length."

B.""Genera7on"of"Class"B"events"by"repair"of"a"G1"DSB"in"G1."Repair"occurs"by"SDSA,"
followed"by"mismatch"repair"in"G1."The"resul7ng"molecule"is"replicated"to"give"two"black"

chroma7ds"with"iden7cal"conversion"tracts."
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Figure"S3."Descrip7on"of"Class"C3"(C1,C2,C4)"events."In"Class"C"events,"there"is"a"3:1/4:0"or"a"1:3/0:4"hybrid"
conversion"tract"unassociated"with"a"crossover."Such"events"can"be"explained"as"a"consequence"of"the"
repair"of"two"DSBs"by"the"SDSA"pathway."The"conversion"tracts"associated"with"the"repair"events"have"
different"lengths."
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Figure"S4."Descrip6on"of"Class"D1"event."In"this"class,"there"is"a"3:1"conversion"tract"that"is"split"between"
the"two"sectors"and"that"is"unassociated"with"a"crossover."Such"events"can"be"explained"as"a"consequence"
of"the"repair"of"two"DSBs"by"the"SDSA"pathway."The"conversion"tracts"are"produced"by"strand"invasions"
that"occur"on"different"sides"of"the"DSBs."
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Figure"S5."Descrip8on"of"Class"E1"(E2)"events."In"Class"E"events,"there"is"a"3:1/4:0/3:1"or"a"1:3/0:4/1:3"
hybrid"conversion"tract"unassociated"with"a"crossover."Such"events"can"be"explained"as"a"consequence"of"
the"repair"of"two"DSB,"one"by"the"SDSA"pathway"and"one"involving"a"double"Holliday"junc8on."The"
conversion"tracts"associated"with"the"repair"events"have"different"lengths."
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Figure"S6."Descrip7on"of"Class"F1"(F2)"events."In"these"events,"there"are"two"discon7nuous"3:1"or"1:3"

conversion"tracts"unassociated"with"a"crossover."Such"events"can"be"explained"as"a"consequence"of"repair"

of"one"G2"DSB"by"the"SDSA"pathway."The"mismatches"in"the"resul7ng"heteroduplex"are"repaired"in"a"

“patchy”"manner"as"shown."
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Figure"S7."Descrip8on"of"Class"F3"event."In"this"class,"there"is"a"4:0"conversion"event"separated"by"a"
heterozygous"segment"from"a"3:1"conversion"tract;"these"conversion"events"are"unassociated"with"a"
crossover."Such"events"can"be"explained"as"a"consequence"of"the"repair"of"two"DSBs"by"the"SDSA"
pathway."The"conversion"tracts"associated"with"the"repair"events"have"different"lengths,"and"the"
mismatches"in"one"of"the"conversion"tracts"are"repaired"in"a"“patchy”"manner."
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Figure"S8."Genera7on"of"Class"F4"by"two"different"mechanisms."In"Class"F4,"there"is"a"

3:1/4:0"conversion"tract"separated"from"a"second"4:0"tract"by"a"heterozygous"segment."In"

Fig."S10A,"we"show"this"paSern"generated"by"the"repair"of"two"DSBs"using"the"SDSA"

pathway."The"heteroduplex"tracts"are"of"different"lengths"and"are"repaired"in"a"“patchy”"

manner."In"Fig."S10B,"we"show"Class"F4"as"generated"by"repair"of"a"single"G1"DSB."

Mismatches"in"the"resul7ng"heteroduplex"are"repaired"in"a"“patchy”"manner"in"G1"with"

one"segment"containing"unrepaired"mismatches."Replica7on"of"this"molecule"would"

produce"the"F4"paSern."
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Figure"S9."Descrip8on"of"the"Class"F5"event."In"this"event,"there"is"a"complex"conversion"tract"unassociated"
with"a"crossover."This"event"can"be"explained"as"a"consequence"of"the"repair"of"two"DSBs"by"the"SDSA"
pathway;"gap"repair"occurs"with"one"of"the"broken"chromosomes."The"two"resul8ng"heteroduplexes"
undergo"“patchy”"repair"of"mismatches."
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Figure#S10.#Genera8on#of#Class#G1#by#two#different#mechanisms.#The#Class#G1#event#has#
adjacent#conversion#tracts#of#3:1#and#1:3#unassociated#with#a#crossover.#
A.#In#this#model,#the#G1#event#is#produced#by#two#rounds#of#mismatch#repair#during#SDSA,#
one#associated#with#the#invading#strand,#and#a#second#aMer#strand#displacement.##
B.#In#the#second#model,#the#event#is#produced#by#repair#of#mismatches#in#symmetric#
heteroduplexes#produced#by#branch#migra8on#(DSBR#pathway).#
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Figure"S11."Descrip7on"of"the"Class"G2"event."In"this"event,"there"are"two"adjacent"4:0"and"0:4"conversion"
tracts"unassociated"with"a"crossover."This"event"can"be"explained"as"a"consequence"of"the"repair"of"two"
DSBs"by"the"SDSA"pathway;"two"cycles"of"mismatch"repair"occur"for"both"SDSA"events,"similar"to"those"
shown"in"Fig."S10A.""
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Figure"S12."Descrip7on"of"the"Class"G3"event."In"this"event,"there"are"4:0"and"0:4"conversion"tracts"
separated"by"heterozygous"segments"unassociated"with"a"crossover."This"event"can"be"explained"as"a"
consequence"of"the"repair"of"two"DSBs"by"the"SDSA"pathway;"two"cycles"of"mismatch"repair"occur"for"both"
SDSA"events,"similar"to"those"shown"in"Fig."S11."Mismatch"repair"in"the"first"cycle"is"“patchy.”"
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Figure"S13."Descrip8on"of"the"Class"H1"event."In"this"event,"there"is"a"reciprocal"crossover"without"a"
detectable"associated"conversion."This"event"can"be"explained"as"a"consequence"of"the"repair"of"a"single"
DSB"by"the"DSBR"pathway."Mismatches"in"the"heteroduplex"regions"are"eliminated"by"restora8onLtype"
repair"rather"than"conversionLtype"repair.""
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Figure"S14."Descrip9on"of"the"Class"H2"event."In"this"event,"there"is"a"reciprocal"crossover"with"an"
associated"3:1"conversion."This"event"can"be"explained"as"a"consequence"of"the"repair"of"a"single"DSB"by"
the"DSBR"pathway."In"one"heteroduplex,"mismatches"are"corrected"by"conversionLtype"repair"and,"in"the"
other,"by"restora9onLtype"repair.""
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Figure"S15."Descrip;on"of"the"Class"H3"event."In"this"event,"there"is"a"3:1"conversion"tract"in"the"middle"of"

the"homozygous"region."This"event"can"be"explained"as"a"consequence"of"the"repair"of"a"single"DSB"by"the"

DSBR"pathway."The"mismatches"in"one"of"the"heteroduplexes"are"repaired"by""restora;onOtype"repair,"and"

mismatches"in"the"other"are"repaired"by"conversionOtype"repair.""
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Figure"S16."Descrip;on"of"the"Class"I1"event."In"this"event,"the"crossover"is"associated"with"a"0:4"
conversion"event."This"event"can"be"explained"as"a"consequence"of"the"repair"of"two"DSBs,"one"by"SDSA"
and"the"other"by"the"DSBR"pathway.""
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Figure"S17."Descrip;on"of"the"Class"I2"(I3)"events."In"these"events,"the"crossovers"are"associated"with"
3:1/4:0"or"1:3/0:4"hybrid"conversion"tracts."These"events"can"be"explained"as"a"consequence"of"the"repair"
of"two"DSBs,"one"by"the"SDSA"pathway"and"one"by"the"DSBR"pathway.""
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Figure"S18."Descrip;on"of"the"Class"I4"event."This"event"is"similar"to"that"shown"in"Fig."S17"except"the"0:4"

por;on"of"the"hybrid"tract"is"adjacent"to"the"crossover."This"event"can"be"also"explained"as"a"consequence"

of"the"repair"of"two"DSBs,"one"by"the"SDSA"pathway"and"one"by"the"DSBR"pathway.""
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Figure"S19."Descrip;on"of"the"Class"I6"(I5)"events."In"these"events,"the"crossovers"are"associated"with"

3:1/4:0/3:1"or"1:3/0:4/1:3"hybrid"conversion"tracts."These"events"can"be"explained"as"a"consequence"of"

the"repair"of"two"DSBs,"one"by"the"SDSA"pathway"and"one"by"the"DSBR"pathway.""
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Figure"S20."Descrip:on"of"the"Class"I7"(I8)"events."In"these"events,"the"crossovers"are"associated"with"

1:3/0:4/1:3"hybrid"conversion"tracts."These"events"can"be"explained"as"a"consequence"of"the"repair"of"two"

DSBs,"one"by"the"SDSA"pathway"and"one"by"the"DSBR"pathway."The"dis:nc:on"between"Fig."S19"and"Fig."

S20"is"that"the"homozygous"regions"in"the"1:3"tracts"are"located"in"trans&in"Fig."S19"and"in"cis"in"Fig."S20."
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Figure"S21."Descrip9on"of"the"Class"I9"event."In"this"event,"the"crossovers"are"associated"with"3:1"
conversion"in"which"the"homozygous"region"is"split"between"the"two"sectors."These"events"can"be"
explained"as"a"consequence"of"the"repair"of"two"DSBs,"one"by"the"SDSA"pathway"and"one"by"the"DSBR"
pathway.""
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Figure"S22."Descrip9on"of"the"Class"J1"event."In"this"event,"the"crossover"is"associated"with"a"1:3"
conversion"tract"that"is"split"by"a"region"of"heterozygosity."These"events"can"be"explained"as"a"
consequence"of"the"repair"of"a"single"DSB"by"the"DSBR"pathway"with"“patchy”"repair"of"mismatches"in"one"
of"the"heteroduplexes.""
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Figure"S23."Descrip:on"of"the"Class"J2"event."In"this"event,"the"crossover"is"associated"with"a"complex"

conversion"tract."This"event"can"be"explained"as"a"consequence"of"the"repair"of"two"DSBs,"one"by"the"DSBR"

pathway"and"one"by"the"SDSA"pathway."In"addi:on,"one"of"the"heteroduplexes"has"“patchy”"repair"of"

mismatches.""
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Figure"S24."Descrip:on"of"the"Class"J3"event."In"this"event,"the"crossover"is"associated"with"a"complex"

conversion"tract."This"event"can"be"explained"as"a"consequence"of"the"repair"of"two"DSBs,"one"by"the"DSBR"

pathway"and"one"by"the"SDSA"pathway."In"addi:on,"one"of"the"heteroduplexes"has"“patchy”"repair"of"

mismatches.""
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Figure"S25."Descrip;on"of"the"Class"J4"event."In"this"event,"the"crossover"is"associated"with"a"complex"
conversion"tract."This"event"can"be"explained"as"a"consequence"of"the"repair"of"two"DSBs,"one"by"the"DSBR"
pathway"and"one"by"the"SDSA"pathway."In"addi;on,"one"of"the"heteroduplexes"has"“patchy”"repair"of"
mismatches.""
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Figure"S26."Descrip<on"of"the"Class"J5"event."In"this"event,"the"crossover"is"associated"with"a"complex"

conversion"tract."This"event"can"be"explained"as"a"consequence"of"the"repair"of"two"DSBs,"one"by"the"DSBR"

pathway"and"one"by"the"SDSA"pathway."In"addi<on,"two"of"the"heteroduplexes"have"“patchy”"repair"of"

mismatches.""
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Figure"S27."Descrip<on"of"the"Class"J6"event."In"this"event,"the"crossover"is"associated"with"a"complex"

conversion"tract."This"event"can"be"explained"as"a"consequence"of"the"repair"of"two"DSBs,"one"by"the"DSBR"

pathway"and"one"by"the"SDSA"pathway."In"addi<on,"one"of"the"heteroduplexes"has"“patchy”"repair"of"

mismatches.""



1

"

3

2

"

4

1

"

3

1

"

3

1

"

3

1

"

3

2

"

4

2

"

4

2

"

4

2

"

4

3:1"4:0"

H
O
M
"

3:1"RCO" 3
:1
"

1"

"

2"

"

3"

"

4"

1"

"

2"

"

3"

"

4"HET"

Figure"S28."Descrip<on"of"the"Class"J7"event."In"this"event,"the"crossover"is"associated"with"a"complex"

conversion"tract."This"event"can"be"explained"as"a"consequence"of"the"repair"of"two"DSBs,"one"by"the"DSBR"

pathway"and"one"by"the"SDSA"pathway."In"addi<on,"one"of"the"heteroduplexes"has"“patchy”"repair"of"

mismatches.""
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Figure"S29."Descrip<on"of"the"Class"J8"event."In"this"event,"the"crossover"is"associated"with"a"complex"

conversion"tract."This"event"can"be"explained"as"a"consequence"of"the"repair"of"two"DSBs,"one"by"the"DSBR"

pathway"and"one"by"the"SDSA"pathway."In"addi<on,"two"of"the"heteroduplexes"have"“patchy”"repair"of"

mismatches.""
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Figure"S30."Descrip;on"of"the"Class"J9"event."In"this"event,"the"crossover"is"associated"with"a"complex"
conversion"tract."This"event"can"be"explained"as"a"consequence"of"the"repair"of"two"DSBs,"one"by"the"DSBR"
pathway"and"one"by"the"SDSA"pathway."In"addi;on,"we"postulate"branch"migra;on"of"the"dHJ"
intermediate,"and"that"two"of"the"heteroduplexes"have"“patchy”"repair"of"mismatches.""
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Figure"S31."Descrip;on"of"the"Class"J10"event."In"this"event,"the"crossover"is"associated"with"a"complex"
conversion"tract."This"event"can"be"explained"as"a"consequence"of"the"repair"of"two"DSBs,"one"by"the"DSBR"
pathway"and"one"by"the"SDSA"pathway."In"addi;on,"we"postulate"branch"migra;on"of"the"dHJ"
intermediate,"and"that"three"of"the"heteroduplexes"have"“patchy”"repair"of"mismatches.""
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Figure"S32."Descrip9on"of"the"Class"J11"event."In"this"event,"the"crossover"is"associated"with"a"complex"
conversion"tract."This"event"can"be"explained"as"a"consequence"of"the"repair"of"one"DSB"by"the"DSBR"
pathway,"followed"by"branch"migra9on"of"the"resul9ng"dHJ."In"addi9on,"one"of"the"heteroduplexes"has"
“patchy”"repair"of"mismatches.""
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Figure"S33."Descrip;on"of"the"Class"J12"event."In"this"event,"the"crossover"is"

associated"with"a"complex"conversion"tract."This"event"can"be"explained"as"a"

consequence"of"the"repair"of"two"DSBs"by"the"DSBR"pathway,"followed"by"branch"

migra;on"of"the"two"resul;ng"dHJs."In"addi;on,"one"of"the"heteroduplexes"has"

“patchy”"repair"of"mismatches.""
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Figure"S34."Descrip:on"of"the"Class"J13"event."In"this"event,"the"crossover"is"associated"with"a"complex"

conversion"tract."This"event"can"be"explained"as"a"consequence"of"the"repair"of"two"DSBs"by"the"DSBR"

pathway."In"addi:on,"one"of"the"heteroduplexes"has"“patchy”"repair"of"mismatches.""
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Figure"S35."Descrip;on"of"the"Class"J14"event."In"this"event,"the"crossover"is"associated"with"a"complex"
conversion"tract."This"event"can"be"explained"as"a"consequence"of"the"repair"of"two"DSBs"by"the"DSBR"
pathway;"one"of"the"resul;ng"dHJs"undergoes"branch"migra;on."In"addi;on,"one"of"the"heteroduplexes"
has"“patchy”"repair"of"mismatches.""
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Figure"S36."Descrip<on"of"the"Class"K1"event."In"this"
event,"the"crossover"is"associated"with"very"complex"
conversion"paMerns."This"event"can"be"explained"as"a"
consequence"of"the"repair"of"more"than"two"DSBs.""
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Figure"S37."Descrip=on"of"the"Class"K2"event."In"this"
event,"there"appear"to"be"two"crossovers"generated"
by"two"independent"G1"DSBs."One"crossover"is"
associated"with"a"complex"conversion"tract,"whereas"
the"other"is"associated"with"a"0:4"conversion"event.""



1"
"
4"
"
1"
4"
"
1"
4"
"
1"
"
4"
"
1"
4"
"
1"
"
4"

2"
"
3"
"
2"
3"
"
2"
3"
"
2"
"
3"
"
2"
3"
"
"
2"
3"

                  

                  

1"
"
2"
"
3"
4"
"
"
1"
"
2"
"
3"
4"

HET" 0:
4"

0:
4"RCO" RCO"1:
3"

3:
1"

1:
3"

3:
1"

Figure"S38."Descrip;on"of"the"Class"K3"event."In"this"
event,"there"appear"to"be"two"independent"G1"DSBs."
The"repair"of"one"DSB"is"associated"with"a"crossover,"
whereas"the"repair"of"the"other"generates"a"0:4"
conversion"tract."
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Figure"S39."Descrip:on"of"the"Class"L1"event."In"this"event,"there"is"a"double"BIR"event"associated"with"a"
1:3"conversion."This"event"can"be"explained"by"the"repair"of"two"DSBs"by"BIR."Associated"with"the"repair"of"
each"DSB"is"a"region"of"heteroduplex."
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Figure"S40."Descrip:on"of"the"L2"(L3)"events."In"these"events,"there"are"hybrid"conversion"tracts"associated"
with"a"BIR"event."This"event"can"be"explained"as"a"consequence"of"the"repair"of"two"DSBs,"one"by"the"SDSA"
pathway"and"the"second"by"BIR."There"are"heteroduplexes"associated"with"both"repair"events,"and"these"
heteroduplexes"have"different"lengths."
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