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Abstract  

Double-stranded DNA breaks are potentially lethal lesions that can be repaired 

in mitotic cells by either homologous recombination (HR) or non -homologous end-

joining (NHEJ) pathways. In the HR pathway, the broken DNA molecule is repaired 

using either the sister chromatid or the homolog as a template. Mitotic recombination 

events involving the homolog often result in loss of heterozygosity (LOH) of markers 

located distal to the crossover. In humans that are heterozygous for a mutation in a 

tumor suppressor gene, mitotic recombination leading to LOH can be an early step in 

cancer development. 

In my thesis research, I analyzed mitotic recombination in the yeast 

Saccharomyces cerevisiae using oligonucleotide -containing microarrays to detect LOH of 

single-nucleotide polymorphisms (SNPs). In analyzing cells treated with ionizing 

radiation, I performed the first whole -genome analysis of LOH events done in any 

organism (Chapter 2). I showed that irradiated cells had between two and three 

unselected LOH events. I also showed that crossovers were often associated with non-

reciprocal exchanges of genetic information (gene conversion events) and that these 

conversion events were more complex than predicted by standard models of 

homologous recombination.  
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In Chapter 3, I describe my mapping of spontaneous crossovers in a 1.1 Mb 

region of yeast chromosome IV. This analysis is the first high-resolution mitotic 

recombination map of a substantial fraction (about 10%) of a eukaryotic genome. I 

ËÌÔÖÕÚÛÙÈÛÌËɯÛÏÌɯÌßÐÚÛÌÕÊÌɯÖÍɯÙÌÊÖÔÉÐÕÈÛÐÖÕɯɁÏÖÛÚ×ÖÛÚɂɯÈÕËɯÚÏÖÞÌËɯÛÏÈÛɯÚÖÔÌɯÖÍɯÛÏÌÚÌɯ

hotspots were homolog-specific.  Two of the strongest hotspots were formed by closely-

spaced inverted repeats of retrotransposons. I demonstrated that the hotspot activity 

was a consequence of a secondary DNA structure formed by these repeats. Additionally, 

the majority of spontaneous LOH events reflect DNA lesions induced in unreplicated 

chromosomes during G1 of the cell cycle, indicating that G1-initiated lesions threaten 

genome stability more than G2-initiated lesions.  

In Chapter 4, I describe mitotic crossovers associated with DNA replication stress 

induced by hydroxyurea (HU) treatment. Surprisingly, most HU -induced crossovers 

had conversion tracts indicative of DNA lesions initiated in G1. Additionally, HU -

induced recombination events were very significantly associated with solo delta 

elements, a 330 bp sequence that is repeated several hundred times in the yeast genome.
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1 (ÕÛÙÖËÜÊÛÐÖÕ 

Throughout cellular proliferation, DNA is subjected to various stresses that can 

cause DNA damage, such as double-strand breaks (DSBs). DSBs are lethal lesions if left 

unrepaired (FAIRHEAD  and DUJON 1993).  In yeast, DSBs are often repaired by 

homologous recombination (HR), which uses a homologous DNA molecule (su ch as the 

sister chromatid or the homolog) as a template for repair (PÂQUES and HABER 1999). HR 

between the broken molecule and the donor template can produce gene conversions 

without crossovers or gene conversions associated with crossovers. A crossover occurs 

when two DNA molecules exchange sequences at the location of the initiating DSB. 

Mito tic crossovers were first observed in Drosophila melanogaster by Curt Stern (STERN 

1936). Despite its important role in maintaining stability of the genome, HR can also 

have negative consequences. If a crossover occurs between two homologs that are 

heterozygous for genes along their arms, the daughter cells can receive two 

chromosomes that are homozygous for all sequences centromere-distal to the crossover. 

If a cell is heterozygous for a mutant gene and a wild-type gene, loss-of-heterozygosity 

(LOH) can cause loss of the wild-type gene. In a human cell that is heterozygous for a 

mutation in a tumor suppressor gene, LOH produced by mitotic crossing over can be an 

early event in tumorigenesis (KNUDSON  2001).  

Despite the importance of mitotic recombination, little is known about how 

spontaneous mitotic crossovers are initiated. In my thesis research, I mapped at high-
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resolution both spontaneous and DNA -damage-induced crossovers in Saccharomyces 

cerevisiae using single-nucleotide polymorphism (SNP) microarrays. In this introductory 

chapter of the thesis, I describe experimental systems that are used to study mitotic 

crossovers (1.1), sources of DNA damage that can stimulate mitotic recombination (1.2), 

double-strand break repair (1.3), and the association of mitotic recombination with 

cancer (1.4). Chapter 2 describes experiments in which I examined genome-wide LOH 

induced by DNA damage from ionizing radiation. Chapter 3 describes the analysis of 

spontaneous reciprocal crossovers on the right arm of yeast chromosome IV, and the 

analysis of a mitotic recombination hotspot resulting from  an inverted pair of 

retrotransposons. Chapter 4 describes the analysis of reciprocal crossovers induced by 

hydroxyurea, a drug that affects nucleotide pools.  The final chapter summarizes the 

findings of Chapters 2 through 4 and discusses possible extensions of this research. 

Finally, in the Appendix of the thesis, I describe my characterization of the meiotic 

products of triploid yeast cells. Although this work culminated in a paper in Genetics, it 

is not germane to the main topic of my thesis. 

1.1 Systems us ed to select mitotic crossovers in yeast  

Homologous recombination can occur during both meiosis and mitosis. In most 

organisms, meiotic recombination is essential to ensure proper chromosome segregation 

(PAGE and HAWLEY  2003). In yeast, as in most other organisms, there is at least one 

meiotic crossover per chromosome arm (MANCERA  et al. 2008). In comparison, mitotic 
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crossovers in yeast occur at a rate that is 104 to 105-fold less than the meiotic rate 

(BARBERA and PETES 2006). For this reason, the study of spontaneous mitotic 

recombination requires an experimental system to select or screen for rare events. 

Alternatively, some mitotic recombination studies employ recombinogenic agents such 

as ultraviolet light or ϖɯrays to elevate recombination rates to a level that a selective 

system is unnecessary.  

As described above, one consequence of mitotic crossovers is LOH of markers 

located centromere-distal to the crossover site. Although the two daughter cells resulting 

from the crossover will have reciprocal patterns of LOH, the most commonly used 

system to select crossovers selects for only one of these two products (Figure 1.1A). The 

diploid strain used in this system (HARTWELL and SMITH  1985) is heterozygous for a 

mutation in CAN1, a marker located near the left end of chromosome V. The CAN1 gene 

encodes a protein required for transport of arginine (AHMAD  and BUSSEY 1986); strains 

containing the wild -type gene are poisoned by the drug canavanine. On the homolog 

containing the wild -type CAN1 gene, the diploid also has the wild -type HOM3  gene, a 

gene required for producti on of threonine and methionine. CAN1 and HOM3 are located 

on opposite arms of chromosome V (Figure 1.1A). The heterozygous starting diploid is 

sensitive to canavanine (CanS) and prototrophic for methionine (Met +). A crossover 

between the centromere of chromosome V and the heterozygous can1/CAN1 markers 

can produce one cell that is homozygous for the mutant can1 gene and, therefore, CanR, 
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as well as a CanS cell that is homozygous for the wild -type CAN1 gene. Thus, although 

one of the expected products of a crossover can be selected on solid medium containing 

canavanine, the other cannot. Inferences about the mechanism of the recombination 

event, therefore, are indirect. A CanR derivative can also be produced by loss of the 

homolog with the CAN1 gene. Such derivatives are Met- and easily distinguishable from 

the CanR cells that reflect crossovers.  

A system that allows selection of both daughter products of a reciprocal 

crossover is shown in Figure 1.1B (BARBERA and PETES 2006). The starting diploid of this 

system is homozygous for the ochre-suppressible ade2-1 mutation. In the absence of an 

ochre suppressor, these cells are Ade- and form red colonies. The parental diploid has 

the ochre-suppressible can1-100 mutation at the native CAN1 locus on one copy of 

chromosome V and the ochre suppressor gene, SUP4-o, inserted allelically on the other 

homolog. The dip loid, therefore, is CanS and forms pink colonies; the colonies are pink 

rather than white because the suppression of the ade2-1 mutation by the suppressor is 

only partial. If there is a crossover between the can1-100/SUP4-o markers and the 

centromere, two CanR cells will be produced. One daughter cell will be Can R because it 

lacks the SUP4-o marker and the other will be Can R because it lacks the can1-100 marker. 

If the crossover event occurs at the same time that the cell is plated on canavanine-

containing medium, a red/white sectored colony will be formed, reflecting the absence 

(red sector) and presence (white sector) of the SUP4-o gene. The other markers shown in 
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Figure 1.1B (HIS3, LEU2, HYG, and KAN ) are used to distinguish crossovers from 

chromosome losses and other types of genetic events (BARBERA and PETES 2006).  

It should be pointed out that, following a crossover, there are two possible 

patterns of chromosome disjunction, only one of whi ch leads to LOH events. If each of 

the recombined chromosomes segregates with an unrecombined chromosome (as shown 

in Figure 1.1), LOH events are observed. If one cell receives both recombined 

chromosomes and the other receives the unrecombined chromosomes, however, no 

LOH is observed. CHUA  and JINKS-ROBERTSON (1991) showed that these two patterns are 

equally frequent. Thus, the frequency of crossovers is twice the frequency of sectored 

colonies for the systems shown in Figure 1.1B. 

The system shown in Figure 1.1C is the same as that shown in Figure 1.1B except 

that homologs are derived from two sequence-diverged haploid strains, YJM789 and 

W303a (LEE et al. 2009; LEE and PETES 2010). There are about 55,000 single-nucleotide 

polymorphisms (SNPs) th at are heterozygous in the resulting diploid (WEI et al. 2007). 

Following selection of Can R red/white sectored colonies, LEE et al. (2009) mapped the 

position of the crossover by using a PCR-based method to determine whether SNPs 

located on the left arm of chromosome V were heterozygous or homozygous. Using a 

related approach (described in Chapters 2 and 3), I was able to map mitotic crossovers 

on the righ t arm of chromosome IV and unselected recombination events throughout the 

genome. 
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Figure 1.1. Systems used to identify mitotic crossovers on yeast chromosome V.  

For all three parts of the figure, the crossover is shown as occurring between 

homologous chromosomes in G2. The black ovals represent the centromeres of the 

chromosomes and the large Xs mark the crossovers. 

 ȭɯɁ"ÓÈÚÚÐÊɂɯÊÙÖÚÚÖÝÌÙɯÈÚÚÈàɯ(HARTWELL  and SMITH  1985). The starting strain is 

heterozygous for the recessive can1 mutation and, therefore, sensitive to canavanine. 

Following a mitotic crossover between the can1 gene and the centromere, one 

daughter cell will be homozygous for the mutant can1 allele and able to grow on solid 

medium containing canavanine. The other daughter will be homozygous for the wild -

type allele and will have the same canavanine -sensitive phenotype as the progenitor 

diploid.  

B. System that allows for the selection of both  daughter products of a 

reciprocal crossover using the can1-100/SUP4-o markers (BARBERA  and PETES 2006). 

The rationale for this system is described in the text.  
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C. System that allows the selection of both daughter products of a crossover (as 

in Figure 1.1B), as well as the mapping of the position of the crossover (LEE et al. 

2009). SNPs that distinguish the two homologs are shown as red and black circles.  

1.2 Sources of DNA damage that can cause mitotic 
recombination  

It is likely that mitotic recombination events are initiated by a DNA lesion, either 

a double-stranded DNA break (DSB) or a single-stranded DNA nick. Because the 

frequency of mitotic recombination is very low, there is little direct physical evidence 

about the nature of the DNA lesion that initiates spontaneous events. The assumptions 

about the nature of spontaneous lesions is based to a large extent on the types of 

exogenous agents that stimulate crossovers and the types of mutations that result in 

elevated recombination as described below. 

1.2.1 Exogenous sources of mitotic recombination -inducing  DNA 
lesions  

Agents that produce DSBs result in elevated mitotic recombination in yeast and 

other organisms. Mitotic crossovers and gene conversion events are stimulated by X-

rays and other types of ionizing radiation (ARGUESO et al. 2008; NAKAI  and MORTIMER 

1969; ST CHARLES et al. 2012; SYMINGTON  2002). The recombinogenic properties of DSBs 

have also been demonstrated using endonucleases that have large recognition sites, such 

as HO and I-SceI (PÂQUES and HABER 1999). Meiotic recombination is induced by 

Spo11p-catalyzed DSBs throughout the genome (KEENEY et al. 1997; SUN  et al. 1989). 

Spo11p-induced DSBs can also cause mitotic recombination in a return-to-growth assay 
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in which meiosis is initiated by incubati ng cells in sporulation media; cells that are 

returned to rich media before commitment to spore formation have very elevated levels 

of recombination (HONIGBERG and ESPOSITO 1994; SIMCHEN  2009).  

The evidence that single-stranded DNA nicks can stimulate mitotic 

recombination is less direct than for DSBs. Ultraviolet (UV) light is a potent 

recombinogen in yeast (FABRE 1978). Excision of UV-induced dimers would be expected 

to result in single-stranded DNA nicks (FRIEDBERG 2006). It is currently unclear whether 

the nicked DNA eng ages in recombination or whether replication of nicked DNA results 

in recombinogenic DSBs (GALLI  and SCHIESTL 1999). STRATHERN  et al. (1991) showed that 

a single-stranded nick resulting from expression of the gene II from bacteriophage f1 in 

yeast was recombinogenic, but, as with the UV-induced damage, it is unclear whether 

the recombination-stimulating lesion was the nick or the DSB resulting from replication 

of the nicked chromosome. In summary, there is clear evidence that a DSB can stimulate 

mitotic, as well as meiotic recombination. The evidence concerning the recombinogenic 

properties of single-stranded DNA nicks is currently not definitive.  

1.2.2 Endogenous sources of mitotic recombination inducing lesions  

In addition to exogenous sources of recombinogenic DNA damage, the cellular 

environment can cause DNA damage that leads to recombination (AGUILERA  and 

GOMEZ-GONZALEZ  2008). Certain DNA sequences are capable of forming secondary 

structures that are processed to recombinogenic lesions. Additionally, cellular processes 



 

9 

such as transcription and replication can cause DSBs. All of these mechanisms will be 

described in detail below.  

1.2.2.1 Inverted repeats  

Inverted repeats can be oriented in a head-to-head or tail-to-tail orientation such 

that, in additio n to the Watson and Crick strands being able to pair with each other, the 

inverted repeats within each strand can also pair (GORDENIN  and RESNICK 1998). This 

ÐÕÛÙÈÚÛÙÈÕËɯ×ÈÐÙÐÕÎɯÊÈÕɯ×ÙÖËÜÊÌɯÛÞÖɯËÐÍÍÌÙÌÕÛɯÛà×ÌÚɯÖÍɯÚÌÊÖÕËÈÙàɯÚÛÙÜÊÛÜÙÌÚȯɯɁÏÈÐÙ×ÐÕÚɂɯ

involving intrastrand pairing of only one of the two strands (Figure 1.2A; (NAG and 

PETES 1991) and cruciform structures that represent double hairpins ( Figure 1.2B) 

(LILLEY  1980). Both of these structures are thought to lead to DSBs because they are 

recognized as DNA damage and are processed by cellular endonucleases (GORDENIN  

and RESNICK 1998). Hairpins could potentially form during replication of the lagging 

strand and cause a replication fork impediment (GORDENIN  and RESNICK 1998). 

Alternatively, if a single -stranded gap is formed on a DNA molecule that contains an 

inverted repeat, the remaining strand could form a hairpin; in Chapter 3, I will present 

evidence favoring this second model. If the tip of the hairpin shown in Figure 1.2A is 

cleaved by an endonuclease, a DSB would be produced. If the spacer between the 

inverted repeats is very short (<10 bp), cruciforms can form in double-stranded DNA 

(ALLERS and LEACH  1995; KOGO et al. 2007; SINDEN  et al. 1991). Since these structures 
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resemble Holliday junctions (HJs), they are likely to be cleaved by HJ resolvases, 

resulting in a DSB (LOBACHEV  et al. 2007). 

 

Figure 1.2. Secondary structures formed from inverted repeats.  

The repeats are represented in red and single -copy sequences in blue. The 

blue region between the two red repeats represents the spacer.  

A. If a gap on one strand includes the inverted repeats, a hairpi n structure can 

be formed on the remaining single strand.  

B. If the spacer sequences between the two repeats is small, a cruciform 

structure (hairpin structures on both strands) can be formed.  

 Both naturally -occurring and introduced inverted repeats have been 

shown to induce instability in yeast (CASPER et al. 2009; GORDENIN  et al. 1993; LEMOINE  et 

al. 2008; LEMOINE  et al. 2005; LOBACHEV  et al. 2002; LOBACHEV  et al. 2000). GORDENIN  et al. 

(1993) examined the properties of 1.5 kb inverted repeats (derived from the bacterial 

transposon Tn5) flanking a wild -type URA3 gene. They found that Ura- derivatives of 

the starting strain usually contained deletions between the Tn5 inverted repeats. In wild -
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type strains, the rate of loss of URA3 was low, but it was greatly elevated in a strain that 

had a mutation in POL3, the gene encoding DNA polymerase delta. This construction 

also resulted in elevated frequencies of intragenic gene conversion. They observed that 

reducing the length of the spacer between the repeats elevated the frequency of 

intragenic gene conversions in wild -type strains. These results argue that the 

recombinogenic effects of inverted repeats are substantially influenced by the distance 

between the repeats.  

 LOBACHEV  et al. (2000) also examined the effects of inverted repeats of the 

human Alu sequence in yeast. These sequences were inserted into the LYS2 gene 

generating a mutation, and they determined the rate of int ragenic recombination with a 

lys2 gene with a mutation located elsewhere in the gene. They examined the effects of 

altering the distance between the inverted Alu sequences and the effects of altering 

sequence homology between the repeats. The inverted Alu constructs had spacers 

ranging from 12 ɬ 100 bp and sequence homology between the repeats ranged from 75 ɬ 

100%. The construct with the 12 bp spacer and 100% sequence homology induced 

recombination in a wild -type strain 6000-fold over a construct with dire ct repeats. The 

ability to induce recombination decreased as the spacer between the repeats was 

increased. The ability to induce recombination also decreased as the sequence homology 

decreased, but all repeats with at least 86% identity were able to increase recombination 

relative to the control. The instability associated with increased sequence similarity 
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between the repeats and decreased distance between the repeats probably reflects the 

likelihood of secondary structure formation. Inverted repeats in Escherichia coli have 

been shown to form cruciforms when the spacer is less than 10 bp but do not form this 

secondary structure very often if the spacer is greater than 20 bp (ALLERS and LEACH  

1995; KOGO et al. 2007; SINDE N  et al. 1991). 

LOBACHEV  et al. (2002) showed that, in the absence of Mre11p, inverted repeats 

were incapable of inducing allelic mitotic recombination. Their results indicate d that a 

cruciform structure formed by the inverted repeat is processed by an as yet unknown 

nuclease to form two nicked hairpin -capped ends. Mre11p is then required to process 

these ends. If the nicked hairpin-capped ends are not processed, and the nicks are 

ligated instead, they can cause further instability in the genome. This instability is 

caused by replication of the two hairpin -capped chromosome fragments, resulting in 

palindromic dicentric chromosomes and palindromic acentric fragments (KIM  et al. 2008; 

LOBACHEV  et al. 2002). 

LEMOINE  et al. (2005) found that Ty retrotransposons on chromosome III in a 

head-to-head conformation with a 283 bp spacer were a hotspot for chromosome 

ÙÌÈÙÙÈÕÎÌÔÌÕÛÚɯÐÕɯÚÛÙÈÐÕÚɯÞÐÛÏɯ×ÌÙÛÜÙÉÌËɯ#- ɯÙÌ×ÓÐÊÈÛÐÖÕȭɯ3ÏÐÚɯÏÖÛÚ×ÖÛɯȹÛÌÙÔÌËɯɁ%2ƖɂȮɯ

for fragile site 2) had an elevated frequency of chromosome rearrangements in strains 

with low levels of DNA polymerase alpha (LEMOINE  et al. 2005) or DNA polymerase 

delta (LEMOINE  et al. 2008). Most of the chromosome rearrangements were translocations 
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between the Ty elements of FS2 and Ty elements on other chromosomes. In strains with 

low levels of DNA polymerase alpha, DSBs at FS2 were detectable (LEMOINE  et al. 2005). 

Because the spacer between the Ty repeats is so large, formation of a cruciform structure 

at FS2 is highly unlikely, and the instability of FS2 is more likely to be due to formation 

of a hairpin structure. LEMOINE  et al. (2005) suggested that, when replication is 

perturb ed by lowering the levels of Pol1p, the intervals between Okazaki fragments are 

large enough to span the distance of the spacer between the inverted repeats, allowing 

hairpin formation.  

1.2.2.2 Triplet repeats  

Triplet repeats have also been associated with genome instability in yeast and 

other organisms, including humans. The CGG/CCG, CAG/CTG, GAA/TTC, and 

GCN/NGC repeats have all been shown to be associated with DSBs or elevated levels of 

recombination in strai ns with perturbed DNA replication (M IRKIN  2007). By definition, 

therefore, they represent fragile sites. Various triplet repeats have been shown to form 

secondary structures in vitro  (M IRKIN  2007), and the instability of these repeats in yeast is 

affected by mismatch repair (MMR) (MOORE et al. 1999). For some of the repeats, their 

instability is dependent on their orientation relative to the nearest origin of replication 

(SAMADASHWILY  et al. 1997). This result has been interpreted as indicating that the 

instability of repeats reflect their tendency to form secondary structures on the lagging 

strand during replication, followed by processing of the seconda ry structures to 
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generate the recombinogenic DNA lesion (AGUILERA  and GOMEZ-GONZALEZ  2008). It 

should be pointed out, however, that some triplet repeats (for example, GAA/TTC) 

generate recombinogenic lesions by a mechanism that is independent of their orientation 

with respect to the replication origin (TANG  et al. 2011). 

1.2.2.3 Stimulation of recombination related to transcription and replication  

In addition to secondary DNA structures causing recombination, various 

endogenous cellular processes can induce recombination. High levels of transcription 

ÏÈÝÌɯÉÌÌÕɯÖÉÚÌÙÝÌËɯÛÖɯÐÕËÜÊÌɯÙÌÊÖÔÉÐÕÈÛÐÖÕȮɯÈɯ×ÏÌÕÖÔÌÕÖÕɯÊÈÓÓÌËɯɁÛÙÈÕÚÊÙÐ×ÛÐÖÕ-

ÈÚÚÖÊÐÈÛÌËɯÙÌÊÖÔÉÐÕÈÛÐÖÕɂɯȹ3 1Ⱥɯ(KEIL and ROEDER 1984; KIM  and JINKS-ROBERTSON 

2012; NEVO-CASPI and KUPIEC 1994; THOMAS  and ROTHSTEIN 1989). In yeast, TAR was 

first observed with HOT1, one of the ribosomal DNA promoters (KEIL and ROEDER 

1984). Mutations of the HOT1 promoter that decreased transcription also decreased 

recombination (HUANG  and KEIL 1995; STEWART and ROEDER 1989). The HOT1 promoter 

is specific for RNA polymerase I, but elevated transcripts derived from RNA polymerase 

II promoters also induce mitotic recombination (SAXE et al. 2000; THOMAS  and 

ROTHSTEIN 1989). The elevated rates of recombination induced by transcription require 

the same proteins as those induced by DSBs (GONZALEZ -BARRERA et al. 2002), indicating 

that the transcription -induced DNA lesions are likely to be DSBs.  

There are a variety of possible explanations for TAR. One possibility is that TAR 

reflects the transcription -associated production of single-stranded DNA (ssDNA) that is 
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more susceptible to damaging agents than dsDNA (LINDAHL  1993). Consistent with this 

explanation, the non-transcribed strand during transcription is more often mutated than 

the transcribed strand (AGUILERA  and GOMEZ-GONZALEZ  2008). DNA -RNA hybrids (R -

loops) form during transcription, and if stabilized, they can extend the length of time 

that the non-transcribed strand is single-stranded (HUERTAS and AGUILERA  2003). R-

loops have been shown to be associated with genome instability and DSB formation (LI 

and MANLEY  2005). Another possible mechanism of TAR is that the build -up of both 

positive supercoils in front of the transcription complex and negative supercoils behind 

the complex results in elevated frequencies of DNA lesions induced by topoisomerases 

or other endonucleases (KIM  and JINKS-ROBERTSON 2012).  

Some TAR events likely reflect DSBs generated by collisions between the 

transcription a nd replication machinery or other mechanisms that involve both 

transcription and replication (KIM  and JINKS-ROBERTSON 2012). When the direction of 

transcription opposes the direction of the repli cation fork, it causes a replication fork 

pause that can induce recombination (PRADO  and AGUILERA  2005). In the rDNA genes of 

yeast, collisions between transcription and replication forks are prevented by Fob1p, a 

protein that arrests replication forks in an or ientation -dependent manner (BREWER and 

FANGMAN  1988). In addition, in many organisms, including E. coli, highly -transcribed 

genes are oriented in a way that prevents collisions between the transcription machinery 

and the replication forks (ELLWOOD  and NOMURA  1982). It is likely that TAR events 
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reflect more than one type of recombination-associated DNA lesion. Replication through 

a DNA nick results in a DSB on one chromatid following DNA replication (CORTES-

LEDESMA and AGUILERA  2006; KUZMINOV  2001). In addition, replication forks th at are 

stalled as a consequence of a collision with the transcription machinery are likely 

associated with DSB formation (COURCELLE et al. 2003; IVESSA et al. 2003). It is also 

possible that torsional stress induced by high levels of transcription may also cause 

ÙÌ×ÓÐÊÈÛÐÖÕɯÍÖÙÒɯÙÌÝÌÙÚÈÓɯÈÕËɯɁÊÏÐÊÒÌÕ-ÍÖÖÛɂɯÚÛÙÜÊÛÜÙÌÚɯÛÏÈÛɯÊÈÕɯÉÌɯÊÓÌÈÝÌËɯÛÖɯÍÖÙÔɯ#2!Úɯ

by HJ-like resolvases (POSTOW et al. 2001; RUDOLPH  et al. 2007). 

In addition to DNA damage resulting from the interaction of replication forks 

with the transcription machinery, there are replication -associated DNA lesions caused 

by drugs or mutations that interfere with normal replication. Aphidicolin, an inhibitor of 

DNA polymerase alpha, causes chromosome breaks in specific regions of the 

mammalian genome (GLOVER et al. 1984). These fragile sites were originally defined as 

regions of the chromosome that had breaks or gaps on metaphase spreads (DURKIN  and 

GLOVER 2007; MAGENIS et al. 1970). Fragile sites can be either rare and segregate in 

Mendelian fashion, as in the fragile site associated with the fragile X syndrome (JACOBS 

et al. 1980; KREMER et al. 1991; SUTHERLAND  1977), or common to all individuals (ARLT et 

al. 2003). In human cells, the stability of common fragile sites is affected by the ATR gene 

(CASPER et al. 2002).  CASPER et al. (2002) showed that cells that have inactivated ATR and 

are treated with aphidicolin have 20 -fold more chromosome gaps and breaks than wild -
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type cells treated with aphidicolin. Cells wi th inactivated ATR accumulate breaks at 

fragile sites even in the absence of aphidicolin and other replication-perturbing drugs. 

The yeast ATR homolog, MEC1, affects fragile sites in yeast (CHA  and KLECKNER 2002). 

CHA  and KLECKNER (2002) showed that the absence of MEC1 leads to genome-wide 

replication fork stalling and chromosome breakage at specific sites. These specific sites 

were shown to be replication slow zones (RSZs), however, not all RSZs show 

chromosome breakage in the absence of MEC1. They also mapped a few of these 

breakage regions on chromosome III. One of these regions was later shown to be the 

yeast fragile site, FS2, which colocalizes with inverted Ty retrotransposon repeats as 

mentioned above (LEMOINE  et al. 2005). 

1.3 DSB repair  

As described above, there is clear evidence that DSBs can stimulate mitotic 

recombination. Before discussing the mechanisms of DSB repair, I will briefly discuss 

the consequences of failure to repair DSBs. 

1.3.1 Consequences of unrepaired DSBs  

If a DSB is unrepaired in a haploid cell, it eventually leads to cell death 

(FAIRHEAD  and DUJON 1993; MALONE  and ESPOSITO 1980). A DSB can be difficult to 

repair by homologous recombination if the break in a region that lacks an intact 

homologous template or because the strain is mutated for a gene (such as RAD52) 

required for homologous recombination. Haploid yeast strains with a wild -type HO 
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gene and a rad52 mutation are inviable (MALONE  and ESPOSITO 1980; WEIFFENBACH and 

HABER 1981), since the HO-induced DSB at the mating-type locus cannot be repaired. In 

diploid cells, an unrepairable DSB is not lethal, but leads to loss of the chromosome that 

has the DSB (KRAMER and HABER 1993; SANDELL  and ZAKIAN  1993). In rad52 diploid 

strains, there is progressive chromosome loss, eventually resulting in haploidy (SONG 

and PETES 2012). 

There are likely to be several reasons why an unrepaired DSB is lethal in haploid 

cells. First, nucleolytic processing of the broken ends may lead to loss of essential genes 

(FAIRHEAD  and DUJON 1993; WEIFFENBACH and HABER 1981). Second, since both 

products of a broken chromosome lack a telomere, and one product also lacks a 

centromere, these fragments will not be stably maintained. Finally, in several studies, it 

has been shown that DSBs in plasmids or dispensable chromosomes (yeast artificial 

chromosomes) can cause lethality (BENNETT  et al. 1993; BENNETT  et al. 1997; BENNETT  et 

al. 1996). Although the reason for this  lethality is not clear, it may be related  to the cell 

cycle checkpoints. 

1.3.2 Pathways of DSB repair by homologous recombination  

DSBs in yeast can be repaired by either homologous recombination (HR) or by 

non-homologous end-joining  (NHEJ) (SYMINGTON  and GAUTIER  2011). Since my thesis is 

concerned with HR, I will discuss NHEJ only briefly following the discussion of HR. 

Homologous recombination is the main pathway for the repair of DSBs in yeast during 
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G2 of the cell cycle (BRANZEI  and FOIANI  2008). HR involves the use of an intact 

homologous DNA template for the repair of DSBs (PÂQUES and HABER 1999). The main 

HR pathways are shown in Figure 1.3 including canonical double -strand break repair 

(DSBR), synthesis-dependent strand annealing (SDSA), and break-induced replication 

(BIR) (PÂQUES and HABER 1999). In wild -type cells, most HR events involve either the 

DSBR pathway for crossovers or the SDSA pathway for gene conversions unassociated 

with crossovers rather than BIR (BARBERA and PETES 2006; MCMURRAY and 

GOTTSCHLING  2003). 

The first step of DSB repair for all HR pathways shown in Figure 1.3 ÐÚɯƙɀ-to-Ɨɀɯ

ÙÌÚÌÊÛÐÖÕɯÖÍɯÛÏÌɯ#2!ɯÌÕËÚɯÛÖɯÎÌÕÌÙÈÛÌɯƗɀɯÖÝÌÙÏÈÕÎÐÕÎɯÌÕËÚɯ(M IMITOU  and SYMINGTON  

2011). Following DSB formation, the MRX complex (Mre11p, Rad50p, and Xrs2p) is 

recruited to the broken ends, and Mre11p and Sae2p catalyze the initial removal of 50-

ƕƔƔɯÉ×ɯÍÙÖÔɯÛÏÌɯƙɀɯÌÕËÚɯ(M IMITOU  and SYMINGTON  2008; SHIM  et al. 2010; ZHU  et al. 

2008). Following this initial step, resection occurs through two different pathways: one 

dependent on Exo1p and a second dependent on the Sgs1p/Top3p/Rmi1p complex and 

Dna2p (GRAVEL  et al. 2008; MIMITOU  and SYMINGTON  2008; ZHU  et al. 2008). Followin g 

resection, the resulting single-ÚÛÙÈÕËÌËɯƗɀɯÌÕËÚɯÈÙÌɯÊÖÈÛÌËɯÞÐÛÏɯÙÌ×ÓÐÊÈÛÐÖÕɯ×ÙÖÛÌÐÕɯ ɯ

(RPA). In a Rad52p-promoted step, RPA is displaced by the Rad51p strand-transfer 

protein (M IYAZAKI  et al. 2004; SUNG  1997; WANG  and HABER 2004). The Rad51p-

associated DNA strand, then performs a genome-wide search for homology (BARZEL  
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and KUPIEC 2008); the details of the mechanism of this search are not understood. When 

homology is detected between the Rad51p-coated end and a region of sequence 

homology in an unbroken template, the broken end invades the intact template, creating 

a D-loop (PETUKHOVA  et al. 2000). This strand invasion step is facilitated by Rad52p, 

Rad59p, Rad55p, Rad57p, and Rad54p (AYLON  and KUPIEC 2004). Following strand 

invasion, SDSA, DSBR or BIR take place (PÂQUES and HABER 1999), and each of these 

pathways will be discussed below.  

1.3.2.1 Synthesis-dependent strand annealing (SDSA) pathway  

In the SDSA pathway as diagrammed in Figure 1.3A, following processing of the 

ÉÙÖÒÌÕɯÌÕËÚȮɯÛÏÌɯÓÌÍÛɯÌÕËɯÐÕÝÈËÌÚɯÛÏÌɯÐÕÛÈÊÛɯÏÖÔÖÓÖÎȭɯ#- ɯÚàÕÛÏÌÚÐÚɯ×ÙÐÔÌËɯÍÙÖÔɯÛÏÌɯƗɀɯ

invading end extends the D-loop. The D-loop is then disassembled and the single-strand 

of newly -synthesized DNA (shown in pale red), anneal s with the right broken end. Since 

the newly -synthesized strand has sequences derived from the red homolog and it is 

annealed to a strand derived from the blue homolog, there may be mismatches within 

the heteroduplex (the heteroduplex region enclosed in a box in Figure 1.3A). Correction 

of these mismatches by the mismatch repair system to generate a duplex with the 

information of the blue homolog represents a gene conversion event, the non-reciprocal 

transfer of information between homologs (PÂQUES and HABER 1999). Other features of 

gene conversion will be discussed in Section 1.3.3. This pathway produces gene 

conversion events that are unassociated with crossovers. Since there is no crossover 
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associated with the conversion, markers distal to the conversion are not associated with 

LOH ( Figure 1.4A). 

 

Figure 1.3. Common pathways of DSB repair by HR.  

In this figure, each chromosome is shown as a double -stranded DNA molecule with 

ÈÙÙÖÞÚɯÐÕËÐÊÈÛÐÕÎɯÛÏÌɯƗɀɯÌÕËÚȭɯ3ÏÌɯÉÓÜÌɯÓÐÕÌÚɯËÌ×ÐÊÛɯÉÖÛÏɯÚÛÙÈÕËÚɯÖÍɯÛÏÌɯÉÙÖÒÌÕɯ

chromosome and the red lines depict both strands of the  intact homologous 

chromosome. Pale red and pale blue lines indicate DNA synthesized in the course of 

ÛÏÌɯÙÌ×ÈÐÙɯÙÌÈÊÛÐÖÕȭɯ ÓÓɯ×ÈÛÏÞÈàÚɯÈÙÌɯÐÕÐÛÐÈÛÌËɯÉàɯÈɯ#2!ȮɯÍÖÓÓÖÞÌËɯÉàɯƙɀɯÛÖɯƗɀɯÙÌÚÌÊÛÐÖÕɯ

of the broken ends. In addition, the next step in each pathway is  the invasion of an 

intact chromosome by one of the broken ends.  

A. Synthesis -dependent strand annealing (SDSA). In this pathway, following 

ÚÛÙÈÕËɯÐÕÝÈÚÐÖÕȮɯÛÏÌɯƗɀɯÌÕËɯÖÍɯÛÏÌɯÐÕÝÈËÐÕÎɯÚÛÙÈÕËɯÈÊÛÚɯÈÚɯÈɯ×ÙÐÔÌÙɯÍÖÙɯ#- ɯÚàÕÛÏÌÚÐÚȭɯ

Following synthesis, the D -loop is disassembled and the displaced newly -synthesized 

strand anneals with the righthand broken end, forming a heteroduplex. The 

heteroduplex region, which may contain mismatches, is enclosed by a black box. 

%ÐÕÈÓÓàȮɯ#- ɯÚàÕÛÏÌÚÐÚɯ×ÙÐÔÌËɯÉàɯÛÏÌɯƗɀɯÚÛÙÈÕËɯÖf the left broken end fills in the 

remaining single -stranded gap (region shown as a dark blue strand and a light blue 
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strand). As discussed in the text, SDSA results in gene conversion events unassociated 

with crossovers.  

B. Double -strand break repair (DS BR). This mechanism has the same early 

steps at the SDSA pathway. However, instead of disassembling the D -loop, the 

righthand broken molecule pairs with the D -loop (second-end capture), resulting in 

two regions of heteroduplex and formation of a double Hol liday junction (dHJ). The 

dHJ can be processed in several ways. Dissolution (a non -crossover pathway) results 

in two regions of heteroduplex on one chromosome and none on the other. Cleavage 

of the dHJ by resolvases in opposite directions for the two junct ions results in 

crossovers with heteroduplexes on both crossover products. Cleavage of the dHJ in 

the same directions for the two junctions results in non -crossover chromosomes with 

heteroduplex regions on both homologs.  

C. Break-induced replication (BIR). In this HR mechanism, the one broken end 

invades the intact homolog, setting up a replication fork that copies the homolog to 

the end of the chromosome. In this mechanism, one side of the broken chromosome 

(the righthand  side) is lost.   

1.3.2.2 Double -strand break repair (DSBR) pathway  

The classic double-strand break repair (DSBR) model was proposed by SZOSTAK 

et al. (1983). This model is depicted in Figure 1.3B. In this ÔÖËÌÓȮɯÛÏÌɯƗɀɯÌÕËɯÖÍɯÛÏÌɯ

processed DSB invades a homologous template, displacing one strand, and creating a D-

loop. The non-ÐÕÝÈËÐÕÎɯƗɀɯÌÕËɯÖÍɯÛÏÌɯÉÙÖÒÌÕɯÊÏÙÖÔÖÚÖÔÌɯÛÏÌÕɯÈÕÕÌÈÓÚɯÛÖɯÛÏÌɯ#-loop in 

ÈɯÚÛÌ×ɯÊÈÓÓÌËɯɁÚÌÊÖÕË-ÌÕËɯÊÈ×ÛÜÙÌɂȭɯ$ÈÊÏɯƗɀɯÌÕËɯÊÈÕɯÛÏÌÕɯÚàÕthesize DNA using the 

complementary strands as templates. In the completed dHJ intermediate, there are two 

patches of heteroduplex DNA.  

The dHJ structure must be resolved to allow separation of the recombined DNA 

molecules. The dissolution pathway involve s unwinding of the dHJ junction without 

cleavage of the junctions; this process utilizes the proteins Rmi1p, Sgs1p, and Top3p 
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(CEJKA et al. 2010). This pathway generates non-crossovers exclusively. In the alternative 

pathway, the junctions  are cleaved by resolvases. Resolvases make concerted pairs of 

nicks on opposite arms of the Holliday junctions (KLEIN  and SYMINGTON  2009). Possible 

patterns of cleavage are shown in Figure 1.3 by green and blue arrows. If the cleavages 

of both junctions occur with the orientations indicated by all blue arrows or all green 

arrows, the result is a non-crossover (NCO). Alternatively, if one junction is cleaved 

with the patterns shown by gree n arrows, and the other with the pattern shown by blue 

arrows, there will be a crossover associated with resolution. In mitosis, most dHJs are 

resolved to generate crossovers (M ITCHEL  et al. 2010). It should be emphasized that, by 

the DSBR model, all crossovers are associated with heteroduplex formation and, 

therefore, a region of potential gene conversion. In our studies, most crossovers had an 

associated gene conversion tract (diagrammed in Figure 1.4B).  

There are a number of different protein complexes that can cleave HJs in S. 

cerevisiae including Yen1p, Mus81p -Eme1p, and Slx1p-Slx4p (KLEIN  and SYMINGTON  

2009). Elimination of all of these activities, however, does not substantially affect 

crossovers in meiotic cells. Another complex containing Exo1p, Sgs1p, and the MutL 

proteins Mlh1p and Mlh3p are import ant in resolving HJs in meiotic cells 

(ZAKHARYEVICH  et al. 2012). 
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Figure 1.4. Conversion tracts resulting from homologous recombination.  

In this figure, the recombination events involve duplicated chromatids (G2 events). In 

conversion events, the broken chromatid receives information from the unbroken 

chromatid (PÂQUES  and H ABER 1999). In this figure, each chromosome  is shown as a 

single line and the different colors represent DNA of two different chromosome 

homologs. The region of conversion is enclosed by rectangles for all pathways. For all 

of the depicted events, there are two ways that the homologous chromatids c an be 

segregated; both possibilities are shown in the lower portion of the figure. The blue 

sister chromatids are numbered 1 and 2, and the red chromatids are numbered 3 and 4.  

A. Gene conversion unassociated with crossovers. As shown in Figure 1.3, 

conversion events of this type can be generated by SDSA or by processing of a dHJ. 

Note that for both segregation patterns, at least one daughter cell will have a 

conversion tract.  

B. Gene conversion associated with a reciprocal crossover. This pattern is 

likely generated exclusively through processing of a dHJ ( Figure 1.3B). Following the 

crossover, one type of segregation (chromatids 1 and 3 in one cell, and 2 and 4 in the 
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other) generates daughter cells that have LOH centromere -distal to the crossover. 

Alternatively, if chromatids 1 and 4 segregate into one daughter cell, and chromati ds 2 

and 3 into the other, LOH distal to the crossover is not observed, although the 

interstitial LOH pattern reflecting the conversion event is still evident.  

C. Conversion tract resulting from BIR. Following a BIR event, for both 

chromosome segregation patterns, one daughter cell has no LOH and the other has an 

apparent very long conversion tract extending to the telomere.  

1.3.2.3 Break-induced replication (BIR)  

In aging yeast cells or in cells with perturbed recombination, BIR events are also 

observed (MCMURRAY and GOTTSCHLING  2003; PÂQUES and HABER 1999). In the BIR 

model (Figure 1.3C), following strand invasion, the broken chromosome for ms a 

replication fork that copies the intact homolog to the end of the chromosome (MALKOVA  

et al. 1996). BIR is not dependent on Rad51p (KROGH and SYMINGTON  2004), but requires 

Pol32p, a polymerase co-factor that is not required for other HR pathways (LYDEARD et 

al. 2007). The net result of a BIR event is one recombinant and one non-recombinant 

chromosome (Figure 1.3C). The associated pattern of LOH for a BIR event mimics a very 

long gene conversion event that extends to the end of the chromosome (Figure 1.4C). If 

the homologous chromosome is used as the template during BIR, one daughter cell will 

always be homozygous for all sequences past the initiation of the replication fork, and 

the other daughter cell will maintain heterozygosity ( Figure 1.4C). 

1.3.3 Mechanisms of gene conversion  

Crossovers are reciprocal events in that there is no net loss of sequences from 

either of the interacting homologs. In contrast, gene conversion events reflect the non-
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reciprocal transfer of information from one homolo g to the other (PÂQUES and HABER 

1999; PETES et al. 1991). Conversion events can occur without crossovers or can be 

associated with crossovers. In meiosis, about half of conversions have an associated 

crossover (MANCERA  et al. 2008; PETES et al. 1991). It has been argued that a smaller 

fraction of mit otic conversion events are associated with crossovers (PÂQUES and HABER 

1999; PETES et al. 1991), but these arguments are based on conversion events constrained 

to be short. In my analysis, described in Chapter 2, about 30-40% of the conversion 

events are associated with crossing-over. 

The properties of gene conversion were first examined in meiotic studies in fungi 

in which tetrad analysis was possible. In a diploid heterozygous for alleles A and a, most 

tetrads segregated 2 spores with the A allele and two with the a allele. At a frequency 

that varies for different loci between 1 -20%, tetrads with 3A: 1a or 3A: 1a spores are 

ÖÉÚÌÙÝÌËȭɯ ɯÝÈÙÐÌÛàɯÖÍɯÌß×ÌÙÐÔÌÕÛÚɯÚÏÖÞÌËɯÛÏÈÛɯÛÏÌÚÌɯÌÝÌÕÛÚȮɯÛÌÙÔÌËɯɁÎÌÕÌɯ

conversions,ɂɯÙÌÍÓÌÊÛÌËɯÛÏÌɯÍÈÐÛÏÍÜÓɯÕÖÕ-reciprocal transfer of sequences between 

different DNA molecules (PETES et al. 1991). In addition, these studies indicated (as 

described above) that there was a non-random association between gene conversion and 

crossovers. These observations were critical in the formulation of molecular models of 

recombination by HOLLIDAY  (1964) and others, including Szostak et al. (1983). Gene 

conversion events can be produced by two different types of mechanisms: 1) repair of 

mismatches in heteroduplex DNA (MODRICH  and LAHUE  1996) and 2) repair of a 
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double-stranded gap in the DNA (ORR-WEAVER and SZOSTAK 1983); both are described 

in further detail below.  

 

Figure 1.5. Two mechanisms for gene conversion.  

This figure shows two different mechanisms of generating a gene conversion tract 

during repair of a DSB by the SDSA repair pathway. The chromosomes are shown as 

double -stranded molecules. In this depiction, the red DNA molecule is broken and 

the intact black duplex is used as a template for repair. The colored circles represent 

heterozygous SNPs on the two homologs.  

A. Gene conversion as a consequence of mismatch repair in a heteroduplex. 

Following  strand invasion, DNA synthesis is primed by the invading strand. During 

initial invasion a heteroduplex region is formed between the invading strand and the 

template, which is corrected to the black SNP. Following D -loop collapse, a 

heteroduplex region wi th two mismatches is formed. If the mismatch repair (MMR) 

complex removes the mismatched bases from the red strand and the resulting gap is 
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filled in using information from the black strand, a conversion event would be 

generated (as shown). Alternatively, repair in the opposite direction (removal of the 

SNPs on the black strand and duplication of the red SNPs) would restore 2:2 

segregation. Although such restoration events are usually difficult to detect, evidence 

for restoration during meiotic gene convers ion in yeast has been obtained 

(Kirkpatrick et al., 1998).  

B. Conversion as a consequence of gap repair. In this model, the DSB is 

processed into a double -stranded gap. Repair of this gap occurs by two consecutive 

DNA synthesis events without mismatch rep air. 

1.3.3.1 Gene conversion as a consequence of mismatch repair in a heteroduplex  

Almost all models of HR invoke the pairing of a single -strand from the broken 

homolog with the unbroken homolog; this pairing ensures that the two homologs will 

be aligned perfectly during the recombination event (SZOSTAK et al. 1983). The region of 

the duplex that contains strands derived from two different homologs is the 

heteroduplex. If the intact template is the sister chromatid, there will be no differences in 

the sequence within the heteroduplex. However, if the intact template is the homologous 

chromosome, there can be mismatches within the heteroduplex. Most organisms have 

the enzymatic machinery to remove mismatched bases from one strand, followed by 

filling in the gap using the intact strand as a template (SCHOFIELD  and HSIEH 2003). 

Although the primary function of the MMR (mismatch repair) system is likely to be the 

correction of errors introduced during DNA replication  (MODRICH  and LAHUE  1996), 

MMR  can also generate a gene conversion event. In the example shown in Figure 1.5A, if 

the mismatches shown as the red SNPs are removed and the black SNPs are duplicated, 

a conversion event would be produced.  
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The evidence that most meiotic recombination in S. cerevisiae is a consequence of 

mismatch repair is based on an analysis of the regulation of gene conversion and 

another genetic phenomenon, post-meiotic segregation (PMS) (PETES et al. 1991). In 

general, all the cells within a single colony derived from sporulating a wild -type 

heterozygous A/a diploid are of on e genotype, either A or a. However, at a frequency of 

about 1%, single spore colonies with equal numbers of A and a cells were observed 

(HOLLIDAY  1964; PETES et al. 1991). These PMS events are explicable as representing 

unrepaired mismatches within a heteroduplex. PMS events, like gene conversions, were 

shown to be non-randomly associated with crossovers. Thus, HOLLIDAY  (1964) 

suggested that all crossovers had regions of heteroduplex. If these heteroduplex regions 

contained mismatches, repair of the mismatches would lead to conversion events and 

failure to repair mismatches would lead to PMS. The observation that gene conversion is 

considerably more frequent than PMS in yeast (DETLOFF et al. 1991) argues that MMR is 

efficient. One very strong argument in favor of the hypothe sis that conversion events 

reflect MMR is that mutations that eliminate MMR in yeast result in elevated levels of 

PMS and reduced frequencies of gene conversion (PETES et al. 1991). It has been 

estimated that about 90% of the meiotic conversion events are a consequence of MMR in 

yeast. About 10% of the events could reflect gap repair (described below) or mismatch 

repair-utilizing systems other than the canonical MMR machinery.  
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Mitotic gene conversion events also can be generated by heteroduplex formation 

followed by mismatch repair (AYLON  et al. 2003; HABER et al. 1993; PÂQUES and HABER 

1999).  This repair almost always converts the invading strand to the corresponding 

sequence of the template molecule (HABER et al. 1993). If the mismatch in the 

heteroduplex is not corrected, the resultant daughter cell can give rise to two progeny 

cells of different genotypes in a process called post-switching segregation (PSS) (HABER 

et al. 1993). PSS is the mitotic equivalent of PMS. As discussed below, mitotic conversion 

events generated by gap repair have also been observed.  

Mismatches are repaired in yeast by two different complexes. The heterodimers 

related to MutS of E. coli are Msh2p-Msh6p (involved in the repair of base -base 

mismatches) (ALANI  1996; IACCARINO  et al. 1996; JOHNSON  et al. 1996), and Msh2p-

Msh3p which recognizes and repairs indels (insertion/deletions) (KOLODNER  and 

MARSISCHKY 1999). During most repair events, these complexes interact with a 

heterodimer of MutL -like proteins, Mlh1p and Pms1p.  

In addition to their roles in the repair of mismatches, MMR proteins have other 

roles in recombination. Mutations affecting mismatch repair lead to increased levels of 

mitotic recombination between diverged sequences (ALANI  et al. 1994; CHAMBERS et al. 

1996; CHEN  and JINKS-ROBERTSON 1998; HUNTER and BORTS 1997). The anti-

recombination roles of MMR might function to prevent ectopic recombination between 

dispersed repeats throughout the genome that can cause genome rearrangements 
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(ARGUESO et al. 2008). Additionally, MMR proteins have been shown to influence the 

crossover/noncrossover ratio of DSB-initiated events. Strains with msh2 or msh6 

mutations have increased crossovers between templates that have 1.2 kb of homology 

(INBAR  et al. 2000). The Msh2p-Msh6p heterodimer is capable of recognizing Holliday 

junctions (MARSISCHKY et al. 1999). INBAR  et al. (2000) have suggested that the Msh2p-

Msh6p heterodimer might assist in the dissolution of double Holliday junctions during 

DSBR, resulting in a non-crossover. Finally, some MMR proteins are involved in the 

processing of branched DNA structures (INBAR  and KUPIEC 1999). Mutations in MSH2 

and MSH3 ÙÌËÜÊÌɯÙÌÊÖÔÉÐÕÈÛÐÖÕɯÐÍɯÏÌÛÌÙÖÓÖÎÖÜÚɯƗɀɯÌÕËÚɯÈÙÌɯ×ÙÌÚÌÕÛȮɯÐÔ×ÓàÐÕÎɯÛÏÈt the 

Msh2p-Msh3p heterodimer is necessary to remove these ends (PÂQUES and HABER 1997; 

SUGAWARA  et al. 1997)ȭɯ3ÏÌɯÙÌÔÖÝÈÓɯÖÍɯÛÏÌÚÌɯƗɀɯÌÕËÚɯÐÚɯÈÓÚÖɯËÌ×ÌÕËÌÕÛɯÖÕɯ1ÈËƕ×ɯÈÕËɯ

Rad10p (IVANOV  and HABER 1995). 

The amount of sequences transferred during a gene conversion event using the 

mechanism described above is a function of two parameters, the length of the 

heteroduplex and the continuity of the mismatch repair process. For meiotic conversion 

events in S. cerevisiae, most tracts are between one and two kb in size, and the conversion 

events associated with crossovers are longer than those unassociated with crossovers 

(MANCERA  et al. 2008). As described in Chapter 3, my data show that mitotic conversion 

tracts in yeast are much longer than meiotic tracts. 
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1.3.3.2 Gene conversion by gap filling  

Gene conversion can also occur as a result of repair of a double-stranded DNA 

gap (ORR-WEAVER and SZOSTAK 1983). DNA gaps are formed by loss of sequence 

information from both strands of the duplex following DSB formation  (Figure 1.5B). 

Most of the evidence of gap repair is based on studies in which the gap is made in vitro 

using restriction enzymes in plasmids that are transformed into yeast (M ITCHEL  et al. 

2010; ORR-WEAVER and SZOSTAK 1983). In such studies, repair of the plasmid, 

generating the conversion event, can result in either integration of the plasmid (a 

crossover outcome) or a failure to integrate the plasmid (conversion without crossing 

over) (M ITCHEL  et al. 2010; ORR-WEAVER and SZOSTAK 1983).  

It is unclear at present whether gap formation in vivo is common enough to 

represent a substantial fraction of mitotic or meiotic conversion events. Most studies of 

the processing of DSB-generated broken eÕËÚɯÚÏÖÞɯÌßÛÌÕÚÐÝÌɯƙɀɯÛÖɯƗɀɯ×ÙÖÊÌÚÚÐÕÎɯÞÐÛÏɯ

ÓÐÛÛÓÌɯÌÝÐËÌÕÊÌɯÍÖÙɯƗɀɯÛÖɯƙɀɯ×ÙÖÊÌÚÚÐÕÎ (PÂQUES and HABER 1999; SYMINGTON  and GAUTIER  

2011). However, in one study ZIERHUT  and DIFFLEY (2008), formation of a double -

stranded DNA gap was detected in broken DNA molecules that entered the S-phase 

without repair.  

1.3.4 Cell cycle and homologous recombination  

 The mechanism of DSB repair differs depending on when the DSB is 

formed during the cell cycle. In this section of the Introduction, I will discuss a number 
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of aspects of the connection between the cell cycle and DSB repair by HR including: 1) 

the choice of chromosome partners for the HR event, 2) DNA damage checkpoints, and 

3) the cell cycle regulation of end resection. 

1.3.4.1 Homologous recombination partner choice  

The repair of a DSB by HR requires an intact homologous DNA molecule to act 

as a template for the repair event. If a DSB occurs in haploid cells in G1, no intact 

template exists and DSBs are repaired using NHEJ (described in Section 1.3.5). If DSBs 

form in diploid cells in G1, a break in one homolog can be repaired by HR using the 

intact homolog. In diploid cells in G2, however, there are two types o f intact templates 

for HR, the other homolog and the sister chromatid. As described above, an HR event 

with the homolog is detectable since it leads to LOH centromere-distal to the position of 

the crossover. In contrast, a sister chromatid crossover does not result in LOH.  

Most assays for sister chromatid recombination involve selection for unequal 

sister chromatid crossover events (KADYK  and HARTWELL  1992; KLEIN  1988; SZOSTAK 

and WU 1980). In one assay, unequal crossover events are detected by formation of a 

wild -type ADE3 gene as a consequence of recombination between tandem copies of 

mutant ade3 genes, with one copy truncated at the 5ɀɯÌÕËɯÈÕËɯÛÏÌɯÖÛÏÌÙɯÛÙÜÕÊÈÛÌËɯÈÛɯÛÏÌɯ

ƗɀɯÌÕË (KADYK  and HARTWELL  1992). If DSBs are generated in G2-synchronized yeast 

cells with X -rays, the majority (97%) are repaired using the sister chromatid as a 

template (KADYK  and HARTWELL  1992). This observation implies that there must be 
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some cellular mechanism predisposing HR repair to use the sister chromatid as a 

template, because during G2 in a diploid cell, the sister chromatid only represents one-

third of the homologous sequences available (one sister chromatid and two homologs). 

This preference is likely to reflect the closer proximity of the sister chromatid, since sister 

chromatids are physically linked together by sister chromatid cohesion (UHLMANN  and 

NASMYTH  1998). DSBs during G2 of the cell cycle also trigger genome-wide formation of 

sister chromatid cohesion (STROM et al. 2007; UNAL  et al. 2007). Mutations in genes 

required for sister chromatid cohesion often af fect HR partner choice. Mre11p is 

necessary for the formation of DSB-induced sister chromatid cohesion (UNAL  et al. 2007), 

and ÔÙÌƕƕͅɯcells have decreased levels of sister chromatid recombination (BRESSAN et al. 

1999; GONZALEZ -BARRERA et al. 2003). Deletions of MRE11, RAD50, or XRS2 also result 

in increased spontaneous recombination between homologs (GOTTLIEB et al. 1989; 

IVANOV  et al. 1992; TSUBOUCHI and OGAWA  1998), indicating that the decrease in sister 

chromatid recombination in ÔÙÌƕƕͅɯis not due to an overall decrease in recombination. 

Another argument in favor of the preferential use for the sister chromatid over the 

homolog during HR is that diploid cells in G2 are more resistant to X -ray treatment than 

diploid cells irradiated in G1 (BRUNBORG and WILLIAMSON  1978). 

Although recombination between homologs can be elevated by irradiating G2 -

synchronized cells, treatment of G1-synchronized cells with ionizing radiation or 

ultraviolet light stimulates recombination between homologs even more strongly 
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(ESPOSITO 1968; FABRE et al. 1984; KADYK  and HARTWELL  1992; LEE and PETES 2010; 

WILDENBERG 1970). As will be discussed in Chapter 3, we suggest that chromosomes 

broken in G1 are replicated to produce two broken chromatids that recombine with the 

homologous chromosome in G2. There are several other types of previous experiments 

consistent with this possibility. DSBs formed during G1 of the cell cycle are not 

processed efficiently and are, therefore, inefficiently r epaired (AYLON  et al. 2004). 

Metaphase spreads of chicken cells irradiated during G1 of the cell cycle have been 

shown to have two chromatids broken at the same location following  chromosome 

replication, while those irradiated during G2 only have a single broken chromatid 

(TAKATA  et al. 1998). The relevant data from our lab (LEE et al. 2009; LEE and PETES 2010; 

ST CHARLES et al. 2012) is based on analyzing conversion tracts associated with reciprocal 

crossovers in sectored yeast colonies. As will be discussed in detail, in Chapter 3, these 

tracts demonstrate that most crossovers involve the repair of two sister chromatids 

broken at the same position, as expected if the broken chromatids are generated by 

replication of a broken chrom osome in G1. It is important to note that, in our current 

model of mitotic recombination, most recombination events are initiated by a G1 DSB 

but are repaired in G2. If a DSB is made and repaired in G1, no sectored colony is 

produced (Figure 1.6).  

Finally, DSBs that occur in repetitive DNA sequences, such as the dispersed Ty 

class of retrotranspons, can be repaired by HR events that utilize Ty elements on non-
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homologou s chromosomes (AYLON  et al. 2003; FAIRHEAD  and DUJON 1993; INBAR  and 

KUPIEC 1999). Ectopic recombination resulting in crossovers between dispersed repeats 

causes chromosome translocations and other types of genome rearrangements 

(ARGUESO et al. 2008; DUNHAM  et al. 2002). 

 

Figure 1.6. Hypothetical G1 crossover between homologs.  

A crossover that occurs during G1 of the cell cycle does not generate LOH 

centromere-distal to the point of exchange in the daughter cells.  

1.3.4.2 Cell cycle arrests in response to DNA damage  

Yeast have cell cycle checkpoints that act to pause the cell cycle in response to 

DNA damage or replication stress (LONGHESE et al. 1998; WEINERT and HARTWELL  1988). 
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The function of the checkpoints is to allow the cells enough time to repair DNA damage 

before segregation of the damaged chromosomes (PUTNAM  et al. 2009). Yeast have 

several checkpoints that are specific to the timing and the types of DNA damage. G1/S 

and G2/M DNA damage checkpoints respond to d amage that occurs during G1 or G2, 

respectively (M ICHELSON  and WEINERT 2000). There is an intra-S-phase checkpoint that 

responds to DNA damage during replication (PAULOVICH  et al. 1997), and a replication 

checkpoint that responds to aberrant replication forks (SANTOCANALE  and DIFFLEY 

1998). The proteins Mec1p and Tel1p are kinases that phosphorylate many proteins that 

function in the enzymology of DNA repair. Mec1p (along with Ddc1p) recognizes and 

binds to single-stranded DNA that is coated with  RPA (ZOU and ELLEDGE 2003), and 

Tel1p is recruited to DSBs that are bound by the Mre11p-Rad50p-Xrs2p complex 

(NAKADA  et al. 2003). Following their recruitment to the sites of DNA damage, Tel1p and 

Mec1p activate downstream pathways that result in cell cycle arrest and DNA repair 

(PUTNAM  et al. 2009). 

Despite the presence of a G1 DNA damage checkpoint, most repair of DSBs by 

homologous recombination does not occur during this cell cycle phase (AYLON  et al. 

2004). The G1 checkpoint is not very robust in yeast, and results in a transient (about 1 

hour) arrest, after which the DNA damage is often unrepaired (GERALD  et al. 2002; SIEDE 

et al. 1994)ȭɯ ËËÐÛÐÖÕÈÓÓàȮɯƙɀ-to-ƗɀɯÌÕËɯÙÌÚÌÊÛÐÖÕȮɯÛÏÌɯÐÕÐÛÐÈÛÐÕÎɯÌÝÌÕÛɯÖÍɯ'1ȮɯÐÚɯÜÚÜÈÓÓàɯ

restricted to G2 of the cell cycle (AYLON  et al. 2004) as described below.  
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1.3.4.3 Cell cycle control of DNA resection  

In addition to the choices of HR pathways and templates, DSBs can be repaired 

by either HR or NHEJ. The details of the NHEJ pathway will be described in Section 

1.3.5. A related issue that is relevant to the choice between HR and NHEJ is the 

regulation of DNA resection. As described below, the pattern of resection determines 

that NHEJ is the prominent repair pathway during G1 of the cell cycle (SHRIVASTAV  et al. 

2008) while homologous recombination is the prominent pathway during S and G2 

phases (AYLON  et al. 2004; CASPARI et al. 2002; IRA et al. 2004).  

Cell cycle progression is dependent on cyclin-dependent kinases (CDKs), of 

which there is only one in yeast, Cdc28 (TYERS et al. 1993). Cdc28p forms a complex with 

the S and G2 cyclins (CLBs) that triggers DNA replication (LENGRONNE  and SCHWOB  

2002). Homologous recombination, and more specifically DNA resection, cannot occur 

without the activity of the Clb -CDK complexes (AYLON  et al. 2004). DNA resection is 

initiated by the endonucleases Mre11p and Sae2p (M IMITOU  and SYMINGTON  2008; SHIM  

et al. 2010; ZHU  et al. 2008). Following this slow initiation step, processive resection 

occurs much more quickly (FRANK -VAILLANT  and M ARCAND  2002). The initial resection 

step that involves Sae2p is dependent on phosphorylation of Sae2p by Cdc28p and only 

occurs during G2 of the cell cycle (HUERTAS et al. 2008).  

HUERTAS et al. (2008) also showed that the constitutive phosphorylation of Sae2p 

in cells that are arrested during G1 of the cell cycle results in hypersensitivity to ionizing 
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radiation. This phenotype probably reflects aberrant DNA resecti on during G1 of the cell 

cycle that causes many DSBs to be channeled through the HR pathway at a time during 

the cell cycle when the sister chromatid is not an available template for HR, resulting in 

cell death due to unrepaired DSBs. Cell cycle control of DSB repair pathways ensures 

that the most appropriate repair pathways is used during the correct phase of the cell 

cycle (BRANZEI  and FOIANI  2008). 

1.3.5 Non-homologous end -joining (NHEJ)   

NHEJ involves the re-ligation of broken DNA ends by a mechanism that requires 

little or no sequence homology (DALEY  et al. 2005); this mechanism occurs with minimal 

or no processing of the broken DNA ends (M IMITOU  and SYMINGTON  2009). NHEJ 

requires the Ku70p, Ku80p, Lig4p, Lif1p, and Nej1p proteins (DUDASOVA  et al. 2004), 

which are not involved in HR.  The HR -specifÐÊɯÚÛÌ×ɯÖÍɯƙɀ-to-ƗɀɯÙÌÚÌÊÛÐÖÕɯÙÌ×ÙÌÚÌÕÛÚɯÛÏÌɯ

commitment to HR as the repair pathway of choice, and this processing is restricted to 

G2 of the cell cycle (AYLON  et al. 2004; IRA et al. 2004). Conversely, NHEJ is most active 

during G1 of the cell cycle (FRANK -VAILLANT  and MARCAND  2002; SHRIVASTAV  et al. 

2008). However, many DSBs that are formed during G1 of the cell cycle are not repaired 

during G1 of the cell cycle, demonstrating that NHEJ is not an efficient DSB repair 

pathway in yeast (AYLON  et al. 2004). Additionally, NHEJ is repressed in MATa/MATa, 

but not in haploids and ÔÈÛͅɤ, 3a diploids, demonstrating that this pathway is un der 

mating type regulation (ASTROM et al. 1999; LEE et al. 1999). Thus, the NHEJ pathway is 
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designed to be most active for haploid yeast cells in G1 that have no option for repair by 

HR.  

1.4 The association of mitotic recombination with canc er 

Paradoxically, although homologous recombination acts primarily to maintain 

genome integrity and prevent cancer (MOYNAHAN  and JASIN  2010; NEGRINI et al. 2010), 

HR can also promote carcinogenesis and other diseases. The importance of HR in 

maintaining genome stability is based on several types of experiments. Mice lacking 

Rad51 fail to fully develop and die early during embryonic development (LIM  and 

HASTY 1996); this lethality is thought to reflect the failure to repair spontaneous DSBs. 

Mutations in the BRCA1 and BRCA2 genes greatly increase the chance of developing 

breast and ovarian cancers (NATHANSON  et al. 2001). The protein products of these genes 

have been shown to interact with known HR proteins and s ignaling proteins (SCULLY  et 

al. 1997; WONG et al. 1997). Mutations in these genes result in high levels of chromosome 

breakage, deletions, and aneuploidy (KRAAKMAN -VAN DER ZWET et al. 2002; TUTT et al. 

1999; VENKITARAMAN  2001). Additionally, loss of checkpoint genes required for efficient 

HR, such as ataxia-telangiectasia-mutated gene (ATM, the human ortholog of the yeast 

gene TEL1), leads to a very high rate of cancer development (FRIEDENSON 2007). 

The cancer-promoting role of HR is related to its property of generating LOH of 

heterozygous markers distal to the crossover. The importance of LOH in cancer 

development was first demonstrated for retinoblastoma, a cancer in which fetal 
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retinoblasts fail to differentiate into post -mitotic retinal photoreceptors and neurons, but 

instead continue to divide and form tumors (KNUDSON  2001). KNUDSON  (1971) observed 

that 40% of cases of retinoblastoma occur in individuals that are heterozygous for  a 

germ-line mutation in the Rb gene. However, not all carriers of mutant Rb genes 

ËÌÝÌÓÖ×ÌËɯÛÏÌɯËÐÚÌÈÚÌȭɯ'ÌɯÚÜÎÎÌÚÛÌËɯÈɯɁ3ÞÖ-ÏÐÛɯÏà×ÖÛÏÌÚÐÚɂɯÛÖɯÈÊÊÖÜÕÛɯÍÖÙɯÛÏÐÚɯ

discrepancy. He argued that retinoblastoma requires two events: the first hit is a 

germline mutation of the Rb gene, and the second hit is an event that inactivates the 

remaining wild -type copy of Rb. This second hit was later shown to be associated with 

LOH of the Rb gene (CAVENEE  et al. 1983).  

LOH in human tumor samples can be analyzed by comparing tumor and normal 

tissue samples by two-allele RFLP and Southern analysis (WEISSENBACH et al. 1992) or by 

comparing tumor and normal tissue samples with SNP microarrays (ZHENG  et al. 2005). 

In addition to retinoblastoma, LOH for the Rb gene has been observed in bladder, lung, 

and breast cancers (BORG et al. 1992; GOUYER et al. 1994; XU et al. 1993; YOO et al. 1994). 

LOH for Rb correlates with reduced expression of the Rb gene, indicating that LOH of 

this gene and the subsequent reduction in expression offers a growth advantage to 

cancer cells (BORG et al. 1992; GOUYER et al. 1994; XU et al. 1993; YOO et al. 1994). The Rb 

gene encodes for a protein that has a cell cycle control function for the G1-S transition 

(SHERR 1994). 
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In addition to LOH for the Rb gene, LOH has been detected in tumor samples for 

regions containing other tumor suppressor genes including p53, BRCA1, and BRCA2 

(BAKER et al. 1990; COLLINS  et al. 1995; SMITH  et al. 1992; WELCSH and KING  2001). For this 

reason, a number of researchers have examined tumor samples to determine if 

frequently observed regions of LOH might identify unknown tumor suppressor genes. 

However, since mutations in some genes observed in cancers lead to increased rates of 

global LOH (RELIENE et al. 2007), it has been difficult to distinguish cause from effect in 

these studies (SHEN  et al. 2000). The observance of regions of LOH that are common to a 

subtype of cancer as opposed to regions that are rarely homozygous within a different 

subtype might  be helpful in distinguishing causal LOH from symptomatic LOH (WANG  

et al. 2004). 

It should be pointed out that L OH events such as those described above can be 

generated by mechanisms other than mitotic crossovers. LOH can also result from 

chromosome loss, chromosome loss followed by re-duplication, mitotic gene conversion 

events, and deletions (CAVENEE  et al. 1983; TUNA  et al. 2009). Although the relative 

numbers of these events appears to be quite variable, depending on chromosome 

context and the type of tumor examined (TUNA  et al. 2009), the evidence that a 

substantial fraction of LOH events represents mitotic crossovers is strong (SHAO  et al. 

1999). For example, about 70% of the LOH events observed for high-grade gliomas result 

from chromosome loss, and 30% reflect mitotic recombination(LO et al. 2008). 
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Although HR can be cancer-promoting, as well as cancer-repressing, the 

observation that all free-living organisms share the enzymatic machinery required to 

repair DSBs by HR argues strongly that this system is of great benefit to the organism. In 

the following chapters of my thesis, I  describe my analysis of spontaneous and damage-

induced mitotic crossovers. This study reveals important new information about the 

mechanism of initiating mitotic crossovers. In the course of this analysis, I developed a 

high -resolution genetic map for mit otic recombination that includes about 10% of the 

yeast genome. 
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2 'ÐÎÏ-ÙÌÚÖÓÜÛÐÖÕɯÎÌÕÖÔÌ-ÞÐËÌɯÈÕÈÓàÚÐÚɯÖÍɯÐÙÙÈËÐÈÛÌËɯ

ȹ45ɯÈÕËɯϖɯÙÈàÚȺɯËÐ×ÓÖÐËɯàÌÈÚÛɯÊÌÓÓÚɯÙÌÝÌÈÓÚɯÈɯÏÐÎÏɯ

ÍÙÌØÜÌÕÊàɯÖÍɯÎÌÕÖÔÐÊɯÓÖÚÚɯÖÍɯÏÌÛÌÙÖáàÎÖÚÐÛàɯȹ+.'Ⱥɯ

ÌÝÌÕÛÚ 

 In diploid eukaryotes, repair of double -stranded DNA breaks (DSBs) by 

homologous recombination often leads to loss of heterozygosity (LOH). Most previous 

studies of mitotic recombination in S. cerevisiae have focused on a single chromosome or 

a single region of one chromosome at which LOH events can be selected. In this study, 

we used two techniques (single-nucleotide polymorphism [SNP] microarrays and high -

throughput DNA sequencing [HTS]) to examine genome -wide LOH in a diploid yeast 

strain at a resolution averaging one kb. We examined both selected LOH events on 

chromosome V and unselected events throughout the genome in untreated cells, and 

cells treated with either ϖ radiation or ultraviolet radiation (UV). Our analysis shows: 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 ϖ radiation efficiently 

induce LOH at doses of radiation that cause no significant loss of viability. Using HTS, 

we also detected new mutations inducÌËɯÉàɯϖ-rays and UV. To our knowledge, our 
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study represents the first high -resolution genome-wide analysis of DNA damage -

induced LOH events performed in any eukaryote.  

2.1 Introduction  

All organisms experience DNA damage from both exogenous and endogenous 

sources. Endogenous DNA damage includes spontaneous deamination of nucleotides, 

depurination/depyrimidination, oxidative damage, and double -stranded DNA breaks 

(DSBs) (FRIEDBERG 2006). DSBs are likely to be particularly deleterious, since unrepaired 

DSBs can lead to chromosome rearrangements or chromosome loss. Although the 

sources of endogenous DSBs have not been completely determined, some DSBs appear 

ÛÖɯÙÌÍÓÌÊÛɯÕÜÊÓÌÈÚÌɯ×ÙÖÊÌÚÚÐÕÎɯÖÍɯÚÌÊÖÕËÈÙàɯ#- ɯÚÛÙÜÊÛÜÙÌÚɯȹÚÜÊÏɯÈÚɯ#- ɯɁÏÈÐÙ×ÐÕÚɂȺɯÖÙɯ

head-on collisions between the replication and transcription machineries (AGUILERA  

2002). Below, in addition to examining spontaneous recombination events that 

presumably reflect the repair of endogenous DNA damage, we also analyze 

ÙÌÊÖÔÉÐÕÈÛÐÖÕɯÌÝÌÕÛÚɯÐÕËÜÊÌËɯÉàɯÛÞÖɯÌßÖÎÌÕÖÜÚɯÚÖÜÙÊÌÚȯɯϖɯÙÈàÚɯÈÕËɯÜÓÛÙÈÝÐÖÓÌÛɯÓÐÎÏÛɯ

(UV).   

!ÖÛÏɯϖɯÙÈàÚɯÈÕËɯ45ɯÊÈÜÚÌɯÈɯÝÈÙÐÌÛàɯÖÍɯËÐÍÍÌÙÌÕÛɯÛà×ÌÚɯÖÍɯ#- ɯËÈÔÈÎÌȭɯϖ rays 

cause DSBs, single-stranded DNA nicks, and base damage (FRIEDBERG 2006; WARD  

1990). UV results in pyrimidine dimers (FRANKLIN  et al. 1985; SETLOW 1966), DNA -DNA 

or DNA -protein cr osslinks (PEAK  and PEAK  1986), and single-stranded DNA nicks 

resulting from the dimer excision (BREEN and MURPHY 1995).  
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Figure 2.1. Pathways of DSB repair by homologous recombination.  

In this figure, we show accepted models of DSB repair by homologous 

recombination. DNA strands from two different homologues are shown in red and 

blue; light red and blue lines indicate newly -synthesized DNA. Regions of the duplex 

that have strands of different colors represent heteroduplexes. These pathways are 

described in detail in the text.  

A. Synthesis -dependent strand annealing (SDSA) pathway. Following 

×ÙÖÊÌÚÚÐÕÎɯÖÍɯÛÏÌɯ#2!ȮɯÛÏÌɯƗɀɯÌÕËɯÖÍɯÛÏÌɯÓÌÍÛ end of the broken DNA molecule invades 

the other duplex. Following 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 crossovers.  

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 panel) and two 

different non -crossover products (ri ght panel). These products have two regions of 

heteroduplex located in trans . Alternatively, the dHJ can be dissolved by the action of 
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topoisomerases/helicases resulting in a non -crossover product with heteroduplexes 

located in cis. 

C. Break-induced replic ation (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.  

 

In yeast, as in most eukaryotes, there are two recombination pathways that are 

used to repair DSBs: non-homologous end-joining (NHEJ) and homologous 

recombination (HR). In NHEJ events, as the name implies, broken DNA molecules are 

re-joined 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 domina nt pathway 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 

2.1A. This process involves the non-reciprocal 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 

ÐÕÝÈËÐÕÎɯƗɀɯstrand, 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 or SDSA) was first 
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suggested to explain some features of meiotic recombination in yeast (ALLERS and 

LICHTEN  2001). In the second pathway (Figure 2.1B), gene conversion may be associated 

with crossovers. In this pathway, a double Holliday junction (dHJ) is formed that can be 

resolved to yield a crossover or non-crossover. In this pathway, heteroduplexes flank the 

original position of the DSB. Although the heteroduplex regions have the same size in 

Figure 2.1B, in both meiosis (JESSOP et al. 2005; MERKER et al. 2003) and mitosis (M ITCHEL  

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 non -crossover products with heteroduplexes located in cis on one of the two 

interacting chromosomes (HEYER et al. 2010). In the third pathway ( Figure 2.1C), one 

part of the broken DNA molecule is lost and a complete chr omosome is then 

reconstructed by break-induced replication (BIR). In this mechanism, 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.  
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Figure 2.2. Genetic system used to select reciprocal crossovers on the left arm 

of chromosome 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 homologue (shown in 

black). The strain is homozygous for the ochre -suppressible ade2-1 allele. Strains 

with an unsup pressed ade2-1 mutation form red colonies. The starting diploid strain 

is canavanine-sensitive and forms pink colonies.  

A. Reciprocal crossover without an associated 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 conversion event initiated by a 

single DSB in G2. If a DSB forms on one of the black chromatid s, a conversion 

associated with the crossover may occur. This event will also result in a canavanine -
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resistant red/white sectored colony in which the transitions between heterozygous 

markers and LOH are different in the two sectors. The region of conversio n is 

indicated by the blue rectangle.  

C. Reciprocal 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 crossover 

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).  

 

If HR involves an interaction between two homologues that can be distinguished 

by single-nucleotide polymorphisms (SNPs), conversions without crossovers will 

produce a small patch of LOH within a ch romosome 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 H ILL  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 (FABRE 

1978; NAKAI  and MORTIMER 1969).  
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One problem with studying spontaneous mitotic recombination is that most 

analytic systems do not allow the selection of both daughter cells that contain the 

recombinant chromosomes. Several years ago, we developed a method of selecting 

reciprocal crossovers on chromosome 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 tRNA ( Figure 2.2A). In the absence 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 mutation (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 distance of about 120 kb), a canavanine-resistant red/white colony is formed 

(Figure 2.2A). 

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 about 0.5% sequence divergence (LEE et al. 2009; LEE and PETES 2010), 

resulting in a bout 55,000 SNPs distributed throughout the genome. Crossovers and 

associated gene conversions on chromosome V were mapped to a resolution of about 4 
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kb by using PCR, restriction digests, and gel electrophoresis 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 2.2). In the 3:1 

class of events (Figure 2.2B), 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, 

about 40% of the crossovers were associated with a conversion event in which the same 

SNP was homozygous in both sectors (Figure 2.2"ȺȰɯÞÌɯÛÌÙÔɯÛÏÌÚÌɯÌÝÌÕÛÚɯɁƘȯƔɯ

ÊÖÕÝÌÙÚÐÖÕÚȭɂɯ3ÏÌɯÖÉÚÌÙÝÈÛÐÖÕɯÖÍɯÛÏÌɯƘȯƔɯÌÝÌÕÛÚɯÈÙÎÜÌÚɯÛÏÈÛɯÈÉÖÜÛɯÏÈÓÍɯÖÍɯÔÐÛÖÛÐÊɯ

crossovers result from the repair of two sister chromatids that are br oken 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 

ÉàɯÈÕÈÓàÚÐÚɯÖÍɯÛÏÌɯÛà×ÌÚɯÖÍɯÊÖÕÝÌÙÚÐÖÕɯÌÝÌÕÛÚɯÚÛÐÔÜÓÈÛÌËɯÉàɯϖɯÙÈàÚɯÐÕɯÚàÕÊÏÙÖÕÐáÌËɯ&ƕɯ

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 repair of two broken sister chromatids ( Figure 2.3).   
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Figure 2.3. Production of hybrid conversion tract by th e 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 centrom ere-proximal boundary, but different 

centromere-distal boundaries, a 3:1/4:0 hybrid will be generated (shown in the blue 

rectangle). 

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.  

In the current study, we use SNP microarrays, and HTS to map selected events 

on chromosome V as well as unselected events throughout the genome at a resolution of 

about 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 
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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.  

2.1.1 Note on collaborative work  

 This chapter of my thesis is the result of a collaborative paper. I designed the 

SNP microarrays that ÞÌÙÌɯÜÚÌËɯÍÖÙɯÈÕÈÓàÚÐÚɯÞÐÛÏÐÕɯÛÏÌɯ×È×ÌÙȮɯÈÕËɯÈÕÈÓàáÌËɯÛÏÌɯϖɯ

radiation -induced sectors. Sabrina Andersen completed the analysis of the spontaneous 

sectors. Yi Yin completed the analysis of the UV radiation -induced sectors. Einat 

Hazkani -Covo analyzed all high -throughput sequencing (HTS) data. Ewa Malc and 

Piotr Mieczkowski performed the high -throughput sequencing of all samples 

sequenced. Patricia Greenwell confirmed the de novo mutations detected within by HTS. 

Fred Dietrich helped with the design of the SNP microarrays.  

2.2 Materials and methods  

2.2.1 Strains and genetic methods  

All experiments were conducted with the diploid strain PG311 (LEE et al. 2009). 

The relevant genotype of PG311 is MATϔ::NAT/MAT a 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, except 

for alterations introduced by transformation (LEE et al. 2009). Below, we will refer to the 

haploid parents of PG311 as W303a and YJM789. In general, PG311 has the SNPs 
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predicted  from the haploid parents. The disruption of MATϔɯÐÕɯ/&ƗƕƕɯÈÓÓÖÞÚɯ

synchronization of this diploid by alpha factor. Although diploids that lack MATϔɯËÖɯ

not sporulate under normal conditions, such strains can be sporulated on plates 

containing 5 mM nicotinam ide (J. Rine, personal communication). For experiments in 

which we analyzed meiotic products of PG311, the stains were pre-grown on YPD plates 

with 5 mM of nicotinamide, and then transferred 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) unless noted. To detect 

spontaneous crossovers, we first isolated single colonies of PG311 grown on rich growth 

medium (YPD) at 30° ÍÖÙɯÛÞÖɯËÈàÚȭɯ(ÕËÐÝÐËÜÈÓɯÊÖÓÖÕÐÌÚɯÞÌÙÌɯÚÜÚ×ÌÕËÌËɯÐÕɯƘƔƔɯϟÓɯÖÍɯ

dH 2.ȮɯÈÕËɯƕƔƔɯϟÓɯÖÍɯÛÏÐÚɯÔÐßÛÜÙÌɯÞÈÚɯ×ÓÈÛÌËɯÖÕɯÊÈÕÈÝanine-containing plates (SD-arg + 

ƕƖƔɯϟÎɤÔÓɯÊÈÕÈÝÈÕÐÕÌȺȭɯ3ÏÌɯ×ÓÈÛÌÚɯÞÌÙÌɯÐÕÊÜÉÈÛÌËɯÍÖÜÙɯËÈàÚɯÈÛɯÙÖÖÔɯÛÌÔ×ÌÙÈÛÜÙÌȮɯ

followed by incubation for 16 hours 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 alpha factor (LEE and PETES 2010). The synchronized cells were treated with either 

ϖɯÙÈËÐÈÛÐÖÕɯÐÕɯÈɯ2ÏÌ×ÏÌÙËɯ,ÈÙÒɯƕɯ"ÌÚÐÜÔ-137 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 non -selective plates (SD- arg) or plates that 

ÓÈÊÒÌËɯÈÙÎÐÕÐÕÌɯÈÕËɯÊÖÕÛÈÐÕÌËɯƕƖƔɯϟÎɤÔÓɯÊÈÕÈÝÈÕÐÕe. The subsequent growth of the cells 



 

56 

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 

non-selective plates grown at 30° instead of room temperature.  

2.2.2 SNP microarrays: design and optimization  

We designed the SNP arrays based on genomic sequence information available 

from 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 based on principles outlined by  GRESHAM et al. (2010). For each SNP 

represented 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 approximately 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 oligonucleotides that 

had a melting temperature for the perfectly -matched 25 base pair duplex that was less 

than 55° or greater than 59°.  The remaining oligonucleotides (representing about 15,000 

SNPs) that were printed on the microarray are listed in Table S3 of ST CHARLES et al. 

(2012). We also included on the array about 120 oligonucleotides that were not different 

between W303a and YJM789; these are listed in Table S4 of ST CHARLES et al. (2012).  

Oligonucleotides were p rinted onto the micro arrays by Agilent Technologies on 

slides containing about 105,000 oligonucleotides. Many of the oligonucleotides are 
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represented more than once in the microarrays. Following experiments to determine 

which oligonucleotides resulted in the most specific hybridization signals (described in 

Supporting Information), we reduced the number of SNPs used in our analysis to 13,000. 

This final set of oligonucleotides is presented in Table S5 of ST CHARLES et al. (2012).  

2.2.3 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 Supporting 

Information. In brief, genomic DNA from the experi mental 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 RMs were 

averaged. The data were centered around a value of one by dividing each probe RM by 

the average of all of the probe RMs in order 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 
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different experimental conditions  were done using the Mann-Whitney test on the 

VassarStats Website (http://faculty.vassar.edu/lowry/VassarStats.html ). 

2.2.4 Generation and analysis of high -throughput DNA sequencing  

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 -700 bp 

fragments. The DNA was then prepared for sequencing using the protocol 

recommended by Illumina for the Genome Analyzer 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 Supporting Information. In 

brief, we detected regions of LOH by identifying SNPs in the experimental strains in 

ÞÏÐÊÏɯÈÛɯÓÌÈÚÛɯƝƔǔɯÖÍɯÛÏÌɯɁÙÌÈËÚɂɯÛÏÈÛɯÞÌÙÌɯÖÙÐÎÐÕÈÓÓàɯÏÌÛÌÙÖáàÎÖÜÚɯÞÌÙÌɯÕÖÞɯÐËÌÕÛÐÊÈÓɯ

to one of the original alleles. We identified new mutations by finding b ases that were 

ÐËÌÕÛÐÊÈÓɯÐÕɯÛÏÌɯÖÙÐÎÐÕÈÓɯËÐ×ÓÖÐËȮɯÉÜÛɯÏÈËɯÈɯÕÖÝÌÓɯÉÈÚÌɯÐÕɯÈÛɯÓÌÈÚÛɯƘƔǔɯÖÍɯÛÏÌɯɁÙÌÈËÚɂɯÐÕɯÛÏÌɯ

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 isolate 

were not counted as de novo mutations, since such mutations presumably arose in the 

strain before treatment with the DNA damaging agent.  

http://faculty.vassar.edu/lowry/VassarStats.html
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2.3 Results  

 As described in the Introduction, we previously selected spontaneous 

mitotic crossovers, as well as crossovers induced by ϖ  rays, that occurred between the 

centromere of chromosome V and the can1-100/SUP4-o markers, an interval of about 120 

kb (Figure 2.2) (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 about 55,000 SNPs. In our previous analysis, the 

positions of the crossovers and associated gene conversion events were mapped to a 

resolution of about 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 ϖ ray-induced crossovers selected 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 S. cerevisiae 

(MANCERA  et al. 2008), to characterize chromosome rearrangements and chromosome 

loss in C. albicans (ABBEY et al. 2011), and in a variety of other experiments. Using 

principles outlined by Gresham et al. (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 distinguish over 13,000 SNPs, resulting in an average density of 
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one oligonucleotide per kb of genomic DNA. The details of the array design and the 

specific sequences of the probes are in Supporting Materials and Methods and in Tables 

S3-S5 of ST CHARLES et al. (2012).  

 

Figure 2.4. 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 

fluores cent 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 oligonuc leotides, 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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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 (for example, the W303a 

form) and  a decrease in hybridization to oligonucleotides that had the other form (for 

example, the YJM789 form).  

As described above, crossover events between CEN5 and the can1-100/SUP4-o 

markers produce canavanine-resistant red/white sectored colonies. Thus, all of the 

samples analyzed had a selected recombination event on chromosome V, and we found 

ÛÏÈÛɯÚÈÔ×ÓÌÚɯÛÙÌÈÛÌËɯÞÐÛÏɯ45ɯÖÙɯϖɯÙÈàÚɯÈÓÚÖɯÏÈËɯÜÕÚÌÓÌÊÛÌËɯÌÝÌÕÛÚɯÖÕɯÖÛÏÌÙɯ

chromosomes.  We isolated genomic DNA from both the red and white sides of the 

sectors and examined the DNA by SNP arrays for diploids untreated with 

ÙÌÊÖÔÉÐÕÖÎÌÕÐÊɯÈÎÌÕÛÚȮɯÈÚɯÞÌÓÓɯÈÚɯÍÖÙɯËÐ×ÓÖÐËÚɯÛÙÌÈÛÌËɯÞÐÛÏɯ45ɯÖÙɯϖɯÙÈàÚȭɯ ÕɯÌßÈÔ×ÓÌɯÖÍɯ

the analysis for chromosome V for a selected spontaneous crossover (PG311-2A) is 

shown on Figure 2.4. In Figure 2.4A, a low-resolution depiction of the hybridization 

levels is shown for both the red (top) and white (bottom) sectors. In both sectors, the 

hybridization pattern indicates that the transition f rom heterozygous SNPs to 
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homozygous SNPs is at approximately SGD coordinate 55000. As expected, the DNA 

that is centromere-distal to the crossover 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 homologue (Figure 2.2). Genomic DNA from the 

ÞÏÐÛÌɯÚÌÊÛÖÙɯÚÏÖÞÚɯÛÏÌɯÙÌÊÐ×ÙÖÊÈÓɯ×ÈÛÛÌÙÕɯÖÍɯÏàÉÙÐËÐáÈÛÐÖÕȭɯ3ÏÌɯɁÚ×ÐÒÌɂɯÖÍɯÐÕÊÙÌÈÚÌËɯ

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 2.4B, we show the same crossover event at higher resolution. Each 

square in this figure shows the hybridization ratio to a specific oligonucleotide. In the 

red sector, the transition 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 2.4B) 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 indicating W303a-derived and YJM789-derived SNPs, 

respectively), equivalent to the boxed region in Figure 2.2B; in our subsequent 

discussions, a 3:1 conversion event indicates 3W:1Y conversion and 1:3 indicates 1W:3Y 

conversion. We estimate the length of the gene conversion tract by averaging the 

maximal length of the tract (the distance between markers that are not within the gene 
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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 2.4B, this length is about 6.2 kb. 

It is important to emphasize that the presence and extent of gene conversion tracts can 

only be identified 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 homozygous for W303a-derived 

SNPs centromere-distal to SGD coordinate 685 kb on chromosome XIII, and were 

homozygous for W303a-derived SNPs between coordinates 412715 and 414085 on 

chromosome X. Since these events, presumably generated during sub-culturing of 

PG311, were present in all strains, they were excluded from our analysis. 

2.3.1 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 indepen dent 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 polymorphic restriction enzyme sites and testing for 

homozygosity or het erozygosity 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, 
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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



  

 

 

Table 2.1 Comparison of mapping methods  for four spontaneous crossovers on chromosome V.  

 PCR-based method SNP microarrays 

Strain name 
Cen-prox. 

coordinate 

Cen-dist. 

coordinate 
Event description  Cen-prox. coordinate 

Cen-dist. 

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 

 

6
5 
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In our previous study, we found that most of the spontaneous crossovers were 

crossovers without conversions (Figure 2.2A), crossovers with associated 3:1 conversions 

(Figure 2.2B), crossovers with 4:0 conversions (Figure 2.2C), or crossovers with hybrid 

conversions (3:1/4:0 or 3:1/4:0/3:1 tracts; Figure 2.3) (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 2.1. In this table, 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 marker s 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 complex than previously determi ned. 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 

transition at higher resolution between SGD coordinates 127038 and 130096, and we 

detected a SNP in this region that had undergone gene conversion. The complete 

description of all spontaneous crossovers and associated gene conversion events is given 

in Table S 2.3. 
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Table 2.2 Summary of all crossovers diagnosed by SNP microarray  

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 was not used.  

Types of reciprocal 

crossovers 
Spontaneous ϖ-ray UV 

 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 conversions 1 1 0 2 3 2 0 

Complex conversions 7 0 4 0 1 5 

Total crossovers 13 0 7 4 3 7 

 

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 conversion 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 rearrangement has not been fully characterized, since 

there are a cluster of delta 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 translocation, similar to those that we have characterized previously 

(ARGUESO et al. 2008). No alterations were detected on either chromosome V or VII in the 

                                                      

1 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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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, that affects the 

efficiency of ochre suppressors (SHKUNDINA  and TER-AVANESYAN  2007), although 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 chromosome 

V and, therefore, is excluded from our analysis. 

Of the 13 colonies with spontaneous reciprocal recombination events analyzed 

by SNP arrays, the numbers of colonies of various classes were: 1) two crossovers 

without detectable conversions, 2) two crossovers 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 2.2). The 

complex conversion tracts will be discussed further below.  
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Figure 2.5. Mapping of crossovers and associated conversion events on the left 

arm of chromosome V in untreated cells, and cells treated with ϖ rays or  UV by SNP 

microarrays.  

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 showing the white sector. The colored segments signify heterozygosity for 

the marker s (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 position that the green segment begins to the end 

of the chromosome, and the red  and black arrows indicate that the markers are 

homozygous for the W303a - or the YJM789-derived SNPs, respectively, from the point 

that the segment begins to the telomere of the chromosome. Internal regions of 

heterozygosity and homozygosity are shown as l ine segments without arrows and are 

drawn approximately to scale. The numbers at the top of the figure are SGD 

coordinates and the region between CEN5 and the can1-100/SUP4-o markers is about 

120 kb in length.  

A. Spontaneous crossovers and conversions. 

B. ϖ ray-induced crossovers and conversions.  

C. UV-induced crossovers and conversions.  
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The locations of the spontaneous crossovers and associated conversion tracts are 

shown in Figure 2.5A. 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 determine the coupling 

relationships for heterozygous SNPs between the two homologues. The median length 

of all crossover-associated conversion tracts was 6.1 kb, similar to the median observed 

in our previous study of spontaneous conversion 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 S 2.3). 

Thus, the frequency of spontaneous unselected LOH events/cell is very low (about 0.08) 

as expected. 

For the events shown in Figure 2.5A, 3:1 conversion events could reflect an 

initiating DNA lesion occurring anyw here within the tract, since events can be 

propagated bidirectionally 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 

2.3). Although we do not see any strong hotspots for spontaneous events with this 
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limited dataset, in a larger sample, we found that the region between SGD coordinates 

41,000 and 60,000 had a significantly elevated level of crossovers and the region near 

CEN5 had a significantly reduced level of events (LEE et al. 2009).  

As shown in Figure 2.5A, many of the recombination events are associated with 

multiple transitions between heterozygosity and homozygosity. In Table S 2.3, for each 

sectored colony, we assigned a letter to represent each transition point; for each 

transition point, we also show two SGD coordinates, indicating the positions of the 

closest SNPs on the array that flank the transition points. The simplest events 

(crossovers without gene conversion, 6B and 1.7 in Figure 2.5A) have a single transition 

point.  The recombination event shown in Figure 2.4 (which corresponds to event 2A in 

Figure 2.5A) 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 (Figure 2.5A) 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 only counted once. In 

Table S 2.3, we also assign a class (A to L) for all events. In Table S 2.1 and Table S 2.2, 

each event class is diagrammed using the same approach employed in Figure 2.5A. In 

these figures, we also indicate the number of events in each class, and which 

supplementary figure (Figs. S1-S40 of ST CHARLES et al. (2012)) shows the pattern of 

DNA repair events consistent with the specific con version event. The same methods are 

used to describe the recombination events induced by DNA damage as were used to 
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describe the spontaneous events. Multiple transitions within conversion tracts could 

ÙÌÍÓÌÊÛɯɁ×ÈÛÊÏàɂɯÙÌ×ÈÐÙɯÖÍɯÔÐÚÔÈÛÊÏÌÚɯÞÐÛÏÐÕɯÓÖÕÎɯÏÌÛÌÙoduplexes (discussed further 

below) or template switching between homologues. For the spontaneous conversion 

events in Figure 2.5A, we did not find a c orrelation between SNP density and the 

number of transitions within the tract (r 2 =0). 

2.3.2  ÕÈÓàÚÐÚɯÖÍɯ+.'ɯÌÝÌÕÛÚɯÉàɯ2-/ɯÈÙÙÈàÚɯÐÕɯÊÌÓÓÚɯÛÙÌÈÛÌËɯÞÐÛÏɯϖɯÙÈàÚ 

 We analyzed PG311 sectors that were generated in a previous study (LEE and 

PETES 2010) by treatment of G1-ÈÙÙÌÚÛÌËɯÊÌÓÓÚɯÞÐÛÏɯƕƔƔɯ&àɯÖÍɯϖɯÙÈËÐÈÛÐÖÕȮɯÍÖÓÓÖÞÌËɯÉàɯ

selection of red/white sectored colonies on canavanine-ÊÖÕÛÈÐÕÐÕÎɯ×ÓÈÛÌÚȰɯÛÏÐÚɯËÖÚÌɯÖÍɯϖɯ

rays elevated the frequency of sectoring about 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 S 2.4 with depiction of the recombination events in Table S 2.1 and Table 

S 2.2. 

The positions of the selected crossovers and associated gene conversion events in 

the CEN5-can1-100/SUP4-o interval are shown in Figure 2.5B. 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 

homozygous on both sides of the sector (4:0 conversion) as expected if the 
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recombination events were a consequence of repair of two sister chromatids broken at 

the same position (Figure 2.2 and Figure 2.3).  

 

Figure 2.6. Genomic locations of unselected recombination events and de novo 

mutations in untreated cells and in cells treat ed with UV or ϖ rays as determined by 

SNP microarrays and HTS.  

The horizontal black bars depict each chromosome and are proportional to the 

chromosome length except for chromosome XII. The black circles depict the 

centromere of each chromosome. Short horiz ontal 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 
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are shown as single solid lines without regard to t he complexity of the event (for 

example, 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 mutations induced b y UV or ϖ 

rays; two of the mutations (located at SGD coordinates 171529 and 301552 on X) are in 

regions of LOH. Events observed in untreated cells, cells treated with UV, and cells 

treated with ϖ rays are shown in green, red, and blue, respectively. None o f the events 

selected on the left arm of V are shown in this figure.  

In addition to the selected events, from our genome-wide analysis, we observed 

17 unselected events on other chromosomes among the seven colonies: four crossovers 

associated with conversion (Table 2.2), eleven conversions that were not associated with 

crossovers, and two break-induced replication (BIR) events (Table 2.3). Since the 

frequency of unselected crossovers in unirradiated samples is very low (less than 

0.1/cell), it is likely that all of the events in the irradiated cell ÚɯÙÌÍÓÌÊÛɯÛÏÌɯÙÌ×ÈÐÙɯÖÍɯϖɯÙÈà-

induced DNA damage. The locations of these unselected events are shown as blue 

symbols in Figure 2.6. The events appear randomly distributed in this small data set. 

The SNP arrays for radiation-induced unselected crossovers and associated conversions 

have patterns similar to the selected crossover shown in Figure 2.4. In addition, we 

observed many conversion events unassociated with crossovers (Figure 2.7). This figure 

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 

occurred prior to radiation. However, since such events were observed commonly in 

irrad iated cells but not in control diploids, we assume that most (or all) were induced by 

ϖɯÙÈàÚȭ 
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Figure 2.7. SNP array analysis of a gene conversion event unassociated with 

crossover. 

In cells treated with ϖ rays, one of the canavanine-resistant red/white sectored 

colonies (43RW) had an unselected gene conversion event on chromosome IV. As 

shown at low - (Figure 2.7A) and high - (Figure 2.7B) 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 2.4. The length of 

the conversion tract is about 3 kb. CEN4 is located approximately at S GD coordinate 

450000. 

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 information 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.  
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Table 2.3 Summary of all unselected conversion events unassociated with 

LOH or BIR events as diagnosed by SNP microarrays.  

Type of event Spontaneous ϖ-ray UV 

3:1 or 1:3 conversions 0 4 9 

4:0 or 0:4 conversions 1 4 12 

Hybrid conversions 2 0 2 9 

Complex conversions 0 1 3 

BIR 0 2 1 

Totals  1 13 34 

We observed two sectored colonies that had BIR events.  In single BIR events 

(such as Class L2 in Table S 2.1), one sector has an LOH event that extends from an 

intern al 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 S 2.1). Interestingly, in 

the colony 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 tha t 

both sister chromatids had DSBs at approximately the same position. The molecular 

interaction s required to produce Classes L2 and L3 are shown in Figure 2.12. 

  ÓÓɯÖÍɯÛÏÌɯÚÌÓÌÊÛÌËɯÈÕËɯÜÕÚÌÓÌÊÛÌËɯÙÌÊÐ×ÙÖÊÈÓɯÊÙÖÚÚÖÝÌÙÚɯÐÕËÜÊÌËɯÉàɯϖɯÙÈàÚɯÞÌÙÌɯ

associated with conversion tracts. The median length of all conversion tracts (both 

associated and unassociated with crossover) was 12.9 kb (95% confidence limits of 5.2-

20.4 kb). The median lengths of conversion tracts associated and unassociated with 

                                                      

2 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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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 ϖ-

ray-induced conversion tracts were significantly different (p=0.01).  

2.3.3 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 

about 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 2.2 and Table 2.3). Thus, there 

were about fourteen unselected LOH events per UV-treated cell. The locations of 

selected chromosome V events and the unselected LOH events are shown in Figure 2.5 

and Figure 2.6, respectively. The UV-induced LOH events are distributed fairly evenly 

throughout the genome (Figure 2.6Ⱥȭɯ ÚɯÖÉÚÌÙÝÌËɯÍÖÙɯÛÏÌɯϖɯÙÈà-induced BIR events, the 

UV-induced BIR event is located close to the telomere.  The detailed information about 

breakpoints in UV -treated cells is shown in Table S 2.6 and Table S 2.1 and Table S 2.2. 

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 2.2). The median length of all UV -

induced conversion tracts was 9.2 kb (6.5-10.3), whereas the median lengths of 
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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).  

2.3.4 '32ɯÈÕÈÓàÚÐÚɯÖÍɯ+.'ɯÐÕɯϖɯÙÈà- and UV -treated cells 

Since G1-arrested yeast cells treated with 100 Gy of ionizing radiation have about 

35 DSBs per cell (LEE and PETES 2010), the average number of unselected LOH events 

per cell (two to three) indicates most events must be repaired by mechanisms that do not 

generate LOH. An alternative possibility is that a substantial fraction of the events have 

short conversion 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 ϖɯray-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 Supporting 

Information. 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 

re-sequencing the relevant PCR fragment. The patterns of LOH as identified by HTS in 

thÌɯϖɯÙÈà- and UV-treated samples are in Table S 2.5 and Table S 2.7. 
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Figure  2.8. 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 parts of Figure  2.8A and Figure  2.8B) showed a single 

transition between heterozygosity and homozygosity at about SGD coordinate 

452000.  In the bottom panels of the figure, we show HTS data for the same genomic 

sample. For the HTS data, the Y axis represents the frequency of YJM789 SNP (blue) 

ÖÙɯ6ƗƔƗÈɯ2-/ɯȹÙÌËȺɯɁÙÌÈËÚɂɯÍÖÙɯÛÏÌɯÌß×ÌÙÐÔÌÕÛÈÓɯÚÈÔ×ÓÌɯÞÏÌÕɯÈÚÚÌÔÉled 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) 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 

ÈÙÌɯÈÙÛÐÍÈÊÛÚɯÉÈÚÌËɯÖÕɯɁÙÌÈËÚɂɯÍÙÖÔɯÛÏÌɯÙÌ×ÌÈÛÌËɯËÐÝÌÙÎÌËɯMAL and MPH genes that 

were incorrectly mapped by the genome analysis software to chromosome II. CEN2  is 

located near SGD coordinate 238000. 

Figure 2.8 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 
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occurs somewhere between SGD coordinates 450919 and 452926, whereas the HTS data 

refine the mapping of this transition between SGD coordinates 451337 and 451581. 

Additionally , 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 oligonucleotides between 448488 and 450919 on the 

microarray. A summary of the comparison of data from SNP arrays and HTS for the 

same samples is given in Table 2.4. 

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 

+.'ɯÌÝÌÕÛÚɯÉàɯ2-/ɯÈÙÙÈàÚɯÈÕËɯƗƙɯÌÝÌÕÛÚɯÉàɯÚÌØÜÌÕÊÐÕÎȭɯ(ÕɯÛÏÌɯϖɯÙÈà-treated samples, 

we found five  events by SNP arrays and six events by sequencing. Since more than 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 conversion tracts.  We cannot rule out, however, the 

possibility of gene conversion events with very short (<100 bp) tracts. As shown in Table 

2.4, a number of the gene conversion tracts 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 
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microarrays, it is clear that most of the LOH events are detectable by the SNP 

microarrays. 

Table 2.4 Comparison between recombination events detected by high -

throughput sequencing or by SNP microarrays.  

Type of event 
ϖɯ-ray UV 

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 32 353 

 

2.3.5 '32ɯÈÕÈÓàÚÐÚɯÖÍɯÔÜÛÈÛÐÖÕÚɯÐÕËÜÊÌËɯÐÕɯϖɯÙÈà- and UV -treated cells 

About 99.5% of the bases between the two homologues 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 ϖ rays for new mutations ( Table S 

                                                      

3 This table includes data from two UV -induced sectored colonies and two sectored colonies 

induced by gamma radiation that were analyzed by both SNP arrays and HTS. The table includes 

both selected recombination events on chromosome V and unselected events on other 

chromosomes. All conversion events unassociated with LOH were unselected. 
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2.8). There were three and twelve de novo point mutations detected in the ϖ ray- and UV-

treated samples, respectively.  

 ÓÓɯÛÏÙÌÌɯÖÍɯÛÏÌɯÔÜÛÈÛÐÖÕÚɯÐÕËÜÊÌËɯÉàɯϖɯÙÈàÚɯÈÕËɯÚÐßɯÖÍɯÛÏÌɯÛÞÌÓÝÌɯÔÜÛÈÛÐÖÕs 

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 replication. The mutations in t he 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 twelve of the 

UV-ÐÕËÜÊÌËɯÔÜÛÈÛÐÖÕÚɯÈÕËɯÛÞÖɯÖÍɯÛÏÙÌÌɯÖÍɯÛÏÌɯϖɯÙÈà-induced mutations 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 mutations were biased toward 

transitions (4:1).  

Most (11 of 15) of the induced point mutations were located within genes rather 

than between genes (Table S 2.8). By Chi-square analysis, the distribution of mutations 

throughout the genome is non-random (p = 0.002). Five of the fifteen mutations are 

located on the left arm of XI and, remarkably, two mutatio ÕÚɯȹÖÕÌɯÐÕËÜÊÌËɯÉàɯϖɯÙÈàÚɯÈÕËɯ

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 mutations (in/dels) in 
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the eight sequenced samples. It should be pointed out, however, that detection of in/dels 

in HTS data with short -paired reads is challenging, particularly in a diploid that is 

heterozygous for many pre -existing in/dels.  

2.4 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 microarrays, but four events were examined by both SNP microarrays 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: 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, 

ÈÕËɯƗȺɯÛÏÌɯÚÈÔÌɯËÖÚÌÚɯÖÍɯϖɯÙÈàÚɯÈÕËɯ45ɯÜÚÌËɯÐÕɯÛÏÌɯ+.'ɯÚÛÜËàɯÙÌÚÜÓÛɯÐÕɯÝÌÙàɯÓÖÞɯÓÌÝÌÓÚɯ

of de novo mutations. 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.  

2.4.1 Lengths of gene conversion tracts  

 The median lengths (95% confidence limits shown in parentheses), as measured 

by SNP arrays, of gene conversion tracts associated with crossovers for spontaneous, 
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UV-induced, and ϖ ray-induced events were 6.1, 10.3, and 18.5 kb, respectively.  As we 

have 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 ϖ ray-induced conversion events, the conversion tracts 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 conversion events unassociated with crossovers usually are a 

consequence 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 require 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. 

2.4.2 Recombinogenic DNA damage  

 Although it is clear from a variety of studies that DSBs stimulate mitotic 

recombination, the DNA lesion responsible for i nitiating spontaneous recombination 

events is not certain. We previously showed that about half of mitotic crossovers on 

chromosome V are associated with a 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 
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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 

ÛÏÌɯÊÖÕÝÌÙÚÐÖÕɯÌÝÌÕÛÚɯÐÕËÜÊÌËɯÉàɯϖɯÙÈàÚɯÐÕɯ&ƕɯÖÍɯÛÏÌɯÊÌÓÓɯÊàÊÓÌɯÏÈÝÌɯÙÌÎÐÖÕÚɯÖÍɯƘȯƔɯÖÙɯƔȯƘɯ

ÚÌÎÙÌÎÈÛÐÖÕȮɯÞÏÌÙÌÈÚɯÕÖÕÌɯÖÍɯÛÏÌɯÊÖÕÝÌÙÚÐÖÕɯÌÝÌÕÛÚɯÐÕËÜÊÌËɯÉàɯϖɯÙÈàÚɯÐÕɯ&ƖɯÏÈËɯÛÏÐÚɯ

pattern (LEE and PETES 2010). Among the mechanisms that could produce the 

spontaneous lesions required to initiate recombination are: 1) closely-opposed nicks 

generated during removal 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 

ÚÛÙÜÊÛÜÙÌÚɯȹɁÏÈÐÙ×ÐÕÚɂɯÈÕËɯÊÙÜÊÐÍÖÙÔs). 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 hotspots for recombination in our limited 

dataset. If there are several different mechanisms that can produce recombinogenic 

DNA lesions, we will need to map many events to detect significant associations.  

(ÕɯÖÜÙɯÊÜÙÙÌÕÛɯÈÕÈÓàÚÐÚɯÖÍɯϖɯÙÈà-induced gene conversion events in G1-

synchronized cells by SNP microarrays, we found that ten of the eleven conversion 

tracts associated with crossovers had a 4:0 or 0:4 segment, and eight of the eleven 
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conversion tracts that were unassociated with crossovers had such a segment. This 

observation is consistent with the possibility that most of the observed recombination 

events in IR-ÛÙÌÈÛÌËɯÊÌÓÓÚɯÙÌÍÓÌÊÛÌËɯÈɯ#2!ɯÐÕÛÙÖËÜÊÌËɯÉàɯϖɯÙÈàÚɯÐÕɯ&ƕȭ 

The recombinogenic effect of UV-induced DNA damage is less clear. One 

possibility is that small gaps r esulting from the removal of UV -induced dimers are the 

recombinogenic lesion. GALLI  and SCHIESTL (1999) found that UV did not stimulate 

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, stimulation of single -strand 

annealing was observed without requiring the cells to enter S. 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 consequence 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. Based on previous estimates of the number of dimers induced by 20 J/m2 of UV 

(DAIGAKU  et al. 2010), we calculate that there are about 7500 dimers/diploid genome 

induced by a UV dose of 15 J/m2 and, based on a Poisson distribution, there would be 
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about 35 regions per genome in which two dimers are on opposite strands within 75 

base pairs 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 repair affect the 

probability of DSB formation by t his mechanism. 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 or less apart. Processing of the broken ends 

to yield single -stranded DNA regions 500 bp or greater would preclude formation of a 

dHJ involving the two sister chromatids. Thus, such molecules would likely be repaired 

using the intact homologue as the template, generating a 4:0 conversion. This model is 

consistent with the Galli and Schiestl interpretation. We calculate that cells irradiated 

with 15 J/m2 would have about 234 dimers on opposite strands within 500 bp of each 

other.  

An alternative possibility is that recombination events a re 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  
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2010). Although we cann ot exclude this model, the observed UV-induced 4:0 events 

would require that the replication fork stalled at the dimer result in two broken sister 

chromatids, perhaps by increasing the probability of a replication fork collision. It 

should be emphasized that although UV very efficiently stimulates crossovers between 

homologues, most of the UV-induced recombination events are likely to represent sister-

chromatid interactions (KADYK  and HARTWELL  1992).  

2.4.3 Relationship between mitotic gene conversion and cro ssovers 

In meiosis in yeast, about half of conversion events are associated with 

crossovers (MANCERA  et al. 2008; PETES et al. 1991). In our previous mitotic studies, we 

selected crossovers 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 

unassociated with crossovers could not be selected with our system. 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 non -selected events except BIR, we found four 

conversions associated with crossovers and eleven conversions unassociated with 

crossovers (Table 2.2 and Table 2.3). 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 2.2, depending on the pattern of chromosome 

segregation, we expect that only half of the crossovers will lead to LOH of markers distal 
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to the point of exchange, and this expectation has experimental support (CHUA  and 

JINKS-ROBERTSON 1991). In addition, as discussed in the Supporting Information , we 

found preliminary evidence in our experiments for conversion events associated with 

crossovers that did not result in LOH.  

Thus, we calculate that of the fifteen conversion events induced by ϖ rays, it is 

likely that eight were associated with crossovers (53% association). Similarly, among 

UV-induced recombinants, since there were seven unselected conversions associated 

with crossovers and 33 unselected conversions not associated with LOH ( Table 2.2 and 

Table 2.3), we calculate that about 35% of the UV-induced conversion events are 

associated with crossovers. Our conclusion that the frequency of crossovers associated 

with conversions is not very diffe rent 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, conversion events 

are only rarely associated with crossovers (ANDERSEN and SEKELSKY 2010). 

2.4.4 Complex gene conversion tracts and BIR events  

 Previously, we classified conversion trÈÊÛÚɯÈÚɯɁÚÐÔ×ÓÌɂɯÐÍɯÛÏÌɯÔÈÙÒÌÙÚɯÞÐÛÏÐÕɯÛÏÌɯ

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 
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consequence of the repair of one or two broken chromatids by one of the HR pathways 

shown in Figure 2.1. There were, however, conversion tracts that were more complicated 

ȹÛÌÙÔÌËɯɁÊÖÔ×ÓÌßɯÛÙÈÊÛÚɂȺȮɯÞÏÐÊÏɯÞÐÓÓɯÉÌɯËÌÚÊÙÐÉÌËɯÉÌÓÖÞȭɯ(ÕɯÛÏÌɯ45-treated samples, 

six of ten of the crossover-associated conversion tracts were complex, although only 

three of thirty -three tracts were complex in conversions unassociated with crossovers 

(Table 2.2 and Table 2.3); this difference is significant (p<0.01) by the Fisher exact test. In 

the IR-treated samples, the conversion events associated with crossovers were usually 

more complex than those that were not (Table 2.2), although the difference was not 

significant . 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 Figure 2.1B are associated with 

two regions of heteroduplex, while conversions resulting from SDSA o r dHJ dissolution 

have only a single region of heteroduplex (Figure 2.1A and C). Second, 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. 
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Figure 2.9. Description 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 addition, two of the heteroduplexes have 

Ɂ×ÈÛÊÏàɂɯÙÌ×ÈÐÙɯÖÍɯÔÐÚÔÈÛÊÏÌÚȭ 
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Diagrams of all recombination events in our study are shown in Table S 2.1 and 

Table S 2.2, and figures showing the patterns of DSB repair required to produce the 

recombination events are shown in Figs. S1-S40 of ST CHARLES et al. (2012). Most of the 

complex conversion tracts could be divided  into two categories: those that had multiple 

transitions between 3:1, 4:0, and heterozygosity 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 S 2.1) and 4.1 

(Class J8, Table S 2.1); both 18A and 4.1 are also depicted in Figure 2.5A. The complex 

ÛÙÈÊÛɯÐÕɯƘȭƕɯÐÚɯÊÖÕÚÐÚÛÌÕÛɯÞÐÛÏɯÛÏÌɯÙÌ×ÈÐÙɯÖÍɯÛÞÖɯ#2!ÚɯÞÐÛÏɯɁ×ÈÛÊÏàɂɯÙÌ×ÈÐÙɯÖÍɯÔÐÚÔÈÛÊÏÌÚɯ

in two of the resulting heteroduplexes ( Figure 2.9). Heteroduplexes will  often contain 

multiple mismatches that can be repaired to produce either a conversion event or a 

restoration event (KIRKPATRICK  et al. 1998). For example, in Figure 2.1A, repair of the 

ÏÌÛÌÙÖËÜ×ÓÌßɯÙÌÚÜÓÛÐÕÎɯÐÕɯÈɯËÜ×ÓÌßɯÞÐÛÏɯÛÞÖɯɁÙÌËɂɯÚÛÙÈÕËÚɯÞÖÜÓËɯÙÌ×ÙÌÚÌÕÛɯÊÖÕÝÌÙÚÐÖÕ-

type repair, since this pattern produces 3:1 segregation; repair of the mismatch to 

×ÙÖËÜÊÌɯÈɯËÜ×ÓÌßɯÞÐÛÏɯÛÞÖɯɁÉÓÜÌɂɯÚÛÙands 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 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 
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meiosis (MANCERA  et al. 2008; SYMINGTON  and PETES 1988) and mitosis (M ITCHEL  et al. 

2010; NICKOLOFF et al. 1999). 

 

Figure 2.10. Description 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 

intermediate, and one by the SDSA pathway. In addition, we postulate branch 

ÔÐÎÙÈÛÐÖÕɯÖÍɯÛÏÌɯË')ɯÐÕÛÌÙÔÌËÐÈÛÌȮɯÈÕËɯÛÏÈÛɯÛÞÖɯÖÍɯÛÏÌɯÏÌÛÌÙÖËÜ×ÓÌßÌÚɯÏÈÝÌɯɁ×ÈÛÊÏàɂɯ

repair of mismatches.  
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The pathway of DSB repair shown to explain the pattern of markers in the strain 

18A conversion event (Figure 2.10) invokes patchy repair and branch migration of the 

dHJ. 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 cer tain classes of mitotic gene conversions (ESPOSITO 1978; 

N ICKOLOFF et al. 1999; ROITGRUND  et al. 1993). 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 Figure 2.11.  
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Figure 2.11. One mechanism to explain Class G1.  

The Class G1 event has adjacent conversion tracts of 3:1 and 1:3 unassociated 

with a crossover. In this model, the event is produced by  repair of mismatches in 

symmetric heteroduplexes produced by branch migration (DSBR pathway).  

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 
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complex tracts are inconsistent with the simplest form of the recombination models 

shown in Figure 2.1. In particular, it is likely that patchy repair of mismatches is a 

relatively common feature of mitotic gene conversion tracts. A detailed discussion of all 

of the conversion tracts in our studies is given in the Supporting Information.  

There were three unselected BIR events observed in our study (Class L of Table S 

2.1). 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 (Figure 2.12). The BIR events were about three-fold less frequent than unselected 

crossovers, as expected from previous studies (HO et al. 2010; MCMURRAY and 

GOTTSCHLING  2003). 



  

97 

 

Figure 2.12 Description of the L2 and L3 events (listed in Table S 2.1). 

In these events, there are hybr id 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 h ave different lengths.  
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2.4.5 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 about 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 homologue that is 

associated with a very short conversion tract. Tracts shorter than 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 less than 12 base pairs) mismatch repair that is independent of the classical 

mismatch repair system in S. cerevisiae was described by COIC et al. (2000), although the 

genes involved in this type of repair have not been identified. In addition, conversion 

tracts less than 53 bp have been detected among HO-induced events (PALMER  et al. 

2003). A related possibili ty is that gene conversion events occur non-randomly in 

regions of the genome that are not represented on our microarrays (regions that are 

identical between W303a and YJM789 or regions with repeated genes). A third 

possibility is that the repair of the DS B is associated with restoration-type repair of 

mismatches within the heteroduplexes. Since most of the crossovers in our study are 
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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 associated 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 MAT a/MATϔɯdiploids, since 

PG311 lacks the MATϔ locus, NHEJ events will occur. Although NHEJ events will not 

produce LOH, depending on the nature of DNA ends (compatible 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 in/dels in our HTS analysis, 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 

ÍÖÙɯÛÏÌɯɁÔÐÚÚÐÕÎɂɯ+.'ɯÌÝÌÕts.  

One explanation that we can exclude as a major contributor to the discrepancy 

between the number of lesions and the number of LOH events is chromosome loss. 

Chromosome loss can be readily detected by the SNP microarrays, and no losses were 

observed in ÊÌÓÓÚɯÛÙÌÈÛÌËɯÞÐÛÏɯϖɯÙÈàÚɯÖÙɯ45ȭɯ(ÕɯÌß×ÌÙÐÔÌÕÛÚɯÐÕɯÞÏÐÊÏɯÌÐÎÏÛ-fold higher 

ËÖÚÌÚɯÖÍɯϖɯÙÈàÚɯÞÌÙÌɯÜÚÌËȮɯÈÉÖÜÛɯƕƔǔɯÖÍɯÛÏÌɯÛÙÌÈÛÌËɯàÌÈÚÛɯÊÌÓÓÚɯÏÈËɯÊÏÙÖÔÖÚÖÔÌɯÓÖÚÚɯ

(ARGUESO et al. 2008).  

Although we detected more than 50 unselected LOH events in cells treated with 

ϖɯÙÈàÚɯÈÕËɯ45ȮɯÕÖɯËÜ×ÓÐÊÈÛÐÖÕÚɯÖÙɯËÌÓÌÛÐÖÕÚɯÞÌÙÌɯËÌÛÌÊÛÌËȭɯ3ÏÜÚȮɯ2-/ɯÈÙÙÈàs that can 
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detect both LOH and changes in copy number are a much more efficient method of 

detecting recombinogenic DNA lesions than comparative genomic hybridization (CGH) 

ÈÙÙÈàÚȭɯ(ÕɯÖÜÙɯ×ÙÌÝÐÖÜÚɯÈÕÈÓàÚÐÚɯÖÍɯϖɯÙÈà-treated diploid cells by CGH (ARGUESO et al. 

2008), we found that most of the irradiated cells had one or more chromosome 

rearrangements, usually non-reciprocal translocations with retrotransposons at the 

breakpoints. In these experiments, we treated G2-synchronized cells with doses of 

radiation that were eight -fold higher than the doses used in our current study.  

2.4.6 Mutations i ÕËÜÊÌËɯÉàɯϖɯÙÈàÚɯÈÕËɯ45 

6ÌɯÍÖÜÕËɯÖÕÓàɯÈɯÍÌÞɯÔÜÛÈÛÐÖÕÚɯÐÕËÜÊÌËɯÉàɯϖɯÙÈàÚɯÈÕËɯ45ȮɯÈÝÌÙÈÎÌÚɯÖÍɯƕȭƙɯÈÕËɯƚɯ

mutations/irradiated cell, respectively. Although there are no genome -wide studies of 

ÛÏÌɯÍÙÌØÜÌÕÊÐÌÚɯÖÍɯÔÜÛÈÛÐÖÕÚɯÐÕËÜÊÌËɯÉàɯϖɯÙÈàÚȮɯÌßÛÙÈ×ÖÓÈÛÐÕÎɯÍÙÖÔɯÛhe frequency of 

induction of X -ray-induced mutations at the CAN1 locus (GOCKE 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 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). These strains in these studies had a temperature-sensitive 

mutation in CDC13. However, three of the sequenced isolates were treated at the 

permissive temperature. By extrapolating their data to our UV dose, we would expect 

about 14 mutations/diploid cell, only two -fold different from our observed frequencies. 



  

101 

In summary, our HTS data detected roughly the expected number of mutations per 

irradiated strain.  

As described in thÌɯ1ÌÚÜÓÛÚȮɯÛÏÌɯÔÜÛÈÛÐÖÕÚɯÐÕËÜÊÌËɯÉàɯ45ɯÈÕËɯϖɯÙÈàÚɯÈÙÌɯÕÖÕ-

randomly distributed among the yeast chromosomes. Although this non -random 

distribution needs to be verified with a large dataset, it is possible that the mutagenic 

DNA damage is distributed non -randomly because of the specific position of different 

chromosomes within the nucleus or chromosome-specific chromatin domains. Since the 

UV-irradiated strains have about 7500 DNA lesions (as discussed 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 Pol ϙ, since 90% of UV-induced 

mutations require these activities (LAWRENCE 2002)ȭɯ3ÏÌɯÚÖÜÙÊÌɯÖÍɯÛÏÌɯÔÜÛÈÛÐÖÕÚɯÐÕɯÛÏÌɯϖ 

ray-treated samples is less clear. Since the mutations are not associated with regions of 

LOH, the mutations probably do not reflect errors introduced by DSB repair. It is 

×ÖÚÚÐÉÓÌɯÛÏÈÛɯÉÈÚÌÚɯËÈÔÈÎÌËɯÉàɯϖɯÙÈàÚɯÈÙÌɯÉà×ÈÚÚÌËɯÉàɯÌÙÙÖÙ-prone polymerases by a 

mechanism similar to that associated with UV-induced DNA damage.  

 ÓÓɯÛÏÙÌÌɯÖÍɯÛÏÌɯÔÜÛÈÛÐÖÕÚɯÐÕÛÙÖËÜÊÌËɯÉàɯϖɯÐÙÙÈËÐÈÛÐÖÕɯÈÕËɯÈÉÖÜÛɯÏÈÓÍɯÖÍɯÛÏÌɯ

mutations caused by UV were found in both sectors of sectored colonies. This result 

indicates that the introduced mutation was placed into both strands o f the duplex before 
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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 

ɁÛÞÖ-ÚÛÙÈÕËɂɯÔÜÛÈÛÐÖÕÚɯ(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 

(NER). During the repair of one lesion, a mutation is introduced. The repair  of the 

second lesion on the opposite strand results in a gap that includes the mutant 

substitution, and filling -in of the gap results in mutant substitutions in both strands of 

the duplex. Whatever the explanation of two -ÚÛÙÈÕËɯÌÝÌÕÛÚȮɯÉÖÛÏɯ45ɯÈÕËɯϖɯÙÈàÚɯ

efficiently 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 approximately 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 (H ICKS et al. 

2010). In addition, the frequency of UV -indu ced mutagenesis is elevated more than 100-

fold in regions of single -stranded DNA next to DSBs or abnormal telomeres (YANG  et al. 

2008). Based on these observations, we checked whether the de novo mutations were non -

randomly associated with LOH regions associated with gene conv ersion or BIR. There 

were 15 base substitutions observed among four sectored colonies resulting from the 

irradiation of G1 cells. The total lengths of the unselected gene conversion and BIR 

events among these strains were 163 kb (PG311-UV-8R/W), 271 kb (PG311-UV-9R/W), 22 
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kb (PG311-IR-37R/W), and 50 kb (PG311-IR-40R/W). The fraction of the genome with 

these LOH regions was about 0.01. Two of the fifteen (0.13) mutations were in regions of 

LOH. Although this calculation suggests that the LOH regions may have  a significantly 

elevated frequency of mutations, most of the induced mutations are located outside of 

the LOH regions. 

2.4.7 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 (about 4 kb). More importantly, this method could not be 

easily used to map events throughout the genome. In addition, the PCR-based approach 

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 (about 

$100/sample), 2) speed of analysis (about four hours for SNP arrays versus a 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 versus 250 bp for HTS), and 2) the 

ability to detect de novo mutations. In addition, diagnosis of LOH by HTS can be done 
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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. 

Alt hough 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. Ne ither SNP microarrays nor HTS, however, can map recombination events that 

do not involve LOH (for example, sister chromatid exchanges).  

2.4.8 Summary  

In conclusion, we have used SNP microarrays and HTS to map crossovers and 

gene conversion events at high resolution throughout the yeast genome.  These studies 

represent the first genome-wide measurement of the number and types of unselected 

LOH events induced by UV and ϖ rays. In G1-synchronized cells treated with either UV 

or ϖ rays, 4:0 conversion events are common, suggesting that many of the LOH events 

reflect the repair of two sister chromatids broken at approximately the same position. In 

addition, the high -resolution analysis of recombination events by SNP arrays and HTS 

reveals that gene conversion tracts, particularly those associated with crossovers, are 

more complex than was previously recognized by low -resolution studies. 
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2.5 Supporting Information: Materials and Methods  

2.5.1 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 in ST CHARLES et al. (2012)), representing about 15,000 SNP 

positions. Following scanning of the arrays, we measured the ratio of th e 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 of ST CHARLES et al. (2012)) 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 ×ÙÖÉÌÚɯȹËÌÚÐÎÕÈÛÌËɯÉàɯÈÕɯɁ2%ɂɯ

ÖÙɯɁ21ɂɯÈÚɯÛÏÌɯÓÈÚÛɯÛÞÖɯÊÏÈÙÈÊÛÌÙÚɯÖÍɯÛÏÌɯ/ÙÖÉÌ(#ɯÐÕɯ3ÈÉÓÌɯ2Ɨ of ST CHARLES et al. (2012)) 

that had a centered ratio less than 1.5 were discarded. All YJM789 probes (designated by 

ÈÕɯɁ8%ɂɯÖÙɯɁ81ɂɯÈÚɯÛÏÌɯÓÈÚÛɯÛÞÖɯÊharacters of the ProbeID in Table S3 of ST CHARLES et al. 

(2012)) 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 
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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 of ST 

CHARLES et al. (2012). 

2.5.2 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 pellet ed 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°), 

ÈÕËɯÛÏÌÕɯƖƔɯϟÓɯÖÍɯÈɯƖƙɯÔÎɤÔÓɯ9àÔÖÓÈÚÌɯÚÖÓÜÛÐÖÕɯÞÈÚɯÈËËÌËȭɯ3ÏÐÚɯÊÌÓÓ-agarose mixture 

was distributed into five plug molds and  allowed to solidify. The plugs were then 

ÐÕÊÜÉÈÛÌËɯÐÕɯƛƔƔɯϟÓɯÖÍɯÈÕɯ$#3 ɤ3ÙÐÚɯÚÖÓÜÛÐÖÕɯȹƙƔƔɯÔ,ɯ$#3 ȮɯƕƔɯÔ,ɯ3ÙÐÚȮɯ×'ɯƛȭƙȺɯ

ÖÝÌÙÕÐÎÏÛɯÈÛɯƗƛȘȭɯɯ3ÏÌɯÕÌßÛɯËÈàȮɯƘƔƔɯϟÓɯÖÍɯÈɯÚÈÙÊÖÚàÓɤ×ÙÖÛÌÐÕÈÚÌɯ*ɯÚÖÓÜÛÐÖÕɯȹƙǔɯÚÈÙÊÖÚàÓȮɯƙɯ

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  Ɂ!ÐÕËÐÕÎɂɯÉÜÍÍÌÙɯÍÙÖÔɯÛÏÌɯÒÐÛȮɯÛÏÌɯ

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 
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seconds without sonication, resulting in DNA fragments of about 200 -300 bp. Following 

sonication, the samples were treated according to the kit protocol. 

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. Af ter 

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 

ȹș*ƔƛƔƖȺɯÍÖÓÓÖÞÐÕÎɯÛÏÌɯÒÐÛɯ×ÙÖÛÖÊÖÓɯÉÜÛɯÌÓÜÛÐÕÎɯÞÐÛÏɯƛƝɯϟÓɯÖÍɯË'2O. 

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 o ligonucleotides. Microarrays and gasket 
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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 tran sferred 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 

×ÓÖÛÚɯÚÏÖÞÐÕÎɯÞÏÖÓÌɯÊÏÙÖÔÖÚÖÔÌÚȮɯÛÏÌɯÔÌËÐÈÕÚɯÞÌÙÌɯɁÚÔÖÖÛÏÌËɂɯÉàɯÈÝÌÙÈÎÐÕÎɯÖÝÌÙɯ

nine consecutive probes.  

2.5.3 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 

/2+Ɩɤ6ƗƔƗÈɯɂÙÌÈËÚɂɯÞÌÙÌɯÛÏÌÕɯÈÚÚÌÔÉÓÌËɯÜÚÐÕÎɯÛÏÌÚÌɯ2ƖƜƜÊɯÊÖÕÛÐÎÚɯÈÕËɯÛÏÌɯ
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/2+ƙɤ8),ƛƜƝɯɁÙÌÈËÚɂɯÞÌÙÌɯÈÚÚÌÔÉÓÌËɯÜÚÐÕÎɯÛÏÌɯ8),ƛƜƝɯÊÖÕÛÐÎÚȰɯÛÏÐÚɯÈÕÈÓàÚÐÚɯÞÈÚɯ

×ÌÙÍÖÙÔÌËɯÜÚÐÕÎɯ"+"ɯ&ÌÕÖÔÐÊÚɯÚÖÍÛÞÈÙÌɯÞÐÛÏɯÛÏÌɯɁÙÈÕËÖÔɂɯÍÓÈÎɯÖ×ÛÐÖÕȭɯɯ%ÙÖÔɯÛÏÌÚÌɯ

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 

/2+ƖɯÈÕËɯ/2+ƙɯɁÙÌÈËÚɂɯÜÚÐÕÎɯÛÏÌɯÍÐÙÚÛ-stage reference sequences; CLC Genomics 

ÚÖÍÛÞÈÙÌɯÞÈÚɯÜÚÌËɯÍÖÙɯÛÏÐÚɯ×ÙÖÊÌÚÚɯÞÐÛÏɯÛÏÌɯɁÜÕÐØÜÌɂɯÍÓÈÎ option. The resulting 

assemblies were used to generate a second-stage reference 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 >ƛƙǔɯÖÍɯÛÏÌɯɁÙÌÈËÚɂɯÐÕɯÛÏÌɯÕÌÞɯÈÓÐÎÕÔÌÕÛÚɯÏÈËɯÈɯÉÈÚÌɯÛÏÈÛɯÞÈÚɯËÐÍÍÌÙÌÕÛɯ

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-ÚÒÌÓÌÛÖÕɯÈÓÐÎÕÔÌÕÛɯÞÐÛÏɯÛÏÌɯȿ-ÈËËɀɯÖ×ÛÐÖÕɯ(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 
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addition, the Burrows -Wheeler Alignment Tool (BWA, (LI et al. 2009)). SAMtools was 

ÛÏÌÕɯÜÚÌËɯÛÖɯÌßÛÙÈÊÛɯɁ×ÐÓÌÜ×ɂɯÍÐÓÌÚɯÖÜÛɯÖÍɯÛÏÌɯÈÚÚÌÔÉÓÌËɯÍÐÓÌÚɯ(LI et al. 2009), creating files 

that show the number of bases supported at each position. For each experimental strain, 

ÍÙÖÔɯÛÏÌɯɁ×ÐÓÌÜ×ɂɯÍÐÓÌÚȮɯÞÌɯËÌÛÌÙÔined 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. 

2.5.4 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 
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were identifi ed 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.  

2.6 Supporting Information: Discussion  

Below, we expand our discussion of two topics introduc ed 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. 

2.6.1 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 (Figure 

2.2). 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 
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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 ϖ 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 
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unassociated with the crossover ; data is presented in Table S12 of (ST CHARLES et al. 

2012). 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. 

2.6.2 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 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 Table S 2.1 and Table S 2.2, and figures 

showing the patterns of DSB repair required to produce the recombination events are 

shown in Figs. S1-S40 of ST CHARLES et al. (2012). 

2.6.2.1 Complex gene conversion tracts unassociated with LOH of centromere -distal 

markers 

It is importan t to note that gene conversion events unassociated with crossovers 

could occur by three pathways (Figure 2.1): 1) SDSA in which there is a single region of 

heterodupl ex, 2) resolution of a double Holliday junction (dHJ) which results in two 
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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, M ITCHEL  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 and the mechanism(s) required to produce each class are: 1) Class 

A (3:1 or 1:3 conversion, SDSA repair of single G2 DSB), 2) Class B (4:0 or 0:4 conversion, 

SDSA repair of two DSBs located at the same position on sister chromatids), 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), 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), 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 Figure 2.1), 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 

Ɂ×ÈÛÊÏàɂɯÙÌ×ÈÐÙɯȹËÌÍÐÕÌËɯÉÌÓÖÞ), 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 will be described 

below. 
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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 Figure 2.1. Concerning Classes F and G, several additional points need to be 

discussed. First, although yeast cells can efficiently repair a double-stranded DNA gap 

(M ITCHEL  et al. 2010; ORR-WEAVER and SZOSTAK  1983), it is likely that most mitot ic gene 

conversion events reflect heteroduplex formation followed by the repair of the resulting 

mismatches (WENG and N ICKOLOFF 1998). Mismatch repair can result in a detectable 

conversion event or a restoration event. For example, in Figure 2.1A, repair of the 

ÏÌÛÌÙÖËÜ×ÓÌßɯÙÌÚÜÓÛÐÕÎɯÐÕɯÈɯËÜ×ÓÌßɯÞÐÛÏɯÛÞÖɯɁÙÌËɂɯÚÛÙÈÕËÚɯÞÖÜÓËɯÙÌ×ÙÌÚÌÕÛɯÊÖÕÝÌÙÚÐÖÕ-

type repair, since this pattern produces 3:1 segregation; repair of the mismatch to 

×ÙÖËÜÊÌɯÈɯËÜ×ÓÌßɯÞÐÛÏɯÛÞÖɯɁÉÓÜÌɂɯÚÛÙÈÕËÚɯÙÌ×ÙÌÚÌÕÛÚɯÙÌÚÛÖÙÈÛÐÖÕ-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 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 (M ITCHEL  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 S 2.1) 

can be explained by patchy repair of two DSBs in G2 (Figure 2.13A) or patchy repair of a 

single DSB in G1 (Figure 2.13B). 



  

 

 

Figure 2.13. Generation of Class F4 by two different mechanisms.

1
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In Class F4, there is a 3:1/4:0 conversion tract separated from a second 4:0 tract 

by a heterozygous segment. In Figure 2.13A, we show this pattern generated by the 

repair of two DSBs using the SDSA pathway. The heteroduplex tracts are of different 

ÓÌÕÎÛÏÚɯÈÕËɯÈÙÌɯÙÌ×ÈÐÙÌËɯÐÕɯÈɯɁ×ÈÛÊÏàɂɯÔÈÕÕÌÙȭɯ(ÕɯFigure 2.13B, we show Class F4 as 

generated by repair of a single G1 DSB. Mismatches in the resulting heteroduplex are 

ÙÌ×ÈÐÙÌËɯÐÕɯÈɯɁ×ÈÛÊÏàɂɯÔÈÕÕÌÙɯÐÕ G1 with one segment containing unrepaired 

mismatches. Replication of this molecule would produce the F4 pattern.  

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 Figure 2.1 that can explain the 

conversion events with two different donors. In one model ( Figure 2.14), 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 th e 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 (Figure 2.11). 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 
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heteroduplexes have been invoked previously to explain certain classes of mitotic gene 

conversions (ESPOSITO 1978; NICKOLOFF et al. 1999; ROITGRUND  et al. 1993).  

 

Figure 2.14. Alternate mechanism for generation of Class G1.  

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 after strand 

displacement.  
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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 r eflect 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 Figure 2.1, 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.  

2.6.2.2 Compl ex 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, 2) Class I (repair of two DSBs by canonical repair pathways), 

3) Class J (repair of one or two DSBs involving either patchy repair or branch migration ), 

and 4) Class K (recombination events that involve more than one independent DSB on 

one chromosome arm).  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. (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 Figure 2.1 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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2.7 Supplemental tables 

Table S 2.1 Classes of conversion tracts associated with spontaneous 

recombination events and events stimulated by UV or ϖ rays. 

In this table, we depic t the various classes of crossovers (with associated gene 

conversion events), gene conversion events unassociated with crossovers, and break -

induced replication (BIR) events detected in our study of spontaneous mitotic 

recombination, and DNA damage -induced  recombination. Each class contains a pair 

of lines, with one line representing each sector of a sectored colony. Green, red, and 

black line segments indicate that SNPs are heterozygous, homozygous for W303a -

derived SNPs, and homozygous for YJM789 -derived SNPs, respectively. Each 

transition between different colored segments is given a letter, and the SGD 

coordinates of these transitions are given in Table S2.3-2.7. Mechanisms that explain 

these patterns are presented in Figs. S1-S40 of ST CHARLES  et al. (2012). In column T, 

we show the number of events in each class . 

Class      Conversion tract Number of 

events 
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a b 

             D1 1                 

         

1 

                    

 

2                 

          

     

b c 
 

         

       
    

         

       
    

         Class E 

     
    

          

      
    

          

   

a 

 
 

c 
 

          E1 1                     

       

2 

      
    

          

 

2                     

        

     

b 
  

d 
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b 

  

d 

         E2 1                     

       

1 

  
          

        

 

2                     

        

   

a 

  

c 

           

                    

                    Class F 

                   

                    

   

a b c d 

         F1 1                     

       

2 

  
          

        

 

2                     

        

                    

                    

  
      

            F2 1                     

       

1 

                    

 

2                     

        

   

a b c d 

         

                    

   

a b c d 

         F3 1                     

       

1 

  
          

        

 

2                     

        

       

c d 

         

                    

   

a 

  

c d e 

       F4 1                         

     

1 

  
            

      

 

2                         

      

     

b c d e 

       

      
  

  
  

        

   

a b c d 

         F5 1                             

   

1 

                    

 

2                             

    

       

c d e f 

     

                    

                    Class G 

                   

                    

   

a b 

             G1 1                 

         

1 

  
        

          

 

2                 

          

     

b c 
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a b c 

           G2 1                 

         

1 

  
        

          

 

2                 

          

   

a b c 

           

    
    

            

   

a b c d 

         G3 1                     

       

1 

    
    

            

 

2                     

        

   

a b c d 

         

                    

                    Class H 

                   

                    

   

a 

               H1 1         

             

2 

                    

 

2         

              

   

a 

               

                    

     

b 

             H2 1             

           

2 

  
      

            

 

2             

            

  
 

a 

               

  
  

                

       

c 

           H3 1                 

         

1 

                    

 

2                 

          

   

a b c 

           

                    

                    Class I 

                   

                    

   

a b 

             I1 1             

           

1 

  
      

            

 

2             

            

     

b 

             

                    

       

c 

           I2 1                 

         

2 

                    

 

2                 

          

   

a b c 
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a b c 

           I3 1                 

         

1 

                    

 

2                 

          

       

c 

           

                    

   

a 

  

c 

           I4 1                 

         

1 

                    

 

2                 

          

     

b 

             

                    

       

c 

           I5 1                     

       

1 

                    

 

2                     

        

   

a b 

  

d 

         

                    

   

a b 

  

d 

         I6 1                     

       

2 

                    

 

2                     

        

       

c 

           

                    

   

a b c 

           I7 1                     

       

2 

                    

 

2                     

        

         

d 

         

                    

     

b c d 

         I8 1                     

       

1 

                    

 

2                     

        

   

a 

               

                    

    

b 

            I9 1                 

         

1 

                    

 

2                 

          

   

a b c 
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Class J 

                   

                    

   

a 

               J1 1                     

       

1 

                    

 

2                     

        

     

b c d 

         

                    

   

a b c d e 

       J2 1                         

     

1 

  
            

      

 

2                         

      

  
     

c 

           

  
      

            

   

a b c d e 

       J3 1                         

     

1 

  
            

      

 

2                         

      

  
     

c d e 

       

  
      

  
  

        

   

a b c 

           J4 1                             

   

1 

  
              

    

 

2                             

    

  
 

      

d e f 

     

                    

           

e 

       J5 1                         

     

1 

                    

 

2                         

      

   

a b c d 

         

                    

           

e 

       J6 1                         

     

1 

                    

 

2                         

      

   

a b c d 

         

                    

             

f 

     J7 1                             

   

1 

                    

 

2                             

    

   

a b c d e 

       

                    

             

f 

     J8 1                             

   

1 

                    

 

2                             

    

   

a b c d e f 
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e 

       J9 1                             

   

1 

                    

 

2                             

    

   

a b c d 

  

f 

     

                    

   

a b c 

  

e f 

     J10 1                                 

 

1 

                    

 

2                                 

  

       

c d 

    

g 

   

                    

     

b 

             J11 1                 

         

1 

  
        

          

 

2                 

          

  
 

a b c 

           

  
  

  
  

            

  
  

 

b c 

    

f 

     J12 1                             

   

1 

      
             

 

 

2                             

    

   

a b 

  

d e f 

     

                    

       

c d e 

       J13 1                         

     

1 

                    

 

2                         

      

   

a b 

  

d 

         

                    

   

a 

      

e f 

     J14 1                             

   

1 

                    

 

2                             

    

   

a b c d e 

       

                    

                    Class K 

                   

                    

  

a b c d e 

   

i j k 

  

n 

    K1 1                               

  

1 

                    

 

2                               

   

   

b 

   

f g h 

  

k l m n 
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a 

 

c d e f g h 

          K2 1                   

        

1 

                    

 

2                   

         

   

b c d 

   

h 

          

                    

   

a b c d e g h 

   K3 1                                 

 

1 

                    

 

2                                 

  

   

a b 

  

d e f 

     

                    

                    Class L 

                   

                    

     

b 

             L1 1             

           

1 

                    

 

2             

            

   

a 

               

                    

   

a 

  

c 

           L2 1                 
  

       

1 

  
          

        

 

2                 
  

        

     

b 
     

        

                    

     

b 

             L3 1                 

         

1 

                    

 

2                 

                a     c                       
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Table S 2.2 Classes of recombination events that were observed by SNP arrays 

but that were altered when examined by high -throughput DNA sequencing.  

Some of the sectored colonies that were analyzed by both SNP microarrays 

and by high -throughput DNA sequencing (HTS) became more complex in the HTS 

data. If the event detected by the microarray was not already represented by a class in 

Table S2.1, it was assigned to Classes M1-M7. Since these classes, based only on 

microarrays, were less accurate than those based on HTS, we did not depict Classes 

M1-M7 in Figs. S1-S40 of ST CHARLES  et al. (2012). 

Class 
 

Conversion  tract 
   

Number 

of events 

                    

   

a b c d 

         M1 1                             

   

1 

                    

 

2                             

    

           

e f 

     

                    

                    

   

a 

               M2 1             

           

2 

  
      

            

 

2             

            

     

b 

             

                    

                    

     

b 

             M3 1             

           

1 

                    

 

2             

            

   

a b 
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a b c d e 

       M4 1                         

     

1 

  
            

      

 

2                         

      

   

a b c 
  

e 
 

      

     
  

  
     

      

    
  

  
      

      

   

a b c d e 

       M5 1                             

   

1 

                    

 

2                             

    

             

f 

     

                    

                    

   

a b c 

  

e 

       M6 1                             

   

1 

  
            

      

 

2                             

    

   

a b 

  

d 
  

f 
 

    

    
  

    
      

    
                    

   
a b c 

           
M7 1                     

       
1 

  
          

        

 
2                     

        

   
a 

  
c d 
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Table S 2.3 Mapping spontaneous mitotic recombination events by SNP 

microarrays  

We selected chromosome V crossovers as red/white sectored colonies. DNA 

was isolated from each sector and examined for LOH by SNP arrays. In most of these 

sectors, there were one or more transitions between heterozygous SNPs and SNPs that 

were homozygous f or either the W303a or YJM789 form of the SNP. 3ÏÌɯɁ2ÌÊÛÖÙɂɯ

column  shows the name of the sectored colony, and ÛÏÌɯɁ"ÏÙÖÔȭɂ shows the 

chromosome location; for this table, all events except one were on chromosome V, 

since we were selecting for events on V. T he event on chromosome VIII in 7BRW was 

unselected. 3ÏÌɯɁ$ÝÌÕÛɯÊÓÈÚÚɂɯÊÖÓÜÔÕ shows the event class as defined in Table S 2.1-

S2.2. The numbers in ÛÏÌɯɁ+ÐÕÌɯÕÜÔÉÌÙɂɯÊÖÓÜÔÕÚ relate to the depictions of the 

events in Table S2.1-S2.2 and define which line drawing (numbered 1 or 2) 

corresponds to which sector (red or white). The letters in ÛÏÌɯɁ3ÙÈÕÚÐÚÛÐÖÕɯÓÈÉÌÓɂɯ

column  correspond to transitions between heterozygous and homozygous segments 

within each sector as shown in Table S 2.1-S2.2. 3ÏÌɯɁ,ÈÙÒÌÙÚɯÍÓÈÕÒÐÕÎɯÛÙÈÕÚÐÛÐÖÕÚɂɯ

columns  show the SGD coordinates of the SNPs that most closely flank the transition 

points.  

Sector Chrom. 

Event 

class 

Line number  

Transition 

label 

Markers flanking 

transitions  

Red 

sector 

White 

sector Left Right 

1.4RW V H2 1 2 a 127038 128941 

     

b 129616 130096 

1.7RW V H1 1 2 a 150291 151419 

4.1RW V J8 1 2 a 62494 62635 

     

b 65685 67302 

     

c 72490 75719 

     

d 80069 81264 

     

e 82770 84997 

     

f 98369 98763 

4.11RW V I4 1 2 a 97792 98369 

     

b 104636 105299 

     

c 129310 129511 

2ARW V H2 1 2 a 51915 53692 

     

b 57170 60701 

6BRW V H1 1 2 a 49385 49896 

7BRW V J5 1 2 a 109029 110820 

     

b 112452 113907 

     

c 118129 119505 

     

d 130096 131261 
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e 134783 136012 

 

VIII  B1 1 2 a 228989 231822 

     

b 231822 253188 

15ARW V J13 1 2 a 34481 37492 

     

b 38068 41126 

     

c 41533 44506 

     

d 45587 48837 

     

e 49044 49385 

16BRW V J1 1 2 a 115078 117001 

     

b 117001 117276 

     

c 117276 118129 

     

d 118137 119505 

18ARW V J9 1 2 a 121397 124190 

     

b 127038 128941 

     

c 128941 129100 

     

d 130096 131261 

     

e 131261 132281 

     

f 134832 136012 

21ARW V H3 1 2 a 30652 31251 

     

b 31251 32231 

     

c 34481 37492 

26BRW V I7 1 2 a 86758 86861 

     

b 86861 87888 

     

c 91739 93200 

     

d 94077 94399 

29BRW V I1 1 2 a 158692 159409 

          b 159409 161995 
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Table S 2.4 SNP microarr ay analysis of recombination events induced by ϖɯ

rays 

Seven sectored colonies induced by ϖ rays were analyzed by SNP arrays. As 

expected, all colonies had a crossover event on chromosome V. In addition, most of 

the sectored colonies had unselected events on other chromosomes. The description of 

the informatio n concerning the various columns in  this table is given in Table S2.3 . 

The depictions of the M classes of events are given in Table S 2.2 with all other classes 

in Table S 2.1. 

Sector Chrom. 

Event 

class 

Line number  

Transition 

label 

Markers flanking 

transitions  

Red 

sector 

White 

sector Left Right 

2RW II  D1 2 1 a 599438 599687 

     

b 604780 605756 

     

c 610185 614979 

 

V I6 1 2 a 38068 41126 

     

b 41533 44506 

     

c 50295 51183 

     

d 56137 57170 

 

VIII  C3 1 2 a 168743 170576 

     

b 173252 178613 

     

c 181063 183463 

 

XI I9 2 1 a 105100 112922 

     

b 117632 119303 

     

c 121099 122536 

5RW IV B1 1 2 a 1148058 1148418 

     

b 1152992 1153949 

 

IV I8 1 2 a 1265332 1267763 

     

b 1272145 1273200 

     

c 1275710 1277206 

     

d 1286930 1287823 

 

V I3 1 2 a 94077 94339 

     

b 98736 98985 

     

c 104636 105299 

 

V C3 2 1 a 271363 272155 

     

b 276195 278498 

     

c 278498 291700 

6RW V J7 1 2 a 78080 80069 

     

b 81264 82754 

     

c 86732 86758 



  

134 

     

d 90200 91730 

     

e 95684 95906 

     

f 97404 97743 

 

V B1 1 2 a 540335 541057 

     

b 541472 541633 

 

XII  I7 2 1 a 221657 226427 

     

b 236112 236226 

     

c 237597 237803 

     

d 244367 244661 

8RW II  L1 2 1 a 769886 771821 

     

b 773533 775053 

 

V J6 1 2 a 102173 103260 

     

b 105481 105830 

     

c 109050 110820 

     

d 121397 124190 

     

e 127038 128941 

 

XV A1 2 1 a 608670 608946 

     

b 611151 611700 

37RW V M3 1 2 a 41533 44506 

     

b 44506 45284 

40 

R/W II  A2 2 1 a 88072 89532 

     

b 102421 116691 

 

V M5 1 2 a 72004 72490 

     

b 72490 75719 

     

c 78080 80069 

     

d 81264 82754 

     

e 85566 86732 

     

f 87888 88109 

 

X M1 2 1 a 51711 52024 

 
    

b 52024 52381 

 
    

c 57132 57722 

  
   

d 57722 58117 

   
  

e 60412 61667 

  
   

f 62052 64080 

 

XVI  B1 1 2 a 93747 95738 

 
  

  

b 96463 98869 

43RW IV B2 1 2 a 1309753 1310149 

     

b 1312257 1313530 

 

V J12 1 2 a 145732 150291 

     

b 150291 151419 
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c 157756 158692 

     

d 192712 197339 

     

e 197480 201569 

     

f 201569 205990 

 

VIII  I5 1 2 a 50240 53891 

     

b 55920 57162 

     

c 67614 70935 

     

d 75202 77201 

 

X L3 2 1 a 59483 59933 

     

b 68077 70059 

     

c 73999 75330 

 

XV A1 1 2 a 949471 958063 

          b 958063 966210 
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Table S 2.5 Analysis of ϖɯray-induced recombination events by high -

throughput DNA sequencing  

Sector Chromo. 

Event 

class 

Line number  

Transition 

label 

Markers flanking 

transitions  

Red 

sector 

White 

sector Left Right 

37RW IV F2 2 1 a 1060007 1065083 

     

b 1071768 1075945 

     

c 1077848 1079627 

     

d 1079627 1082848 

 

V I2 1 2 a 41687 42238 

     

b 42490 42959 

     

c 44999 45229 

40 R/W II  C4 2 1 a 88493 89545 

     

b 103654 104643 

     

c 104850 115777 

 

V J10 1 2 a 72326 72502 

     

b 72990 73131 

     

c 78835 79231 

     

d 79231 79309 

     

e 81276 81713 

     

f 85693 86742 

     

g 87900 87938 

 

X F5 2 1 a 51723 52036 

 
    

b 52036 52231 

 
    

c 57448 57612 

  
   

d 57849 57860 

  
   

e 61049 61448 

  
   

f 62856 63404 

 

XVI  B1 1 2 a 94414 94922 

          b 96934 97162 
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Table S 2.6 Analysis of UV -induced recombination events by SNP microarrays  

Three sectored colonies derived from UV -treated cells were examined by SNP 

microarrays as described previously. In addition to the expected 

crossovers/conversions on chromosome V, we observed many unselected events on 

other chromosomes. The information shown in Columns A to H is compa rable to that 

shown in Tables S2.4 and S2.5. 

Sector Chrom. 

Event 

class 

Line number  

Transition 

label 

Markers fla nking 

transitions  

Red 

sector 

White 

sector Left Right 

4WR II  F1 1 2 a 517739 518366 

     

b 534963 536407 

     

c 536711 537814 

     

d 541372 542341 

 

III  A1 2 1 a 68840 72774 

     

b 77887 78730 

 

IV B2 1 2 a 589427 590872 

     

b 591064 593197 

 

IV B1 1 2 a 895029 909432 

     

b 911910 913818 

 

V I2 1 2 a 41126 41533 

     

b 45587 48837 

     

c 57170 60701 

 

V B2 1 2 a 442725 450243 

     

b 452240 453723 

 

VII  B2 1 2 a 29386 32836 

     

b 33882 43381 

 

VII  B1 1 2 a 557235 558489 

     

b 559492 560550 

 

VII  G2 1 2 a 699064 730597 

     

b 737182 747266 

     

c 759626 773191 

 

VII  B1 1 2 a 878454 878865 

     

b 880297 881258 

 

VIII  B2 1 2 a 97859 99073 

     

b 100063 101004 

 

XII  C2 1 2 a 494992 495797 

     

b 496424 498208 

     

c 499664 500129 
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8WR II  M2 2 1 a 442290 447517 

 
 

   

b 450919 452926 

 

IV E2 2 1 a 15561 18870 

 
 

   

b 21769 21917 

     

c 24733 27078 

 
 

   

d 27078 27666 

 

IV G1 2 1 a 78170 78934 

 
 

   

b 79589 79790 

     

c 80845 81765 

 

IV B1 1 2 a 559223 560565 

 
 

   

b 563067 565309 

 

IV A2 1 2 a 624148 628588 

 
 

   

b 632639 634749 

 

IV B1 1 2 a 1065071 1075942 

 
 

   

b 1075942 1143034 

 

V J2 1 2 a 54198 56117 

 
 

   

b 57170 60701 

     

c 65685 67302 

 
 

   

d 72004 72490 

 
 

   

e 72490 75719 

 

V E1 2 1 a 356821 357717 

 
 

   

b 368841 370202 

     

c 373720 374799 

 
 

   

d 377174 380708 

 
VII  J3 1 2 a 231705 233805 

  
   

b 234547 236270 

 
 

 
  

c 236523 236846 

  
   

d 237107 237661 

 
  

  

e 237690 239200 

 

VII  C1 2 1 a 985827 991002 

 
 

   

b 991889 992929 

 
 

   

c 996609 1000337 

 

X J11 2 1 a 297498 298815 

     

b 306935 307352 

     

c 307352 309462 

 

X B1 1 2 a 436583 437739 

 
 

   

b 439631 441601 

 

XV C4 1 2 a 218129 221061 

 
 

   

b 223649 226687 

     

c 234269 235360 

 

XV A2 2 1 a 412646 412925 
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b 420322 420877 

 

XV B2 1 2 a 945646 946473 

 
 

   

b 946473 948727 

 

XVI  A1 1 2 a 118240 119094 

 
 

   

b 121545 122461 

 

XVI  C3 1 2 a 339827 341256 

 
 

   

b 342256 342732 

     

c 344770 347422 

9WR IV A2 1 2 a 317781 325063 

 
 

   

b 332254 332733 

 

IV B1 1 2 a 1178332 1181398 

 
 

   

b 1184854 1187255 

 

IV L2 2 1 a 1503756 1504918 

 
 

   

b 1505988 1507520 

     

c 1510998 1515286 

 

V I6 1 2 a 93407 94077 

 
 

   

b 95906 96550 

     

c 106469 107912 

 
 

   

d 107912 108369 

 

V C1 1 2 a 165534 167628 

 
 

   

b 167628 169096 

     

c 176440 178678 

 

VII  C3 1 2 a 580170 582792 

 
 

   

b 585672 589039 

 
 

   

c 589039 592008 

 

VII  M2 2 1 a 663893 670102 

 
 

   

b 670102 682631 

 

IX A1 2 1 a 227036 227449 

 
 

   

b 229500 230665 

 

X A2 2 1 a 163640 164139 

 
 

   

b 172148 175014 

 

XI E1 2 1 a 15265 19930 

 
 

   

b 23922 26696 

 
 

   

c 29975 30912 

 
 

   

d 30912 34433 

 

XI A2 1 2 a 523522 527412 

 
 

   

b 534897 538280 

 

XII  M4 1 2 a 633203 640474 

 
 

   

b 642140 645790 

 
 

   

c 645790 649852 

 
 

   

d 751132 751818 
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e 751963 755543 

 

XIII  A2 2 1 a 352162 356136 

     

b 363039 365184 

 

XIII  M7 2 1 a 469500 470798 

     

b 474925 476981 

 
 

   

c 476981 479133 

 
 

   

d 479133 480314 

 

XV M6 2 1 a 438251 440736 

 
 

   

b 441476 442416 

 
 

   

c 443020 443590 

     

d 446473 448742 

 
 

   

e 508790 509957 

 
 

   

f 513325 514332  
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Table S 2.7 Analysis of UV events by HTS  

Two of the sectored colonies previously examined by microarrays were also 

examined by HTS. Genomic DNA isolated from both sectors of the two colonies were  

sequenced. If the recombination event defined by HTS was more complex than that 

previously observed by SNP arrays, the event was assigned a different class . Columns 

A-H have the information  comparable to that in Tables S2.3 -S2.6. 

Sector Chrom. 
Event 

class 

Line number  
Transition 

label 

Markers flanking 

transitions  

Red 

sector 

White 

sector 
Left Right 

8WR II  J4 2 1 a 440187 440214 

     
b 440214 440343 

     
c 442813 447152 

     
d 448628 449146 

     
e 450124 450279 

     
f 451448 451581 

 
IV  E2 2 1 a 17461 17898 

     
b 21807 21893 

     
c 24937 25924 

     
d 27210 27498 

 
IV  G1 2 1 a 78265 78579 

     
b 79622 79688 

     
c 81258 81586 

 
IV  B1 1 2 a 559235 559934 

     
b 563217 563467 

 
IV  A2 1 2 a 625248 628600 

     
b 632651 633880 

 
IV  C1 2 1 a 1071768 1075945 

     
b 1075945 1077715 

     
c 1077848 1079627 

 
V J2 1 2 a 54912 55841 

     
b 57449 57885 

     
c 66297 67311 

     
d 72326 72502 

     
e 73131 75594 

 
V E1 2 1 a 356833 357729 

     
b 369253 369440 

     
c 373732 375013 

     
d 377186 378582 
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VI  A1 2 1 a 14770 25898 

     
b 29907 30187 

 
VII  J3 1 2 a 231717 232620 

     
b 234558 235232 

     
c 236715 236858 

     
d 237223 237461 

     
e 237744 238566 

 
VII  C1 2 1 a 988076 990250 

     
b 992453 992804 

     
c 997417 998195 

 
X J11 2 1 a 298226 298676 

     
b 306947 307281 

     
c 307364 308210 

 
X B1 1 2 a 436595 437751 

     
b 439643 440839 

 
XV C4 1 2 a 218142 218547 

     
b 223662 225904 

     
c 234931 235232 

 
XV A2 2 1 a 412659 412752 

     
b 420368 420716 

 
XV G3 1 2 a 945871 946487 

     
b 946487 948117 

     
c 949629 954763 

     
d 955483 956016 

 
XVI  A1 1 2 a 118260 119014 

     
b 121557 121751 

 
XVI  F4 1 2 a 339839 340193 

     
b 342268 342371 

     
c 346500 347398 

     
d 350087 350218 

     
e 350218 350248 

9WR IV A2 1 2 a 321142 325075 

     
b 332266 332745 

 
IV  B1 1 2 a 1178344 1181373 

     
b 1186623 1187267 

 
IV  L2 2 1 a 1503985 1504011 

     
b 1506000 1506534 

     
c 1514249 1514361 

 
V I6 1 2 a 93419 93878 

     
b 95918 96109 

     
c 106822 107341 
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d 107929 108381 

 
V C1 1 2 a 165445 166837 

     
b 167640 168778 

     
c 177478 177570 

 
VII  F3 1 2 a 582439 582804 

     
b 585684 586091 

     
c 586091 589051 

     
d 589641 590531 

 
VII  K1 1 2 a 665927 670084 

     
b 670378 671690 

     
c 676446 676844 

     
d 677488 678458 

     
e 679031 679475 

     
f 701128 703861 

     
g 715098 715157 

     
h 717276 729400 

     
i 807421 807501 

     
j 807518 807579 

     
k 919536 920585 

     
l 921250 921313 

     
m 921313 921358 

     
n 921655 922011 

 
VIII  A2 1 2 a 125460 128730 

     
b 131716 131893 

 
IX F1 2 1 a 227050 227148 

     
b 227148 227298 

     
c 227306 227358 

     
d 230144 230506 

 
X A2 2 1 a 163652 163826 

     
b 172656 175026 

 
XI E1 2 1 a 15916 18015 

     
b 24894 25338 

     
c 30575 30717 

     
d 31755 33674 

 
XI A2 1 2 a 526070 527065 

     
b 537771 538292 

 
XI B2 1 2 a 584267 584460 

     
b 584460 584586 

 
XII  K2 1 2 a 633784 634129 

     
b 634191 634579 

     
c 642559 643162 
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d 646908 649864 

     
e 656914 657024 

     
f 657047 657236 

     
g 751400 751829 

     
h 752105 755555 

 
XIII  A2 2 1 a 355164 355412 

     
b 363615 363819 

 
XIII  J14 1 2 a 469570 470696 

     
b 475854 476481 

     
c 477050 478086 

     
d 478637 478672 

     
e 478672 479145 

     
f 479745 480326 

 
XV K3 2 1 a 439049 439789 

     
b 441489 442429 

     
c 443073 443157 

     
d 444291 445218 

     
e 445218 445650 

     
f 446486 447364 

     
g 509319 509621 

          h 513338 513608 

 

  



  

145 

 

Table S 2.8 Mutations induced by ϖɯray or UV treatment  

Eight strains derived from four sectored colonies (two each from UV - and ϖ 

ray-treated cells) were sequenced and de novo mutations were identified. If the 

mutations were observed in both sectors of a treated colony, ÐÕɯÛÏÌɯɁ2ÛÙÈÐÕɂɯÊÖÓÜÔÕ, 

the letters R (red) and W (white) are written. The chromosome number and SGD 

coordinate of the altered base are shown in Ɂ"ÏÙɂɯÈÕËɯɁ2&#ɯ×ÖÚɂɯÊÖÓÜÔÕÚ, 

respectively. For this table only, we use the SGD coordinates dated December, 2011; 

most of the SGD coor dinates of February, 2010 differ from those of December, 2011 

by less than 100 bp. The L431X nonsense mutation (Ɂ,ÜÛÈÛÌËɯÎÌÕÌɂɯÊÖÓÜÔÕ) is in the 

essential gene SMC3. As expected, when the diploid containing this mutation was 

sporulated, two of the four spo res of each tetrad failed to grow.  

Treatment Strain Chr SGD pos Reference Mutation  Mutated gene A. a. change 

X-ray 37W/37R 11 333864 C T NUP120 G36R 

X-ray 40W/40R 11 168580 C T DBR1 G84S 

X-ray 40W/40W 14 298475 G A YNL181W W47X 

UV 8W/8R 7 238320 C T 
  

UV 8W 10 206437 C T MDV1 P379L 

UV 8W 11 74661 A  G tN(GUU)K  
 

UV 8W/8R 11 159842 G A RSM22 P501S 

UV 8W/8R 11 332479 C A NUP120 M497I 

UV 8W/8R 13 396919 A T 
  

UV 8W/8R 15 956654 C T 
  

UV 8W/8R 16 93515 A G IQG1 L532S 

UV 8R 10 301558 A T SMC3 L431X  

UV 9W 10 171529 A G URA2 L280P 

UV 9W 13 463981 A G YMR099C Y283H 

UV 9R 14 62590 G A     
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3 'ÐÎÏ-ÙÌÚÖÓÜÛÐÖÕɯÔÈ××ÐÕÎɯÖÍɯÚ×ÖÕÛÈÕÌÖÜÚɯÔÐÛÖÛÐÊɯ

ÙÌÊÐ×ÙÖÊÈÓɯÊÙÖÚÚÖÝÌÙÚɯÖÕɯÛÏÌɯÙÐÎÏÛɯÈÙÔɯÖÍɯÛÏÌɯ

2ÈÊÊÏÈÙÖÔàÊÌÚɯÊÌÙÌÝÐÚÐÈÌɯÊÏÙÖÔÖÚÖÔÌɯ(5 

 Homologous recombination (HR) is an important pathway for the repair 

of double strand breaks (DSBs) in the DNA of mitotically -dividing eukaryotic cells. 

Recombination between the homologs in diploid organisms, however, can also have 

negative consequences. For example, in a human cell that is heterozygous for a mutation 

in a tumor suppressor gene, a crossover event centromere-proximal to the mutation can 

result in the mutation becoming homozygous in one of the daughter cells. Such loss of 

heterozygosity (LOH ) events are likely to be an early step in tumorigenesis for many 

solid tumors (FISCHER and STRINGER 2008).  

To investigate the properties of mitotic recombination, we mapped about 140 

spontaneous reciprocal crossovers (RCOs) on the right arm of the yeast chromosome IV 

using SNP microarrays. This 1.1 Mb region contains about 10% of the yeast genome. Our 

mapping and subsequent experiments demonstrate that inverted repeats of Ty 

retrotransposable elements can be homolog-specific mitotic recombination hotspots in 

the absence of replication perturbation, and that the hotspot activity is quenched if the 

inverted repeat structure is disrupted. Additionally, about 70% of the DNA lesions that 

result in LOH are generated during G1 of the cell cycle and repaired during S or G2. We 

also show that different genetic elements are associated with reciprocal crossover 

conversion tracts depending on the cell cycle timing of the initiated DSB. G-quadruplex 
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motifs are associated with crossovers that are initiated by lesions during G1 of the cell 

cycle, and replication-termination regions are associated with crossovers initiated by 

lesions in S or G2.  

3.1 Introduction  

A DNA double -strand break (DSB) is a potentially lethal DNA lesion that can 

lead to genomic instability and chromosome rearrangements if not promptly re paired. 

DSBs and other forms of DNA damage (for example, single-stranded nicks or base 

damage) can result from exogenous sources such as ϖ or UV radiation. They can also 

form as a result of endogenous DNA damage. Possible sources of endogenous DNA 

damage resulting in DSBs include head-on collisions between the replication and 

transcription machinery AGUILERA  (2002), and processing of DNA secondary structures 

such as those formed by certain triplet repeats (FREUDENREICH et al. 1998; TANG  et al. 

2011) or by inverted repeats (GORDENIN  et al. 1993; LEMOINE  et al. 2005; LOBACHEV  et al. 

2000). 

(ÕÝÌÙÛÌËɯÙÌ×ÌÈÛÚɯÏÈÝÌɯÉÌÌÕɯÊÈÓÓÌËɯɁÈÛ-ÙÐÚÒɯÔÖÛÐÍÚɂɯÉÌÊÈÜÚÌɯÖÍɯÛÏÌÐÙɯÈÉÐÓÐÛàɯÛÖɯÍÖÙÔɯ

recombinogenic secondary structures (GORDENIN  and RESNICK 1998).  Inverted repeats 

are capable of forming either hairpin structures when single -stranded (intrastrand 

pairing between the inverted repeats) or cruciform structures (both strands forming 

hairpins at the same location) if the DNA is double stranded (LILLEY  1980; 
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PANAYOTATOS  and WELLS 1981). Hairpin structures can cause replication fork pausing 

and lead to DSBs (VOINEAGU  et al. 2008).  

Increasing either the size of a spacer between IRs or the amount of sequence 

divergence between the repeats results in less frequent formation of the cruciform 

structure (VOINEAGU  et al. 2008). A cruciform structure is thought to promote genome 

instability because this structure resembles a Holliday junction that can be cleaved by 

Holliday junction resolvases resulting in hairpin -capped ends. The resolvase responsible 

for cleavage of a cruciform is unknown, but Mre11p is necessary for repair of the 

hairpin -capped ends (LOBACHEV  et al. 2002). A pair of inverted repe ats of Ty elements 

located on chromosome III, known as FS2, have been previously shown to be a source of 

genomic instability in yeast cells with low levels of alpha or delta polymerase (LEMOINE  

et al. 2008; LEMOINE  et al. 2005). There are at least five locations in the yeast genome, 

including FS2, in which Ty repeats are present as inverted repeats with less than 1 kb 

between the repeats. These locations (distance between the repeats shown in 

parentheses) are:  chromosome III at coordinate 167 kb (FS2, 283 bp spacer), 

chromosome IV from 872 to 884 kb (524 bp spacer), chromosome IV from 980 to 992 kb 

(25 bp spacer), chromosome VII from 811 to 823 kb (these Ty repeats overlap by 4 bp), 

and chromosome XVI from 844 to 856 kb (189 bp spacer). Since FS2 is composed of two 

Ty1 repeats that are not present in the Saccharomyces Genome Database (SGD), the 

location coordinate indicates the site of insertion in strains that have FS2. 
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In S. cerevisiae, DSBs can be repaired by the relatively inefficient non -homologous 

end joining (NHEJ) pathway or by homologous repair (HR) (SYMINGTON  and GAUTIER  

2011). HR uses an intact donor DNA molecule (usually either a sister chromatid or a 

homolog) to repair the broken recipient molecule. In addition, if the DSB is located 

within a repeated gene, ectopically-located repeats on other chromosomes can act as a 

substrate for homologous recombination (ARGUESO et al. 2008). If the repair event uses 

the homolog as a template, it can result in conversions (the non-reciprocal transfer of 

DNA sequence) that can be visualized as LOH events. Conversion events can be 

associated or unassociated with reciprocal crossovers (RCOs) (swapping of the donor 

and recipient chromosomes from the site of the break to the end of the molecule); in 

meiosis, about half of the gene conversion events are associated with crossovers (PETES 

et al. 1991). Conversion events result from either correction of mismatches in 

heteroduplex DNA by the cellular mismatch repair (MMR) system (MODRICH  and 

LAHUE  1996), or repair of a double-stranded DNA gap located near the site of the DSB 

(ORR-WEAVER and SZOSTAK 1983).  

Previously in the Petes lab, diploid yeast strains heterozygous for many (55,000) 

single-nucleotide polymorphisms (SNPs ) markers distributed throug hout the genome 

were used to map conversion tracts associated with spontaneous RCOs on chromosome 

V (LEE et al. 2009), and crossovers induced by ionizing and UV radiation (LEE and PETES 

2010; ST CHARLES et al. 2012). The diploids used in the mapping experiments were 
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generated by crosses of the sequence-diverged haploids, YJM789 and W303a (WEI et al. 

2007). As described in detail in Chapter 2, we used oligonucleotide -containing 

microarrays to detect regions of LOH throughout the genome in cells treated with UV or 

ϖ rays (ST CHARLES et al. 2012).  

In this chapter, I describe our mapping of crossovers and associated gene 

conversion events on the right arm of chromosome IV, an interval of about 1.1 Mb. 

Unlike the analysis described in Chapter 2, we concentrate on spontaneous events rather 

than those induced by DNA damaging agents. The previous study of spontaneous 

crossovers on chromosome V (LEE et al. 2009) was restricted to a small region (about 100 

kb) of the genome that lacked a number of common chromosome elements such as 

retrotransposons. In addition, the mapping of the crossover events was done at 

relatively low (about 3 kb) resolution. In my analysis of events on chromosome IV, I use 

single-nucleotide polymorphism (SNP) microarrays to map events at approximately 1 

kb resolution.  
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Figure 3.1. Patterns of gene conversion resulting from the repair  of G1- or G2-

generated DSBs. 

Chromatids that are depicted in black represent YJM789 -derived chromatids, and 

those in red represent W303a-ËÌÙÐÝÌËɯÊÏÙÖÔÈÛÐËÚȭɯɁ1ɂɯÈÕËɯɁ6ɂɯÐÕËÐÊÈÛÌɯÛÏÌɯÏÖÔÖÓÖÎÚɯ

present in the red and white sectors, respectively, of a sectore d colony. The 

centromeres are shown as circles. 

A. 3:1 conversion event. Repair of a G2-associated DSB results in a 3:1 gene 

conversion tracts (enclosed in dotted lines) associated with the LOH event. Note that 

LOH distal to the conversion tract is observe d if the daughter cells contain one non -

recombinant and one recombinant chromatid. If one daughter has two recombinant 

chromosomes and the other two non -recombinant chromatids, no LOH is observed. 

Thus, about half of the crossovers result in detectable LOH . Note also that the 

chromatid that receives the DSB acts as a recipient of information from the unbroken 

chromatid of the other homolog.  
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B. 4:0 conversion event. A chromosome in a G1 cell is replicated to form two sister 

chromatids that are broken at appr oximately the same position. Repair of these two 

broken chromatids in G2 can result in a region in which all four chromatids have 

identical SNPs, a 4:0 conversion tract. For this event, both conversion tracts are of the 

same length. 

C. 4:0/3:1 hybrid tract. As in Figure 3.1B, a broken chromosome is replicated to form to 

two broken sister chromatids. The conversion tracts associated with the repair of the 

two DSBs, howe ver, are of different lengths, resulting in a 4:0/3:1 hybrid tract.  

Previous studies in the lab have indicated that differences in the cell cycle timing 

of the DSBs that initiate recombination result in different types of conversion tracts (LEE 

et al. 2009; LEE and PETES 2010). Figure 3.1 shows a comparison of conversion tracts 

resulting from repair of a DSB formed during S or G2 of the cell cycle (Figure 3.1A), and 

conversion tracts resulting from repair of a DSB formed in G1 (Figure 3.1B and C). 

Figure 3.1 depicts reciprocal crossovers in a color-sectoring system in which one 

daughter cell will give rise to a while colony and the other daughter cell will give rise to 

a rÌËɯÊÖÓÖÕàɯȹËÌÚÐÎÕÈÛÌËɯÉàɯÛÏÌɯɁ6ɂɯÈÕËɯɁ1ɂɯÓÌÛÛÌÙÚȺȭɯ3ÏÐÚɯÚàÚÛÌÔɯÞÐÓÓɯÉÌɯËÌÚÊÙÐÉÌËɯÐÕɯ

further detail in the Results section.  Figure 3.1A shows a DSB on the YJM789 homolog 

during G2 of the cell cycle that is repaired by homologous recombination, resulting in a 

crossover and associated 3:1 conversion tract. If the chromatids segregate to generate 

distal LOH, there will be a short conversion tract near the site of the crossover, such that 

the red sector (as depicted in the figure) is homozygous for the W303a background and 

the white sector is heterozygous at the same location. This type of conversion is called a 

3:1 conversion event because within the conversion tract, three of the chromatids have 

red SNPs and only one chromatid has black SNPs. Figure 3.1B shows a DSB on the 



  

 153 

YJM789 homolog during G1 of the cell cycle that has been replicated to generate two 

broken chromatids. Since both chromatids are broken in the same location, only the 

homolog is available as a template for homologous recombination. If one chromatid is 

repaired resulting in a crossover and associated conversion event, and the second 

chromatid is repaired as a conversion event unassociated with crossovers, following 

chromosome segregation to generate LOH, there will be a 4:0 conversion tract (indicated 

in the dotted line box in Figure 3.1B). Figure 3.1C also shows a DSB on the YJM789 

homolog during G1 of the cell cycle. Following replication, rep air occurs as in Figure 

3.1B, but one broken chromatid has been processed to a greater extent than the other, 

resulting in unequal -sized conversion tracts. Following chromosome segregation to 

generate LOH, the resulting conversion tract is a 4:0/3:1 hybrid tract.  

We found that mitotic recombination can occur throughout the chromosome 

arm, although the distribution of certain types of exchanges is non -random. In 

particular, the inverted repeat formed by two Ty retrotrans posons, oriented in tail -to-tail 

configuration, located around SGD coordinates 980 kb is a hotspot for reciprocal 

crossovers initiated by DSBs during G1 of the cell cycle in the W303a-derived homolog. 

Our results also demonstrate that LOH events are more frequently a consequence of G1-

initiated DSBs than G2-initiated DSBs, and that conversion tracts associated with the G1 

DSBs are longer than those associated with G2-initiated DSBs. I also found that different 



  

 154 

genetic elements are associated with reciprocal crossovers initiated during G1 of the cell 

cycle in comparison to those initiated during G2 of the cell cycle.  

3.2 Materials and Methods  

3.2.1 Strains and construction  

 A list of all strains used in this chapter are present in Table S 3.1, and a list of all 

primers used in this study are listed in Table S 3.2, unless otherwise specified. Mapping 

of crossovers was performed with the strain JSC25 (MATÈɤ, 3ϔȯȯ'8&ɯÓÌÜƖ-3,112/LEU2 

his3-11,15/HIS3 ura3-1 /ura3 GAL2/gal2 ade2-1/ade2-1 trp1-1/TRP can1-100::NAT/ 

CAN1::NAT RAD5/RAD5 IV1510386::KANMX-can1-100/IVI1510386::SUP4-o) which is a 

hybrid diplo id generated by mating the sequenced strains W303a and YJM789 (WEI et al. 

2007). A detailed description of the strain construction is presented in the 

Supplementary Information. In brief, the KANMX  gene (which renders cells resistant to 

geneticin) was inserted at position 1510386 on the W303a-derived chromosom e IV 

homolog, and the SUP4-o gene was inserted at the allelic position on the YJM789 

homolog. These two haploids were mated. As discussed in the Introduction, since JSC25 

is homozygous for the nonsense-suppressible ade2-1 mutation, crossovers result in 

red/white sectored colonies. As in previous studies (LEE et al. 2009), we replaced the 

, 3ϔ locus with the HYG gene. This manipulation prevents the diploid from 

sporulating to generate artifactual red/white sectors.  
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 We also used strains that had modifications of the HS4 recombination hotspot 

(inverted pair of Ty elements) located near SGD coordinate 980 kb on chromosome IV. 

The strain construction is also presented in detail in the Supporting Information. In brief, 

in the control diploid JSC71-1, in the W303a-derived homolog, the HYG gene was 

inserted at about position 957 kb, which is upstream of the inverted repeat hotspot; in 

the same homolog, the URA3 gene was inserted at about position 1013 kb, which is 

downstream of the hotspot. We then constructed several derivatives of this strain: 1) a 

strain in which the centromere -proximal Ty2 element was replaced by KANMX  (JSC73-

2), 2) a strain in which the delta element associated with the centromere-proximal Ty2 

was replaced by KANMX  (JSC74-1), and 3) a strain in which KANMX was inserted 

between the two Ty elements of HS2 (JSC77-1).  

3.2.2 Media 

 All media were prepared using standard recipes (Guthrie and Fink 1991), except 

that the SD- ÙÎɯ×ÓÈÛÌÚɯÊÖÕÛÈÐÕÌËɯÖÕÓàɯƕƔɯϟÎɤÔ+ɯÖÍɯÈËÌÕÐÕÌȮɯÈÚɯ×ÙÌÝÐÖÜÚÓàɯËÌÚÊÙÐÉÌËɯ

(BARBERA and PETES 2006). 

3.2.3 Assay for crossovers  

To detect crossovers, we first streaked JSC25 for single colonies onto rich solid 

medium (YPD plates). The cells were then grown for three days at 30°. A single (pink) 

colony was then resuspended in water, and plated onto SD-Arg plates at a density of 

about 2000-5000 cells per plate. Plates were incubated at 25° for three days. The plates 
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were then put at 4° for an additional day to let the red pigmentation develop. Plates 

were examined using a dissecting microscope to look for red/white sectors. In colonies 

in which the red sector was at least one-eighth of the colony, we purified colonies from 

both the red and white sides of the sector. We confirmed that the red and white colonies 

were Ade - and GenS, respectively. Single red and single white colonies from each 

sectored colony were subsequently analyzed. 

3.2.4 Microarray methods and analysis  

 Microarray samples were prepared, hybridized, and analyzed as previously 

described (ST CHARLES et al. 2012). Briefly, agarose plugs containing genomic DNA were 

prepared from strains derived from the sectored colonies and from the control diploid 

reference strain. DNA from both the experimental and reference strains was sonicated to 

yield DNA fragments of about 200-400 base pairs (bp); these samples were labeled with 

Cy5-dUTP (experimental) and Cy3-dUTP (control). DNA samples from the experimental 

and control strains were mixed and competitively hybridized to SNP microarrays. 

Following washing and scanning of the  arrays, probe signals were analyzed as ratios of 

hybridization of the experimental and control samples for each SNP -specific 

oligonucleotide represented on the arrays. 

3.2.5 Microarray design  

 The chromosome IV SNP microarray was designed and optimized followin g the 

principles described previously (ST CHARLES et al. 2012). In short, most of the SNPs 
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analyzed on the microarray are represented by four 25-bp oligonucleotides: two specific 

to the Watson and Crick strands of the W303a form of the SNP, and two specific to the 

Watson and Crick strands of the YJM789 form of the SNP. For the majority of the probes, 

the SNP is located in the center of the oligonucleotide, and the melting temperature for 

the oligonucleotide/genomic DNA hybrid is between 55 and 59° C. Minor de viations 

from these principles are described in the Supporting Information. To map events on 

chromosome IV, we used microarrays containing 9200 oligonucleotides on IV, allowing 

us to assay about 2300 SNPs. The location and sequence of each SNP on the microarray 

will be included in the Supplementary Information online, but are not included in the 

thesis. 

3.2.6 Assay of recombination activity of a recombination hotspot 
containing inverted repeats  

 In order to assay the frequency of recombination at the hotspot containing the 

inverted pair of Ty elements, we inserted HYG and URA3 centromere-proximal and 

centromere-distal to the hotspot, respectively. Both markers were inserted on the 

W303a-derived homolog. A crossover between the markers generates a 5-fluoro -orotate-

resistant (5-FOAR) derivative that is also resistant to hygromycin. A crossover 

centromere-proximal the HYG gene results in a 5-FOAR Hyg S strain. Consequently, we 

examined the ratio of Hyg R 5-FOAR colonies to the total amount of 5-FOAR colonies 

derived fro m the experimental strains containing the HYG and URA3 markers (JSC71-1, 

JSC73-2, JSC74-1, and JSC77-1). Each strain was struck for single colonies on YPD plates. 
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After incubating the cultures at 30° for 30 hours, we made patches of individual colonies 

on plates containing medium with 5 -FOA. The plates were then incubated for two days 

at 30°. A single 5-FOAR colony from each patch was then transferred as a patch to YPD 

plates. After one day of growth at 30°, the samples were replica-plated to YPD plates 

containing hygromycin. The Hyg R 5-FOAR / total 5-FOAR ratio was then determined by 

counting the number of patches that grew on the YPD+Hyg plates and the total number 

of 5-FOAR colonies examined. About 400 5-FOAR colonies were analyzed for each strain. 

3.2.7 Statis tical analysis  

 We used chi-square goodness-of-fit tests to compare expected values with 

observed values. VassarStats (http://vassarstats.net/) and Microsoft Excel were used for 

this statistical test. We used Table B11 of ALTMAN  (1991) to calculate 95% confidence 

intervals on median estimates of conversion tract length. The Mann-Whitney test from 

the VassarStats website was used to compare conversion tract lengths for events 

initiated during G1 versus G2 of the cell cycle. 
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3.3 Results  

3.3.1 Identification and mapping of crossovers on chromosome IV.  

 

Figure 3.2. Crossover screening system 

 We used a colony-color screening assay to identify reciprocal crossovers on 

chromosome IV, similar to the system that our lab has previously used to study mitotic 

recombination on chromosome V (BARBERA and PETES 2006; LEE et al. 2009)(Figure 3.2). 

Our experimental diploid, JSC25, is a hybrid generated by mating two sequenced 

haploid strains, W303a and YJM789. We inserted the geneticin-resistance gene (KANMX ) 

near the telomere on the right arm of the W303a-derived copy of  chromosome IV. At the 

allelic position, on the YJM789-derived homolog, we inserted the SUP4-o gene, which 
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encodes an ochre-suppressing tRNA. JSC25 is also homozygous for the ochre-

suppressible ade2-1 mutation. Diploid strains of this genotype that lack SUP4-o form red 

colonies, strains with one copy of the suppressor form pink colonies, and those with two 

copies of SUP4-o form white colonies.  

If there is a crossover between the centromere and the SUP4-o locus, there is a 

50% chance, following chromosome segregation that the two daughter cells will be 

homozygous for the region centromere distal of the crossover (CHUA  and JINKS-

ROBERTSON 1991). If the crossover occurs at the time that the diploid JSC25 is plated, the 

daughter cell that is homozygous for SUP4-o will produce a white Gen S sector (Figure 

3.2). The other daughter cell will produce a red GenR sector. Although one would expect 

that the red and white sectors would be of equal sizes if the crossover occurred in the 

cell that was initially plated, we observed at least two -fold variation in the sizes of the 

red and white sectors. In addition, we also observed single colonies that had pink, white, 

and red sectors. Such colonies presumably reflect crossovers that occurred after the 

plated cells had started to divide.  In our experiments, we did not analyze sectored 

colonies unless the red portion of the colony was more than one-eighth of the colony. 

One potential artifact that could generate a red sector in a diploid that is heterozygous 

for SUP4-o is sporulation, resulting in haploid spore colonies that lack SUP4-o. To 

prevent this complication, we deleted , 3ϔɯin constructing JSC25. Diploid strains 

usually require both mating types in order to sporulate (HOPPER and HALL  1975). 
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 ÚɯËÐÚÊÜÚÚÌËɯÈÉÖÝÌȮɯÛÏÌɯÍÙÌØÜÌÕÊàɯÖÍɯɁ×ÜÙÌɂɯÙÌËɤÞÏÐÛÌɯÚÌÊÛÖÙÌËɯÊÖÓÖÕÐÌÚɯÚÏÖÜÓËɯ

reflect the rate of crossovers between CEN4 and the KANMX/SUP4-o markers. We 

observed a frequency of red/white sectored colonies of 3.1x10-5/division. Since only one 

half of reciprocal crossovers on the right arm of chromosome IV result in a sectored 

colony, the crossover frequency is twice the sector frequency or 6.2x10-5 /division.  

 

Figure 3.3. Mapping of a crossover with an associated 3:1 conversion event by 

SNP microarrays.  

The values on the Y-axis show the experimental/reference hybridization ratio 

of genomic DNA to oligonucleotides that are specific to SNPs from the W303a and 

YJM789 backgrounds. The values on the X -axis indicate the SGD  coordinates of the 

SNPs along chromosome IV. The red and blue lines depict the hybridization levels of 

probes specific for the W303a and YJM789 backgrounds, respectively. Where both the 

red and blue lines ha ve a value of 1, the diploid is heterozygous for the SNPs. If the 

strain is homozygous for the W303a variant, the red signal increases to about 1.6 and 

the blue signal diminishes to about 0.3. If the strain is homozygous for the YJM789 

variant, we observe the reverse pattern. 
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A. Low -resolution depiction of a reciprocal crossover analyzed by the SNP 

microarrays. In both the red (top plot; JSC25 SP 129R) and white (bottom plot; JSC25 

SP 129W) sectors, there is a transition between heterozygosity and homozygos ity at 

approximately SGD coordinate 770 kb.  

B. High -resolution depiction of a reciprocal crossover. These two graphs show 

the hybridization to strain -specific SNPs at high resolution. Each square and diamond 

indicates the hybridization level to a specific oligonucleotide. The genomic DNA 

from the red sector has a transition between heterozygosity and homozygosity at 

approximately coordinate 762.5 kb (top panel), whereas genomic DNA from the white 

sector has a transition at about coordinate 772 kb. Thus, the  regions shown in green 

rectangles represent the 3:1 gene conversion event. 

 

We mapped crossovers in about 140 sectored colonies of JSC25. Based on the 

sequences of W303a and YJM789 (the two haploids used to generate the diploid), this 

strain is heterozygous for about 55,000 SNPs. In order to characterize a mitotic 

recombination event on chromosome IV, one needs to determine whether SNPs are 

heterozygous (as in the original progenitor diploid) or homozygous in the region 

between CEN4 (SGD coordinate of about 450 kb) and the KANMX/SUP4-o markers (SGD 

coordinate about 1,510 kb). We examined about 2300 SNPs in this 1.1 Mb region using 

oligonucleotide -containing microarrays, resulting in a mapping resolution of about 500 

bp. As in our previous study (St Charles et al. 2012), for each SNP, we designed four 25-

base oligonucleotides: two representing the Watson and Crick strands of the W303a 

form of the SNP and two representing the Watson and Crick strands of the YJM789 form 

of the SNP. If the hybridization of genomic  DNA to these oligonucleotides is done under 

stringent conditions, it is possible to determine whether a particular strain is 
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homozygous for the W303a- or YJM789-derived SNPs, or is heterozygous (GRESHAM et 

al. 2010; ST CHARLES et al. 2012). Genomic DNA samples were prepared from both the 

red and white sectors. In separate experiments, these samples were labeled with Cy5-

dUTP and hybridized in competi tion with the control diploid strain labeled with Cy3 -

dUTP. The normalized ratio of hybridization of these samples to each oligonucleotide 

allowed us to determine whether the experimental strains were heterozygous or 

homozygous for a specific SNP. In previous experiments (St Charles et al. 2012), we used 

high -throughput DNA sequencing to confirm the validity of results obtained with the 

SNP array.  

Figure 3.3 shows an example of the analysis of genomic DNA from a sectored 

colony (JSC25 SP 129). In this figure, the hybridization of genomic DNA to the W303a-

derived SNPs is shown by a red line and the hybridization of genomic DNA to the 

YJM789-derived SNPs is shown by a blue line. In the low resolution array analysis for 

the red side of the sector (top part of Figure 3.3A), genomic DNA from the red sector 

hybridizes equally efficiently t o both W303a- and YJM789-derived SNPs (normalized 

ratio of 1) from SGD coordinates 445 kb to 770 kb. At approximately SGD coordinate 770 

kb, there is a transition from heterozygosity to homozygosity for the W303a form of the 

SNPs. In the white sector (bottom part of Figure 3.3A), the genomic DNA has a 

heterozygous region of approximately the same size as the red sector and a transition to 

homozygosity for the YJM789 form of the SNPs at approximately the same position. This 
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LOH pattern is expected for a reciprocal crossover occurring near SGD coordinate 770 

kb. Based on the higher resolution depiction (Figure 3.3B), it is clear that the transition 

points between heterozygosity and homozygosity are not identical between the two 

sides of the sector. This transition occurs at SGD coordinate 762 kb in the red sector and 

772 kb in the white sector. The region boxed in this figure represents a 3:1 gene 

ÊÖÕÝÌÙÚÐÖÕɯÛÙÈÊÛȭɯ3ÏÌɯɁƗȯƕɂɯÕÖÛÈÛÐÖÕɯÐÕËÐÊÈÛÌÚɯÛÏÈÛɯÞÐÛÏÐÕɯÛÏÐÚɯÉÖßÌËɯÙÌÎÐÖÕȮɯÊÖÕÚÐËÌÙÐÕÎɯ

both sectors, three of the chromosomes have W303a-derived SNPs and only one has 

YJM789-derived SNPs. This pattern indicates that the gene conversion tract was initiated 

by a DNA lesion on the YJM789-derived chromosome, since the chromosome with the 

lesion acts as a recipient during the conversion event (PÂQUES and HABER 1999). Of 121 

crossover-associated conversions, 29 (23%) were associated with a simple 3:1 conversion 

event. 

In Figure 3.4, we show a crossover associated with a 3:1/4:0/3:1 hybrid 

conversion tract. In the crossover event shown in this figure, the red sector has a 

hybridization pattern with a single transition, whereas the white sector has three 

transitions. In the region marked with the red box, all four chromosomes have the SNP 

derived from W 303a (the 4:0 portion of the tract). This 4:0 region is flanked by two 3:1 

regions (marked with green boxes). This type of hybrid conversion tract is explicable as 

reflecting the repair of two broken sister chromatids, with one repair tract extending 

beyond the other (LEE and PETES 2010; ST CHARLES et al. 2012).  The region in which both 
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conversion tracts overlap make up the 4:0 part of the conversion tract, and the region in 

which one chromatid was processed to a greater extent becomes the flanking 3:1 parts of 

the conversion tract.  

 

Figure 3.4. Mapping of a crossover with an associated 3:1/4:0/3:1 conversion 

event by SNP microarrays. The depiction of this event is the same as in Figure 3.3.  

 A. Low -resolution depiction of the crossover. In both the red (top plot; 

JSC25 SP 112R) and white (bottom plot; JSC25 SP 112W) sectors, there is a transition 

between heterozygosity and homozygosity at approximately SGD coordinate  700 kb, 

although it is evident in JSC 25 SP 112W that there are at least two transitions.  

 B. High -resolution depiction of 3:1/4:0/3:0 conversion associated with a 

reciprocal crossover. A comparison between the patterns of SNP heterozygosity and 

homozygosity demonstrate that the crossover in this sectored colony was associated 

with a 3:1/4:0/3:1 conversion tract. The 3:1 segments of the tract are included within 

the green rectangles and the 4:0 portion is outlined in the red rectangles.  

Of 139 crossovers analyzed, 121 (87%) were associated with a contiguous gene 

conversion event. Of the 121 conversion tracts, there were 29 simple 3:1 conversions, 7 
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simple 4:0 conversions, and 46 simple 4:0/3:1 or 3:1/4:0/3:1 hybrid conversions; 39 tracts 

had more complicated patterns of conversion (discussed below). In order to detect and 

classify gene conversion events, the patterns of heterozygous and homozygous SNPs in 

both sectors must be considered. In Figure 3.5, we show the method that we used to 

depict gene conversion events. The lines on top and bottom represent information from 

the red and white sectors, respectively. A green line indicates that the sector is 

heterozygous, a red line indicates that the sector is homozygous for the W303a form of 

the SNPs, and the black line indicates that the sector is homozygous for the YJM789 form 

of the SNPs. Each transition between heterozygosity and homozygosity is indicated with 

a lower case letter. Figure 3.5 shows crossovers with no associated conversions (Figure 

3.5A), simple 3:1 conversions (Figure 3.5B), simple 4:0 conversions (Figure 3.5C), simple 

3:1/4:0/3:1 tracts (Figure 3.5D), and one example of a complex tract (Figure 3.5E). A 

summary of all conversion tracts observed in our study is presented in Table S 3.3 with 

the SGD coordinates of each transition point given in Table S 3.4. 
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Figure 3.5. Depiction of conversion tracts and crossovers.  

In order to diagnose a conversion event within a sectored colony, one must 

analyze LOH patterns for both the red and white sectors. In the images, green, black, 

and red colors indicate SNP heterozygosity, homozygosity for the YJM789 -derive d 

SNPs, and homozygosity of the W303a -derived SNPs, respectively. Each sectored 

colony is represented by two lines, with the top line showing the pattern of 

heterozygosity and homozygosity for the red sector and the bottom line showing the 

pattern for the white sector. The small letters mark the transition points ( Table S 3.3 

and Table S 3.4). 

A. Crossover without an associated conversion.  

B. Crossover with an associated 3:1 conversion. 

C. Crossover with simple 4:0 conversion.  

D. Crossover with an associated 3:1/4:0/3:1 hybrid conversion tract.  

E. Crossover with a complex conversion  tract. 

3.3.2 Location of crossovers and associated conversions on the right 
arm of chromosome IV  

We collected and analyzed 138 sectors and 139 reciprocal crossovers in the strain 

JSC25; one sectored strain had a double crossover. The locations of crossovers and 
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associated conversion tracts are shown in Figure 3.6. The crossovers associated with 

conversion tracts were separated into two categories: those in which the initiating 

double strand break occurred in the W303a homolog and those that occurred in the 

YJM789 homolog. The separation is based on which strain is the donor in the conversion 

event (Figure 3.1 legend). For example, if W303a-derived chromosome is the donor in a 

conversion tract, then the YJM789-derived homolog had the originating DSB; conversion 

events of this type are shown on the bottom part of Figure 3.6. Conversion events in 

which W303a-derived homolog had the initiating DSB are shown at the top part of 

Figure 3.6. Although this analysis was usually straightforward, about 2% (3/121) of the 

conversion tracts involved more than one donor (segments of red and black within one 

tract in Figure 3.6). For such tracts, we considered the homolog that had donated the 

smallest amount to the conversion tract to be the chromosome with the initiating DSB. 

Crossovers unassociated with conversion tracts are not shown in Figure 3.6, because it is 

impossible to determine which homolog had the originating DSB.  

Some interesting conclusions can be made from the data in Figure 3.6. First, 

although the number of crossovers initiated from DSBs on the W303a- and YJM789-

derived homologs is approximately equal (61 versus 59, respectively), the distribution of 

crossovers along each homolog appears to be different. For instance, there are 16 

conversion tracts that start between 600 and 800 kb on the YJM789-derived homolog but 

only 5 conversion tracts initiated on the W303a-derived homolog within the same 
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region. In contrast, more conversion events in the region between 800 and 1000 kb are 

initiated on the W303a-derived homolog than the YJM789-derived homolog. In Figure 

3.6, the lengths of the conversion tracts are indicated by the lengths of the pairs of lines. 

The conversion tract lengths in the 800-1000 kb region on the W303a-derived homolog 

are longer than those initiated on the YJM789-derived homolog. The reasons for these 

differences will be discussed further below. 



  

 

 

Figure 3.6. Map locations of crossovers and associated gene conversion events in JSC25 along the right arm of 

chromosome IV.  

1
7

0 
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The X-axis represents the SGD coordinates (CEN4 at 449 kb), and the Y-axis 

represents the length of the individual conversion tract. The red and black horizontal 

lines in the center of the figure depict the W303a - and YJM789-derived homologs, 

respectively. Individual conversion tracts are depicted as t wo horizontal vertical lines 

that are attached to either homolog line by a black connector line. Where the thin 

black lines join the horizontal red and black lines indicate the centromere -proximal 

margin of the conversion tract.  The left line of each pair  of lines shows the 

conversion tract of the red side of the sector, and the right line shows the white side of 

the sector. Green, red, and black show heterozygosity, homozygosity for W303a -

derived SNPs, and homozygosity for YJM789 -derived SNPs, respectivel y. Each 

segment of the depicted conversion tract is proportional to the size of that segment 

within the sector. The hash marks between the two homologs indicate the density of 

the SNPs represented on the microarray.  

Figure 3.7 summarizes the location of crossover-associated gene conversion 

events in a different way. In this figure, the X -axis shows the SGD coordinates and the Y-

axis shows the number of conversion events that include the SNP located at that 

coordinate summed over all mapped conversion events. Thus, the heights of the peaks 

reflect both the frequency of DNA lesions that initiate gene conversions, and the lengths 

of conversion tracts emanating from the sites of the DNA lesion. All crossover-

associated conversion events are shown in Figure 3.7A. The median number of times 

individual SNPs were involved in a conversion ev ent was about two. In Figure 3.7A, we 

label regions where multiple SNPs were involved multiple times in a gene conversion 

event as potential hotspots (HS1-HS7). In Figure 3.7B, we show separately those events 

initiated on the W303a- and YJM789-derived homologs. These distributions are 

strikingly different. It is also clear that the distributions of G1 -initiated conversions 

(tracts with 4:0 segments or other features that indicate a G1-associated DSB) and G2-
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associated conversions (3:1 conversions without a 4:0 segment) are different (Figure 

3.7C). We will discuss the statistical analysis of these distributions below.  

 

Figure 3.7. Summary of conversion tracts associated with crossovers along the  

right arm of chromosome IV.  

These plots represent the number of times a SNP represented on the 

microarray is involved in a conversion tract. A SNP was considered involved if it was 

between the start and end of the conversion tract.  

A. This portion of the  figure includes all conversion tracts. The labels HS1 -

HS7 represent potential hotspots for recombination.  

B. This plot is the same analysis as Figure 3.7A except that we show the 

conversion events initiated on the W303a -derived homolog (red) separately from 

those initiated from the YJM789 -derived homolog (black).  

C. This plot is the same analysis as Figure 3.7A, except we show the conversion 

events initiated in G1 (those with a 4:0 tract, indicated in purple), separately from 

those initiated in G2 (those with a 3:1 tract, indicated in green).  
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3.3.3 Statistical analysis of the distribution of crossovers and 
conversions  

 In Figure 3.7A, the crossover-associated gene conversion events appear clustered 

into the middle third of the right arm of chromosome IV. As discussed above, however, 

the depiction of events shown in Figure 3.7A is somewhat misleading since the number 

of times a SNP is involved in a conversion event is a function of both the frequency of 

initiating events near the SNP and the length of the conversion tracts. For example, if the 

SNPs are 1 kb apart, a chromosome region in which conversion tracts are 10 kb in length 

will result in a 10 -fold elevation in the number of times a SNP is included within the 

tract compared to a region in which the conversion tracts are only 1 kb in size, even if 

the frequency of recombinogenic DNA lesions is identical for the two chromosome 

regions. One reason that this issue is of concern is that many of the conversion tracts 

near the middle of the chromosome arm are longer than the average (Figure 3.6). 

Consequently, as described below, we developed methods of performing the statistical 

analysis that eliminated the effect of the size of the conversion tract. 

We used several different statistical methods to determine if the distribution of 

crossovers along the chromosome arm is non-random. In our first statistical analysis, we 

divided the right arm of chromosome IV into five bins of 200 kb (starting at the 

centromere at coordinate 445 kb) and a sixth bin of about 80 kb. We counted the number 

of crossovers that occurred within each region (Figure 3.8A). For those events in which 
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the crossover was associated with a conversion tract that spanned two bins, we assigned 

the crossover to a bin based on whether the mid -point of the conversion tract was within 

the bin (additional details discussed in the Supporting Materials and Methods at the end 

of this chapter). As can be seen in Figure 3.8A, if all events are examined, the number of 

crossovers per bin is approximately proportional to the size of each bin (p=0.96 by chi-

square goodness-of-fit). However, when we examined specific classes of events within 

each bind, we observed significant departures from a random distribution ( Figure 3.8B).   

 

Figure 3.8. Distribution of JSC25 crossovers into six intervals along the right 

arm of chromosome IV.  

As described in the text, we grouped the observed crossovers into six bins 

along the right arm of chromosome IV. The Y -axis shows the number of events/bin, 

and the X-axis shows the SGD coordinates of each bin.  

A. For this analysis, all crossovers were examined without regard to which 

homolog had the initiating DNA lesion or whether the conversion event was initiated 

by a G1- or G2/S-associated DSB. 

B. For this analysis, we classified the cr ossovers in each bin into four groups: 

crossovers initiated on the W303a -derived chromosome in G1 (red), crossovers 

initiated on the W303a -derived chromosome in G2 (pink), crossovers initiated on the 

YJM789-derived chromosome in G1 (black), and crossovers initiated on the YJM789 -

derived chromosome in G2 (gray).  
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 The data depicted in Figure 3.8B were examined in various ways using a 

contingency chi-square test. By this test, we determined that the distribution of 

crossovers initiated on the W303a-derived chromosome was significantly different from 

the distribution of crossovers initiated on the YJM789-derived chromosome (p=0.01). 

This result suggests that the W303a and YJM789 homologs have different distributions 

of recombinogenic DNA lesions. Additionally, the distributions of DSBs initiated during 

G1 or G2 of the cell cycle were significantly different from each other (p=0.007). Both of 

these characteristics can also be seen in Figure 3.7B and C. We also note that the bin from 

845-1045 kb has a very significant enrichment of crossovers initiated on the W303a-

derived homolog during G1  of the cell cycle compared to a random distribution of this 

class of event among all of the bins (p=2.3 x 10-5).  

 The conversion tract lengths in different regions of chromosome IV, as defined 

by the bins, are also non-random. We calculated the conversion tract length by taking 

the midpoint of the two markers flanking the transitions at each end of the tract (the first 

transition from heterozygosity to homozygosity in either sector and the last transition in 

which both sectors become homozygous). Figure 3.9 shows both the average conversion 

tract length in each 200 kb bin. The median conversion tract length for all events 

examined is 10.6 kb, and the average conversion length is 16.7 kb. For these calculations, 

we estimated conversion tract length for crossovers with no detectable conversion event 

as half the distance between the last heterozygous probe and the first homozygous 
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probe. With the exception of the two bins  from 845 to 1045 kb and from 1045 to 1245 kb, 

all of the bins have average conversion tract lengths of about 11 kb.  

 

Figure 3.9. Conversion tract lengths along the right arm of chromosome IV.  

Average conversion tract length in six windows along the right arm of 

chromosome IV. The Y -axis shows the length of the conversion tract in kb and the X -

axis shows the SGD coordinates of the bins which are the same as those used in 

Figure 3.8. 
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3.3.4 Comparison of the physical and genetic maps of the right arm 
of chromosome IV  

 

Figure 3.10. Comparison of physical and genetic mitotic recom bination maps.  

This figure shows a comparison of the physical map of the 1.1 Mb right arm of 

chromosome IV with a genetic map of mitotic crossovers. We show three genetic 

maps: one that includes the crossovers initiated from both homologs (JSC25 map), one 

including the crossovers initiated from the W303a -derived homolog (W303a map), and 

one including the crossovers initiated from the YJM789 -derived crossover (YJM789 

map). The chromosome arm was divided into 20 regions of about 53 kb. The genetic 

distances are based on the proportion of events within each 53 kb interval, using the 

Ɂ×ÖÐÕÛ-ÈÕÈÓàÚÐÚɂɯÔÌÛÏÖËɯÌÔ×ÓÖàÌËɯÍÖÙɯFigure 3.8. and described in the Supporting 

Materials and Methods section. The top and bottom horizontal lines show the 

physical map. The vertical lines allow comparisons of the genetic maps with the 

physical maps, and of the different genetic maps with each other.  

 In Figure 3.10, we show a comparison between the physical map of the right arm 

of chromosome IV with the genetic maps based on recombination data from JSC25. In 

addition, we show separately the data from th e W303a- and YJM789-derived homologs. 

This figure emphasizes the differences in recombination activity between the two 

different homologs. For example, the region between 927 kb and 1,033 kb in the map of 

W303a is larger than expected from the physical map, but the same region is smaller 

than expected in the YJM789 map. Conversely, the segment between 768 kb and 821 kb 
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has no events in the W303a map, but a greater than average number of events in the 

W303a map. Such differences demonstrate the difficulty and, perhaps, the futility of 

generating a universal mitotic recombination map for S. cerevisiae. As shown below, 

however, differences in the recombination activities of the two homologs can lead to 

mechanistic insights into mitotic recombination.  

 

3.3.5 The HS4 hotspot is associated with a pair of inverted Ty 
elements  

 

Figure 3.11.  Inverted pair of Ty elements at SGD coordinate 980 kb are present 

on the W303a-, but not the YJM789-derived homolog  



  

 179 

A. Top: Structure of the Ty inverted repeat located near 980 kb on chromosome 

IV. F 1, F2, R1, and R2 are primers used to diagnose the existence of these repeats on the 

W303a and YJM789 homologs. Primers F1, R1, F2, and R2 are listed in Table S 3.2 as IV 

980403 F, Ty2 R, Ty1.2 R, and IV 993256 R, respectively. Bottom: Gel analysis of the 

PCR products using F 1/R1 and F2/R2 primer pairs and the indicated template DNA; 

S288c is very similar in DNA sequence to W303a (WINZELER  et al. 2003). 

B. Gel analysis of the PCR reaction using primer pair F 1/R2. This analysis 

indicates the existence of a partial Ty element in the YJM789 genome. 

C. Summary of the structure of the inverted Ty repeats at HS4 in the W303a -

derived homolog and the absence of this structure in the YJM789 -derived homolog. 

These results are also consistent with the genomic sequencing of the two strains.  

 The HS4 hotspot, located between coordinates 970 kb and 1,000 kb, has the 

highest level of recombination as measured by the number of conversion events (Figure 

3.7A). This hotspot is specific to the W303a-derived homolog ( Figure 3.7B), and is 

associated with G1-initiated gene conversion events (Figure 3.7C). Analysis of the DNA 

sequences in the hotspot region shows that the peak of recombination activity of HS4 

overlaps with a closely -spaced inverted pair of Ty elementsYDRWTy2-3 and YDRCTy1-3 

located between coordinates 981 and 992 kb; Ty elements are 6 kb retrotransposons 

present in about 40 copies per haploid (KIM  et al. 1998). Artificially -constructed inverted 

repeats stimulate deletions and certain types of recombination in yeast (GORDENIN  et al. 

1993; LOBACHEV  et al. 2002), and inverted Ty elements have been shown to increase the 

frequency of chromosome aberrations in yeast strains with low levels of DNA 

polymerase alpha (LEMOINE  et al. 2005). 

To determine whether the hotspot activity of HS4 was related to the inverted pair 

of Ty elements, we first examined whether both of the haploid progenitor strains 
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contained the inverted pair of elements. Using oligonucle otide primers specific for Ty1, 

Ty2, and the regions flanking these repeats, we found that W303a, but not YJM789, had 

the inverted Ty pair ( Figure 3.11A). This result is also consistent with the DNA 

sequences of W303a (SGD database) and YJM789 (WEI et al. 2007), showing that YJM789 

is missing the centromere-proximal Ty element and has only a 2 kb fragment of the 

distal Ty element. Using primers that flank the Ty element(s) ( Figure 3.11B), we found 

that the YJM789 strain had a 2 kb band as expected, whereas the W303a strain had 

multiple small non -specific bands. This result is not unexpected, since the pair of Ty 

elements represents a 12 kb palindromic fragment that would be difficult to amplify. 

These results are summarized in Figure 3.11C. The observation that the HS4 hotspot is 

specific to the W303a-derived homolog that contains the inverted pair of Ty elements 

implicates this structure in the hotspot activity.  

 Figure 3.12 shows the sequence and potential secondary structure of the central 

98 bp of the inverted repeat hotspot if this region was single -stranded. Figure 3.12A 

shows the linear sequence with regions of complementary shown in brackets. Figure 

3.12B and C show two possible secondary structures that can be formed by this 

sequence. The spacer between the pairs of inverted repeats is 25ɬ66 bases, depending on 

whether the secondary structure is tolerant of mismatches. In addition to forming a 

hairpin, inverted repeats are capable of forming cruciform structures in which two 

hairpin structures are formed on opposite s trands (LOBACHEV  et al. 2002).  
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Figure 3.12. /ÖÛÌÕÛÐÈÓɯɁÏÈÐÙ×ÐÕɂɯ#- ɯÚÛÙÜÊÛÜÙÌÚɯÛÏÈÛɯÊÖÜÓËɯÉÌɯÍÖÙÔÌËɯÉàɯ

inverted repeats.  

Bases with homology to Ty or delta sequences are shown in red; bases with no 

homology to Ty are shown in black.  

 A. Sequence of 98 bases from one strand of the DNA at the center of the 

inverted Ty pair (SGD coordinates 987091 -987188) at HS4. Regions of possible 

intrastrand pairing are indicated by brackets.  

 B. Secondary structure formed by HS4 with a terminal 25 bp spacer and 

an unpaired 9 base loop.  

 C. Secondary structure formed by HS4 with a 66 bp spacer.  

To directly test whether the inverted Ty elemen ts were responsible for the 

hotspot activity of HS4, we measured hotspot activity in four isogenic stains: one with 

the wild -type HS4 sequence, one with a deletion of the centromere-proximal Ty element, 
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one with an insertion of a marker that expanded the spacer by about two kb, and one 

with a deletion of a delta element of the centromere-proximal hotspot. For all four 

strains, we inserted URA3 about 23 kb centromere-distal to HS4 (957 kb) and the 

hygromycin -resistance gene HYG about 20 kb centromere-proxima l to HS4 (1,013 kb). 

These strains are depicted in Figure 3.13A and details of the strain construction are in 

the Supporting Materials and Methods.  

A crossover initi ated at HS4 will result in a daughter cell that is Hyg R and 5-

FOAR 50% of the time. A crossover initiated between CEN4 and HYG will result in a 

daughter cell that is Hyg S and 5-FOAR 50% of the time. By monitoring the ratio of Hyg R 

5-FOAR recombinants to all 5-FOAR recombinants, we measured the recombination rate 

between the HYG and URA3 markers. For this analysis, we examined about 400 

independent 5-FOAR derivatives of each strain. The distance between CEN4 and URA3 is 

about 568 kb and the distance between HYG and URA3 is about 56 kb. Thus, if the 

numbers of crossovers are proportional to the size of the physical intervals, we expect 

that about 10% of the 5-FOAR strains will be Hgr R. The observed frequency of 

derivatives of this class in the strain with the wild -type hotspot (JSC71-1) was 0.17 

(Figure 3.13C). The difference in the number of observed crossovers and expected 

crossovers in the HYG-URA3 interval is statistically significant (p<0.001), as expected 

since this region contains the HS4 hotspot. In a strain with the deletion of the Ty2 

element (JSC73-2) or a strain in which the spacer between the Ty elements was expanded 
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by insertion of the KANMX  gene (JSC74-1), the hotspot activity is significantly reduced. 

In contrast, in a strain in which the centromere -proximal delta element of Ty2 is deleted 

(JSC77-1), no significant loss of hotspot activity is observed.  

 

Figure 3.13. Deletion analysis of the HS4 hotspot.  

A. Experimental system used to activity of the wild -type HS4 hotspot and 

various deletion derivatives. The URA3 and HYG genes were inserted centromere-

distal and centromere -proximal t o the inverted Ty elements, respectively, on the 

W303a-derived homolog (in blue).  The YJM789-derived homolog (in red) was 

unaltered.  

B. Modifications of the inverted repeat structure. In the control strain JSC71 -1, 

the unmodified hotspot consists of a Ty2  element on the Watson strand, 25 bp of non -

Ty sequence, and a Ty1 element on the Crick strand. In the JSC73 -2 strain, the Ty2 

element is replaced with KANMX.  In the JSC74-1 strain, the space between the two Ty 

elements, is increased by about 2 kb by inser tion of the KANMX marker. In the strain 

JSC77-1, the centromere-proximal delta element of Ty2 was replaced by the KANMX 

gene. 

C. Frequency of recombination between HYG and URA3 in the strain with 

wild -type HS4 activity and in various deletion derivatives. Asterisks indicate a 
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significant (p< 0.05) reduction in recombination activity compared to the control 

strain.  

 Deletion of the Ty2 element would eliminate the possibility of h airpin formation 

at HS4 and an increase in the spacer between the repeated elements would be expected 

to substantially reduce the probability of hairpin formation (GORDENIN  et al. 1993; 

LEMOINE  et al. 2005). The 330 bp delta elements flank Ty elements (KIM  et al. 1998) and 

ÛÏÌɯƙɀɯËÌÓÛÈɯÌÓÌÔÌÕÛɯÈÊÛÚɯÈÚɯÈɯÛÙÈÕÚÊÙÐ×ÛÐÖÕÈÓɯ×ÙÖÔÖÛÌÙɯ(MORILLON  et al. 2002). In the 

ÚÛÙÈÐÕɯÊÖÕÛÈÐÕÐÕÎɯÛÏÌɯËÌÓÌÛÐÖÕɯÖÍɯÛÏÌɯƙɀɯËÌÓÛÈȮɯ3àƖɯÚÏÖÜÓËɯÕÖɯlonger be transcriptionally 

active. The results summarized in Figure 3.13, therefore, indicate that the formation of a 

secondary structure between the two Ty elements is important for hotspot activity at 

HS4, but the transcriptional activities of both of the Ty elements are not required for 

hotspot activity.  

3.3.6 Types of gene conversion events: inferences about the timing 
of the recombinogenic DSBs during the cell cycle  

 Most (121/139; 87%) of the crossovers examined in our study were associated 

with gene conversion events. Of these conversion tracts, about two-thirds (82/121) are 

simple 3:1 conversion, simple 4:0 conversions, or hybrid 3:1/4:0 or 3:1/4/0/3:1 tracts as 

diagrammed in Figure 3.1. As discussed previously, the simple 3:1 tracts are most 

simply interpreted as events initiated in S or G2, and the other two classes are likely to 

reflect events initiated in G1. Thus, if we  count only the simple conversions as illustrated 

in Figure 3.1, two-thirds of the crossovers have gene conversions indicative of a G1-
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initiated event. These data support the surprising conclusion that most recombinogenic 

events that lead to crossovers between homologs are initiated in G1 rather than in S or 

G2 (LEE et al. 2009). The numbers of conversion events of all types, as well as their 

schematic depictions, are given Table S 3.3.  

The simple conversion events shown in Figure 3.5B-D can be simply explained as 

resulting from the repair of one ( Figure 3.5B) or two (Figure 3.5C and D) DSBs by the 

canonical DSB repair model (LEE et al. 2009; ST CHARLES et al. 2012; SZOSTAK et al. 1983). 

In this model, DSB formati on is followed by processing of the broken ends to yield ends 

ÞÐÛÏɯƗɀɯÖÝÌÙÏÈÕÎÚȭɯ3ÏÌÚÌɯÚÐÕÎÓÌ-ÚÛÙÈÕËÌËɯ#- ɯÔÖÓÌÊÜÓÌÚɯɁÐÕÝÈËÌɂɯÛÏÌɯÏÖÔÖÓÖÎɯ

forming regions of heteroduplex. Gene conversion events reflect repair of mismatches 

within the heteroduplex; repair o f mismatches during meiotic conversion events is 

usually continuous, with mismatches deleted from one strand and corrected using the 

other strand as a template (PETES et al. 1991).  
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Figure 3.14. &ÌÕÌÙÈÛÐÖÕɯÖÍɯÈɯÊÖÔ×ÓÌßɯÊÖÕÝÌÙÚÐÖÕɯÛÙÈÊÛɯÉàɯɁ×ÈÛÊÏàɂɯrepair of 

mismatches in a heteroduplexes.  
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This figure shows one mechanism for generating the complex gene conversion 

tract of Figure 3.5E. The homologs are depicted as double -stranded DNA molecules 

with the W303a -derived homolog shown as red lines and the YJM789 -derived 

homolog shown as black lines. Recombination is initiated by a DSB on chromatid 2 in 

&Ɩȭɯ3ÏÌɯÉÙÖÒÌÕɯÊÏÙÖÔÈÛÐËɯÜÕËÌÙÎÖÌÚɯƙɀɯÛÖɯƗɀɯÙÌÚÌÊÛÐÖÕɯȹÚÛÌ×ɯƕȺȮɯÍÖÓlowed by strand 

invasion of the left end into chromatid 3 (step 2). DNA synthesis initiated by the 

broken end (shown as dotted lines), displaces one of the strands of chromatid 3, 

allowing second -end capture and DNA synthesis by the right hand broken end. The 

resulting double Holliday junction has two regions of heteroduplex (shown in blue 

rectangles), and is processed by cleaving the left and right junctions (cleavage sites 

shown by triangles) (step 3). Following junction resolution, the chromosome regions  

flanking the heteroduplexes are in the recombined configuration (step 4). In step 5, 

the mismatches within the two heteroduplexes are repaired. All of the mismatches in 

the heteroduplex on chromatid 3 are repaired in the same direction (duplicating 

YJM789-derived SNPs), whereas the heteroduplex on chromatid 2 ÜÕËÌÙÎÖÌÚɯɁ×ÈÛÊÏàɂɯ

repair. Segregation of chromatids 1 and 3 into one cell and chromatids 2 and 4 into the 

other result in a crossover associated with the complex conversion tract depicted in 

Figure 3.5E. 

About one-third of the conversion tracts had more complex patterns that require 

modifications of the canonical model. For example, in Figure 3.5E, a 3:1 conversion tract 

is interrupted by a region that is heterozygous in both sectors. This pattern is consistent 

with repair of a DSB formed during S or G2, followed by heterodupl ex formation and 

Ɂ×ÈÛÊÏàɂɯÙÌ×ÈÐÙɯÖÍɯÔÐÚÔÈÛÊÏÌÚɯȹFigure 3.14). Since many of the classes of complex 

conversion events are similar or identical to complex tracts that we observed previously 

in other studies (ST CHARLES et al. 2012), we will not discuss models for their formation 

in any detail.  

 We also examined the conversion tract lengths for the G2- and G1-associated 

conversions. The median tract lengths for the simple conversions were 4.5 kb (95% 

confidence limits of 2.6-9.5) for the simple 3:1 conversions (G2-initiated) and 12.8 (8.7-
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17.1) kb for the simple 4:0 and 4:0/3:1 or 3:1/4:0/3:1 hybrid conversions. If we include all 

of the conversion tracts, interpreting G2- and G1-associated events as shown in Table S 

3.3, the median tract lengths of G2- and G1-associated crossovers were 4.7 kb (2.6-9.5 kb) 

and 14.8 kb (11.7-17.5 kb), respectively. By the Mann-Whitney test, the G1 and G2 

conversion tract lengths are significantly different (p<0.0001). The median tract length 

for all conversion events was 10.6 kb (95% confidence limits of 8.2-13.6 kb). 

3.3.7 Association of conversion tracts with elements of chromosome 
sequence or structure  

 From many genetic studies in yeast, it has been shown that the site at which 

recombination initiates is within or adjacent to the conversion tract (PÂQUES and HABER 

1999). For example, in our previous study, we found that almost all of the crossovers 

stimulated by the trinucleotide repeats (GAA/TTC) 230 include these repeats in the 

conversion tract (TANG  et al. 2011). For HS4, the relevant recombinogenic DNA 

sequences are the inverted pairs of Ty elements previously discussed. The position of 

HS3 colocalizes with another inverted pair of Ty elements located about 100 bp apart 

(SGD coordinates 870-885 kb), and it is likely that the hotspot activity of HS3 is a 

consequence of the same mechanism as for HS4. The other putative hotspots are not 

associated with inverted repeats. There are a number of elements of chromosome 

structure in yeast that have been identified as potential chromosome fragile sites or 

potential hotspots of recombination including G4 -forming sequences, ARS elements, 

highly -transcribed genes, replication-termination regions, peaks of ϖH2-AX, and other 
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chromosome elements. We compared our mapping of gene conversion events with 18 

elements listed in Table S 3.5.  

To examine associations with these elements, we determined the frequency of 

these elements within the conversion tracts in our experiments compared with their 

expected frequency assuming that there is no significant association of the elements with 

the conversion tracts; we corrected p-values for multiple comparisons (Hochberg and 

Benjamini 1990). We examined these associations using four related methods as 

explained in detail in the Supplementary Information. In brief, we looked at associations 

using windows that included: 1) the whole conversion tract regardless of length 

(Method 1), 2) the whole conversion tract excluding lengths over 20 kb (Method 2), 3) 

the portion of conversion tracts likely to have the initiating DSBs (for example, the 4:0 

region of a 4:0/3:1 hybrid tract) (Method 3), and 4) the portion of the conversion tracts 

likely  to have the initiating DSB, excluding windows greater than 20 kb (Method 4). We 

also examined different sets of recombination data with these methods including: 1) all 

of the conversion events, 2) all of the conversion events initiated on the W303a-derived 

chromosome, 3) all of the conversion events initiated on the YJM789-derived 

chromosome, 4) all of the G1 conversion events, and 5) all of the G2 conversion events. 

The significant associations from these analyses are in Table 3.1. 

In the analysis in which all conversions are included, the only significant positive 

associations were with Ty elements and long terminal repeats (delta elements) that flank 
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Ty elements. These same associations were also significant in the G1-associated 

conversions (Methods 1 and 3) and the conversion events of the W303a-derived 

chromosome (Methods 1 and 3). These associations are expected since the HS4 hotspot is 

G1-specific and specific for the W303a-derived chromosome (Figure 3.7B and C). No 

significant associations were observed between conversion tracts and delta elements that 

were unassociated with T y elements. Using Method 3, we also found significant 

associations involving tRNA genes with the complete dataset of JSC25, the G1-initiated 

events, and the events initiated on the W303a-derived chromosome. The non-random 

linkage between Ty elements and tRNA genes in the genome (KIM  et al. 1998) may 

explain this association. 
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Table 3.1 Chromosome elements that are over -represented in crossover-

associated gene conversion tracts in JSC25.1 

Element Data2 Method of analysis p-value 

Long terminal repeats (deltas) JSC25 all 1 1.55E-07 

Long terminal repeats (deltas) JSC25 all 3 1.04E-11 

Long terminal repeats (deltas) JSC25 G1 1 6.06E-09 

Long terminal repeats (deltas) JSC25 G1 3 1.44E-15 

Long terminal repeats (deltas) W303a all 1 1.28E-06 

Long terminal repeats (deltas) W303a all 3 7.31E-14 

Ty elements JSC25 all 1 1.39E-05 

Ty elements JSC25 all 3 2.13E-06 

Ty elements JSC25 G1 1 1.70E-06 

Ty elements JSC25 G1 3 4.45E-08 

Ty elements W303a all 1 3.44E-06 

Ty elements W303a all 3 1.28E-07 

tRNA genes JSC25 all 3 0.011 

tRNA genes JSC25 G1 3 0.0019 

tRNA genes W303a all 3 0.002 

G4 motifs JSC25 G1 4 3.72E-04 

G4 motifs YJM789 all 4 4.27E-04 

Replication termination region  JSC25 G2 1 2.77E-04 

Replication termination region  JSC25 G2 2 3.82E-04 

Replication termination region  JSC25 G2 3 1.67E-04 

Replication termination region  JSC25 G2 4 1.98E-04 

Rrm3p pause sites3 YJM789 all 2 0.0024 

 

                                                      

1 As described in the text, we used four related methods of analysis to determine whether various 

structure/sequence chromosome motifs (listed in Supplementary  Table 3.5) were over-represented in gene 

conversion tracts associated with crossovers on chromosome IV.  
2 The data examined by Methods 1-4 were: JSC25 all (G1 and G2 events initiated on either W303a- and 

YJM789-derived homologs), JSC25 G1 (G1 events initiated on either W303a- and YJM789-derived 

homologs), JSC25 G2 (G2 events initiated on either W303a- and YJM789-derived homologs), W303a all (G1 

and G2 events initiated on the W303-derived homologs), and YJM789 all (G1 and G2 events initiated on the 

YJM789-derived homologs).  
3 Rrm3p is a helicase that promotes replication fork progression through regions at which the forks are 

paused (Azvol insky et al., 2009). 
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Replication forks do not proceed at a constant rate in the genome and replication-pause 

sites have been associated with a number of chromosome elements including the 

ribosomal RNA fork barrier, centromeres, tRNA genes, convergent replication forks, G -

quadruplex motifs, and highly -transcribed RNA polymerase II genes (reviewed by 

AZVOLINSKY  et al. (2009)). We found several similar motifs associated with conversion 

events. G2, but not G1, conversion events were very significantly associated with 

chromosome termination regions (TERs). We also found a significant association 

between G-quadruplex motifs (CAPRA et al. 2010) and G1 conversion events, as well as 

an association between G-quadruplex motifs and conversion events initiated on the 

YJM789-derived chromo some; G-quadruplex structures slow replication fork 

progression (PAESCHKE et al. 2011). Finally, the conversion events that are initiated on 

the YJM789-derived chromosome have an over-representation of sites of stalling of the 

Rrm3p helicase; this helicase is thought to aid replication through genomic regions at 

which DNA polymerase is paused (AZVOLINSKY  et al. 2009). 

In summary, we found two types of  significant associations between 

chromosome elements and the location of conversion events. Ty elements were 

significantly associated with G1 -initiated events and conversions that were initiated on 

the W303a-derived homolog, as expected from other types of analysis. Conversion 

events in S/G2 were significantly associated with regions in which replication forks are 

slowed or stalled. In addition to positive associations between the location of conversion 
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events and elements of chromosome structure, we found a number of negative 

associations (Table S 3.6). 

3.4 Discussion  

In this study, we developed a high -resolution map of spontaneous crossovers on 

the right arm of chromosome  IV, a region that includes about 10% of the yeast genome. 

Below, we will discuss: 1) the frequency of mitotic crossovers, 2) the distribution of 

crossover events, 3) the properties of mitotic gene conversion tracts, and 4) the timing of 

recombination events during the cell cycle. 

3.4.1 Frequency of reciprocal crossovers  

We mapped a total of 139 reciprocal crossovers between CEN4 and the SUP4-

o/KANMX  markers. The sectoring frequency for this chromosome arm was 3.1x10-5. 

Since only half of the crossovers result in a sectored colony, the frequency of crossovers 

in this interval was about 6.2 x 10-5/division or about 6.2 x 10-8 crossovers per kb. As a 

convenient unit of mitotic crossovers, we suggest that 10-6 crossovers/division be defined 

as one micro Stern (ϟS), named after Curt Stern, the discover of mitotic recombination 

(Stern 1936). Thus, the right arm of chromosome IV has a genetic length of about 62 ϟS.  

In our previous analysis of the left arm of chromosome V, we observed a 

frequency of crossovers of 6.6 x 10-6/division (LEE et al. 2009). Since the physical distance 

for the examined interval on V is about one-tenth of the chromosome IV interval, the 

numbers of events per kb on chromosomes IV and V are similar. If the remainder of the 
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yeast genome has the same frequency of crossovers per kb as chromosomes IV and V, 

we calculate that the yeast genome has a spontaneous crossover rate of about 6.2 x 10-

4/cell division and a genetic map length of about 620 ϟS. In contrast, the yeast genome 

has a genetic length of about 4100 cM (SGD), representing about 81 meiotic 

crossovers/division. Thus, the rate of crossovers in meiosis is about 105 higher than the 

mitotic rate. Although the rate of mitotic c rossovers/division is low relative to the 

meiotic rate, since the number of mitotic divisions is likely to greatly exceed the number 

of meiotic divisions, mitotic crossovers are likely to be a potent mechanism for 

generating novel combinations of alleles. 

3.4.2 Distribution of mitotic crossovers  

3.4.2.1 General considerations concerning the distribution of crossovers  

The distribution of mitotic crossovers and their associated gene conversion tracts 

are shown in Figure 3.6 and Figure 3.7. Although the distribution of events appears 

strikingly non -random in Figure 3.7, several points concerning the distribution should 

be emphasized. First, by our statistical analysis, not all of the peaks labeled as hotspots 

have significantly elevated levels of recombination. Second, in Figure 3.7, we show the 

number of times each SNP was involved in a gene conversion tract; this parameter is 

affected by both the frequency of recombination events near the SNP and the lengths of 

conversion tracts in the region. Third, for conversion -associated crossovers, the position 

of the initiating DNA lesion can be anywhere within the conversion event. Previously, 
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we showed that 230 repeats of the GAA trinucleotide was a hotspot for DSB formation 

(TANG  et al. 2011). In individual conversion events associated with this hotspot, the 

conversion tracts were propagated either toward the centromere, away from the 

centromere or bidirectionally from the tract. Thus, our mapping of DNA lesions and the 

resolution of the mitotic recombination map, therefore, are limited by the size of the 

conversion tracts rather than the distribution of SNPs.  

An important c onclusion from our analysis is that two homologs can differ 

significantly in their distribution of recombination events ( Figure 3.7B). From the data 

shown in Figure 3.7B, it appears that HS1, HS3, and HS4 are hotspots on the W303a-

derived chromosome, HS2 and HS6 are hotspots on the YJM789-derived chromosomes, 

and HS5 and HS7 are hotspots on both homologs. Thus, construction of a universal 

genetic map of mitotic events is difficult.  

Meiotic recombination events have been mapped throughout the genome using 

various types of microarrays (BLITZBLAU  et al. 2007; BORDE et al. 2004; BUHLER  et al. 2007; 

GERTON et al. 2000). Meiotic crossover hotspots are associated with intergenic GC-rich 

ÙÌÎÐÖÕÚɯÞÐÛÏɯÈɯ×ÙÌÍÌÙÌÕÊÌɯÍÖÙɯÐÕÛÌÙÎÌÕÐÊɯÙÌÎÐÖÕÚɯÓÖÊÈÛÌËɯÈÛɯÛÏÌɯƙɀɯÌÕËÚɯÖÍɯÎÌnes, although 

there are also regional effects on DSB formation (PAN  et al. 2011; PETES 2001). The 

patterns of meiotic and mitotic recombination events on the right arm of chromosome IV 

show no evident similarity ( Figure 3.15). Since meiotic recombination are initiated by 

meiosis-specific cleavage of the genome by Spo11p and the DNA lesions that initiate 
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mitotic recombination are likely to have a  variety of sources (discussed further below), 

this difference in meiotic and mitotic patterns of recombination is expected.  

 

Figure 3.15. Comparison of mitotic and meiotic recombination maps on the 

right arm of chromosome IV.  

The Y-axis in the figure shows the number of times individual SNPs are 

included in a crossover -associated gene conversion. The Y-axis shows SGD 

coordinates on chromosome IV.  

A. Summary of our mitotic mapping of events in JSC25.   

B. Summary of the mapping of meiotic events in a closely -related diploid 

strain by Mancera et al. (2008). 

The levels of local meiosis-specific DSBs at different places in the genome vary at 

least 400-fold (PAN  et al. 2011). In contrast, the difference between the average number of 

times a conversion event included a SNP in our mitotic experiments (twice) was only 

five-fold less than the maximum number of times a SNP was included (ten). Thus, our 

data suggest that hotspots and coldspots are more pronounced for meiotic 

recombination than for mitotic recombination.  
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3.4.2.2 Inverted repeats as hotspots for mitotic recombination  

Both HS3 (near SGD coordinates 880 kb) and HS4 (at SGD coordinates 980 kb) 

colocalize with inverted Ty retrotransposon repeats. Inverted repeats have been 

previously shown to be hotspots for certain types of mitotic recombination and 

translocations in yeast strains with impaired replication (LEMOINE  et al. 2008; LEMOINE  et 

al. 2005; LOBACHEV  et al. 2002; LOBACHEV  et al. 1998; LOBACHEV  et al. 2000). Most of these 

studies have involved non -yeast DNA sequences inserted into the genome by 

transformation. For example, LOBACHEV  et al. (2000) showed that ectopic heteroallelic 

recombination was stimulated about 1000-fold by inverted copies of the human Alu 

sequence that were separated by 12 bp. Sequence divergence between the repeats and 

increased spacer distance between the repeats substantially reduced the recombinogenic 

effects of the inverted repeats (LOBACHEV  et al. 2000). In our previous study (LEMOINE  et 

al. 2005), a hotspot for chromosome rearrangements on chromosome III was an inverted 

pair of Ty elements separated by about 280 bp. This pair of elements is a hotspot for 

chromosome rearrangement only when cells have low levels of DNA polymerase alpha. 

In contrast, the HS3 and HS4 pairs of repeats stimulate mitotic recombination in cells 

with wild -type levels of DNA polymerase.  

 The conversion tracts associated with inverted repeats at HS3 and HS4 are 

primarily 4:0 or hybrid events, arguing that the recombinogenic lesion is formed prior to 

replication. Two types of secondary structures have been associated with inverted 
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repeats: cruciforms (Figure 3.16A) and hairpins ( Figure 3.16B). Evidence for cruciform 

processing (presumably by a Holliday junction -like resolvase) resulting in two hairpin -

capped ends has been obtained (LOBACHEV  et al. 2002). However, spacers greater than 20 

bases substantially inhibit cruciform formation in E. coli (ALLERS and LEACH  1995; KOGO 

et al. 2007; SINDEN  et al. 1991). It is possible that various stresses associated with HS3 or 

HS4 (such as supercoiling or single stranded regions from R-loops forming during 

transcription of Ty repeats) increase the likelihood of cruciform formation.  

 

Figure 3.16. Models for a double -strand break  occurring at an inverted repeat 

during G1 of the cell cycle.  

The red and blue colors indicate Ty - and non -Ty-related sequences, 

respectively.  
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A. Cruciform formation and subsequent cleavage. Arrows show the positions 

of cleavage, presumably by a Holliday junction -like resolvase. The resulting hairpin -

capped ends would have to be processed to allow recombination.  

B. Single-stranded nick within the vicinity of the inverted repeat, followed by 

action of an endonuclease results in a single -stranded gap. Hairpi n formation and 

subsequent cleavage of the spacer on the non-nicked strand would produce a DSB.  

An alternative model is that a single -stranded nick near the junction of the 

inverted repeats is processed into a single-stranded DNA gap, allowing formation of  a 

hairpin on the intact DNA strand ( Figure 3.16B). The loop formed by the spacer in the 

hairpin could then be nicked by a nuclease such as the Mre11p complex (LOBACHEV  et al. 

2002). We do not know the source of the nick that initiates hairpin formation. It is 

possible that the nick is generated by the repair of a damaged base. Alternatively, since 

the convergent transcription of Ty elements should result in an i ncreased concentration 

of positive supercoils, it is possible that the recombinogenic nick reflects that action of 

topoisomerases that relieves such supercoils (WANG  2002). Since removal of the delta 

element (the Ty promoter; (MORILLON  et al. 2002)) located in one of the Ty elements of 

HS4 reduces, but does not eliminate hotspot activity (Figure 3.13C), transcription of both 

Ty elements is not required for the recombinogenic effects of the inverted Ty elements. 

Although the HS3 and HS4 hotspots appear G1-specific, it is likely that these 

regions may also be associated with DSBs during the S-period. Replication forks move 

slowly in genomic regions with inverted repeats in strains lacking Rrm3p (AZVOLINSKY  

et al. 2009), a helicase that aids the replication fork in proceeding through natural 

impediments. As discussed below in more detail, DSBs occurring during S are 
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preferentially repaired by sister -chromatid recombination  (KADYK  and HARTWELL  1992); 

such events do not result in sectored colonies in our system. In addition, since the 

inverted Ty repeats at HS3 and HS4 are only present in the W303a-derived homolog, a 

DSB formed near the center of the inverted repeat would require extensive resection to 

reveal homologous sequence required for an interaction with the YJM789-derived 

homolog. This factor would increase the probability for an interaction with the sister 

chromatid if the DSB occurs in S or G2. 

 It is also possible that some of the recombination events initiated at HS3 or HS4 

could be repaired by ectopic recombination with Ty elements located elsewhere in the 

genome, although such events would not result in a sectored red/white colonies. 

Translocations between the Ty elements at HS3 and HS4, and Ty elements located 

elsewhere in the genome have been observed previously (ARGUESO et al. 2008; DUNHAM  

et al. 2002; MCCULLEY  and PETES 2010). 

3.4.2.3 Mitotic recombination events that are initiated independently of inverted 

repeats 

 In addition to inverted repeats, several other factors have been shown to 

stimu late mitotic recombination or DSB formation. In principle, any cellular process that 

can produce a DNA lesion (DSBs or single-stranded nicks) could be responsible for 

initiating a spontaneous mitotic recombination event (AGUILERA  et al. 2000). In addition, 

as discussed below, it is likely that some regions of the chromosome, for a variety of 

reasons, are more prone to recombinogenic DNA damage. Using several different 
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assays, researchers have found that elevated levels of transcription stimulate 

recombination (reviewed by AGUILERA  (2002)). Several explanations have been offered 

to explain this phenomenon including: 1) DSBs caused by a collision between 

converging transcription and replication machinery, 2) recombinogenic lesions induced 

by topoisomerases in local regions of transcription-induced supercoils, and 3) nicking of 

the displaced strand in genes in which an R-loop has been formed. 

Since mutations in many enzymes involved in DNA replication result in a hyper -

Rec phenotype, it is likely that some spontaneous recombination events result from 

DNA lesions generated during DNA replication (AGUILERA  et al. 2000; BRANZEI  and 

FOIANI  2010). It has been shown that some DNA sequences or motifs are associated with 

slow or stalled replication forks including: 1) sequences that form secondary DNA 

structures (cruciform, hairpins, tri plex DNA, G4 -quadruplex DNA, left -handed DNA, 

slipped-strand DNA), 2) sequences that bind replication -blocking proteins (for example, 

Fob1p), 3) replication-termination (TER) regions, and 4) sites of endogenous DNA 

damage that lead to bulky DNA lesions (BRANZEI  and FOIANI  2010). Consequently, we 

analyzed our conversion tracts to determine if there was an over-representation of these 

structure/sequence motifs.  

We found that G4 quadruplex motifs were significantly associated with G1 -

initiated DSBs (Table 3.1). In yeast cells, G4 motifs have been shown previously to be 

ÌÕÙÐÊÏÌËɯÐÕɯÈÙÌÈÚɯÖÍɯÛÏÌɯÎÌÕÖÔÌɯÛÏÈÛɯÏÈÝÌɯÏÐÎÏɯϖ-H2AX binding, a signal associated 
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with DNA damage (CAPRA et al. 2010). G4 motifs have also been associated with 

recombination -prone regions in mammalian cells. They have a role in VDJ 

recombination in mammalian B cells when they are located in immunoglobulin switch 

regions, and their recombination -inducing mechanism is dependent on forming G -loops 

ÛÏÈÛɯÈÙÌɯÙÌÊÖÎÕÐáÌËɯÉàɯ,ÜÛ2ϔɯ(DUQUETTE et al. 2004; DUQUETTE et al. 2005; LARSON et al. 

2005). Additionally, G4 motifs have been associated with tumorigenic translocations. 

The major break region of the t(14;18) follicular lymphoma translocation near the BCL2 

gene contains regions of G-rich sequences that are capable of forming G-quadruple x 

structure and slowing replication (NAMBIAR  et al. 2011).  

In our study, the events initiated during S or G2 of the cell cycle were 

significantly associated with replication -termination (TER) regions. This association is 

especially intriguing because sister chromatids are intercalated following replication, 

and need to be resolved by Top2p (BERMEJO et al. 2007; DINARDO  et al. 1984; HOLM  et al. 

1985). Since Top2p induces DSBs to allow decatenation of sister-chromatids, it is 

possible that some of these Top2p induced cleavages are misrepaired, leading to 

homologous recombination.  

We also examined HS1, HS2, and HS5-HS7 for motifs that might explain their 

activities. No obvious elements were shared among these hotspots, although most of 

them contained genes that were highly transcribed: SNF11 and TPS2 in HS1, KIN1 and 

TRM1 in  HS2, HXT3, HXT6, and HXT7 in HS5, VPS74 and YPR1 in HS6, and UTP5 and 
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HPT1 in HS7. In additio n, the HS5 and HS6 hotspots contain ARS elements, and the HS6 

hotspot contains three short palindromes of at least 16 bp. Although the significance of 

any of these elements is currently uncertain, it is clear that the mechanism of action of 

these hotspots is different from that of HS3 and HS4.  

3.4.3 Properties of mitotic gene conversion tracts  

3.4.3.1 Conversion tract lengths  

 The median conversion tract length for all analyzed crossovers on the right arm 

of chromosome IV was 10.6 kb (95% confidence limits: 8.2-13.6 kb). In our previous 

analysis of conversions on the left arm of chromosome V, we observed a similar average 

of 11.7 kb (+/- 1.6 kb) (LEE et al. 2009). We found that conversion tract lengths varied 

depending on the cell cycle timing of the initiating DSB lesion. Conversion tract lengths 

associated with G1-initiated breaks were 14.8 kb (11.7 ɬ 17.6 kb), whereas conversion 

tracts associated with G2-initiated breaks were 5.4 kb (2.6-9.5 kb). Since the crossovers of 

both G1- and G2-initiated events occur in G2, the broken ends generated by a G1-

ÐÕÐÛÐÈÛÌËɯÓÌÚÐÖÕɯÏÈÝÌɯÈɯÓÖÕÎÌÙɯÛÐÔÌɯÍÖÙɯƙɀ-to-ƗɀɯÙÌÚÌÊÛÐÖÕɯ×ÙÐÖÙɯÛÖɯÙÌ×ÈÐÙɯÖÍɯÛÏÌɯ#SBs. In 

addition, the G1-initiated events involve the repair of two broken chromatids. If the 

conversion tracts associated with these two repair events are propagated in different 

directions, we would expect that the G1-initiated conversions would be longe r than 

those initiated in G2. 
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As noted previously (LEE et al. 2009), the mitotic conversion tracts characterized 

in our system are considerably longer than the average meiotic conversion tract of about 

2 kb (MANCERA  et al. 2008). Crossover-associated meiotic gene conversion tracts in yeast 

are generated by a well-characterized process that produces a double Holliday junction 

with two regions of heteroduplex (HEYER et al. 2010); repair of mismatches within the 

heteroduplex results in the conversion event (PETES et al. 1991). Although it is possible 

that the same mechanism produces mitotic conversion events, an alternative possibility 

is that the mitotic events are the consequence of repair of a double-stranded DNA gap, 

as discussed in the original version of the double-strand break repair model (SZOSTAK et 

al. 1983).  Although we do not know which of these two mechanisms generates the very 

long tracts in our study, in an analysis of mitotic recombination events that integrate 

plasmids, short mitotic gene conversion events occur primarily by heteroduplex 

formation and mismatch repair, although gap repair was also observed (M ITCHEL  et al. 

2010). 

3.4.3.2 Conversion tract length associated with the inverted repeat hotspot  

 One of the unique characteristics of recombination events associated with HS4 is 

that their conversion tracts are substantially longer than those that occur at other 

locations along chromosome IV. The median conversion tract length associated with 

HS4 is 48.4 kb (95% confidence limits: 17.1-118.3 kb), much longer than the median tract 

length for all conversions (10.6 kb) and longer than the median length of G1-induced 
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conversions (14 kb). One factor that would be expected to affect tract length is that HS3 

has two intact Ty elements on the W303a-derived homolog whereas the YJM789-derived 

homolog has only a 2 kb fragment of a Ty (Figure 3.11). Thus, a DSB formed in this 

hemizygous insertion on the W303a-derived chromosome would need to be processed 

about 10 kb before exposing homology on the YJM789-derived chromosome. In 

addition , since the homology would be located internally on the resected strand, a 

recombination intermediate with  nonhomologous single-stranded tails would be formed 

(PÂQUES and HABER 1999). Removal of these single-stranded tails likely requires the 

nucleotide excision repair proteins Rad1p and Rad10p (FISHMAN -LOBELL and HABER 

1992; IVANOV  and HABER 1995), as well as the mismatch repair proteins Msh2p and 

Msh3p (INBAR  and KUPIEC 1999; PÂQUES and HABER 1997; SAPARBAEV  et al. 1996; 

SUGAWARA  et al. 1997). Thus, the hotspot activity of HS4 would al so be dependent on 

these proteins. In summary, it is possible that the more extensive processing of the DSBs 

occurring in HS4 delays completion of the crossover, resulting in a longer crossover-

associated gene conversion tract. 

3.4.3.3 Complex conversion tracts  

 Of the 139 crossovers examined on the right arm of chromosome IV, 

approximately 24% had conversion tracts with more complex patterns that those shown 

in Figure 3.1. These complex patterns are depicted in Table S 3.3. Similar complex tracts 

were observed in our previous study of selected crossovers on chromosome V and 
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unselected recombination events throughout the genome (ST CHARLES et al. 2012). Most 

of these complex events can be explained by the repair of broken sister chromatids in 

ÞÏÐÊÏɯÖÕÌɯÖÙɯÉÖÛÏɯÖÍɯÛÏÌɯÙÌÚÜÓÛÐÕÎɯÏÌÛÌÙÖËÜ×ÓÌßÌÚɯÏÈÚɯɁ×ÈÛÊÏàɂɯÙÌ×ÈÐÙɯÖÍɯÔÐÚÔÈÛÊÏÌÚɯ

(Figure 3.14). In patchy repair, some of the mismatches are repaired using the invading 

strand as a template and others are repaired using the invaded strand as a template (ST 

CHARLES et al. 2012). In addition, it is possible that Holliday junctions generated by 

mitotic recombination undergo branch migration (ESPOSITO 1978). Branch migration 

during repair of two broken chromatids could result in four chromatids with 

heteroduplexes. Patchy repair within such structures would result in very complex 

patterns of conversion. It should  be emphasized, however, that the most of the 

conversion tracts observed in our study can be readily explained by the models depicted 

in Figure 3.1.  

3.4.4 DSBs initiated du ring G1 versus G2 of the cell cycle  

As described above, about two-thirds of the observed conversion events involve 

the repair of two sister chromatids broken at approximately the same position. We infer 

these events are a consequence of G1-induced DSB on one of the homologs, followed by 

replication of the broken chromosome. The repair of two broken chromatids 

subsequently occurs in G2 (Figure 3.1). This model is supported by the observation that 

irradiation of G1 -synchronized yeast cells results in 4:0 and 4:0/3:1 hybrid tracts whereas 

irradiation of G2 -synchronized cells results in 3:1 tracts (LEE and PETES 2010). Based on 
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the classic experiments of STERN (1936), many geneticists assume that most mitotic 

recombination events are initiated in G2. Our model, however, is compatible with 

2ÛÌÙÕɀÚɯÙÌÚÜÓÛÚɯÚÐÕÊÌɯÛÏÌɯÊÙÖÚÚÖÝÌÙÚɯÖÊÊÜÙɯÐÕɯ&ƖȮɯÈÓÛÏÖÜÎÏɯÛÏÌɯÙÌÊÖÔÉÐÕÖÎÌÕÐÊɯÓÌÚÐÖÕÚɯÈÙÌɯ

formed in G1. In addition, other yeast re searchers have argued that mitotic 

recombination events can be induced in G1 and that at least some spontaneous events in 

yeast are initiated in G1 (ESPOSITO 1978; FABRE 1978; WILDENBERG 1970). 

Although the crossovers with 3:1 conversion tracts may reflect DSBs generated 

on one of the two chromatids in S or G2, two other scenarios consistent with an initiation 

event in G1 are also possible. First, replication of a chromosome that has a G1-initiated 

single-strand nick would result in one broken G2 chromatid (GALLI  and SCHIESTL 1999). 

Second, for a G1-initiated DSB, if the repair of one of the tw o broken sister chromatids 

involved a very short region of heteroduplex, it may not result in a detectable region of 

conversion. Our estimate that about two -thirds of the recombination events involving 

homologs are initiated in G1, therefore, is a minimal estimate. 

Although most of the recombination events between homologs are initiated in 

G1, it is likely that more spontaneous DSBs occur in S than in G1. Rad52 foci, indicative 

of homologous recombination, form in the S - and G2-phases, but not during G1 (LISBY et 

al. 2001). The RPA proteins, which bind single -stranded DNA intermediates during 

recombination, form larger foci in G2 than in G1 of the cell cycle (BARLOW  et al. 2008). A 
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related observation is that the extent of resection of broken ends is substantially greater 

in G2 than in G1 (AYLON  et al. 2004; IRA et al. 2004).  

One simple model that reconciles these observations is shown in Figure 3.17.  We 

suggest that most spontaneous DSBs are generated in S as a consequence of broken 

replication forks. These DSBs are preferentially repaired by sister chromatid 

recombination with only a small fraction involving an interaction with the homolog; this 

preference is ensured by sister-chromatin cohesion (STROM et al. 2007; UNAL  et al. 2007). 

In yeast, DSBs generated by ionizing radiation during G2 of the cell cycle are usually 

repaired using the sister chromatid as the template rather than the homolog (KADYK  and 

HARTWELL  1992). Sister-chromatid repair events would be undetectable by our analysis. 

In contrast, the DSBs generated in G1, even though less frequent than DSBs initiated in 

S, are preferentially repaired by recombination between the homologs. Since the two 

sister chromatids resulting from replicating the broken chromosome have DSBs at the 

same position, one sister cannot be used as a template to repair the other. Thus, the 

model accounts for the preferential the use of the homolog in a G1-initiated event.  
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Figure 3.17. Homologous recombination repair choices depending on the 

timing of the initiating DSB lesion.  

We suggest that most spontaneous DSBs occur during S - or G2 of the cell cycle 

as indicated by the relative widths of the arrows. The DSBs that occur in G1, however, 

are repaired preferentially by recombination with the homolog, whereas the DSBs 

that occur in G2 are repaired preferentially by  recombination with the sister 

chromatids. The rationale for these preferences is given in the text.  

3.5 Summary  

 In conclusion, our mapping of mitotic crossovers along the right arm of 

chromosome IV demonstrates that these events are distributed throughout the 

chromosome, although there are regional hotspots. The strongest hotspot is associated 

with an inverted pair of Ty elements separated by only 25 bp. Our analysis of this 

hotspot indicates that its recombinogenic activity is associated with the ability o f this 



  

 210 

sequence to form a secondary DNA structure. Other DNA sequence/structure motifs are 

also associated with the initiation of recombination including G4 -quadruplex motifs and 

replication -termination regions. We demonstrate that most crossovers between 

homologs are initiated by DSBs in unreplicated chromosomes, and that the distributions 

of G1- and G2-initiated events along the chromosomes are different. Finally, we show 

that the two homologs can have different patterns of recombination hotspots.  

3.6 Support ing information  

3.6.1 Supporting materials and methods  

3.6.1.1 Strain construction  

 In order to examine mitotic reciprocal crossovers on the right arm of 

chromosome IV, we used the color screening system that is described in the 

Introduction. This system involved a W303 a-YJM789 hybrid strain with an insertion of a 

can1-100-KANMX cassette near the right telomere of chromosome IV (SGD coordinate 

1151 kb) on the W303a-derived homolog and insertion of SUP4-o on the allelic position 

on the YJM789-derived homolog. All strains used in this study are listed in Table S 3.1, 

and all primers used for strain construction are listed in Table S 3.2 unless stated 

otherwise. 

 In our previous study of recombination on chromosome V, we selected 

crossovers in diploids in which the can1-100 mutation (a nonsense-suppressible allele) 

was located near the telomere of chromosome V on one homolog and the SUP4-o gene 
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was located at an allelic position on the other homolog, replacing the CAN1 gene 

(BARBERA and PETES 2006); the diploid was also homozygous for the ade2-1 mutation. 

Crossovers on chromosome V produced canavanine-resistant red/white sectored 

colonies. In order to generate a similar system for chromosome IV, we deleted the CAN1 

in the W303a-related haploid W1588-4c, replacing it with the NAT gene (nourseothricin-

resistance). This replacement was done by transforming W1588-4c with a PCR fragment 

generated by amplifying sequences of the plasmid pAG25 (GOLDSTEIN and MCCUSKER 

1999) using the primers V31539::DR F and W CAN1 KO R (listed in Table S 3.2). 

Transformants were selected on YPD plates containing 0.1 mg/ml of nourseothricin. The 

resulting strain with this replacement is JSC10-1. The CAN1 on chromosome V was 

deleted in the haploid PSL4 (isogenic with YJM789, genotype: MATa ade2-1 ura3 gal2 

ho::hisG; LEE et al. (2009)) by a similar procedure except that the PCR fragment used for 

transformation was produced by amplifying the NAT  gene from JSC10-1 genomic DNA 

with primers CAN1 -500 F and W2 CAN1 KO R. The resulting NatR transformant was 

JSC19-1. 

 A cassette of about 4 kb containing the can1-100 gene and KANMX  was made by 

inserting the geneticin -resistance gene, KANMX , near can1-100 (between bases 31539 

and 31540 on chromosome V) in W303a (Table S 3.1). The KANMX  sequences were 

amplified from the pFA6 -kanMX4 plasmid (WACH  et al. 1994) using the primers 

V31539::DR F and V31539::DR R. Transformants were selected on YPD medium 
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containing 0.2 mg/ml of geneticin. The transformant with this cassette on chromosome V 

is JSC11-1. The can1-100-KANMX  cassette was then amplified from JSC11-1 genomic 

DNA using the primers IV1510386::can1-100 F and IV1510386::can1-100 R, and 

transformed in to JSC10-1. In the resulting transformant (JSC12-1), the can1-100-KANMX  

cassette is inserted onto chromosome IV between bases 1510386 and 1510387. 

The SUP4-o gene was amplified using the YCPMP2 plasmid (PIERCE et al. 1987) 

as a template, and the primers YJMIV::Sup4-o F and YJMIV::Sup4-o R. The resultant 

PCR product was used to transform JSC19-1. Since JSC19-1 contains the ochre-

suppressible ade2-1 mutation, we selected Ade+ transformants. The resulting strain 

(JSC21-1) had an insertion of SUP4-o between bases 1510386 and 1510387 on 

chromosome IV.  

 The haploids JSC12-1 (isogenic with W303a except for changes introduced by 

transformation) and JSC21-1 (isogenic with YJM789 except for changes introduced by 

transform ation) were mated, and the resulting diploid is JSC22-1. To prevent the diploid 

from undergoing sporulation, we replaced the , 3ϔ locus with the HYG gene. This 

replacement was performed using a PCR fragment generated by amplifying the pAG32 

plasmid (GOLDSTEIN and MCCUSKER 1999) using the primers MATALPHA N ATF and 

MATALPHA NATR (LEE et al. 2009). The resulting diploid JSC25-1 was used in our 

subsequent mapping experiments.  
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Although JSC25-1 was designed to allow us to select crossovers as CanR 

red/white sectored colonies as we did on chromosome V, in this diploid, the suppression 

of the can1-100 allele by the SUP4-o suppressor was inefficient. Thus, the diploid was not 

very sensitive to canavanine, resulting in high background growth of the diploid on 

plates containing canavanine, precluding the selection of canavanine-resistant colonies. 

Consequently, we screened for crossovers on chromosome IV by identifying red/white 

sectored colonies non-selectively as described in the main text. 

As described in the text, we found that one of the recombination hotspots (HS4) 

mapped to the location of an inverte d pair of Ty elements, near SGD coordinate 980 kb. 

The HS4 hotspot was specific to the W303a-derived chromosome. In order to test the 

hypothesis that these Ty elements formed a secondary DNA structure required for the 

hotspot activity, we created strains t hat had markers flanking the inverted repeat and 

various modifications of the inverted repeat structure. Since the conversion tracts 

associated with HS4 were very long (median length of 48 kb), we inserted the markers 

flanking the hotspot about 56 kb apart . The control strain with the intact HS4 hotspot 

was constructed in several steps. JSC52-1 is a W1588-4c derivative with URA3 inserted 

centromere-distal to HS4 between SGD coordinates 1013217 and 1013218. The URA3 

gene in JSC52-1 was derived from the strai n JAY291 (Table S 3.1) by amplification of 

genomic DNA using the primers RE HS4 URA3 F and RE HS4 URA3 R. The HygR 

haploid JSC54-1 was derived from the Ura + transformant JSC52-1 by inserting the HYG 
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gene at SGD coordinates 957578 to 957579. The fragment used for the transformation 

was generated by amplifying the plasmid pAG32 with primers RE HS4 HYG F and RE 

HS4 HYG R. The diploid JSC67-1 was generated by a cross of JSC54-1 to PSL4. The 

diploid JSC71-1 was derived from JSC67-1 by replacing the , 3ϔɯgene with the NAT 

gene, using the same method described for the construction of JSC25-1. JSC71-1 was the 

control diploid for analysis of the strains that had alterations of HS 4. 

 Three different diploids with different modifications of HS4 were constructed. 

The diploid JSC73-2 strain had a deletion of the centromere-proximal Ty element, 

YDRWTy2-3. The first step in the construction of this strain was to replace the Ty 

element in JSC54-1 with the KANMX gene by transforming the strain with a PCR 

fragment generated by amplifying the pFA6 -kanMX4 plasmid with primers HS4 Ty2 -

3::KAN F and HS4 Ty2-3::KAN R. The resulting GenR transformant is JSC57-1. The 

diploid JSC68-1 is the result of a cross of JSC57-1 with PSL4. JSC73-2 is derived from 

JSC68-1 by replacement of the , 3ϔ locus with the NAT gene. 

 In the diploid JSC74-1, the distance between the Ty elements of HS4 was 

expanded by insertion of the KANMX gene between SGD coordinates 987150 and 

987225. The first step in the construction was to transform the haploid JSC54-1 with a 

KANMX -containing PCR fragment produced by amplifying the pFA6 -kanMX4 plasmid 

with the primers HS4 Spacer::Kan F and HS4 Spacer::Kan R. The resulting GenR 

transformant was JSC59-2. The diploid JSC70-3 is a cross of JSC59-2 and PSL4, and 
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JSC74-1 is a diploid with a deletion of , 3ϔ (performed as described above for strain 

JSC71-1). 

 In JSC77-ƕȮɯÛÏÌɯƙɀɯËÌÓÛÈɯÌÓÌÔÌÕÛɯÖÍɯYDRWTy2-3 was replaced with the KANMX 

gene. We first constructed a GenR derivative of JSC54-1 (JSC58-2) by transformation with 

a PCR fragment generated by amplification of the pFA6-kanMX plasmid with the 

primers HS4 Ty2-3::KAN F and HS4 DELTA19::KAN R. The diploid JSC75-1 is a cross of 

JSC58-2 and PSL4. The MATͅȯȯNAT derivative of JSC75-1 (JSC77-1) was constructed by 

transforming JSC75-1 with a PCR fragment generated by amplifying the pAG25 plasmid 

with the primers MATALPHA NATF and MATALPHA NATR (LEE et al. 2009).  

3.6.1.2 Design of the SNP microarrays  

 The SNP microarrays that were used in our study were based on our own design 

and were generated by Agilent. The arrays contained about 9200 oligonucleotides, 

allowing us to analyze about 2300 SNPs. The majority of the oligonucleotides used to 

examine SNP-specific hybridization patterns were designed using the principles 

described by Gresham et al. (2010) as employed in our previous study (St Charles et al. 

2012). In addition, we incorporated information from SNP microarray experiments 

performed by D. R. Georgianna and J. H. McCusker (Duke University; personal 

communication) and data described by WINZELER  et al. (2003). The sequences of the 

oligonucleotides used in constru ction of our SNP microarrays will be provided on -line 
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when we submit our paper for publication, but are not provided in the thesis because of 

page limitations.  

3.6.1.3 Conversion tracts associated with DSBs initiated during G1 or S/G2 of the 

cell cycle 

 As discussed in the main text, from the patterns of conversions associated with 

the crossover, we can infer whether the initiating DSB was generated in the chromosome 

before replication (G1) or during the S-/G2-phases of the cell cycle. For the crossovers 

associated with simple 3:1, 4:0, or hybrid 3:1/4:0 and 3:1/4:0/3:1 conversion events 

(approximately two -thirds of the total events), our conclusions about the timing of the 

DSB are fairly straightforward: simple 3:1 events are a consequence of S- or G2-initiated 

DSBs and 4:0 or simple hybrid tracts reflect G1-initiated DSBs. For most complex 

conversion events, however, the interpretation of the events as G1 or S/G2 can be more 

difficult. In this section, we discuss these more complex events.  

The conversion tracts for all of the crossovers are depicted in Table S 3.3. In this 

table, each sectored colony is represented by two lines, with the upper line showing the 

patterns of heterozygosity and homozygosity of SNPs in the red sector and the lower 

line indicating patterns of SNPs in the white sector. Green, red, and black line segments 

represent heterozygosity for SNPs, homozygosity for W303a-derived SNPs, and 

homozygosity for the YJM789-derived SNPs, respectively. In Table S 3.3, we divide all of 

the recombination events into five groups: A (crossovers without detectable 

conversions), B (simple 3:1 conversions), C (simple 4:0 conversions), D (simple 3:1/4:0 or 
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3:1/4:0/3:1 hybrid tracts), and E (complex conversion tracts). The Class A events cannot 

be characterized as G1- or S/G2-initiated, since they lack the diagnostic conversion tract. 

All other  events were classified as G1- or S/G2-initiated as indicated by one or two 

asterisks, respectively, in Table S 3.3. 

One of the simplest indicators of a G1-initiated D SB is the presence of a 4:0 

segment within a conversion tract (LEE et al. 2009; LEE and PETES 2010). Although, in 

principle, these events could represent two independent 3:1 conversions, their frequency 

is much too high to represent two independent events (LEE et al. 2009). Based on the 

criterion of a 4:0 conversion tract segment, all C and D, and most of the Class E events 

were initiated in G1.  

 There are a few conversion tracts classified as G1-initiated events that did not 

contain 4:0 regions. In Classes E7 and E8, there appears to be a crossover within a 3:1 

conversion tract (Table S 3.3). The pattern can be explained as a consequence of the 

conversion-associated repair of two broken chromatids with non -overlapping 

conversion tracts and a crossover between the converted segments (Fig. S2 in LEE et al. 

(2009)). In 3:1 conversion events, the chromosome with the DSB is the recipient of 

information. For example, in Figure 3.1A, since the conversion event results in 3 copies 

of the W303a-ËÌÙÐÝÌËɯ2-/ÚɯȹɁÙÌËɂɯ2-/ÚȺɯÈÕËɯÖÕÌɯÊÖ×àɯÖÍɯÛÏÌɯ8),ƛƜƝ-derived SNPs 

ȹɁÉÓÈÊÒɂɯ2-/ÚȺȮɯÞÌɯÐÕÍÌÙɯÛÏÈÛɯÛÏÌɯÊÖÕÝÌÙÚÐÖÕɯÞÈÚɯÐÕÐÛÐÈÛÌËɯÉàɯÈɯ#2!ɯÖÕɯÛÏÌɯ8),ƛƜƝ-

derived homolog. In addition, the region of the conversion tract that  is homozygous for 
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the W303a-derived SNPs is expected to be in the red sector and the heterozygous region 

of the tract is expected to be in the white sector (Figure 3.1A). Of the 34 3:1 conversion 

tracts observed in our study, 29 (Classes B1 and B2) had this pattern. In five tracts 

ȹ"ÓÈÚÚÌÚɯ$ƗɯÈÕËɯ$ƘȺȮɯÛÏÌɯÏÖÔÖáàÎÖÜÚɯÈÕËɯÏÌÛÌÙÖáàÎÖÜÚɯÙÌÎÐÖÕÚɯÞÌÙÌɯÐÕɯÛÏÌɯɁÞÙÖÕÎɂɯ

sectors. These patterns can be explained as a consequence of the repair of two broken 

chromatids (Fig. S1 in LEE et al. (2009)). By similar explanations, Classes E5, E7, E8, E10, 

E11, and E30 are likely to reflect G1-initiated events.  

There are alternative interpretations of the conversion events depicted in Table S 

3.3. For example, a 4:0 tract could reflect a DSB that was formed in G2 if the broken 

chromatid was segregated into the daughter cell without repair. If this broken 

chromosome was then replicated and repaired in G2 of the subsequent cycle, it would 

generate a 4:0 conversion. One argument against this scenario is that ϖ ray-treatment of 

G2-synchronized yeast cells results primarily in 3:1 events rather than 4:0 events (LEE 

and PETES 2010).  It is also possible that some of the conversions classified as initiated in 

G2 are initiated in G1, if one of the DSBs was repaired associated with a very short 

heteroduplex tract. If the heteroduplex does not contain a SNP, it is undetectable as a 

conversion event. Despite these uncertainties, the most likely interpretation of our d ata 

is that both G1- and S-/G-initiated events contribute to the crossovers detected in our 

study.  
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3.6.1.4 Associations of gene conversion tracts with the chromosome elements shown 

in Table S 3.5. 

Based on many previous studies (such as TANG  et al. (2011)), the position of the 

DSBs that initiate mitotic recombination events are located within the boundaries of the 

gene conversion events. Therefore, we examined the frequencies of various chromosome 

elements (replication origins, palindromes, G4 quadruplex motifs, etc.; Table S 3.5) 

within gene conversion tra cts for their over - or under -representation compared to a 

ÙÈÕËÖÔɯËÐÚÛÙÐÉÜÛÐÖÕȭɯ6ÌɯÈÕÈÓàáÌËɯÛÏÌɯɁÞÐÕËÖÞÚɂɯÊÖÕÛÈÐÕÐÕÎɯÛÏÌɯÎÌÕÌɯÊÖÕÝÌÙÚÐÖÕɯÛÙÈÊÛÚɯ

(the sites of potential DSB initiation) using four different methods. For all four methods, 

the region included f or the Class A events (crossover without a gene conversion event; 

Table S 3.3) was between the heterozygous SNPs and the homozygous SNPs that most 

closely flanked the crossover.  

For Method 1, we summed all conversion tracts of each event to generate the 

ÐÕÝÌÚÛÐÎÈÛÌËɯɁÞÐÕËÖÞȭɂɯ%ÖÙɯ,ÌÛÏÖËɯƖȮɯÞÌɯÈÓÚÖɯÚÜÔÔÌËɯÛÏÌɯÊÖÕÝÌÙÚÐÖÕɯÛÙÈÊÛÚɯÍÖÙɯÌÈÊÏɯ

event, but excluded those events in which the conversion tract was greater than 20 kb. 

For Method ƗȮɯÞÌɯÙÌÚÛÙÐÊÛÌËɯÛÏÌɯɁÞÐÕËÖÞɂɯÖÍɯÛÏÌɯÊÖÕÝÌÙÚÐÖÕɯÌÝÌÕÛɯÛÖɯÛÏÈÛɯ×ÖÙÛÐÖÕɯÖÍɯÛÏÌɯ

conversion event most likely to contain the DSB. More specifically, if the conversion 

event was a 3:1/4:0 tract, we used a window that was restricted to the 4:0 portion of the 

tract, since (as shown in Figure 3.1C) the 4:0 region of a hybrid tract is the expected 

location of the recombinogenic DSB. In complex conversion tracts with multiple 4 :0 

regions, all 4:0 regions were counted in the window for that sectored colony. In Table S 
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3.3, the regions that were included in our analysis by Method 3 are outlined in blue 

rectangles. Method 4 was identical to Method 3, except we excluded those events in 

which the tract size was greater than 20 kb. The complex recombination events that had 

conversion events initiated on both homologs (Classes E29-E31) were not included in 

any of the calculations. 

In addition to using different methods of analyzing the data, as described in the 

main text, we chose five different datasets to examine: 1) all of the data derived from 

)2"ƖƙɯȹɁ)2"ƖƙɯÈÓÓɂɯÐÕɯTable 3.1ȺȮɯƖȺɯÙÌÊÖÔÉÐÕÈÛÐÖÕɯÌÝÌÕÛÚɯÐÕÐÛÐÈÛÌËɯÐÕɯ&ƕɯȹɁ)2"Ɩƙɯ&ƕɂȺȮɯƗȺɯ

ÌÝÌÕÛÚɯÐÕÐÛÐÈÛÌËɯÐÕɯ&ƖɯȹɁ)2"Ɩƙɯ&ƖɂȺȮɯƘȺɯÌÝÌÕÛÚɯÐÕÐÛÐÈÛÌËɯÖÕɯÛÏÌɯ6ƗƔƗÈ-derived homolog 

ȹɁ6ƗƔƗÈɯÈÓÓɂȺȮɯÈÕËɯƙȺɯÌÝÌÕÛÚɯÐÕÐÛÐÈÛÌËɯÖÕɯÛÏÌɯ8),ƛƜƝ-ËÌÙÐÝÌËɯÏÖÔÖÓÖÎɯȹɁ8),ƛƜƝɯÈÓÓɂȺȭɯ

All five datasets were examined using all four methods. As an example of the analysis, 

we will describe the procedure to determine whether there was a significant enrichment 

ÖÍɯ+31ɯȹËÌÓÛÈȺɯÌÓÌÔÌÕÛÚɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÛÏÌɯÎÌÕÌɯÊÖÕÝÌÙÚÐÖÕɯÛÙÈÊÛÚɯÐÕɯÛÏÌɯËÈÛÈÚÌÛɯɁ)2"Ɩƙɯ

ÈÓÓɂɯÞÏÌÕɯÌßÈÔÐÕÌËɯÉàɯ,ÌÛÏÖËɯƕȭɯ3ÏÌɯ2ÈÊÊÏÈÙÖÔàÊÌÚɯ&ÌÕÖÔÌɯ#ÈÛÈÉÈÚÌɯÚÏÖÞs that 

there are 33 delta elements in the 1,061,175 bp region between CEN4 and the can1-

100/KANMX/SUP-o insertions. The sum of the gene conversions (calculated by Method 

1) for the 135 (136 crossovers minus one double crossover) events examined in the 

Ɂ)2"ƖƙɯÈÓÓɂɯËÈÛÈÚÌÛɯÞÈÚɯƖȮƚƚƔȮƖƙƗɯÉ×ȭɯ2ÐÕÊÌɯÛÏÌɯËÌÕÚÐÛàɯÖÍɯËÌÓÛÈɯÌÓÌÔÌÕÛÚɯÖÕɯÛÏÌɯÙÐÎÏÛɯÈÙÔɯ

of chromosome IV is 1 per 32,157 bp (1,061,175 divided by 33 delta elements), the 

expected number of delta elements in the conversion window of 2,660,253 bp is 83 
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(2,660,253 bp conversion window divided by 32,157 bp), and the expected number of 

delta elements not included in the conversion window is 4,372 (135 events times 33 LTRs 

per event minus the 83 LTRs expected within the conversion window). The observed 

number of d elta elements in the 2,660,253 bp conversion window was 130 and the 

observed number of delta elements not included in the conversion window was 4,325 

(135 events times 33 LTRs per event minus the 130 LTRs observed within the conversion 

window). We compared  the numbers of expected (83 and 4,372) and observed (130 and 

4,325) events by a chi-square goodness-of-ÍÐÛɯÛÌÚÛɯÜÚÐÕÎɯÛÏÌɯ,ÐÊÙÖÚÖÍÛɯ$ßÊÌÓɯɁÊÏÐÚØȭÛÌÚÛɂɯ

function. The p value for this comparison was 1.5 x 10-7. Since we analyzed the dataset 

for 18 different  chromosome elements (listed in Table S 3.5), we determined that 

this p value was still significant after correcting for multiple comparisons (HOCHBERG 

and BENJAMINI  1990). 

A similar procedure to that described above was used for all of the other 

comparisons and those comparisons that showed a significant over-representation of 

elements are shown in Table 3.1; those comparisons that had a the significant under-

representation of elements are shown in Table S 3.6. The conversion window sizes 

(shown in kb in parentheses) used for the different methods (indicated by the number in 

boldface) and the various datasets were: 1 JSC25 all (2660253); 2 JSC25 all (774888); 3 

JSC25 all (1765865); 4 JSC25 all (689319); 1 JSC25 G1 (2129610); 2 JSC25 G1 (489295); 3 

JSC25 G1 (1244102); 4 JSC25 G1 (410034); 1 JSC25 G2 (310456); 2 JSC25 G2 (203353); 3 
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JSC25 G2 (292886); 4 JSC25 G2 (185983); 1 W303a all (1492068); 2 W303a all (397036); 3 

W303a all (932621); 4 W303a all (336974); 1 YJM789 all (947998); 2 YJM789 all (295812); 3 

YJM789 all (615629); 4 YJM789 all (270305).  

3.6.1.5 Analysis of mitotic recombination hotspot activities.  

Although the distribution of recombination event s depicted in Figure 3.7A 

appear strikingly non -random, we did several tests to confirm whether this conclusion. 

One complication in the depiction of Figure 3.7 (as explained previously in the text) is 

that the frequency with which a SNPs will be involved in a conversion event is affected 

by both the frequency of initiating DSBs t hat occur near the SNP and the size of the 

conversion tracts extending from the initiating DSB. To eliminate the effect of the size of 

the conversion event on our calculations, for the bin analysis shown in Figure 3.8, each 

conversion tract was represented by a single point/coordinate.  

The positions of the points used in this analysis for each sectored colony are 

given in Table S 3.7. For the majority of the conversion tracts, the point that represented 

the tract was at the center of the DSB region as determined for Methods 3 and 4 

described above. For Class A events (crossovers without conversions), the event was 

represented by the midpoint between the last heterozygous SNP and the first 

homozygous SNP. For conversion tracts that were discontinuous (regions of conversion 

separated by regions of heterozygosity such as Classes E2 and E6), the tract was treated 
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as a single conversion tract with the point located in the middle of the tract. The events 

in which both homologs were donors (Classes E29-E31) were not used for this analysis.  

As described in the main text, we then dÐÚÛÙÐÉÜÛÌËɯÛÏÌɯɁ×ÖÐÕÛɂɯÊÖÕÝÌÙÚÐÖÕɯÌÝÌÕÛÚɯ

into bins of 200 kb on chromosome IV (Figure 3.8) and tested whether the distribution 

was random. The analysis was done for all of the data taken together (Figure 3.8A), and 

for the W303a-associated (G1-initiated and S-/G2-initiated) and YJM789-associated (G1-

initiated and S-/G2-initiated) e vents treated separately (Figure 3.8B). By chi-square 

goodness-of-fit tests, we found a very significant hotspot for W303a -associated G1-

initiated events in the bin w ith coordinates 845-1045 kb. In addition, by contingency chi-

square analysis, we found significant differences in hotspot activity between the 

homologs and differences between the distributions of  G1- and S/G2-initiated events.  
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3.6.2 Supplementary Tables  

Table S 3.1 Strain list and strain constructions.  

Standard gene nomenclature is used with a few exceptions. An insertion 

unaccompanied by a deletion is indicated by a double colon; a replacement is 

indicated by a  ͅȮɯÍÖÓÓÖÞÌËɯÉàɯÈɯËÖÜÉÓÌɯÊÖÓÖÕɯÈÕËɯÛÏÌɯÕÈÔÌɯÖÍɯÛÏÌɯÙÌ×ÓÈÊÐÕÎɯÎÌÕÌȭɯ(ÍɯÈÕɯ

insertion is placed within a genomic sequence unassociated with a gene name, we 

indicate the position of the centromere -proximal base followed by a double colon and 

the name of the in serted gene. For example, IV10132176::URA3 indicates that the 

URA3 gene was inserted between bases 10132176 and 10132177 on chromosome IV. 

For diploid genotypes, the genotype of the W303a -derived haploid is shown above the 

diagonal and the genotype of the YJM789-derived haploid is shown below the 

diagonal. The HS4 hotspot (inverted Ty elements) is missing on the YJM789 -derived 

homology; the nomenclature used to describe the missing Ty elements in the 

genotypes above is: ydrwTy2 -Ɨͅȭ 

Strain  Genotype  Reference/construction  

PSL4 
, 3ϔɯÈËÌƖ-1 ura3 gal2 ho::hisG 

 

Isogenic with YJM789 (LEE 

et al. 2009) 

W303a 

MATa leu2-3,112 his3-11,15 ura3-1 

ade2-1 trp1-1 can1-100 rad5 

 

THOMAS  and ROTHSTEIN 

(1989) 

W1588-4c 

MATa leu2-3,112 his3-11,15 ura3-1 

ade2-1 trp1-1 can1-100 RAD5 

 

Isogenic with W303a 

(ZHAO  et al. 1998) 

JAY291 MATa wild -type haploid  ARGUESO et al. (2009) 

JSC10-1 
MATa leu2-3,112 his3-11,15 ura3-1 

ade2-1 trp1-1 can1-100ͅ ::NAT RAD5 

W1588-4c with 

replacement of  can1-100 

with NAT. Isogenic with 

W303a. 

 

JSC11-1 

MATa leu2-3,112 his3-11,15 ura3-1 

ade2-1 trp1-1 can1-100 

V31539::KANMX 

W303a with KANMX  

inserted between bases 

V31539 and V31540. 
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JSC12-1 

MATa leu2-3,112, his3-11,15 ura3-1 

ade2-1 trp1-1 can1-100ͅ ::NAT RAD5 

IV1510386::KANMX-can1-100 

JSC10-1 transformed with 

KANMX -can1-100 cassette 

inserted between bases 

IV1510386 and 1510387. 

Isogenic with W303a. 

 

JSC19-1 
, 3ϔɯÈËÌƖ-1 ura3 gal2 ho::hisG 

CAN1 :ͅ:NAT 

PSL4 with CAN1 replaced 

with NAT. Isogenic with 

YJM789. 

JSC21-1 
, 3ϔɯÈËÌƖ-1 ura3 gal2 ho::hisG 

CAN1 :ͅ:NAT IV1510386::SUP4-o 

JSC19-1 with insertion of 

SUP4-o at IV1510386. 

Isogenic with YJM789. 

 

JSC22-1 

, 3Èɤ, 3ϔɯÓÌÜƖ-3,112/LEU2 his3-

11,15/HIS3 ura3-1 /ura3 GAL2/gal2 

ade2-1/ade2-1 trp1-1/TRP1 can1-

100ͅ ::NAT/ CAN1 :ͅ:NAT 

RAD5/RAD5 IV1510386::KANMX-

can1-100/IVI1510386::SUP4-o 

 

Cross of JSC12-1 and 

JSC21-1. 

JSC25-1 

, 3Èɤ, 3ϔȯȯ'8&ɯÓÌÜƖ-3,112/LEU2 

his3-11,15/HIS3 ura3-1 /ura3 GAL2/gal2 

ade2-1/ade2-1 trp1-1/TRP1 can1-

100ͅ ::NAT/ CAN1 :ͅ:NAT 

RAD5/RAD5 IV1510386::KANMX-

can1-100/IVI1510386::SUP4-o 

 

JSC22-1 with , 3ϔɯ

replaced with HYG. 

JSC52-1 

MATa leu2-3,112 his3-11,15 ura3-1 

ade2-1 trp1-1 can1-100 RAD5 

IV1013217::URA3 

W1588-4c with URA3 

inserted centromere-

proximal to HS4 at 

position IV1013217. 

Isogenic with W303a. 

 

JSC54-1 

MATa leu2-3,112 his3-11,15 ura3-1 

ade2-1 trp1-1 can1-100 RAD5 

IV957578::HYG IV1013217::URA3 

 

JSC52-1 with HYG inserted 

centromere-distal to HS4 at 

position IV957578. Isogenic 

with W303a. 
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JSC57-1 

MATa leu2-3,112 his3-11,15 ura3-1 

ade2-1 trp1-1 can1-100 RAD5 

IV957578::HYG IV1013217::URA3 

YDRWTy2-3 :ͅ:KANMX  

 

JSC54-1 with a 

replacement of YDRWTy2-

3 with KANMX . Isogenic 

with W303a. 

 

JSC58-2 

MATa leu2-3,112 his3-11,15 ura3-1 

ade2-1 trp1-1 can1-100 RAD5 

IV957578::HYG IV1013217::URA3 

YDRWdelta19ͅ :: KANMX  

 

JSC54-1 with a 

replacement of 

YDRWdelta19 with 

KANMX . Isogenic with 

W303a. 

 

JSC59-2 

MATa leu2-3,112 his3-11,15 ura3-1 

ade2-1 trp1-1 can1-100 RAD5 

IV957578::HYG IV1013217::URA3 

IV987138:: KANMX  

 

JSC54-1 with KANMX  

inserted between the two 

Ty elements of HS4 at 

position IV987138. Isogenic 

with W303a. 

 

JSC67-1 

, 3Èɤ, 3ϔɯade2-1/ade2-1 ura3-1/ura3 

GAL2/gal2 ho/ho::hisG can1-100/CAN1 

leu2-3,112/ LEU2 his3-11,15/ HIS3 trp1-

1/TRP1 IV957578::HYG/ IV957578 

IV10132176::URA3/IV1013217 

 

Cross of JSC54-1 and PSL4 

JSC68-1 

, 3Èɤ, 3ϔɯÈËÌƖ-1/ade2-1 ura3-1/ura3 

GAL2/gal2 ho/ho::hisG can1-100/CAN1 

leu2-3,112/ LEU2 his3-11,15/ HIS3 trp1-

1/TRP1 IV957578::HYG/ IV957578 

IV10132176::URA3/IV1013217 

YDRWTy2-3 :ͅ:KANMX/ydrwTy2 -Ɨ  ͅ

 

Cross of JSC57-1 and PSL4 

JSC70-3 

, 3Èɤ, 3ϔɯÈËÌƖ-1/ade2-1 ura3-1/ura3 

GAL2/gal2 ho/ho::hisG can1-100/CAN1 

leu2-3,112/ LEU2 his3-11,15/ HIS3 trp1-

1/TRP1 IV957578::HYG/ IV957578 

IV10132176::URA3/IV1013217 

IV987138:: KANMX/IV987138 

 

Cross of JSC59-2 and PSL4 
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JSC71-1 

, 3Èɤ, 3ϔ:ͅ:NAT ade2-1/ade2-1 

ura3-1/ura3 GAL2/gal2 ho/ho::hisG can1-

100/CAN1 leu2-3,112/ LEU2 his3-11,15/ 

HIS3 trp1-1/TRP1 IV957578::HYG/ 

IV957578 

IV10132176::URA3/IV1013217 

 

, 3ϔͅ derivative of 

JSC67-1 

JSC73-2 

, 3Èɤ, 3ϔͅȯȯ- 3ɯÈËÌƖ-1/ade2-1 

ura3-1/ura3 GAL2/gal2 ho/ho::hisG can1-

100/CAN1 leu2-3,112/ LEU2 his3-11,15/ 

HIS3 trp1-1/TRP1 IV957578::HYG/ 

IV957578 

IV10132176::URA3/IV1013217 

YDRWTy2-3::KANMX/ydrwTy2-Ɨ  ͅ

 

, 3ϔͅ derivative of 

JSC68-1 

JSC74-1 

, 3Èɤ, 3ϔ:ͅ:NAT ade2-1/ade2-1 

ura3-1/ura3 GAL2/gal2 ho/ho::hisG can1-

100/CAN1 leu2-3,112/ LEU2 his3-11,15/ 

HIS3 trp1-1/TRP1 IV957578::HYG/ 

IV957578 

IV10132176::URA3/IV1013217 

IV987138:: KANMX/IV987138 

 

, 3ϔͅ derivative of 

JSC70-3. 

JSC75-1 

, 3Èɤ, 3ϔɯÈËÌƖ-1/ade2-1 ura3-1/ura3 

GAL2/gal2 ho/ho::hisG can1-100/CAN1 

leu2-3,112/ LEU2 his3-11,15/ HIS3 trp1-

1/TRP1 IV957578::HYG/ IV957578 

IV10132176::URA3/IV1013217 

YDRWdelta19:: * -,7ɤàËÙÞËÌÓÛÈƕƝͅ 

 

Cross of JSC58-2 and PSL4. 

JSC77-1 

, 3Èɤ, 3ϔ:ͅ:NAT ade2-1/ade2-1 

ura3-1/ura3 GAL2/gal2 ho/ho::hisG can1-

100/CAN1 leu2-3,112/ LEU2 his3-11,15/ 

HIS3 trp1-1/TRP1 IV957578::HYG/ 

IV957578 

IV10132176::URA3/IV1013217 

YDRWdelta19:: * -,7ɤàËÙÞËÌÓÛÈƕƝͅ 

 

, 3ϔͅ derivative of 

JSC75-1. 
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Table S 3.2 Names and sequences of primers used in strain constructions and 

genome analysis. 

Primer name Primer sequence4 

V31539::DR F 
AGGTCTGAAGGAGTTTCAAATGCTTCTACTCCGTCTGCTTTC

TTTTCGGGACGTACGCTGCAGGTCGAC  

W CAN1 KO R 
ACTGGCAAGTGCGTATAAATTAAACCTATTTCTTTATCATC

ATATTTACTTATCGATGAATTCGAGCTCG  

CAN1 -500 F GAGTTCTGCCCTTGGCTTCC 

W2 CAN1 KO R GGATTTGGCGTGGATGAAGG  

V31539::DR R 
ATAATCTCAGTATATTTATTTTTATCGATGATTCACCACAAC

AATCTTGCTATCGATGAATTCGAGCTCG  

IV1510386::can1-

100 F 

CATACGTTATGCACTTCATTCTTCTTGTCGGTTTGATAACAG

CAGAATCTACGTACGCTGCAGGTCGAC  

IV1510386::can1-

100 R 

GCGTTTTCGAGGTATGGCTTCTGCCGGGCTAACGTTCAAAT

TAAAGGAACTTATATCTTTAACAGATTC CAA  

YJMIV::SUP4-o F 
CATACGTTATGCACTTCATTCTTTTTGTCGGTTTGATACCAG

CAGAATCTAGGATCCGGGACCGGATAAT  

YJMIV::SUP4-o R 
GCGTTTTCGAGGTATGGCTTCTGTAGGGTTAACGCTCAAAT

TAAAGGAACTGGATCCGGAATTCTTGAAAG  

IV 980403 F TTGAACATGGTCGCGACAGC  

Ty2 R GCCGTGCTGTTGGTACTGTCC 

Ty1.2 R TTGAGGAGAGGCATGATGG  

IV 993256 F CTGGTGCTAACCGCTTGTGC 

RE HS4 URA3 F 
TTTATATAGATAAACAAACTTGCAGGACAGATAGTTAAGC

GTCTATATCATAATGTGGCTGTGGTTTCAGG  

RE HS4 URA3 R 
TCTTTTTTGCCTTTTATCATTTTTGTACTTTTTTCTTCGCTTAA

AATACACAGATTCCCGGGTAATAACTG  

                                                      

4 /ÙÐÔÌÙɯÚÌØÜÌÕÊÌÚɯÈÙÌɯÞÙÐÛÛÌÕɯƙɀɯÛÖɯƗɀȭ 
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RE HS4 HYG 

EXT F 
CACAAGCACTTCTTGCGAGTCC  

RE HS4 HYG 

EXT R 
GGAGTCTCAATTCAGGGATCTGG  

HS4 Ty2-3::KAN 

F 

GTTAATAAAACACACATGCAACTTGTTGGAATAAAAATCC

ACTATCGTCTTCGTACGCTGCAGGTCGAC  

HS4 Ty2-3::KAN 

R 

TTATCTAATTACCCACATATATCTCATAACTATTAGTTGAT

AGACGTGTAGATCGATGAATTCGAGCTCG  

HS4 

DELTA19::KAN 

R 

CTTGATTTGATGGGACTTCCTTAGAAGTAACCGAAGCAGCG

GCGCTACCATATCGATGAATTCGAGCTCG  

HS4 SPACER:: 

KAN F  

AATGGAATCCCAACAATTACATCAAAATCCACATTCTCTAC

ACGTCTATCACGTACGCTGCAGGTCGAC  

HS4 

SPACER::KAN R 

GGAATCCCAACAATTATCTAATTACCCACATATATCTCATA

ACTATTAGTTATCGATGAATTCGAGCTCG  
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Table S 3.3 Depictions of conversion tracts associated with reciprocal 

crossovers. 

All of the diffe rent types of conversion tracts observed in this study are shown 

below. For each conversion tract, the top colored line depicts the red side of the sector 

and the bottom line depicts the white side of the sector. Green, red, and black indicate 

heterozygosi ty for SNPs, homozygosity for W303a -derived SNPs, and homozygosity 

for YJM789-derived SNPs, respectively. Lowercase letters located above and below 

the conversion tract mark transitions within the conversion tract. The coordinates of 

the SNPs on either sid e of the transitions are listed in Table S 3.4. The blue boxes 

enclose the regions that are likely to be associated with DSB formation as described 

in the Supplementa ry Information section. Our interpretation of subclasses as 

representing G1 - or G2-initiated events are indicated by asterisks to the right of the 

subclass names. One asterisk and two asterisks indicate a G1 - and G2-initiated DSB, 

respectively. The lengths  of the conversion  tracts are not drawn to scale. 

Class 
# Class 
obs. 

# Subclass 
obs. 
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B2** 
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E4* 
 

1 
                  

    
a b 

             

     
    

              
   

            
            

     
    

              
   

            
            

     
    

              

      
b 

             E5* 
 

1 
                  

        
c 

           

     
    

              
   

                
          

     
    

              
   

                
          

     
    

              

    
a b c 

           E6* 
 

1 
                  

    
a b c 

           

     
    

  
    

          
   

                    
        

     
    

  
    

          
   

                    
        

     
    

  
    

          

    
a 

    
d 

         E7* 
 

3 
                  

      
b 

             

     
        

            
   

                
          

     
  

  
  

            
   

                
          

     
        

            

    
a b c 

           E8* 
 

1 
                  

    
a b c 

           

     
        

            
   

                
          

     
  

  
  

            
   

                
          

     
        

            

      
b c 

             



  

 235 

E9* 
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Table S 3.4 SGD coordinates for crossover and conversion transitions on 

chromosome IV.  

Sector 

Event 

class5 

Transition 

label6 

Markers flanking 

transitions 7 

Left Right 

1RW E7 a 1248863 1248966 

  

b 1254353 1254489 

  

c 1255048 1255087 

  

d 1259633 1259877 

  

e 1268296 1269558 

  

f 1273350 1274404 

2RW E31 a 1373752 1374198 

  

b 1375238 1379772 

  

c 1380606 1385030 

  

d 1385030 1386901 

  

e 1387294 1388991 

  

f 1388991 1390775 

3RW D1 a 1047033 1049553 

  

b 1049553 1051286 

  

c 1055397 1055663 

4RW E4 a 1157254 1161545 

  

b 1161545 1171413 

5RW E32 a 959463 960043 

  

b 964391 965740 

  

c 1022402 1036052 

  

d 1067771 1069072 

  

e 1069072 1071135 

  

f 1077836 1082836 

6RW E3 a 1190838 1216161 

  

b 1225482 1231783 

7RW E3 a 1429103 1429226 

                                                      

5 The classes of events are defined in Supp. Table 3.3. 
6 The lower case letters refer to transitions between heterozygous and homozygous regions as shown in 

Supp. Table 3. 
7 These numbers represent SGD coordinates of SNPs located on each side of the transition. It should be 

noted that these coordinates are based on SGD coordinates from Feb. 2010, and some of these coordinates 

may be different from those currently displayed in SGD.  
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b 1431061 1431782 

9RW B1 a 1275176 1275710 

  

b 1275710 1276330 

10RW B2 a 1161545 1171413 

  

b 1174705 1178332 

11RW D7 a 1308659 1308932 

  

b 1310877 1311425 

  

c 1311425 1311652 

  

d 1315266 1315889 

12RW D5 a 1267082 1267721 

  

b 1273350 1274404 

  

c 1275176 1275710 

13RW E13 a 1438183 1441463 

  

b 1470362 1470765 

  

c 1476382 1476496 

  

d 1476496 1477097 

  

e 1477494 1479384 

14RW E20 a 1465228 1465378 

  

b 1466345 1466614 

  

c 1468543 1468701 

  

d 1470362 1470765 

15RW D7 a 1267082 1267721 

  

b 1273350 1274404 

  

c 1278598 1279018 

  

d 1289357 1289797 

16RW B2 a 1079615 1082836 

  

b 1089446 1111969 

18RW E5 a 1040924 1044556 

  

b 1047033 1049553 

  

c 1049553 1051286 

19RW D1 a 1480252 1483459 

  

b 1484403 1484580 

  

c 1492290 1492550 

20RW E3 a 1067771 1069072 

  

b 1071758 1075942 

21RW B2 a 1401638 1401858 

  

b 1410413 1414518 

23RW A a 1161545 1171413 

24RW E11 a 1357190 1357597 
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b 1361012 1362046 

  

c 1364731 1365816 

  

d 1371117 1371846 

25RW A a 1201602 1216161 

26RW A a 1082836 1089446 

27RW D7 a 580548 580807 

  

b 582114 582453 

  

c 584836 585304 

  

d 594021 595015 

28RW D5 a 1357597 1358761 

  

b 1364731 1365816 

  

c 1365816 1366726 

29RW E23 a 1292496 1293222 

  

b 1297117 1297543 

  

c 1304942 1305105 

  

d 1310376 1310818 

  

e 1313530 1313572 

  

f 1317318 1317884 

  

g 1320966 1321106 

  

h 1324027 1324869 

30RW D7 a 1435418 1438183 

  

b 1441931 1442062 

  

c 1443817 1443889 

  

d 1443889 1444237 

31RW A a 1111969 1142607 

32RW B1 a 1059384 1065071 

  

b 1089446 1111969 

33RW D5 a 1402542 1402695 

  

b 1411220 1414470 

  

c 1415174 1416334 

34RW D2 a 1201602 1216161 

  

b 1221046 1221462 

  

c 1225482 1231783 

35RW B2 a 1256206 1256457 

  

b 1256631 1257078 

36RW A a 1111969 1142607 

37RW E10 a 980838 992782 

  

b 993347 993964 

  

c 999490 999715 
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d 1002452 1003257 

38RW E14 a 512801 521609 

  

b 526963 527305 

  

c 527510 539130 

  

d 545386 546290 

  

e 546605 551364 

39RW A a 868904 889108 

40RW D7 a 964391 965740 

  

b 975687 976249 

  

c 1010105 1011955 

  

d 1013909 1015206 

41RW A a 1190182 1216211 

42RW E33 a 868904 887030 

  

b 976159 977414 

  

c 980838 992782 

  

d 996000 996527 

43RW D1 a 1190182 1216161 

  

b 1217482 1217788 

  

c 1231783 1235569 

44RW E7 a 1245782 1246274 

  

b 1249203 1250136 

  

c 1254154 1254293 

45RW E16 a 1417627 1418072 

  

b 1420136 1420580 

  

c 1422118 1422596 

  

d 1430800 1431782 

  

e 1433085 1433125 

46RW E1 a 889108 890618 

  

b 890618 892648 

  

c 895029 903910 

47RW E29 a 922159 924604 

  

b 963792 965740 

  

c 968451 969369 

  

d 1028494 1036052 

  

e 1037332 1039370 

48RW B1 a 774835 775273 

  

b 779147 779952 

49RW D5 a 964391 965936 

  

b 966485 966599 
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c 1010105 1012642 

50RW B1 a 1045316 1046711 

  

b 1046711 1047033 

51RW B2 a 460205 469765 

  

b 477827 482169 

52RW D1 a 907253 911910 

  

b 916127 917134 

  

c 918488 918591 

53RW A a 1161545 1171413 

54RW C2 a 855308 855878 

  

b 911910 912446 

55RW D8 a 629580 630883 

  

b 633870 633945 

  

c 643241 643421 

  

d 644066 651658 

56RW B2 a 1372403 1374333 

  

b 1379772 1380606 

57RW B1 a 1059444 1065071 

  

b 1066867 1069072 

58RW A a 1480252 1483459 

59RW C2 a 1161545 1171413 

  

b 1201602 1216161 

60RW D6 a 768378 770295 

  

b 770845 771197 

  

c 774522 774716 

  

d 776615 776665 

61RW D4 a 1111969 1142607 

  

b 1146877 1147303 

  

c 1161545 1171413 

63RW E7 a 1157254 1161545 

  

b 1161545 1171413 

  

c 1174705 1178332 

64RW D9 a 939092 939734 

  

b 942797 943052 

  

c 945141 945589 

  

d 953272 955078 

65RW A a 1380606 1385030 

66RW D2 a 1111969 1142607 

  

b 1185793 1186611 
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c 1190182 1216161 

67RW C2 a 980838 992782 

  

b 1003836 1003935 

68RW D7 a 1461572 1461942 

  

b 1465926 1466198 

  

c 1468543 1468701 

  

d 1469252 1469487 

69RW B2 a 1217788 1219699 

  

b 1221462 1225482 

70RW D6 a 842451 843111 

  

b 843111 843574 

  

c 845115 845377 

  

d 851194 852302 

71RW D5 a 1498068 1498508 

  

b 1507062 1507520 

  

c 1508989 1509699 

72-1RW D6 a 788875 789378 

  

b 789378 790202 

  

c 795523 795869 

  

d 802606 802810 

72-2RW A a 1182080 1183438 

73RW B2 a 541971 542454 

  

b 544627 544999 

74RW E11 a 739939 741160 

  

b 747660 748528 

  

c 748528 749244 

  

d 752071 753192 

75RW A a 1346791 1349668 

76RW B2 a 491787 495183 

  

b 495183 496923 

77RW E6 a 1201602 1216161 

  

b 1220689 1221462 

  

c 1221462 1225482 

  

d 1225482 1231783 

78RW D4 a 729738 730063 

  

b 730720 731914 

  

c 733517 735346 

79RW D6 a 671494 672120 

  

b 684381 684999 



  

 246 

  

c 690253 690489 

  

d 698494 699008 

80RW E15 a 1255964 1256206 

  

b 1261433 1262162 

  

c 1269558 1269689 

  

d 1271391 1271682 

  

e 1279397 1279784 

81RW E17 a 1231783 1235569 

  

b 1240303 1242166 

  

c 1251733 1252281 

  

d 1265332 1266551 

  

e 1269689 1269955 

82RW D9 a 558167 558882 

  

b 563201 564349 

  

c 571796 572478 

  

d 576294 578154 

83RW B1 a 1391617 1392166 

  

b 1392166 1394070 

84RW D6 a 1281755 1282224 

  

b 1282790 1283368 

  

c 1283368 1283747 

  

d 1284092 1284918 

85RW B1 a 1071233 1071758 

  

b 1075942 1077702 

86RW B1 a 

 

449787 

  

b 454159 454186 

87RW C1 a 713743 714477 

  

b 715012 715335 

88RW C2 a 1017595 1022402 

  

b 1022402 1028494 

89RW E21 a 460205 469765 

  

b 471247 476888 

  

c 477827 482169 

  

d 482169 482635 

  

e 482635 482940 

90RW E30 a 682940 683460 

  

b 686861 687261 

  

c 698254 698333 

  

d 699796 699924 



  

 247 

  

e 700648 700759 

91RW D7 a 581168 581504 

  

b 582114 582453 

  

c 585541 586687 

  

d 593737 594021 

92RW D7 a 1263246 1264102 

  

b 1265332 1266551 

  

c 1267721 1267763 

  

d 1271793 1271980 

93RW D4 a 1263246 1264102 

  

b 1266671 1266933 

  

c 1267082 1267721 

94RW A a 1111969 1142607 

95RW B1 a 668612 669986 

  

b 670622 671011 

96RW E22 a 694543 694817 

  

b 698211 698254 

  

c 700759 701050 

  

d 703507 703836 

  

e 706589 706908 

  

f 707328 708625 

  

g 708625 709196 

97RW D9 a 861704 862566 

  

b 863830 865277 

  

c 893739 894438 

  

d 909432 911910 

98RW D3 a 544266 544627 

  

b 545033 545123 

  

c 546605 551364 

99RW B2 a 889108 890618 

  

b 890618 892648 

100RW D6 a 747660 748528 

  

b 751098 752071 

  

c 754411 755087 

  

d 755087 755446 

101RW B2 a 1499309 1499476 

  

b 1510193 1510396 

102RW D2 a 593628 593737 

  

b 596803 597003 
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c 597003 598170 

103RW E18 a 949439 949782 

  

b 951654 952255 

  

c 952316 953272 

  

d 970231 970419 

  

e 1000365 1001602 

  

f 1006070 1006514 

104RW E19 a 868904 887030 

  

b 895029 901094 

  

c 901094 907253 

105RW A a 460205 469765 

106RW E3 a 477827 482169 

  

b 521609 524793 

107RW D7 a 972912 973113 

  

b 976249 977414 

  

c 1007002 1007144 

  

d 1008785 1008829 

108RW E8 a 777015 777375 

  

b 794043 794806 

  

c 796161 802539 

109RW B1 a 491787 495183 

  

b 495183 496923 

110RW B2 a 460205 469765 

  

b 470717 471226 

111RW C2 a 863830 865277 

  

b 868904 887030 

112RW D6 a 663372 663847 

  

b 674798 675271 

  

c 696034 696092 

  

d 700236 700426 

113RW B1 a 666145 666933 

  

b 667323 667565 

114RW B1 a 564732 565232 

  

b 567351 567792 

115RW E12 a 853434 855165 

  

b 863830 865277 

  

c 868013 868562 

  

d 868904 887030 

116RW D6 a 796161 802110 
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b 808984 809854 

  

c 811980 812466 

  

d 816605 817112 

117RW D7 a 966213 966485 

  

b 980838 992782 

  

c 1004465 1005641 

  

d 1013370 1013909 

118RW A a 796161 802110 

119RW D9 a 495183 496923 

  

b 509817 512538 

  

c 524793 525397 

  

d 527510 539083 

120RW D7 a 754032 754057 

  

b 755446 755533 

  

c 761361 761909 

  

d 765384 766033 

121RW C2 a 706018 706589 

  

b 712108 712459 

122RW A a 796161 802110 

124RW E9 a 1004465 1005641 

  

b 1007819 1008785 

  

c 1008785 1008829 

  

d 1010105 1011921 

128RW D7 a 922159 924604 

  

b 930041 930998 

  

c 931361 932198 

  

d 940065 940980 

129RW B1 a 761909 762882 

  

b 771197 772684 

130RW E25 a 1474547 1474663 

  

b 1474866 1475232 

  

c 1477494 1479384 

  

d 1480252 1483459 

131RW D8 a 1003257 1003678 

  

b 1003678 1003797 

  

c 1007819 1008785 

  

d 1008785 1008829 

133RW E27 a 587919 588369 

  

b 588547 588694 
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c 593197 593449 

  

d 594021 595514 

  

e 597003 598170 

  

f 604773 605544 

136RW E2 a 601671 601816 

  

b 604427 604773 

  

c 611081 611611 

  

d 616610 617827 

139RW D7 a 1007819 1008785 

  

b 1011921 1012642 

  

c 1015206 1017595 

  

d 1017595 1028494 

140RW D9 a 681904 681933 

  

b 681933 682289 

  

c 686024 686695 

  

d 690515 690737 

142RW D9 a 583189 583420 

  

b 584836 585304 

  

c 588694 589427 

  

d 594021 595015 

143RW E7 a 1268296 1268882 

  

b 1272145 1272729 

  

c 1278598 1279018 

144RW E24 a 1190182 1216161 

  

b 1217163 1217192 

  

c 1217192 1217482 

  

d 1217788 1219699 

145RW B1 a 640958 641270 

  

b 657097 658422 

146RW B2 a 922159 924604 

  

b 934165 934343 

147RW A a 853434 855165 

149RW E26 a 707328 708625 

  

b 711298 711895 

  

c 712684 712843 

  

d 713491 714477 

  

e 716627 717363 

150RW D5 a 476888 482169 

  

b 482635 482940 
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c 485707 491787 

153RW B1 a 495183 496923 

  

b 499309 499633 

154RW B1 a 502953 503234 

  

b 505869 507475 

156RW A a 485707 491787 
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Table S 3.5 Chromosome elements examined for their representation in mitotic 

gene conversion tracts. 

Chromosome element (# of each 

element present on the right arm of 

chromosome IV) 8 

Description or reference  

Palindromes9 (46) 

LISNIC et al. (2005); Z. Zgaga, personal 

communication  

 

Tandem repeats10 (97) 

Tandem-repeat database (TRDB)11 

(GELFAND  et al. 2007) 

 

Triplet repeats12 (10) 

Triplet repeats as identified in the 

TRDB 

 

G4 DNA 13 (34) 
Dataset S1 in Capra et al. (2010) 

 

tRNA genes (23) 

Saccharomyces Genome Database 

(SGD) 

 

Short (150 bp) intergenic regions (61) 

Saccharomyces Genome Database 

(SGD) 

 

Intron -containing genes (24) 

Saccharomyces Genome Database 

(SGD) 

 

ARS elements (28) 

Saccharomyces Genome Database 

(SGD) 

 

Early- and middle -firing ARS 

elements (10) 
Table S1 in (FACHINETTI  et al. 2010) 

                                                      

8 For most of the listed elements, we examined the number of such elements between CEN4 and the markers 

near the right telomere used to diagnose crossovers. 
9 Palindromes that were at least 16 bp are counted. 
10 The repeats examined were in the size range of 2 to 213 bp, with a minimum repeat tract of 24 bp.  
11 This database is accessible at the Website: https://tandem.bu.edu/cgi -bin/trdb/trdb.exe  
12 The minimal number of repeats/tract was 8. 
13 3ÏÌɯ&ƘɯÔÖÛÐÍÚɯÜÚÌËɯÐÕɯÛÏÐÚɯÈÕÈÓàÚÐÚɯÞÌÙÌɯÍÖÜÙɯÛÙÈÊÛÚɯÖÍɯƗɯ&ɀÚɯÚÌ×ÈÙÈÛÌËɯÉàɯÚ×ÈÊÌÙÚɯÖÍɯÓÌÚÚɯÛÏÈÕɯƖƙɯÉ×ȭ 

https://tandem.bu.edu/cgi-bin/trdb/trdb.exe
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Long terminal repeats (LTRs) (33) 

Saccharomyces Genome Database 

(SGD) 

 

Long terminal repeats (> 1 kb) from a 

Ty element (11) 

Saccharomyces Genome Database 

(SGD) 

 

Highly -transcribed genes14 (20) 
Table S4 in NAGALAKSHMI  et al. (2008) 

 

Gamma-H2AX peaks15 (38) 
Supp. Data 1 SZILARD  et al. (2010) 

 

Rrm3p pause sites16 (6) 

Supp. Table 7 in AZVOLINSKY  et al. 

(2009). 

 

Long intergenic regions 17 (17) 
Saccharomyces Genome Database 

(SGD) 

Replication-termination regions 

(TERs) (3) 
Table S2 in FACHINETTI  et al. (2010) 

ARS elements flanked by opposing 

transcripts18 (12) 

Saccharomyces Genome Database 

(SGD) 

 

Ty elements (8) 

Saccharomyces Genome Database 

(SGD) 

 

 

  

                                                      

14 Transcription levels were measured for 451 of the 565 ORFs on the right arm of chromosome IV by 

Nagalakshmi et al (2008). Most of these genes were single-copy sequences, since measuring transcription 

from repeated genes with very similar sequences is difficult. We identified the twenty single -copy genes in 

this region with the highest level of transcription.  
15 Peaks of accumulation of gamma-H2AX within t he genome were mapped; such regions are often 

associated with DNA damage (Szilard et al., 2010). 
16 Rrm3p is a helicase involved in promoting replication through replication -pause sites (Azvolinsky et al., 

2009). 
17 We identified the locations of the 17 longest intergenic regions of a total of 554 on the right arm of 

chromosome IV. 
18 ARS elements were identified in which the genes flanking the ARS have transcripts that converge on the 

ARS. 
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Table S 3.6 Chromosome elements that are under -represented in crossover-

associated gene conversion tracts in JSC25.19 

Element Data20 

Method of 

analysis p-Value  

Long terminal repeats JSC25 G1 2 1.65E-03 

Tandem repeats JSC25 all 1 7.51E-05 

Tandem repeats JSC25 all 3 1.15E-06 

Tandem repeats JSC25 G1 1 2.39E-04 

Tandem repeats JSC25 G1 3 6.24E-06 

Tandem repeats W303a all 1 6.53E-03 

Tandem repeats W303a all 3 2.95E-03 

Tandem repeats YJM789 all 3 7.10E-04 

Short intergenic 

regions JSC25 all 1 1.12E-03 

Short intergenic 

regions JSC25 all 3 5.22E-05 

Short intergenic 

regions JSC25 G1 1 7.15E-03 

Short intergenic 

regions JSC25 G1 3 2.80E-04 

Short intergenic 

regions W303a all 1 4.87E-03 

Short intergenic 

regions W303a all 3 4.26E-04 

Highly -transcribed 

genes JSC25 all 3 7.69E-03 

Highly -transcribed 

genes JSC25 G1 3 5.17E-03 

 

                                                      

19 As described in the text, we used four related methods of analysis to determine whether various 

structure/sequence chromosome motifs (listed in Supp. Table 5) were under-represented in gene conversion 

tracts associated with crossovers on chromosome IV.  
20 The data examined by Methods 1-4 were: JSC25 all (G1 and G2 events initiated on either W303a- and 

YJM789-derived homologs), JSC25 G1 (G1 events initiated on either W303a- and YJM789-derived 

homologs), JSC25 G2 (G2 events initiated on either W303a- and YJM789-derived homologs), W303a all (G1 

and G2 events initiated on the W303-derived homologs), and YJM789 all (G1 and G2 events initiated on the 

YJM789-derived homologs).  
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Table S 3.7 Coordinates used to represent gene conversion tracts as single 

points.  

For some of the analysis of hotspots, the conversion tracts were represented as 

to single points. The method for calculating the single point is described in the 

Supplementary Text. The description of each sectored col ony is in Table S 3.3 and 

Table S 3.4. 

Sector Coordinate of point  

1RW 1264086.5 

3RW 1049553 

4RW 1161545 

5RW 1021788 

6RW 1220821.5 

7RW 1430143.5 

9RW 1275710 

10RW 1173059 

11RW 1311425 

12RW 1274790 

13RW 1474129.5 

14RW 1467578.5 

15RW 1276501 

16RW 1086141 

18RW 1045794.5 

19RW 1483931 

20RW 1070415 

21RW 1406135.5 

23RW 1166479 

24RW 1364357 

25RW 1208881.5 

26RW 1086141 

27RW 583644.5 

28RW 1365816 

29RW 1315892 

30RW 1442939.5 

31RW 1127288 

32RW 1077258.5 

33RW 1414822 
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34RW 1218603.5 

35RW 1256544 

36RW 1127288 

37RW 997617 

38RW 527407.5 

39RW 879006 

40RW 993177 

41RW 1203196.5 

42RW 979126 

43RW 1216821.5 

44RW 1249669.5 

45RW 1426698 

46RW 890618 

48RW 777210 

49RW 988352 

50RW 1046711 

51RW 473796 

52RW 914018.5 

53RW 1166479 

54RW 883894 

55RW 638593 

56RW 1377052.5 

57RW 1065969 

58RW 1481855.5 

59RW 1186507.5 

60RW 772859.5 

61RW 1154424 

63RW 1166479 

64RW 944096.5 

65RW 1382818 

66RW 1164200 

67RW 998309 

68RW 1467370.5 

69RW 1220580.5 

70RW 844344.5 

71RW 1508254.5 

73RW 543540.5 

74RW 746615.5 

75RW 1348229.5 

76RW 495183 



  

 257 

77RW 1220821.5 

78RW 732715.5 

79RW 687626 

80RW 1275539.5 

81RW 1246949.5 

82RW 568072.5 

83RW 1392166 

84RW 1283368 

85RW 1073850 

86RW 451973 

87RW 714744.5 

88RW 1022402 

89RW 475967 

91RW 583997 

92RW 1267136 

93RW 1267007.5 

94RW 1127288 

95RW 670304 

96RW 703439.5 

97RW 879508 

98RW 544830 

99RW 890618 

100RW 753241 

101RW 1504834.5 

102RW 595270 

103RW 976310 

104RW 891029.5 

105RW 464985 

106RW 501889 

107RW 992208 

108RW 794424.5 

109RW 495183 

110RW 470241 

111RW 867090.5 

112RW 685652.5 

113RW 667128 

114RW 566291.5 

115RW 859497.5 

116RW 810917 

117RW 998623.5 
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118RW 799135.5 

119RW 518665.5 

120RW 758447 

121RW 709348.5 

122RW 799135.5 

124RW 1009467 

128RW 931179.5 

129RW 767039.5 

130RW 1479818 

131RW 1005808 

133RW 596258.5 

136RW 609213 

139RW 1013924 

140RW 684156.5 

142RW 586999 

143RW 1272437 

144RW 1217635 

145RW 649183.5 

146RW 929384.5 

147RW 854299.5 

149RW 713167 

150RW 484323.5 

153RW 498116 

154RW 504551.5 

156RW 488747 

72-1RW 792862.5 

72-2RW 1182759 
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4 'àËÙÖßàÜÙÌÈ-ÐÕËÜÊÌËɯÊÙÖÚÚÖÝÌÙÚ 

4.1 Introduction  

 In Chapter 3, I showed that there are at least seven spontaneous 

recombination hotspots along the right arm of the yeast chromosome IV. I demonstrated 

that two of these hotspots (HS3 and HS4) were likely to reflect the processing of a 

hairpin secondary str ucture formed by inverted Ty elements. The mechanisms of the 

other hotspots, however, remain unknown. Many proposed mechanisms for producing 

recombinogenic DNA lesions are related to DNA replication. It has been suggested that 

DNA damage, secondary DNA str uctures or DNA -bound proteins might block 

replication fork progression (AGUILERA  and GOMEZ -GONZALEZ  2008), and that the 

stalled replication forks might be processed to yield single -stranded DNA (ssDNA) gaps 

or double-stranded DNA breaks (DSBs) (COBB et al. 2005; SOGO et al. 2002). If some of the 

hotspots observed for spontaneous mitotic recombination are a consequence of 

problems related to DNA replication, one would expect that these hotspots might 

become even more pronounced in conditions of perturbed DNA replication. 

Consequently, I mapped mitotic crossovers in yeast strains treated with a drug 

(hydroxyurea) that reduces the rate of DNA replication.  
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Hydroxyurea (HU) inhibits replication in yeast and mammalian cells by 

reducing the activity of ribonucleotide reductase (RNR), the enzyme that converts 

ribonucleotides  to deoxyribonucleotides (dNTPs) (KRAKOFF et al. 1968; REICHARD  1988; 

SLATER 1973; TIMSON  1975). The concentration of dNTPs is highest in the G1/S transition 

and throughout the S-phase (CHABES et al. 2003; KOC et al. 2004), and the pools of dNTPs 

are regulated by ribonucleotide reductase activity (ELLEDGE et al. 1992). Consequently, 

HU treatment results in diminished pools of dNTPs (CHABES et al. 2003; KOC et al. 2004), 

and slow-moving replication forks (ALVINO  et al. 2007; SOGO et al. 2002). HU treatment 

also induces mitotic recombination in yeast (BARBERA and PETES 2006; FERGUSON 1990; 

GALLI  and SCHIESTL 1996), presumably because HU directly or indirectly elevates the 

frequency of DNA damag e. 

HU is used for treating several disorders including HIV infection (LORI et al. 

1994) and sickle cell anemia (MCGANN  and WARE 2011). In HIV -positive patients, HU 

treatment inhibits viral DNA synthesis (LORI et al. 1994). In sickle cell anemia patients, 

HU treatment increases production of fetal hemoglobin; the mechanism for this effect is 

unknown but is apparently not directly related to the replication -inhibiting activities of 

HU (MCGANN  and WARE 2011; PLATT  et al. 1984). Although the recombination -inducing 

activity of HU could result in secondary problems related to treatment, elevated 
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frequencies of cancers have not been observed in sickle cell anemia patients treated with 

HU (STEINBERG et al. 2010). 

In this Chapter, I describe the mapping of HU -induced crossovers on the right 

arm of chromosome IV. As with the spontaneous crossovers, I found that HU -induced 

crossovers occur throughout the chromosome arm. Unexpectedly, most of the HU -

stimulated crossovers were associated with patterns of gene conversion indicative of G1-

induced DSBs, although conversion events representative of S/G2 initiated DSBs were 

also observed. The crossovers initiated in G2 were strongly correlated with the locations 

of solo delta elements, the long terminal repeats (LTRs) associated with the Ty 

retrotransposons. 

4.2 Materials and Methods  

4.2.1 Strains  

 The diploid strain JSC25 (,ÈÛÈɤ, 3ϔȯȯ'8&ɯÓÌÜƖ-3,112/LEU2 his3-

11,15/HIS3 ura3-1/ura3 GAL2/gal2 ade2-1/ade2-1 trp1-1/TRP can1-ƕƔƔȯȯ- 3ɤ" -ƕͅȯȯ- 3ɯ

RAD5/RAD5 IV1510386::KANMX-can1-100/IVI1510386::SUP4-o) was used for all 

experiments in this chapter. The construction of this strain is described in the 

Supplementary Materials and Methods of Chapter 3.  
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4.2.2 Hydro xyurea  (HU) treatment  

 Hydroxyurea (HU) was used to induce crossovers. The diploid JSC25 was 

inoculated into five ml of liquid rich growth medium and incubated at 30° overnight. 

The following day, cells were resuspended at a concentration of 3 x 108 cells/ml in fresh 

YPD medium containing 100 mM HU. The culture was grown for six hours at 30° on a 

rotating drum. Following this incubation, the cells were harvested by centrifugation, and 

washed twice with water. The cells were then plated on SD-arg medium, and  we 

assayed sectored colonies as described in Chapter 3 Materials and Methods. 

4.2.3 Microarray methods and analysis  

 Microarrays were prepared as previously described in Chapters 2 and 3. 

Briefly, genomic DNA was isolated (separately) from both red and white se ctors and 

sonicated to fragments of about 200-400 bp; these samples were labeled with Cy5-dUTP. 

The control DNA was isolated from the JSC25 strain, and labeled with Cy3-dUTP. 

Labeled experimental and reference samples were then mixed and competitively 

hybr idized on SNP microarrays (whole -genome microarrays previously described in 

Chapter 2 and chromosome IV microarrays described in Chapter 3) for one to two days 

at 62°. After this incubation, the microarrays were washed and scanned at 635 nm and 

532 nm for the experimental and reference samples, respectively. The ratio of 
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experimental to reference signal was obtained for each oligonucleotide on the 

microarray, and used for subsequent analysis as described in Chapters 2 and 3. 

4.2.4 Statistical analysis  

 The chi-square Goodness-of-Fit function of Microsoft Excel (chisq.test) 

was used to compare expected and observed values. Additionally, the chi-square Test-

of-Independence function of Microsoft Excel (chisq.dist.rt) was used to compare 

different datasets. The Mann-Whitney test from VassarStats website was used to 

compare the conversion tract lengths of the spontaneous and HU-induced reciprocal 

crossovers. Table B11 of ALTMAN  (1991) was used to calculate the 95% confidence 

intervals of median conversion tract lengths.  

4.3 Results  

4.3.1 Crossovers induced by treatment of cells with HU 

As described in Chapter 3, we developed a method of detecting and mapping 

crossovers on the right arm of chromosome IV. This method utilizes the diploid strain 

JSC25 that is homozygous for the ochre-suppressible ade2-1 mutation; in the absence of a 

suppressor, strains with the ade2-1 mutation form red colonies ( Figure 3.2). In JSC25, the 

ochre suppressor SUP4-o is inserted near the telomere of chromosome IV on one 

homolog and partially suppresses the ade2-1 mutation, resulting in pink colonies. 

Following a crossover between CEN4 and SUP4-o, half of the segregation events result in 



  

264 

 

one daughter cell that is homozygous for the SUP4-o insertion (white colony), and one 

daughter cell that has no copies of the suppressor (red colony). Thus, red-white sectored 

colonies signal a reciprocal crossover on chromosome IV. Additionally, JSC25 is a hybrid 

of two sequenced haploid strains, W303a and YJM789, that have approximately 55,000 

SNPs relative to each other (WEI et al. 2007). These SNPs can be used to map the location 

of crossovers and conversion tracts (LEE et al. 2009; LEE and PETES 2010; ST CHARLES et al. 

2012).  

Asynchronous JSC25 cells were treated for six hours at 30° with 100 mM of HU 

in a liquid YPD cul ture, and then plated on medium lacking HU. If the HU -induced 

crossover occurs in the first cell division on the solid medium following treatment of the 

cells with HU, a red/white sectored colony will be formed. The average sectoring rate 

following HU trea tment was 8.3x10-4/division, which is about a 26 -fold increase over the 

spontaneous sectoring rate for the same strain (3.1x10-5/division, Chapter 3). Since only 

50% of crossovers result in loss of homozygosity (LOH) in the daughter cells, the 

reciprocal crossover rate induced by the HU treatment is 1.7x10-3/division.  

We mapped a total of 52 HU-induced crossovers using the chromosome IV SNP 

microarrays (Chapter 3). In brief, we examined about 3000 heterozygous SNPs on the 1.1 

Mb right arm of chromosome IV using SNP microarrays. This analysis allows us to 

distinguish regions of heterozygosity from homozygosity, mapping LOH transitions to a 
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resolution of about 400 bp. This information is used to map crossovers, and to determine 

that the nature of the conversion tracts associated with each crossover. Schematic 

depictions of the HU -induced events and the SGD coordinates of the crossovers and 

conversions are shown in Table S 4.1 and Table S 4.2, respectively. These tables are in the 

same format as for the spontaneous crossovers described in Chapter 3 (Table S 3.3 and 

Table S 3.4). Table S 4.1 shows the conversion tracts associated with each crossover using 

pairs of lines, in which the upper line indicates regions of heterozygosity and 

homozygosity in the red sector and the lower l ine shows these patterns in the white 

sector. Line segments are colored red, black, and green to indicate homozygosity for 

W303a-derived SNPs, homozygosity for YJM789-derived SNPs, and heterozygosity, 

respectively. Transitions between heterozygosity and homozygosity are labeled with 

lower case letters in Table S 4.1, and the SGD coordinates for each transition are 

presented in Table S 4.2.  

The locations of the crossovers and the lengths of the conversion tracts associated 

with crossovers are summarized in Figure 4.1. In this figure, the conversion tracts that 

were initiated on the W303a-derived and YJM789-derived chromosomes are shown as 

vertical lines on the upper and lower parts of the figure, resp ectively. Our interpretation 

as to which homolog initiated the conversion event is based on determining the donor of 

information in the conversion event. Chromosomes with DSBs receive information 
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during conversion with the donated sequences being derived f rom the intact 

chromosome (PÂQUES and HABER 1999). Thus, if one sector has become homozygous for 

the W303a-derived SNPs and the other sector is still heterozygous, we infer that the 

YJM789 chromosome had the initiating DNA lesion. By this criterion, we could 

determine which homolog had the initiating DNA  lesion with two exceptions. One 

sectored colony (not shown in Figure 4.1) had one conversion event that duplicated 

W303a-derived sequences and one conversion event that duplicated YJM789-derived 

sequences. In addition, of the 52 sectored colonies examined, 12 had no associated 

conversion and, therefore, we could not determine which chromosome had the initiating 

DNA lesion.



  

 

 

 

Figure 4.1. Summary of crossovers induced by HU  treatment.  
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     This figure shows crossovers with associated conversion tracts on 

chromosome IV in cells treated with HU. The X -axis indicates the SGD coordinates of 

the right arm of chromosome IV. The Y -axis indicates the length of each conversion 

tract. The red and black horizontal lines represent the W303a and the YJM789 

homologs, respectively. The line with ticks between the homolog depictions shows 

the probe density along the c hromosome arm, with each tick indicating a set of probes 

for a single SNP. Crossovers that were initiated on the W303a and YJM789 homologs 

are depicted above and below the horizontal lines, respectively. The vertical parallel 

red, green, and black line -segments depict the conversion tracts that were associated 

with each crossover. The thin black line that connects each conversion tract to the 

homolog indicates the site of the start of a conversion tract (the site at which the black 

line meets the homolog li ne). Red, black, and green in the conversion tract lines 

depict homozygosity for W303a, homozygosity for YJM789, and heterozygosity, 

respectively. In each conversion tract line -pair, the left line represents the conversion 

tract in the red side of the sect or and the right line represents the conversion tract in 

the white side of the sector.  

Based on Figure 4.1, it is apparent that the distribution of recombination events 

between the two homologs is approximately even, demonstrating that neither homolog 

is more likely to receive a recombination -inducing lesion as a result of HU treatment.  Of 

the 37 sectored colonies for which we could assign a donor in the conversion event, 20 

were initiated on the W303a homolog and 17 were initiated on the YJM789 homolog. 

Additionally, the events are evenly distributed along the chromosome arm, without 

strong recombination hotspots on either homolog.  

Figure 4.2 shows the number of times that individual SNPs on chromosome IV 

were involved in conversion tracts in the analyzed samples. The average SNP was 

involved less than one time (0.4 times), and the greatest number of times a single SNP 

was included in a conversion tract was three. As in Figure 4.1, there appear to be no 


























































































































































































































































































































