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Abstract 
Mitotic genome instability can occur during the repair of double-strand breaks 

(DSBs) in DNA, which arise from endogenous and exogenous sources. Studying the 

mechanisms of DNA repair in the budding yeast, Saccharomyces cerevisiae, has shown 

that Homologous Recombination (HR) is a vital repair mechanism for DSBs. HR can 

result in a crossover event, in which the broken molecule reciprocally exchanges 

information with a homologous repair template. The current model of double-strand 

break repair (DSBR) also allows for a tract of information to non-reciprocally transfer 

from the template molecule to the broken molecule. These “gene conversion” events can 

vary in size and can occur in conjunction with a crossover event or in isolation. The 

frequency and size of gene conversions in isolation and gene conversions associated 

with crossing over has been a source of debate due to the variation in systems used to 

detect them and the context in which they are measured. In Chapter 2, I use an 

unbiased system that measures the frequency and size of gene conversion events, as 

well as the association of gene conversion events with crossing over between homologs 

in diploid yeast. We show mitotic gene conversions occur at a rate of 1.3x10-6 per cell 

division, are either large (median 54.0kb) or small (median 6.4kb), and are associated 

with crossing over 43% of the time.  

DSBs can arise from endogenous cellular processes such as replication and 

transcription. Two important RNA/DNA hybrids are involved in replication and 

transcription: R-loops, which form when an RNA transcript base pairs with the DNA 

template and displaces the non-template DNA strand, and ribonucleotides embedded 

into DNA (rNMPs), which arise when replicative polymerases insert ribonucleotide 



 

v 

instead of deoxyribonucleotide triphosphates. RNaseH1 (encoded by RNH1) and 

RNaseH2 (whose catalytic subunit is encoded by RNH201) both recognize and degrade 

the RNA in R-loops while RNaseH2 alone recognizes, nicks, and initiates removal of 

rNMPs embedded into DNA. Due to their redundant abilities to act on RNA:DNA hybrids, 

aberrant removal of rNMPs from DNA has been thought to lead to genome instability in 

an rnh201Δ background.  

 In Chapter 3, I characterize (1) non-selective genome-wide homologous 

recombination events and (2) crossing over on chromosome IV in mutants defective in 

RNaseH1, RNaseH2, or both RNaseH1 and RNaseH2. Using a mutant DNA polymerase 

that incorporates 4-fold fewer rNMPs than wild type, I demonstrate that the primary 

recombinogenic lesion in the RNaseH2-defective genome is not rNMPs, but rather R-

loops. This work suggests different in vivo roles for RNaseH1 and RNaseH2 in resolving 

R-loops in yeast and is consistent with R-loops, not rNMPs, being the the likely source of  

pathology in Aicardi-Goutières Syndrome patients defective in RNaseH2. 
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Chapter 1. Introduction 

1.1 DNA damage and mechanisms of repair 

Genomes acquire damage from both exogenous and endogenous sources and 

such damage increases genome instability. Examples of endogenous sources of DNA 

damage are reactive oxygen species resulting from aerobic metabolism and high levels 

of transcription (Hoeijmakers, 2001). UV damage from the sun and genotoxic chemicals 

in cigarette smoke are examples of exogenous sources of DNA damage (Yin and Petes, 

2013 and DeMarini 2004). In humans, an inability to repair DNA lesions leads to a wide 

array of disorders, including several forms of cancer (Chu and Hickson, 2009; Roy et al., 

2012; Stracker and Petrini 2011). Cancer genomes often exhibit loss of heterozygosity 

(LOH), in which the genetic contribution of one parental DNA segment is lost. In some 

cases LOH is due to a crossover event while in other cases the event corresponds to a 

nonreciprocal gene conversion event. LOH is often deleterious as it has the potential to 

eliminate a functional gene copy that masks a recessive deleterious mutation, as in 

retinoblastoma (Bishop and Schiestl 2001). Homologous recombination (HR) is used to 

repair double-strand breaks (DSBs) and can be a potent source of LOH; if left 

unrepaired, DSBs can lead to cell cycle arrest and apoptosis (Olive, 1998). In humans 

defects in HR are associated with hereditary breast cancer (Smolarz, et al., 2015 and 

Lord and Ashworth 2007). Recombination-associated LOH in the budding yeast model 

system is the focus of this dissertation. 

1.1.1 Division of labor: non-homologous end joining (NHEJ) and 
homologous recombination (HR).  

In the field of DNA damage and genome instability, the model organism 

Saccharomyces cerevisiae has allowed rapid definition of pathways that contribute to 

specific outcomes of DSB repair and recombination. A given DSB can be repaired 
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through non-homologous end joining (NHEJ) or through HR. In S. cerevisiae this 

decision varies during the cell cycle, where NHEJ is the preferred mechanism of repair in 

G1 and HR is preferred during both S and G2 (Cho et al., 1998; de Lichtenberg et al., 

2003; Spellman et al., 1998). The Ku70/Ku80 heterodimer is an essential protein for 

NHEJ that binds the ends of the DSB and allows direct ligation across the break. Ku 

prevents HR by blocking the initial 5’>3’ resection performed by the MRX complex, 

thereby inhibiting the formation of single-stranded 3’ tails required to initiate HR 

(Lobachev et al., 2004 and Mimitou and Symington, 2008). Cyclin-dependent kinases 

control NHEJ and homologous recombination by modifying the activities of Ku70/Ku80, 

Exo1, Sae2, and MRX (Aylon et al, 2004 and Mathiasen and Lisby 2014).  

If a DSB experiences 5’>3’ resection, the exposed 3’ tail initiates a homology 

search after assembly into a nucleoprotein filament with Rad51. Rad52 initiates the 

assembly and the filament is stabilized by Rad55 and Rad57 (reviewed in Symington et 

al., 2014). The filament then searches for a homologous duplex sequence and requires 

at least 9bp of homology to initiate stable pairing (Danilowicz et al., 2015). Once an 

acceptable template is found, Rad54 removes Rad51 from the invading strand to allow 

PCNA loading and subsequent DNA synthesis. Strand invasion and DNA synthesis 

displace the other strand of the template, forming a structure called a displacement loop 

(D-loop) (reviewed in Symington et al., 2014). The homology search occurs throughout 

the nucleus (Lisby et al., 2004) and can engage a repetitive element near the original 

break site (as in single-stranded annealing), an allelic position on the homologous 

chromosome in a diploid (as in canonical DSBR involving a dHJ and break-induced 

replication), a sister chromatid (sister chromatid exchange), or a repeat located 

elsewhere in the genome (ectopic recombination). Recent work has demonstrated that 

an RNA transcript also can be used as a repair template (Keskin et al., 2014). Both the 
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choice of the template and the pathway used to repair the break affect the genetic 

outcome of repairing the DSB.  

1.1.2 Double-Strand Break Repair (DSBR) involving a double Holliday 
Junction intermediate 

Stable invasion by a 3’ single-stranded tail and subsequent DNA synthesis 

extends D-loop formation and facilitates its pairing with a 3’ tail on the other side of the 

break (second-end capture). Following pairing of the other end of the DSB with the D-

loop, a second round of DNA synthesis uses the displaced strand as a template. Ligation 

of the newly synthesized DNA at both broken ends creates a double Holliday Junction 

(dHJ) intermediate. Dissolution of the dHJ, by the Sgs1-Top3-Rmi1 complex leads 

exclusively to gene conversion events. Cleavage of the dHJ, by the structure-specific 

Mus81-Mms4 or Yen1 endonucleases, however, can lead to either crossing over 

(resulting in terminal LOH) or gene conversion (resulting in interstitial LOH) (Figure 1) 

(reviewed in Symington et al., 2014).  

These alternative ways of resolving a dHJ predict different molecular outcomes, 

which were initially analyzed by Mitchel et al. (2010). While dissolution of a dHJ and 

cleavage of a dHJ can both lead to gene conversion (Krogh and Symington 2004, Wu 

and Hickson 2003, Zakharyevich et al., 2012), they do not seem to be the primary way 

that yeast repairs mitotic DSBs in vivo.  
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Figure 1: Double-strand break repair (DSBR) with a double-Holliday Junction 
intermediate 

A DSB on the red molecule undergoes resection and, after nucleoprotein filament 
assembly, the single-stranded 3’ tail searches for homology and engages a duplex repair 
template. Synthesis using the template molecule extends the D-loop, which allows 
annealing to the other end of the DSB (2nd end capture). A second round of DNA 
synthesis occurs and a fully ligated double-Holliday junction is formed. This intermediate 
can be unwound to generate a gene conversion event, resolved to form a gene 
conversion event, or resolved to form a crossover event that is associated with a gene 
conversion. After mismatch repair mismatch correction leads to a gene conversion 
event. 

1.1.3 Synthesis-Dependent Strand Annealing (SDSA) 

Strand invasion of 3’ single-stranded DNA can result in synthesis-dependent 

strand annealing (SDSA). Following PCNA loading and DNA synthesis, the newly-

synthesized strand can dissociate from the template via the action of helicases such as 

Sgs1, Mph1, or Srs2 (Prakash et al., 2009 and Mitchel et al., 2013). This end then 

anneals to the 3’ end on the other side of the break. If the template molecule is diverged 

from the broken molecule, this repair intermediate contains mismatches that can be 
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acted on by mismatch repair to generate a gene conversion event (Figure 2). This 

creates a region of homozygosity that is characterized as an LOH event. During meiosis 

sequence heterology can be recognized at an early step before or during DNA synthesis 

(Borner et al., 2004) or after the synthesized molecule has been ejected from the 

template and annealed to the other side of the break. The process of SDSA is thought to 

be the predominant mechanism generating gene conversion events, accounting for 

~90% of products observed in recombination events between a chromosome and 

linearized plasmid in yeast (Mitchel et al., 2010). 

  

Figure 2: Synthesis-dependent strand annealing (SDSA). 

A DSB on the red molecule undergoes resection and, after nucleoprotein filament 
assembly, the single-stranded 3’ tail engages homology on a donor molecule. DNA 
synthesis from the invading 3’ end results in a D-loop, which is dismantled. The newly 
synthesized DNA then anneals to the other end of the DSB and after mismatch repair (or 
strand segregation during DNA synthesis) becomes a gene conversion event.  

1.1.4 Break-induced replication (BIR)  

For simplicity, DSBs are often thought of as clean and symmetrical, with no 

protein, secondary structure, or covalently bound adducts impeding the recombination 
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machinery. Some DSBs, however, have one end that is inaccessible to the excision 

machinery (e.g., trapped Top1 cleavage complexes (Cho et al., 2013), lack sequence 

homology to both sides of the break (Hastings et al., 2009), are one-ended (e.g., found 

in a collapsed replication fork), or have a hairpin on one side of the break (reviewed in 

Llorente et al., 2008). In these instances break-induced replication (BIR) is a mechanism 

that can repair a break. In BIR, one end invades the donor molecule and extensive 

synthesis occurs via a migrating D-loop, in which newly synthesized DNA exits the D-

loop and forms the template for lagging-strand synthesis (Donnianni and Symington 

2013). In this way, no interaction with the other side of the DSB is required. DNA 

synthesis during BIR is promoted by the Pif1 helicase and the Pol32 subunit of 

polymerase delta and can extend to the end of the donor chromosome. LOH is seen 

from the site of breakage to the end of the chromosome, and sequence from other side 

of the break is permanently lost (Llorente et al., 2008).  

It has been suggested that BIR events that do not progress to the end of the 

chromosome may capture a repetitive element on the other side of the break (Yin and 

Petes 2013 and Chandramouly et al., 2013). Using repetitive sequences dispersed 

throughout the genome, several rounds of invasion, replication, and dissociation have 

been observed to occur during BIR (Smith et al., 2007 and Ruiz et al., 2009). BIR can 

produce a chromosome that looks like one of the reciprocal products of crossing over 

and also has been proposed to produce a product that looks like a gene conversion 

unassociated with a crossover (Yin and Petes 2013 and Chandramouly et al., 2013). 

Therefore, systems designed to detect homologous gene conversion and crossing over 

can also detect BIR.  
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Figure 3: Break-induced replication (BIR). 

A DSB on the red molecule undergoes resection and, after nucleoprotein filament 
assembly, the 3’ tail invades a homologous duplex. Extensive synthesis from the 
invading end is associated with a migrating D-loop. The other end of the DSB is lost and 
DNA synthesis extends the entire length of the invaded chromosome. As the newly 
synthesized DNA exits the D-loop, it is the template for lagging-strand-like synthesis, 
leading to large non-reciprocal LOH events.  

1.1.5 Single-strand annealing (SSA) and microhomology-mediated end 
joining (MMEJ) 

Single-strand annealing (SSA) is a process that uses sequence homology 

between direct repeats that flank a DSB and deletes the region between the repeats. 

The repeats are exposed by 5’>3’ resection and anneal to one another to create 3’ flaps 

that consist of the sequence between the repetitive elements (Figure 4). These flaps are 

removed by the Rad1-Rad10 endonuclease, which requires the activity of Slx4 (Flott et 

al., 2007), to allow ligation that results in deletion of one of the repeats and the 

intervening sequence (Zhu et al., 2008). Unlike most types of homologous repair, SSA 

does not require the Rad51-dependent assembly of a nucleoprotein filament, but does 

Nucleoprotein	
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Invasion	to	
homologous	
template	

Synthesis	off	
template	

Processive	synthesis	

Synthesis	to	
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require the annealing activity of Rad52.  SSA is efficient with 200 bp repeats, but is 

much less efficient with repeats less than 50 bp (Sugawara et al., 2000). A type of 

NHEJ, called microhomology-mediated end joining (MMEJ), was recently shown to be a 

Rad52-independent mechanism that leads to deletions between small repeats that 5-16 

bp in length (Villarreal et al., 2012 and Deng et al., 2014, reviewed in Sfeir and 

Symington 2015). Like SSA, MMEJ creates a deletion between the repetitive elements.  

 

Figure 4: Single-strand annealing (SSA) and microhomology-mediated end joining 
(MMEJ). 

A DSB on the red molecule undergoes resection to create single-stranded 3’ 
tails. If repetitive elements flanking the DSB are exposed, repair via MMEJ or SSA 
deletes one of the repetitive elements and the intervening sequence. 

1.2 Consequences of crossing over due to template choice.  

1.2.1 Repetitive element near the break as template 

Repetitive elements are notoriously unstable in eukaryotic genomes (Hastings et 

al., 2009). A break can be repaired using a nearby repeat (as in SSA or MMEJ), yielding 

a deletion of the intervening sequence and one of the repeats (Figure 4). A DSB can 

also be repaired using the sister chromatid, which is the preferred template over the 

homolog in diploid yeast cells (Kadyk and Hartwell 1992). Although most sister-
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chromatid exchanges are genetically silent, crossing over that occurs between 

misaligned repeats can result in unequal sister-chromatid exchange, which gives rise to 

reciprocal deletion-duplication products (Figure 5). Similar products are produced by 

unequal crossing over between homologs.  

 

Figure 5: Unequal sister chromatid exchange. 

Unequal sister chromatid exchange can cause reciprocal deletion-duplication 
products in the two daughter cells after a single division. 
  

Ectopic crossing over between repetitive elements can have additional 

deleterious outcomes. If the repetitive elements are on different chromosomes, a 

crossover results in a reciprocal translocation. If the crossover event occurs between 

repeats that are both oriented away from the centromere or both oriented toward the 

centromere, and crossover products segregate into the same daughter cell, then the cell 

is viable. However, if one recombinant product segregates with a non-exchange product, 

the resulting daughter cell harbors a deletion for information downstream of the repeat 

Replica(on	

Crossing	over	
between	sister	
chroma(ds	

Two	daughter	cells	
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(Figure 6A). Reciprocal crossing over between repeats where one repeat is oriented 

towards the centromere and the other is not results in a dicentric and an acentric 

chromosome (Figure 6B). An acentric chromosome cannot properly segregate in mitosis 

(Clarke and Carbon 1984) and a dicentric chromosome is subject to secondary 

breakage each time the cell undergoes mitosis (Stimpson et al., 2012). In this case, any 

daughter cell that inherits a crossover product is inviable.   

Ectopic crossing over has been shown to have slightly different genetic 

requirements than crossing over in other contexts. Crossing over between ectopic 

repetitive elements is surprisingly only reduced 50% in a mus81 yen1 mutant (Agmon et 

al., 2011). Unlike Holliday junctions in recombination events involving other templates, 

RAD1 was shown to act on junction molecules formed between ectopic templates 

(Mazon et al., 2012). These data suggest that junction molecule resolution into a 

crossover is different between ectopic templates. 

  

Figure 6: Ectopic crossover events. 

Ectopic crossover events lead to chromosome rearrangements that can yield 
unbalanced chromosomes and result in cell inviability. A) If a crossover occurs between 
two repeats that both point toward the telomere or both point toward the centromere, the 
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event yields reciprocal translocation products. If both reciprocal products segregate into 
the same daughter cell, the translocation is viable. However, if the translocation 
segregates with a non-exchange chromatid, then the daughter cells are inviable. For the 
inviable segregation pattern displayed, the left side lacks information from the “blue” 
chromosome distal to the repetitive element and the right side lacks information from the 
orange chromosome distal to the repetitive element. B) A crossover occurs between a 
repeat pointed away from the centromere and a repeat pointed toward the centromere. 
One product has two centromeres and the reciprocal product lacks a centromere. Of the 
potential outcomes, only a daughter cell that inherits both non-exchange chromosomes 
will be viable (Segregation Pattern 1). 

1.2.2 Crossing over and gene conversion between homologs in a diploid 
yeast cell  

If a DSB is not repaired using the sister chromatid, a homologous chromosome 

can serve as a repair template. A non-reciprocal transfer of information (gene conversion) 

or a reciprocal exchange of information can both result from repair of a DSB (Figures 1-

3). In diploid yeast, gene conversion unassociated with crossing over leads to an 

interstitial tract of LOH (Figure 7) and one half of crossover events unassociated with a 

gene conversion lead to LOH distal to the crossover (Chua and Jinks-Robertson 1991 

and Figures 8A). If a gene conversion is associated with the crossover event, the gene 

conversion tract yields LOH and can be detected regardless of the segregation pattern 

(Figure 8B).  

 

Figure 7: Gene conversion using the homolog as a template. 

A) The outcome of homologous gene conversion when a DSB arises during or 
after replication gives an interstitial tract of LOH in one of the daughter cells. B) If a DSB 

A)	 B)	
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arises before S phase, both broken sister chromatids acquire a tract of information from 
the homolog. This leads to LOH in both daughter cells. 

    
Figure 8: Reciprocal crossing over with and without an associated gene 

conversion tract. 

A) Reciprocal crossover events unassociated with a gene conversion can lead to 
no LOH (Segregation pattern 1) or reciprocal LOH where both daughters lose 
heterozygosity at the same coordinate (Segregation pattern 2). B) Reciprocal crossover 
associated with a gene conversion can lead to an interstitial LOH event (Segregation 
pattern 1) or reciprocal LOH where both daughters lose heterozygosity, however the 
LOH occurs at different coordinates due to the gene conversion event (Segregation 
pattern 2).  

1.3 Systems used to detect and analyze gene conversion and 
crossing over in yeast 

Detecting homologous recombination in mitosis at a given location in yeast often 

requires a selective system due to the low rate of gene conversion and crossing over. 

The rate of allelic gene conversion is 1.3 x 10-6 per cell division (Yim et al., 2014) and 

allelic crossing over on yeast chromosome V between the centromere and the gene 

CAN1 is ~2 x 10-6 (Lee et al., 2009).  Systems have been developed to assay gene 

conversion, crossing over, gene conversion associated with crossing over, or all three. 

Spontaneous recombination events have been genetically recovered by using reporter 

constructs at one locus or by genome-wide surveys using whole-genome sequencing or 

microarrays. Recombination events induced by site-specific endonucleases can be 

efficiently detected, but may not reflect natural DNA lesions and repair. Recovery of 
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recombination outcomes in these cases often relies on destruction of the cut site to yield 

a viable colony. The systems designed to detect and measure gene conversion have 

been used during mitosis, in haploid and diploid yeast, and in meiosis. Examples of the 

wide array of methods and reporters developed to analyze gene conversion and 

crossovers are described below and each has different strengths and weaknesses.  

The wide array of systems that study gene conversion have been implemented in 

a variety of contexts. Therefore, in wild type strains, there is controversy surrounding 

how often a gene conversion event is associated with a crossover and the length of 

gene conversion tracts. The rate of mitotic gene conversion between homologous 

chromosomes in a diploid was ~1x10-7 when assayed using heteroallelic reporters at five 

locations throughout the genome. Table 1 lists studies that quantified gene conversion 

using systems described in Section 1.3 and indicates whether mitotic or meiotic events 

were spontaneous or induced by a site-specific DSB.  

Table 1: Systems used to study gene conversion in Saccharomyces cerevisiae.  

Systems that use heteroallelic reporters 

Study System used Induced/spontaneous Meiosis or 
mitosis 

Jinks-Robertson 
and Petes 1986 

Heteroallelic reporters 
on homologous 

chromosomes and 
between ectopic 

templates 

spontaneous both 

Bailis and 
Rothstein 1990 

Heteroallelic reporter of 
recombination between 

ectopic templates 
spontaneous mitosis 

 

Inbar and Kupiec 
1999 

Heteroallelic reporter of 
recombination between 

ectopic templates 
induced mitosis 

Robert et al., 
2006 

Heteroallelic reporter of 
recombination between 

ectopic templates 
spontaneous mitosis 

Mott and 
Symington 2011 

Heteroalleles on 
inverted repeats spontaneous mitosis 

Fung et al., 2009 Heteroalleles on direct 
repeats both mitosis 

Aguilera and Klein 
1988 

Heteroalleles on direct 
repeats spontaneous mitosis 

Chen and Jinks-
Robertson 1998 

Heteroallelic reporter 
with direct and inverted spontaneous mitotic 
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repeats 

Lichten et al., 
1987 

Heteroallelic reporter of 
ectopic recombination 

and recombination 
between homologs 

spontaneous meiosis 

Detloff and Petes 
1992 

Heteroallelic reporter of 
recombination between 

homologous 
chromosomes 

spontaneous meiosis 

Esposito 1978 

Heteroallelic reporter of 
recombination between 

homologous 
chromosomes 

spontaneous mitotic 

Williamson et al., 
1985 

Heteroallelic reporter of 
recombination between 

homologous 
chromosomes 

Spontaneous both 

Haber and Hearn 
1985 

Heteroallelic reporter of 
recombination between 

homologous 
chromosomes 

spontaneous mitosis 

Nickoloff et al., 
1999 

Heteroallelic reporter of 
recombination between 

homologous 
chromosomes 

Both mitosis 

Golin and 
Esposito 1984 

Heteroallelic reporter of 
recombination between 

homologous 
chromosomes 

spontaneous mitosis 

Lichten and 
Haber 1989 

Heteroallelic reporter of 
recombination between 

homologous 
chromosomes 

spontaneous mitosis 

Chua and Jinks-
Robertson 1991 

Heteroallelic reporter of 
recombination between 

homologous 
chromosomes 

spontaneous mitosis 

Systems that do not use heteroallelic reporters 

Study System used Induced/spontaneous Meiosis or 
mitosis 

McGill et al., 1989 
Recombination between 

homologous 
chromosomes 

induced mitosis 

Malkova et al., 
1996 

Recombination between 
homologous 

chromosomes 
induced both 

Klar and Strathern 
1984 

Recombination between 
homologs induced mitosis 

Judd and Petes 
1987 

Recombination between 
homologous 

chromosomes 
spontaneous mitosis 

Symington and 
Petes 1988 

Recombination between 
homologous 

chromosomes 
spontaneous meiosis 

Kupiec and Petes Recombination between spontaneous both 
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1988 homologous 
chromosomes and on 

ectopic templates 

Borts and Haber 
1989 

Recombination between 
homologous 

chromosomes 
spontaneous meiosis 

 

Jinks-Robertson 
and Petes 1985 Ectopic recombination spontaneous both 

Ira et al., 2003 
Ectopic recombination 
and recombination with 

the homolog 
induced mitosis 

Paques et al., 
1998 

Ectopic recombination 
and chromosome-

plasmid recombination 
induced mitosis 

Silberman and 
Kupiec 1994 

Plasmid-chromosome 
recombination 

Introduction of linearized 
plasmid mitosis 

Orr-Weaver and 
Szostak 1983 

Plasmid-chromosome 
recombination 

Introduction of linearized 
plasmid mitosis 

Welz-Voegele 
and Jinks-

Robertson 2008 

Plasmid-chromosome 
recombination 

Introduction of linearized 
plasmid mitosis 

Nelson et al., 
1996 

Plasmid-chromosome 
recombination induced mitosis 

St. Charles and 
Petes 2013 

Screen for reciprocal 
crossing over between 
homologs and analysis 

of associated gene 
conversion tracts 

spontaneous mitosis 

Lee et al., 2009 

Recovery of reciprocal 
crossing over events 

between homologs and 
detection of associated 

gene conversion 

spontaneous mitosis 

St. Charles et al., 
2012 

Recovery of reciprocal 
crossing over events 

between homologs and 
detection of associated 

gene conversion 

spontaneous mitosis 

Yin and Petes 
2013 

Whole-genome survey 
of recombination 

between homologs 
spontaneous mitosis 

Mancera et al., 
2009 

Whole-genome survey 
of gene conversion spontaneous meiosis 

Rudin et al., 1989 
Recombination between 

direct and inverted 
repeats 

induced mitosis 

Willis and Klein 
1987 

Recombination between 
direct repeats spontaneous both 

Klein 1984 
Recombination between 

direct and inverted 
repeats 

spontaneous meiosis 

Liefshitz et al., 
1995 

Direct repeat and 
ectopic recombination spontaneous mitosis 
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1.3.1 Heteroallelic reporters 

  Two different non-functional mutant alleles of a reporter gene allow detection of 

an allelic gene conversion during mitosis in diploid yeast only if the gene conversion 

transitions between the two mutant alleles. In the example shown in Figure 9, 

prototrophic colonies with a functional LEU2 gene can be selected on medium lacking 

leucine (Sherman and Roman 1963 and Fogel and Mortimer 1969). Most reporters 

constructed in experiments like this have mutations that are 0.7-4.2 kb apart [ura3, 0.8kb 

(Nickoloff et al., 1999 and Golin and Esposito 1984); leu2, 1.1kb (Golin and Esposito 

1984); arg4, 1.4kb (Fogel and Mortimer 1968); his4, 2.4kb (Haber and Hearn 1985); and 

lys2, 4.2kb (Golin and Esposito 1984]. This limits the amount of resection and synthesis 

that can lead to a prototrophic colony.  

In one example shown in Figure 9B a break occurs to the left of the reporter 

sequence, synthesis terminates between the two mutations and mismatch repair creates 

a gene conversion tract that yields a prototrophic colony. The left branch of Figure 9B 

shows an instance where a break in the same location is repaired by more extensive 

synthesis, which creates a gene conversion tract that encompasses the leu2-y mutation 

and therefore does not yield a prototrophic colony. If I only consider SDSA as the 

mechanism of repair and assume continuous tracts of mismatch repair, a break on the 

blue molecule to the right of the leu2-x cassette that uses homology on the leu2-y 

cassette for repair, could also not yield a prototrophic colony due to acquiring the leu2-y 

mutation. By requiring recovery of a prototrophic colony in heteroallelic recombination 

systems the spectrum of repair events excludes any event that does not have a 

transition between the two heteroalleles (in Figure 9 leu2-x and leu2-y). 

The system in Figure 9 exclusively recovers gene conversion events, however 

crossovers can be simultaneously monitored using genetic or phenotypic markers that 
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flank the heteroallelic locus and assaying for a non-parental linkage of markers in the 

prototrophic colony (Sherman and Roman 1963 in meiosis and Golin and Esposito 1984 

in mitosis). These markers can be scored in individual colonies representing unique 

repair events (Jinks-Robertson and Petes 1986). Quantitation of nuclease-initiated DSB 

repair events in a batch culture can be accomplished by probing a Southern blot 

generated using restriction endonucleases that differentially recognize the two DNA 

substrates (Inbar and Kupiec 1999).  

 

Figure 9: Detection of gene conversion using a heteroallelic reporter. 

In this figure the chromosome harboring leu2-x experiences a DSB. A) Two 
heteroallelic cassettes that have the potential to yield a Leu+ colony. B) In this example, 
a break occurs to the left of the cassette on the blue chromosome and is repaired via 
SDSA using the green chromosome. Synthesis stops in between the leu2-x and leu2-y 
mutations. The left panel reflects a case where extensive synthesis prevents recovery of 
the gene conversion event. This picture represents an example of how repair could 
occur in this system to yield a Leu+ or Leu- colony and is not exhaustive. 
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1.3.2 Gene conversion and crossing over between intrachromosomal 
repeats.  

Gene conversion and crossing over can be measured using repetitive 

heteroallelic sequences of a reporter gene (such as LEU2; Aguilera and Klein 1988, or 

ADE2; Fung et al., 2009) that have a selectable marker in between the two repeats 

(such as URA3; Aguilera and Klein 1988 and Fung et al., 2009 or TRP1; Rattray and 

Symington 1995). Direct repeats can yield a prototrophic colony after 1) SSA, 2) gene 

conversion, or 3) crossing over associated with gene conversion (Figure 10A). In an 

inverted repeat assay, recovery of gene conversion and crossing over events is possible 

(Mott and Symington 2011) and can be distinguished by physical determination of 

whether the intervening sequence is inverted or uninverted (Figure 10B). Similar to the 

heteroallelic system in Figure 9, these assays recover gene conversions that have a 

transition between the two mutations (e.g., ade2-n and ade2-a in Figure 10A).  
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Figure 10: Systems to detect intrachromosomal recombination events between 

heteroallelic repeats. 

A) Heteroalleles of direct repeats of an ade2 cassette can yield a prototrophic colony 
through gene conversion (top product) or crossover/SSA event (bottom product). The 

gene conversion product is Ura+ and the crossover product is Ura- because the 
intervening sequence “pops out” through crossing over or was deleted by SSA. B) 

Inverted repeats detect gene conversion (top) or gene conversion associated with a 
crossover (bottom). Adapted from Figure 8 of (Symington et al., 2014). 

 

1.3.3 Assay in which plasmid breaks are repaired with a chromosomal 
template. 

Crossover and non-crossover products can be recovered in the same assay using 

a restricted plasmid that shares homology with a chromosome. The assay shown in 

Figure 11 leverages the stable phenotype of the plasmid that results from a crossover 

event between the plasmid and the chromosome, and the unstable phenotype, of the 

non-crossover outcome (Guo and Jinks-Robertson 2013, Orr-Weaver and Szostak 1983, 

Mitchel et al., 2010, Welz-Voegele and Jinks-Robertson 2008). Repair of a plasmid using 

the chromosome has similar genetic requirements as repair in a chromosomal context; it 

requires RAD52, and proceeds inefficiently without RAD51, RAD57, and RAD59 (Bautsch 

et al., 2000). Plasmid assays have the advantage of simultaneously recovering both gene 

conversion and crossing over in one assay, while also allowing the analysis of associated 

gene conversion tracts through DNA sequencing (Mitchel et al., 2010). 

The plasmids used in these assays may not reflect DNA lesions that 

spontaneously arise on chromosomes, as a gap is created through enzymatic digestion, 

and do not represent the natural chromatin structure of chromosomes (Tong et al., 2006, 

Sugawara et al., 1995). Additionally, repair events detected are those that have not 

experienced extensive 5’ > 3’ resection, which destroys the plasmid. In the absence of a 

repair template, up to 50kb of sequence be resected by Exo1p and Sgs1p (Zhu et al., 
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2008). When a break is induced by HO endonuclease in a diploid during mitosis and 

there is a template provided on the homolog, 2-4kb of single-stranded DNA is detected 

(Chung et al., 2010). 

 

Figure 11: Detection of gene conversion and crossing over between a plasmid and 
a chromosome 

Repair between a gapped plasmid and the chromosome, which harbors a 3’ 
truncated his3, can result in a non-crossover, with an unstable autonomous plasmid, or a 
crossover, which integrates the plasmid sequence into the chromosome and has a 
stable Ura+ phenotype. Adapted from Guo and Jinks-Robertson (2013a). 

 

1.3.4 Ectopic gene conversion and crossing over 

In a haploid yeast cell, mitotic gene conversion can be detected between 

repetitive elements on different chromosomes. In the assay shown in Figure 12, the 

selected events reflect the repair of a mutant ura3 gene with a mutation in the 5’ end of 

the gene using a 3’ truncated uraΔ3’ allele that does not have the mutation. Crossover 

and gene conversion outcomes are detected by PCR using primers specific to the 

sequence outside ura3 on both the donor and recipient molecules. This system is useful 

in simultaneously determining rates of gene conversion and crossover events in haploid 

yeast. Another advantage of this assay is that it studies DNA repair in a completely 

chromosomal context. Shortcomings of this system are the size of the repeats, which 
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limits gene conversion tract length (Jinks-Robertson et al., 1993) and whether 

interactions between ectopic repeats are representative of allelic events (Agmon et al., 

2011).  

 

Figure 12: Detection of gene conversion and its associated crossing over using an 
ectopic template. 

In this assay a break spontaneously arises in a mutant ura3 gene. The broken 
molecule repairs itself using an uncut truncated ura3Δ3’ gene to yield either a crossover 
or a gene conversion. Figure adapted Jinks-Robertson et al. (1993). 

1.3.5 Genetic system to detect allelic gene conversion and associated 
crossing over 

Judd and Petes 1988 developed a system (Figure 13) to recover gene 

conversion events between homologs in both meiosis and mitosis without using a 

heteroallelic reporter. In this assay, the diploid is heterozygous for a ura3-3 mutation and 

therefore Ura+. The strain can become Ura- and grow on 5FOA if a gene conversion 

copies the mutant ura3-3 information to the other homolog during mitosis. Four flanking 
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genetic markers were used to estimate gene conversion length and the CAN1 gene near 

the end of the chromosome arm was used to detect reciprocal crossover events.  

 

Figure 13: System to detect homologous gene conversion and its associated 
crossing over on a chromosome arm 

Each horizontal line represents a chromosome V. The vertical tick marks along 
the chromosome represent sites where a restriction enzyme cuts one background, but 
not the other. If the ura3-3 mutation is copied into the wild-type URA3 gene through 
gene conversion, then the resulting colony will be resistant to 5FOA (Boeke et al., 1986). 
If there was no crossover associated with the conversion event, the Ura- cell will remain 
heterozygous can1/CAN1 and senstitive to canavanine (CanS). Half of the gene 
conversion events associated with crossovers should also yield a CanS Ura- colony while 
the other half yield a CanR Ura- colony (Judd and Petes 1986).   

 

1.3.6 Genetic systems to detect reciprocal products of crossing over and 
associated gene conversions between homologs  

Recombination can result from spontaneously arising breaks or breaks induced 

by a site-specific endonuclease, such as I-Sce1 or HO. After the break is formed, 

subsequent repair events can be characterized using markers to detect crossing over at 

the end of a chromosome arm and to detect gene conversion using the MAT locus (in 

the case of HO induction) or heteroalleles (using I-Sce1). Figure 14 depicts a system 

using an I-SceI-induced break within a heteroallelic ade2 reporter. This assay allows 

simultaneous recovery of gene conversion and crossover events during mitosis. This 

system also requires the gene conversion event to have an endpoint between the ade2-l 

and ade2-n mutations. If a gene conversion event between the heteroallelic ade2 genes 

occurs to yield a wild-type ADE2 gene, then the colony that arises from the repair event 

is a red-white sectored colony. The repair event shown in Figure 14 does not have an 

associated crossover event and both the red and white sides of the colony are resistant 

to both Hygromycin and Nourseothircin. If a crossover event is associated with the gene 

ura3-3	

URA3	

can1	

CAN1	
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conversion, then LOH of the downstream Hph and Nat markers occurs in one half of the 

events. In this case the white side of the colony is resistant to Hygromycin and sensitive 

to Nourseothricin and the red side of the colony is resistant to Nourseothricin and 

sensistive to Hygromycin.  

 

Figure 14: System to detect allelic gene conversion and associated crossing over. 

A break is induced by the I-Sce1 endonuclease in a mutant ade2. Gene 
conversion can yield an ADE2 prototroph. Associated crossover events can be detected 
by assaying the Hph and Nat phenotypes of the resulting colony.  Adapted from 
Symington et al. (2014).  

 
 Using a diploid with heterozygous markers on the end of the right arm of 

chromosome V and the large right arm of chromosome IV, reciprocal crossover events 

can be identified as red/white sectored colonies (Lee et al., 2009 and St. Charles et al., 

2013). These systems allow the molecular characterization of spontaneous crossover 

events on a chromosome arm using a high density of single nucleotide polymorphisms 

(SNPs) in the diploid strain. The SNPs allow detection of the associated gene 

conversion tracts through Comparative Genome Hybridization (CGH) microarray 

analysis (Figure 15). These two systems allow the recovery of reciprocal products of 

crossing over and some gene conversions that are associated with the crossover that 

yield an Ade+ phenotype. However this system does not allow selected recovery of gene 

conversion events. A full description of these microarrays is in Chapters 2 and 3.  
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Figure 15: System to detect reciprocal crossing over and associated gene 
conversion on a chromosome arm. 

A diploid cell that is a hybrid between the YJM789 (black) and W303-1A (red) 
backgrounds is homozygous for an ochre mutation in ADE2 (ade2-1/ade2-1). There is 
one copy of an ochre suppressor near the telomere of the right arm of chromosome IV 
(SUP4-o). This ochre suppressor alleviates accumulation of red pigment that is typical of 
the ade2-1 mutant background and causes the diploid to appear pink. If a reciprocal 
crossover event occurs on the right arm of chromosome IV, one daughter cell will appear 
white and the other will appear red on a plate lacking adenine. The lack of a KANMX 
marker will make the white daughter cell sensitive to Geneticin and the red daughter cell 
will remain resistant to the drug. These daughter cells can be analyzed individually for 
segregation of SNPs to map where the crossover and associated gene conversion 
occurred. Adapted from Figure 1A of St. Charles and Petes (2013).  

 

1.3.7 Non-selective genome-wide survey of gene conversion and crossing 
over   

Due to its small genome size and the decreasing cost of high-throughput 

methods of DNA analysis, the whole yeast genome can now be analyzed for meiotic and 

mitotic recombination events. During meiosis, gene conversion and crossing over have 

been examined in hybrid diploids. Fifty-one tetrads from a W303-1A/YJM789 hybrid 
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(0.5% sequence divergence) were analyzed using CGH microarrays that contain 

oligonucleotide probes specific for the two differentiated parental alleles (Mancera et al., 

2009). Whole genome sequencing of the four spores of an S288c/RM11 hybrid (0.5% 

sequence divergence) also allowed detection of meiotic gene conversion and crossing 

over genome-wide (Qi et al., 2008). Due to the high frequency of gene conversion and 

crossing over, no selective system is required to detect meiotic events in tetrads.  

During mitosis, unselected genome-wide instability resulting from crossing over, 

BIR and gene conversion, as well as duplications/deletions and aneuploidy, has been 

analyzed in diploids constructed by mating W303-1A and YJM789, which are diverged 

by ~0.5%. Due to the low rate of mitotic homologous recombination (3 x 10-5 on the right 

arm of chromosome IV), diploids are either exposed to recombinogenic agents [e.g. 

gamma radiation (St. Charles et al., 2012) or UV radiation (Yin and Petes 2013)] or 

strains with genome-destabilizing mutations are serially passaged to allow the 

accumulation of LOH events (O’Connell et al., 2015 and Andersen et al., 2015). A 

shortcoming of genome-wide surveys of LOH is that the mechanism by which the diploid 

cell lost heterozygosity is often ambiguous (O’Connell et al., 2015). For example, an 

LOH event extending to the end of a chromosome arm may arise via BIR (Figure 3) or 

reciprocal crossing over (Figure 8A segregation pattern 2) while an interstitial LOH event 

can reflect a gene conversion (Figure 7) or a gene conversion associated with a 

crossover event (Figure 8B, segregation pattern 1). Despite the ambiguity of 

mechanisms that generate the observed patterns of LOH, these surveys of LOH in 

mitosis are useful in understanding which regions of a genome are prone to 

recombination in response to genetic or environmental manipulation.   
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1.4 Gene conversion tract size and association with crossing 
over during meiosis and mitosis in yeast.   

1.4.1 Association of gene conversion with crossing over. 

The association of gene conversion with crossing over is generally assumed to 

be much less in mitosis than in meiosis. Previous studies of meiotic gene conversion, for 

example, found that 43% (Jinks-Robertson and Petes 1986), 57% (Borts and Haber 

1989), and 6.8%(Malkova et al., 1996) of gene conversions were associated with 

crossing over. Malkova et al., 1996 monitored repair of a DSB induced using HO 

endonuclease, while the former studies assayed physiological, Spo11-induced, gene 

conversion. One recent study surveyed gene conversion events in meiosis by assaying 

SNPs (spaced apart by a median 78bp) in tetrads from a hybrid diploid and showed that 

33% of all observed gene conversion events were associated with a crossover event 

(Mancera et al., 2009). Some gene conversion events may not have detected by the 

probes on the microarray as their tract size was too small or the distance between 

oligonucleotide probes was sometimes too large. Therefore, they assume that all 

crossover events are associated with a gene conversion tract. Adjusting their estimates 

to reflect this assumption, they calculated that 42% of all meiotic gene conversion events 

are associated with a crossover. With fine-scale unbiased surveys of Spo11-induced 

meiotic recombination events, the association of gene conversion with crossing over in 

meiosis is becoming clear. 

Estimates of how often mitotic gene conversions are associated with crossing 

over have also varied when using assays that measure recombination between ectopic 

substrates, assays that measure recombination between repeats, and assays that detect 

exchanges between homologs. Using ectopically located heteroallelic reporters, gene 

conversion events were associated with crossover events 4.8% (Ira et al, 2003), 6% 

(Jinks-Robertson and Petes 1986), 6.3% (Paques et al., 1998), 11% (Robert et al., 
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2006), and 13% (Inbar and Kupiec 1999) of the time. When looking at gene conversion 

and associated crossing over between direct or inverted repeats on a chromosome, 50% 

(direct repeats; Aguilera and Klein, 1988), 83% (direct repeats; Rudin et al., 1989), 48% 

(inverted repeats; Rudin et al., 1989), and 50% (inverted repeats: Mott and Symington 

2011) of gene conversion showed an association with crossing over. This association of 

gene conversion with crossing over changed again when estimating allelic gene 

conversion between homologs in a diploid, where 10% (Jinks-Robertson and Petes 

1986), 17% (Chua and Jinks-Robertson 1991), 23% (Ira et al., 2003), 23% (Haber and 

Hearn 1985), 25% (Malkova et al., 1996), 33% (Yin and Petes 2013) and 35% (Klar and 

Strathern 1984) of gene conversions were associated with crossing over. From these 

estimates, ectopic gene conversion events appear less likely to be associated with a 

crossover than gene conversion between direct or inverted repeats. The association of 

gene conversion with crossing over in mitosis, however, remains ambiguous, ranging 

from 5% to 35% association.  

1.4.2 Gene conversion tract length. 

Gene conversion tract length during meiosis has been measured using whole-

genome microarrays and is slightly longer when the gene conversion event is associated 

with a crossover (2.0 kb) than when it is unassociated with a crossover (1.8 kb) 

(Mancera et al., 2009). Previous work has found, in mitotically dividing diploid cells, that 

allelic gene conversion tracts between homologs in a diploid had a range of sizes from 

1.4 kb (40% of measured tracts) or larger than 3.3 kb (Nickoloff et al., 1999). The 

maximum detectable length of allelic gene conversion is often limited by the size of the 

reporter. If the tract extends past the farthest markers engineered into the system, it can 

only be concluded that the tract is longer than the distance between the farthest 

markers. For example, in Nickoloff et al. (1999), tracts longer than 3.3kb could extend for 
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many kb past the markers or could stop immediately after the markers engineered in the 

system. These longer gene conversion tracts may more frequently be associated with 

crossing over than short gene conversion tracts (Ho et al., 2010). Therefore, systems 

that cannot quantify long gene conversion tracts may not accurately detect and quantify 

a relationship between gene conversion length and the association of gene conversions  

with crossing over.  

In Chapter 2, I present a system that detects spontaneous homologous gene 

conversion in diploid mitotically dividing cells, determines if the gene conversion event is 

associated with crossing over, and finely maps gene conversion events on the right arm 

of chromosome IV. The selection of gene conversions in this system places no limits on 

gene conversion tract length. 

1.5 RNA:DNA interactions are an endogenous source of genome 
instability during replication and transcription. 

RNA has been shown to compromise the integrity of the DNA template.  R-loops 

are three-stranded structures in which a transcript stably base pairs with its DNA 

template. The model organism Saccharomyces cerevisiae, has two protein complexes, 

RNaseH1 and RNaseH2, that can recognize and degrade the RNA component of an R-

loop. Another type of RNA:DNA interaction that induces genome instability is a single 

ribonucleotide (rNMP) embedded in a DNA molecule. RNaseH2 is the heterotrimeric 

protein complex with the unique ability to recognize and initiate removal of rNMPs 

through Ribonucleotide Excision Repair (RER) (reviewed in Williams and Kunkel, 2014). 

1.5.1 Ribonucleotide insertion into double-stranded DNA in yeast. 

In yeast, pools of rNTPs are 36-190 fold higher than pools of dNTPs during S 

phase (Nick McElhinny et al., 2010a). Given this strong bias in nucleotide pools, the 

active sites of replicative DNA polymerases are efficient at excluding bases with the 
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incorrect sugar moiety. Despite the efficiency of replicative polymerases, however, there 

are approximately 15,000 single rNMPs inserted into the yeast genome in each round of 

replication, which is ~1 rNMP per 1000 nucleotides (Nick McElhinny et al., 2010b). 

Frequent insertion of rNMPs throughout the yeast genome has recently been confirmed 

by mapping rNMPs to single-nucleotide resolution using high-throughput sequencing 

(Clausen et al., 2015, Reijns et al., 2015 and Koh et al., 2015).  

There are many consequences of rNMPs embedded in the genome. They reduce 

the rate of progression of replicative polymerases (slowed by 2-10 fold depending on the 

base and polymerase) and RNA polymerase II (slowed by 5 fold) along the DNA 

template (Watt et al., 2012 and Xu et al., 2015, respectively). A single rNMP in a 

telomeric repeat has been shown to disrupt the binding of Pot1 to telomeres 

(Nandakumar et al., 2010). Finally, rNMPs have been shown to lead to an increase in 

mutagenesis and 2-5 bp deletions (Williams et al., 2013 and Kim et al., 2011). Though 

embedded rNMPs are generally thought to impair genome function, rNMPs have a small 

positive contribution to the efficiency of mismatch repair during leading strand replication 

(Lujan et al., 2013 and Ghodgaonkar et al., 2013) and are required for mating type 

switching in Schizosaccharomyces pombe (Vengrova and Dalgaard 2006). 

1.5.2 R-loop accumulation in RNaseH-defective yeast 

R-loops in yeast have been quantified genome-wide using immunoprecipitation 

with an antibody specific to DNA:RNA hybrids, followed by hybridization to a microarray 

or by DNA sequencing. This type of analysis has been done in wild-type (Chan et al. 

2014; El Hage et al. 2014), mRNA processing-defective (Chan et al. 2014), RNase H-

defective (Chan et al. 2014; El Hage et al. 2014), and RNA-DNA helicase (Sen1)-

defective strains (Chan et al. 2014). In wild-type strains, Chan et al. (2014) observed 

RNA-DNA hybrid accumulation at Ty retrotransposons, near telomeres, within the 
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ribosomal RNA (rRNA) gene cluster, and at highly transcribed GC-rich genes. El Hage et 

al. (2014) found hybrid accumulation in wild-type strains at highly transcribed genes, 

within the rRNA gene cluster, near tRNA genes, and near Ty retrotransposons. They 

also reported, however, that RNA:DNA accumulation in Ty retrotransposons was 

primarily a consequence of reverse transcription rather than R-loop formation. In strains 

lacking both RNases H1 and H2, both groups found increased R-loop accumulation and 

the positions of R-loop accumulation were similar to those observed in wild-type strains. 

 R-loops accumulate when the transcription machinery and replication encroach 

upon one another in an RNaseH defective background. These R-loops are responsible 

for most transcription-associated recombination (TAR). TAR is generally strongest when 

the transcription machinery and a replication fork approach each other head-on (Prado 

and Aguilera, 2005), but there is also an orientation-independent component to such 

conflicts (Azvolinsky et al., 2009). It is difficult to extrapolate the work on TAR to the 

whole genome because most studies use highly transcribed reporter genes.  

1.5.3 Genome instability in RNaseH mutant yeast 

Yeast strains with reduced RNase H activity generally exhibit elevated genomic 

instability.  RNaseH2-defective strains have an increased rate of 2-5 bp deletions (Chon 

et al., 2013, Kim et al., 2011, Cho et al., 2013) and a 14-fold increase in recombination 

between direct repeats (Potenski et al., 2014). Both the high rate of recombination 

between direct repeats and the elevated rate of 2-5 bp deletions that occur in the 

absence of RNaseH2 are dependent on Topoisomerase 1 and reflect its incision at 

persistent rNMPs. Top1 is estimated to initiate excision of 28% of rNMPs genome-wide 

while also relieving supercoiling in the context of transcription (Williams et al., 2013 and 

El Hage et al., 2010). Negative supercoiling behind the transcription machinery is 

thought to promote the accumulation of RNA/DNA hybrids in a Top1-defective context 
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(El Hage et al., 2010). Therefore, Top1 affects both of the substrates that RNase H2 can 

act on: rNMPs embedded into DNA and RNA/DNA hybrids associated with transcription.  

The recognition and nicking of rNMPs by RNaseH2 leads to an additional Top1-

independent defect. If ligation is attempted on a 5’ nicked ribonucleotide, which is 

generated through the action of RNaseH2, an adenylated ribose can form and ligation is 

then aborted. At this point, aprataxin (encoded by HNT3) can repair the adenylated 

RNA-DNA molecule. Loss of aprataxin in a yeast strain that also incorporates 10-fold 

more rNMPs into its DNA (hnt3Δ pol2-M644G) is lethal, but the lethality can be rescued 

by removing RNaseH2 (rnh201Δ hnt3Δ pol2-M644G) (Tumbale et al., 2014). Therefore, 

initiation of rNMP removal by RNaseH2 can lead to damage that results from abortive 

ligation. 

The effect of RNase H activity on genome integrity has been assessed by 

measuring artificial chromosome stability or LOH on an endogenous yeast chromosome 

(Wahba et al. 2011). Mutations eliminating either RNase H1 or RNase H2 increased the 

rate of loss of an artificial chromosome, and lack of both enzymes had a synergistic 

effect. With regard to LOH, however, an increase in LOH was observed only in an rnh1Δ 

rnh201Δ double-mutant background (Wahba et al, 2011).  

1.5.4 Non-redundant roles of RNaseH1 and RNaseH2 

Because RNaseH2 recognizes and nicks rNMPs embedded in DNA and the 

RNA-DNA hybrid of an R-loop, its specific role in maintaining genome integrity has been 

unclear. A mutant allele of RNaseH2 was constructed (rnh201-p45DY219A) that does 

not act on rNMPs embedded in DNA in vitro, but still resolves the RNA component of 

RNA/DNA hybrids in vitro (Chon et al., 2013). In an RNaseH-defective strain (rnh1Δ 

rnh201Δ), the expression of Topoisomerase 1 (Top1) is essential and the gene was 

placed under the control of a galactose-inducible promoter. When TOP1 expression was 
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suppressed, genomic rNMPs were not excised through RNaseH2 or Top1 (Williams et 

al., 2013). R-loops accumulated due to a lack of RNaseH activity and an increase in 

transcription- and replication-associated supercoiling (El Hage et al., 2014). Strains 

without RNaseH function that additionally had suppressed Top1 expression also grow 

slowly (Chon et al., 2013). In this context, upon reintroduction of wild-type RNaseH2, the 

normal growth was recovered, presumably due to alleviation of both R-loop and rNMP 

accumulation. Upon introduction of the rnh201-p45DY219A allele, normal growth was 

also restored to this strain. This indicates that the R-loop resolution activity of RNaseH2, 

not the rNMP nicking activity of RNaseH2, is essential for normal cell growth and 

survival. This work also showed that in an sgs1Δ rnh201Δ mutant the overexpression of 

RNaseH1 did not recover the slow growth phenotype observed. These data support the 

idea that RNaseH1 and RNaseH2 are not redundant in their ability to recognize 

RNA/DNA hybrids.    

Telomeres transcribe an RNA molecule called telomeric repeat-containing RNA 

(TERRA), which affects the rate of telomere shortening in cells proficient and defective 

for telomerase activity (reviewed in Feueherhahn et al., 2010). hpr1Δ mutants prevent 

proper RNA export from the DNA template. In a mutant hpr1Δ or rnh1Δ context, TERRA 

accumulates at telomeres and expedites telomere shortening (Yu et al., 2014). In cells 

defective in telomerase, overexpression of RNaseH2 and not RNaseH1 alleviates this 

shortening, which suggests that RNaseH1 cannot access the accumulated TERRA-

related RNA/DNA hybrids (Yu et al., 2014). In an RNaseH2 mutant recombination events 

were enriched near telomeres (O’Connell et al., 2015). 

RNA/DNA hybrids can be isolated by immunoprecipitation using an antibody 

called S9.6. RNA/DNA hybrid accumulation has been surveyed genome-wide through 

sequencing the DNA of RNA/DNA hybrids isolated with S9.6 (Chan et al., 2014 and El 

Hage, et al., 2014). In one assay, RNA/DNA hybrids were enriched in mitochondria of 
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the rnh1Δ mutant but not in the rnh201Δ mutant (El Hage et al., 2014). This suggests a 

specific role for RNaseH1 in the mitochondria.  

In mice, an RNaseH2 null mutation is embryonic lethal and it is clear that rNMPs 

accumulate in the genome (Hiller et al., 2012). In humans, hypomorphic mutations in 

RNaseH2 lead to the neurodegenerative disorder Aicardi-Goutiéres Syndrome (AGS) 

(Crow et al., 2006). AGS also occurs in patients who have mutations in TREX1 or 

SAMHD1. TREX1 promotes removal of nascent RNA transcript from the DNA template 

and mRNA maturation and nuclear transport (reviewed in Wickramasinghe and Laskey 

2015). It also has 3’ > 5’ exonuclease activity on single-stranded RNA (Yuan et al., 

2015). SAMHD1 impairs HIV infection by decreasing the availability of dNTP pools in 

human cells but also has a 3’ > 5’ exonuclease activity on single-stranded RNA 

(Beloglazova et al., 2013). In human fibroblasts from patients with mutations in TREX1 

or SAMHD1, rNMP incorporation is unchanged (Lim et al., 2015). RNA-DNA hybrid 

accumulation, as quantified by immunoprecipitation of the RNA-DNA hybrid and 

sequencing of the DNA component of the hybrid, is abnormally high in primary 

fibroblasts with mutations in RNASEH2, TREX1, and SAMHD (Lim et al., 2015). This 

suggests that cellular defects and AGS pathology in an RNaseH2 mutant are not solely 

due to rNMP insertion into DNA.  

Chapter 3 of this dissertation surveys LOH and aneuploidy in diploid yeast that 

are deficient in RNaseH1, RNaseH2, or both enzymes. A sectoring system was used to 

analyze crossover events on the right arm of chromosome IV (~10% of the genome) and 

subculturing of mitotically dividing cells allowed a non-selective survey of genome-wide 

instability in the RNaseH mutants. This is the first study to map allelic LOH in a diploid as 

a result of defects in RNaseH1 and/or RNaseH2.  
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Chapter 2. High-resolution mapping of two types of 
spontaneous mitotic gene conversion events in 
Saccharomyces cerevisiae 

Chapter 2 was previously published in Genetics (Yim et al., 2015). 

Gene conversions and crossovers are related products of the repair of double-

stranded DNA breaks by homologous recombination. Most previous studies of mitotic 

gene conversion events have been restricted to measuring conversion tracts that are 

less than 5 kb. Using a genetic assay in which the lengths of very long gene conversion 

tracts can be measured, we detected two types of conversions, those that have a 

median size of about 6 kb and those with a median size of more than 50 kb. The 

unusually long tracts are initiated at a naturally-occurring recombination hotspot formed 

by two inverted Ty elements.  We suggest that these long gene conversion events may 

be generated by a different mechanism (break-induced replication or repair of a double-

stranded DNA gap) than the short conversion tracts that likely reflect heteroduplex 

formation followed by DNA mismatch repair. Both the short and long mitotic conversion 

tracts are considerably longer than those observed in meiosis. Since mitotic crossovers 

in a diploid can result in a heterozygous recessive deleterious mutation becoming 

homozygous, it has been suggested that the repair of DNA breaks by mitotic 

recombination involves gene conversion events that are unassociated with crossing 

over. In contrast to this prediction, we found that about 40% of the conversion tracts are 

associated with crossovers. Spontaneous mitotic crossover events in yeast are frequent 

enough to be an important factor in genome evolution. 

2.1 Introduction 

In the yeast Saccharomyces cerevisiae, double-stranded DNA breaks (DSBs) in 

mitotically-dividing cells are usually repaired by homologous recombination using an 

unbroken DNA molecule as a template (Symington, 2002). In G2 diploid cells, sister 
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chromatids are the favored substrate for repair rather than the homolog (Kadyk and 

Hartwell, 1992). Associated with the repair of most DSBs, there is a region of DNA 

transferred non-reciprocally from the unbroken chromosome to the broken chromosome; 

when this process alters the sequence of the recipient chromosome, it is called “gene 

conversion” (Petes et al., 1991; Paques and Haber, 1999). In the current models of 

recombination, conversion events are produced through several different pathways 

(Figure 16). In one pathway (synthesis-dependent strand annealing, SDSA), one broken 

end invades the homologous template and primes DNA synthesis. The invading end is 

then ejected from the template and reanneals to the other broken end (Figure 16A). 

Mismatches within the resulting heteroduplex (boxed region in figure) can be repaired to 

generate the conversion event. This pathway produces conversions unassociated with 

crossovers (NCO conversions). An NCO conversion can also be generated by 

dissolution of a double Holliday junction (dHJ) intermediate. Cleavage of the dHJ can 

produce either a conversion event associated with a crossover (CO conversion) or an 

NCO conversion (Figure 16B). The resolution of the dHJ is biased toward the crossover, 

rather than the non-crossover pathway, in mitosis (Mitchel et al., 2010). Lastly, a DSB 

can be repaired by a non-reciprocal process in which one broken end invades and 

copies the homolog to the end of the chromosome, and the other chromosome end is 

lost. This pathway is break-induced replication (BIR, Figure 16C) (Llorente et al., 2008). 

In S. cerevisiae, in both meiosis (Allers and Lichten, 2001) and mitosis (Mitchel et al., 

2010), most NCO gene conversion events reflect the SDSA pathway rather than 

processing of a dHJ. 
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Figure 16: Pathways of repair of DNA double-strand breaks by homologous 
recombination. 

Two recombining double-stranded DNA molecules are shown as paired red and 
blue lines. Dotted lines indicate DNA synthesis. Recombination events are initiated by a 
DSB, followed by 5’ to 3’ processing of the broken ends. All pathways are initiated by 
invasion of one end of the broken chromosome into the unbroken chromosome, followed 
by formation of a D-loop caused by DNA synthesis from the invading 3’ strand.  

A. Synthesis-dependent strand annealing (SDSA). Following DNA synthesis, the 
invading strand disassociates from the template and re-associates with the other broken 
end. The net result is a heteroduplex on one side of the position of the original DSB with 
flanking markers in the original configuration (non-crossover, NCO). The region of the 
heteroduplex is boxed. Repair of mismatches within the heteroduplex can result in a 
gene conversion (two blue strands) or a restoration event (two red strands).  

B. Double Holliday junction (dHJ). The non-invading broken end anneals with the 
D-loop forming two junctions. Depending of the mode of cleavage of the junctions, this 
structure can be resolved as a non-crossover (left) or a crossover (middle). Alternatively, 
the structure can be dissolved without junction cleavage (right). 

C. Break-induced replication (BIR). The end from the left portion of the broken 
chromosome sets up a moving D-loop that replicates the intact chromosome by 
conservative replication. The right portion of the broken chromosome is lost.  

 

Spontaneous mitotic recombination events are about 104-fold less frequent than 

meiotic events (Esposito and Wagstaff, 1981). Consequently, analysis of spontaneous 

mitotic gene conversion events requires a selective system or induction of events by 
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DNA damage or site-specific meganucleases such as HO or I-SceI (Paques and Haber, 

1999). The most common method of detecting spontaneous conversions is to use 

auxotrophic heteroalleles. For example, in one study in which one homolog had a leu2-K 

allele and the other a leu2-R allele, Leu+ conversion events were detected at a rate of 

about 1 x 10-7/division (Lichten and Haber, 1989). The rates of conversion in most 

heteroallelic studies on homologs vary between 10-7 to 10-6/division (Jinks-Robertson 

and Petes, 1986; Steele et al., 1991; Nickoloff et al., 1999; Lettier et al., 2006). In one 

study, conversion rates involving heteroallelic genes located close together were higher, 

4 x 10-6/division (Aguilera and Klein, 1989). 

Previous studies of the lengths of mitotic gene conversion tracts have yielded 

disparate results. In a study of mitotic gene conversion between homologs, Judd and 

Petes (1986) found that about 20% of conversion tracts were less than 2 kb, but at least 

40% were greater than 4 kb. In this study, conversion tracts >4 kb could not be 

measured because of the lack of flanking markers. Similarly, in a study of HO-induced 

recombination, Nickoloff et al. (1999) found that about 40% of the conversion tracts were 

2 kb or less. The other conversion tracts were at least 3.3 kb in length, but the lack of 

flanking markers prevented an accurate determination of tract length. In a plasmid-

chromosome recombination assay (Mitchel et al., 2010), NCO conversions were usually 

smaller than 400 bp and CO conversions often extended to the limits of the homology, a 

distance of >500 bp from the initiating DNA lesion. In two other studies in which 

conversion events were classified as either short (< 1kb) or long (>1 kb), long tracts 

were more frequently associated with crossovers (Aguilera and Klein, 1989; Ho et al., 

2010). 

The use of heteroalleles to monitor the frequency of conversion and the length of 

conversion tracts has a substantial limitation. If conversion is a consequence of 

heteroduplex formation followed by mismatch repair and if mismatches in a heteroduplex 
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are usually repaired using the same template strand, a conversion event that includes 

both mismatches will not generate a wild-type allele. Thus, estimates of the frequency of 

conversion based on heteroalleles will usually underestimate the frequency of 

heteroduplex formation, and will underestimate tract size. We have recently used 

microarrays or related methods to measure the conversion tract lengths associated with 

recombination between homologs using a system that does not involve heteroalleles 

(Lee et al., 2009; St. Charles et al., 2012; St. Charles and Petes, 2013; Yin and Petes, 

2013). Most of these studies examined CO conversion tracts. The median size of 

spontaneous CO conversion tracts was about 10 kb; NCO conversion tracts were not 

examined in these studies. In a study of UV-induced recombination events, NCO tracts 

were significantly shorter than CO tracts with median sizes of 4.9 kb and 7.6 kb, 

respectively (Yin and Petes, 2013).  

One controversial issue concerning mitotic gene conversion in yeast is the 

relative frequencies of CO and NCO conversion events. Mitotic crossing over has the 

negative effects of allowing harmful recessive mutations to become homozygous, and 

ectopic crossovers cause changes in chromosome structure. It has been suggested, 

therefore, that most mitotic repair events should be associated with NCO conversions 

rather than CO conversions. In yeast, however, the percentage of CO conversion events 

varies greatly in different studies: 10% (Jinks-Robertson and Petes, 1986), 12% (Inbar 

and Kupiec, 1999), 17% (Chua and Jinks-Robertson, 1991), 20% (Nickoloff et al., 1999), 

25% (Malkova et al., 1996), 25% (Haber and Hearn, 1985), 33% (Yin and Petes, 2013), 

50% (Aguilera and Klein, 1989), and 50% (Welz-Voegele and Jinks-Robertson, 2008). 

Most of these studies involved heteroallelic recombination, DNA damage-induced 

events, and/or ectopic recombination. 

Below, we describe experiments to measure the frequency of spontaneous gene 

conversion between homologous chromosomes, the lengths of gene conversion tracts, 
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and the fraction of CO and NCO conversions. We utilize a system that allows detection 

of very long (>100 kb) conversion tracts and that does not have the biases associated 

with heteroallelic conversion 

2.2 Material and Methods 

2.2.1 Strain construction  

Experiments were conducted using the diploid strain EY7. The construction of 

EY7 is described in Table 2, and primers used for strain construction and sequence 

analysis are listed in Table 3. EY7 was generated by mating two haploids isogenic with 

W303-1A and YJM789. The resulting diploid is heterozygous for about 55,000 single-

nucleotide polymorphisms (Lee et al., 2009). These polymorphisms allow the mapping of 

gene conversion events. Aside from these markers, the relevant genotype of EY7 is: 

MATa/MATα::natMX4 leu2-3,112/LEU2 his3-11,15/HIS3 ade2-1/ade2-1 ura3-1/ura3-p 

trp1-1/TRP1 can1-100/CAN1 GAL2/gal2 ho/ho::hisG IV957578::hphMX4/IV957578 

IV1013217::URA3/IV1013217::ura3-e IV1510386::SUP4-o/IV1510386. The mutations in 

ura3-1, ura3-p, and ura3-e are: G to A at position 701 of URA3, G to A change at 

position 608, and T to A alteration at position 170, respectively. 

Transformation, mating, media preparation, and tetrad dissection were performed 

according to standard methods (Guthrie and Fink, 1991). Cells were grown at 300 C. As 

explained in the Results section, a complete analysis of the conversion events in EY7 

required meiotic analysis. Although EY7 has a disruption of the MATα locus, which 

prevents sporulation under normal conditions, sporulation can be induced in sporulation 

medium with 5mM nicotinamide (St Charles and Petes, 2013). The sporulation medium 

also contained 25 mg/ml uracil.  

Ultraviolet radiation (UV) was used in one experiment (described elsewhere) to 

determine coupling relationships of markers on the two homologs. For these 
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experiments, cells from overnight cultures were placed on solid medium (modified SD-

Arg, Barbera and Petes, 2006) at a density of about 1000 cells/plate. The cells were 

then treated with UV (15 J/m2 using a TL-2000 Translinker) and allowed to form 

colonies. About 20 red/white sectored colonies were obtained per plate. Their analysis is 

described in the Results section. 

2.2.2 Identification of strains with gene conversion events at the URA3 
gene on chromosome IV 

A gene conversion event in which information is transferred between ura3-e and 

the wild-type URA3 gene on chromosome IV in EY7 results in derivatives that are 

resistant to 5-fluoro-orotate (5-FOAR), hygromycin-resistant (HygR), tryptophan 

prototrophs (Trp+), and form pink colonies. To select 5-FOAR derivatives of EY7, we 

made patches of individual colonies of EY7 grown on rich medium (YPD) on solid 

medium containing 5-FOA (Boeke et al., 1987). We purified the resulting 5-FOAR 

colonies non-selectively, and determined their phenotypes by replica-plating to media 

lacking uracil or tryptophan, or containing hygromycin. Only one 5-FOAR colony per 

patch was examined to ensure that the observed events were independent. The color of 

the colony was determined by allowing the colonies to grow for three days at 30°C, 

followed by one day-incubation at 4°C. We also measured the rate of 5-FOAR derivatives 

by measuring the frequency of 5-FOAR in thirty-nine independent cultures, and then 

calculating the rate by using the method of the median (Lea and Coulson, 1949). 

2.2.3 Use of microarrays to measure conversion tract length 

Mitotic gene conversion events in EY7 result in an interstitial region of loss of 

heterozygosity (LOH) flanked by heterozygous markers. To determine the extent of 

LOH, we used DNA microarrays capable of distinguishing whether the strain was 

homozygous for a single-nucleotide polymorphism (SNP) specific for the W303-1A-

derived homolog, homozygous for a SNP specific for YJM789-derived homolog, or 
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heterozygous. The design of a microarray to detect LOH for SNPs between W303-1A 

and YJM789 was described in detail by St Charles et al., 2012. In brief, four 25-base 

oligonucleotides centered on each SNP of interest were designed, two representing 

Watson and Crick sequences for one homolog and two representing Watson and Crick 

sequences for the other. Under the appropriate hybridization conditions, the detected 

hybridization of the genomic DNA to the perfectly-matched oligonucleotides is stronger 

than the detected hybridization to oligonucleotides that have a mismatch, allowing 

detection of patterns of LOH. Additional details about the microarray analysis are 

provided in text of the Supplemental Information.  

Of the 59 samples isolated from 5-FOAR HygR Trp+ pink colonies, most had LOH 

events involving at least five adjacent SNPs. For those samples with no LOH event 

detectable by microarrays, we sequenced the ura3 gene on the W303-1A-derived 

chromosome IV. For this analysis, we sporulated the diploid, and isolated DNA from 

spore cultures. We identified which spores contained the W303-1A-derived homolog (as 

described in the Results section). We amplified the ura3 gene on chromosome IV using 

the primer pairs URA3-EY F and URA3-EY R (Table 3), and sequenced the resulting 

product. 

The microarrays used for mapping do not contain all of the SNPs that distinguish 

the two homologs. For conversion events that had a breakpoint in a region sparsely 

represented by oligonucleotides on the microarray, we refined the mapping using a 

different method (Lee et al., 2009). This method is described in the Supplemental 

Information and Table 4 of Supplemental Information.  

2.3 Results 

The purposes of these experiments are: 1) to measure the frequency of mitotic 

gene conversion in a system that is not limited by the length of sequence homology, 2) 
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to determine what fraction of mitotic gene conversion events are associated with 

crossovers, and 3) to analyze the length distribution of mitotic gene conversion tracts. 

The gene conversion events in the current study fall into two categories, those with a 

median length of about 6 kb and those with a median length of > 50 kb. Even the short 

class of conversions is longer than most of the tracts described by previous studies. As 

discussed in the Introduction, the short tracts observed in previous studies likely reflect 

the use of heteroalleles or systems involving ectopic recombination between repeats 

with limited homology. 

2.3.1 Experimental Rationale 

The strain used for this analysis is shown in Figure 17. The diploid EY7 was 

constructed by crossing two sequenced-diverged haploids (W303-1A and YJM789) 

resulting in a diploid that is heterozygous for about 55,000 single-nucleotide 

polymorphisms (SNPs). Similar strains have been used previously to map spontaneous 

and UV-induced mitotic crossovers (Lee et al., 2009; St. Charles et al., 2012; St. Charles 

and Petes, 2013; Yin and Petes, 2013). In our experiments, we monitor conversion and 

crossover events on chromosome IV. In our description of the approximate location of 

diagnostic markers or the boundaries of recombination breakpoints, we use 

Saccharomyces Genome Database [SGD] coordinates. The first base on the left end of 

chromosome IV is assigned the coordinate 1 bp and the last base on the right end is 

coordinate 1531933 bp. The diploid is heterozygous or hemizygous for the following 

markers (SGD coordinate of the mid-point of the gene or position of insertion rounded to 

a kb value): TRP1 (462 kb), hphMX4 which encodes a protein that confers resistance to 

hygromycin (958 kb), URA3 (1013 kb), and SUP4-o (1510 kb); the centromere is located 

at SGD coordinate 450 kb. The diploid is also homozygous for the ade2-1 ochre 

mutation. Diploids with the ade2-1 mutation form white, pink, and red colonies in the 
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presence of two, one or no copies of the SUP4-o ochre suppressor gene, respectively 

(Barbera and Petes, 2006).  

We selected for conversion events in which information is transferred from the 

mutant ura3-e allele to the wild-type allele using solid medium containing 5-fluoro-orotate 

that selects against cells with wild-type URA3 activity (Boeke et al., 1987). In order to 

distinguish conversion events from other events that would result in a 5-FOAR derivative, 

we also examined phenotypes of the other markers on chromosome IV. As shown in 

Figure 17A, a gene conversion event unassociated with a crossover (NCO conversion) 

would be expected to result in a 5-FOAR colony that is Trp+ HygR, and pink (Class IA). A 

conversion associated with a crossover (CO conversion) could produce colonies of two 

different phenotypes (Figure 17B). If the recombinant products co-segregated (left side 

of Figure 17B, Class IB), then the 5-FOAR colony would have the same phenotype as 

the conversion unassociated with the crossover (Trp+ HygR pink). If the recombinant 

products do not co-segregate (right side of Figure 17B, Class II), then the 5-FOAR 

product would be Trp+ HygR and red. A 5-FOAR derivative could be generated by a 

crossover between the URA3 genes and centromere without a conversion involving 

URA3 (Figure 17C). For example, a crossover between the TRP1 marker (closely linked 

to the centromere) and the heterozygous hphMX4 insertion would generate a 5-FOAS 

Trp+ red colony (Figure 17C, Class III). Since the length of a mitotic gene conversion 

tract is expected to be small relative to the distance between the TRP1 marker and 

URA3 marker (about 500 kb), we expect the event depicted in Figure 17C to be much 

more common than the events shown in Figures 17A and 17B. In addition, a Class III 

strain could result from a BIR event in which a break occurring between trp1 and 

hphMX4 on the blue chromosome is repaired using the red chromosome as a template. 

Crossovers and BIR events are indistinguishable without recovery of both daughter cells 
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derived from the cell in which the recombination event occurred (Barbera and Petes, 

2006). 

Other than the mitotic recombination events shown in Figure 17, several other 

genetic changes could result in a 5-FOAR strain. Chromosome loss would generate a 5-

FOAR Trp+ HygS red colony. A point mutation or deletion of the wild-type URA3 gene 

would result in a 5-FOAR Trp+ HygR pink colony.  

In summary, we expect three common phenotypic classes of 5-FOAR derivatives 

of EY7: Class I (5-FOAR Trp+ HygR pink), Class II (5-FOAR Trp+ HygR red), and Class III 

(5-FOAR Trp+ HygS red). Of a total of 625 independent 5-FOAR derivatives, the numbers 

of derivatives observed for each class were: 59 Class I, 46 Class II, and 520 Class III. 

Our subsequent analysis concerns only Class I strains. There are four expected sub-

classes of Class I: conversion in which information is transferred from ura3-e to URA3 

unassociated with a crossover (Class IA), conversion between ura3-e and URA3 

associated with a crossover (Class IB), a point mutation inactivating the wild-type URA3 

allele (Class IC), and deletion of the wild-type URA3 allele (Class ID). 
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Figure 17: Genetic system for the detection of gene conversion and crossover 
events on chromosome IV 

Conversion and crossover events are shown as occurring between replicated 
chromatids. Centromeres are depicted as ovals, and red and blue lines indicate the 
YJM789- and the W303-1A-derived homologs, respectively. The hphMX4 and the SUP4-
o genes are located on only one of the two homologs. Recombination events are 
selected on plates containing 5-FOA that selects for loss of the wild-type URA3 gene. 
Diploid cells with 0, 1, and 2 copies of SUP4-o form red, pink, and white colonies, 
respectively. 

A. Gene conversion without an associated crossover (NCO, Class IA). In this event, 
wild-type URA3 sequences are replaced by mutant sequences as indicated by the 
arrow. As shown by the pair of arrows, one type of segregation will result in a Trp+ HygR 
5-FOAR pink colony with the flanking markers in the original coupling arrangement.  

B. Conversion with an associated crossover (CO, Class IB). Following the crossover, 
if the recombinant chromatids co-segregate (left side), a Trp+ HygR 5-FOAR pink colony 
will be observed as in Figure 17A. If one recombinant and one non-recombinant 
chromatid co-segregate (right side), a Trp+ HygR 5-FOAR red colony will be formed. 

C. Crossover centromere-proximal to the hphMX4 marker. In this event, the 5-
FOAR derivative is generated without a conversion. Following the crossover, if one of the 
recombinant chromosomes co-segregates with the non-recombinant YJM789-derived 
homolog, a Trp+ HygS 5-FOAR red colony will be generated. 
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2.3.2 Measurements of gene conversion tract lengths  

For both Class IA and IB events, the minimum conversion tract length would be 

one base. We showed previously, however, that spontaneous and damage-induced 

mitotic gene conversion events have a median tract length of 5-10 kb (St. Charles and 

Petes, 2013; Yin and Petes, 2013). Thus, we expect that most of the conversion events 

detected as Class I events will result in loss of heterozygosity (LOH) for multiple SNPs 

located near the mutant ura3-e allele. In our previous studies, we used oligonucleotide-

containing microarrays to identify regions of LOH (St. Charles et al., 2012; St. Charles 

and Petes, 2013; Yin and Petes, 2013). The details of this method are described in 

Materials and Methods and in Supplemental Information 

Not all SNPs on chromosome IV near the URA3 insertion are represented on the 

microarray. To refine the mapping of the breakpoints, for some events, we used a 

different method of determining LOH termed “SPA” (Single-nucleotide-polymorphism 

PCR Analysis; St. Charles et al., 2010). In brief (details in Supplemental Information and 

Table 4), we identified polymorphisms in the genomic region of interest in which one 

homolog had a restriction site that the other lacked. By PCR, we generated a small (< 

700 bp) fragment from genomic DNA of the strain of interest, and treated the fragment 

with the diagnostic restriction enzyme. By examining the resulting products on an 

agarose gel, we could distinguish which allele was present. Gene conversion tracts were 

primarily examined by microarrays, but a few were also examined by SPA. 

Figure 18 shows a microarray analysis of one Class I strain (EY7-40). In this 

strain, the conversion event is flanked by heterozygous sites at SGD coordinates 

1008881 and 1013909, and the homozygous sites closest to the transitions are located 

at SGD coordinates 1009116 and 1013370. The lengths of conversion tracts in such 

strains were estimated by averaging the distance between the heterozygous sites and 
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the homozygous sites and adding the size of the inserted URA3 gene (about 1.1 kb). 

The tract length of the event shown in Figure 18 is 5.8 kb. 

 

Figure 18: Microarray analysis of the extent of a gene conversion event in EY7-40. 

     The strain EY7-40 has the phenotype indicative of a gene conversion event 
(Class I, 5-FOAR Trp+ HygR pink). DNA was isolated and hybridized to a SNP-specific 
microarray, and the ratio of hybridization (EY7-40 versus DNA from a control 
heterozygous strain) to W303-1A-specific and YJM789-specific SNPs was measured. 
The red lines or boxes show hybridization to YJM789-specific SNPs, and the blue lines 
or diamonds indicate hybridization to W303-1A-specific SNPs. 

      A. Low-resolution analysis. The values on the X-axis are SGD coordinates in bp. 
The URA3 insertion is located between bases 1013217 and 1013218. The ratio was 
calculated in a moving window of 9 SNPs. 

      B. High-resolution analysis. In this depiction, each square and diamond shows the 
hybridization signal to a specific oligonucleotide on the microarray.  

C. Schematic depiction of the conversion event showing the transitions between 
heterozygous and homozygous SNPs (green indicating heterozygous SNPs and red 
showing the region homozygous for the YJM789-derived SNPs). The “a” transition is 
located between coordinates 1008881 and 1009116, and the “b” transition is between 
1013370 and 1013909 (Table 5). 

Of the Class I strains examined by microarray, most had undergone LOH for one 

or more SNPs flanking the URA3 gene on chromosome IV. The coordinates for the 
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transitions between heterozygous and homozygous SNPs for all conversion events are 

in Table 5. Most of the conversion events had only two transitions between 

heterozygous and homozygous regions. In Table 5, the centromere-proximal and 

centromere-distal transitions are called “a” and “b”, respectively. There were two 

conversion events with additional transitions (EY7-63 and EY7-69). These events are 

described in Supplemental Information. 

In five of the Class I strains, no flanking SNPs had undergone LOH. There are 

three mechanisms that could produce such strains: 1) short allelic conversion events 

that failed to include flanking markers, 2) new mutations within the URA3 gene on the 

W303-1A-derived homolog, and 3) ectopic gene conversion between the URA3 gene on 

chromosome IV and one of the mutant ura3 genes (ura3-1 or ura3-p) located on 

chromosome V. To distinguish among these possibilities, we sporulated these five 

diploid strains and identified spores that had the mutant ura3 gene on the W303-1A-

derived homolog. We PCR-amplified the ura3 gene on chromosome IV from these 

haploid strains, and sequenced the resulting product. In one of these strains (EY7-8), the 

mutant allele generated by conversion had the same ura3-e allele that was originally 

heterozygous in EY7; this strain, therefore, had a short gene conversion tract (< 1 kb). 

The other four strains (EY7-19, -24, -32, -68) that did not have co-conversion of flanking 

markers had one or more new mutations in URA3. The mutational positions in URA3 (1 

being the first base of the initiating ATG) and types of alterations in these strains were: 

175, A to G (EY7-19); 62, T to C (EY7-24); 345, G to A (EY7-32); 84, G to A; 90, A to T; 

91, A to T (EY7-68).  

Lastly, the one strain (EY7-3) had a deletion of the wild-type URA3 allele on the 

W303-1A-derived homolog, resulting in hemizygosity for the ura3-e allele. The 

heterozygous/homozygous transitions for the deletion were at SGD coordinates 980838 
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and 993113 (centromere-proximal) and at coordinates 1079615 and 1089446 

(centromere-distal); the resulting deletion is about 100 kb.  

In summary, of the 59 Class I strains, 54 were gene conversions (Classes IA and 

IB), 4 were new ura3 point mutations (Class IC), and one was a large deletion (Class 

ID). The locations of the 54 conversion tracts are in Figure 19, and the tract sizes are 

shown in a histogram in Figure 20. It is apparent that about half of the tracts were very 

long (>25 kb) and the remainder had a median length of less than 10 kb. Considering all 

of the data, the median tract length was 16.6 kb. The tracts shorter or longer than 25 kb 

had median lengths of about 6.4 kb (4.4-10 kb, 95% confidence limits) and 54 kb (45-69 

kb), respectively. Table 5 lists all conversion tract lengths. 

 
Figure 19: Map locations of gene conversion events. 

Our mapping of 54 conversion events that include the ura3-e mutation is 
summarized. The blue and red lines indicate the homologs derived from W303-1A and 
YJM789, respectively. The lengths of independent conversion events are shown by 
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horizontal lines labeled with the number of the EY7 isolate. Green and purple lines 
indicate NCO conversions and CO conversions, respectively. The black lines at the 
bottom of the figure show the distribution of SNPs on the microarray, and the yellow 
lines show the location of SNPs examined by SPA. 

 

 

Figure 20: Histogram of gene conversion tract lengths.  

Based on the analysis of Table 5, the 54 conversion events appear to have two 
distinct size distributions. All of the events with tracts lengths greater than 25 kb include 
HS4. 

2.3.3 Measurement of gene conversion rate 

By measuring the frequency of 5-FOAR derivatives in multiple independent 

cultures of EY7 and applying the method of the median (Lea and Coulson, 1949), we 

calculated a rate of 5-FOAR of 1.5 x 10-5 /division (95% confidence limits of 0.9-2.0 x 10-

5). From the analysis described above, of 625 independent 5-FOAR derivatives of EY7, 

54 resulted from gene conversion. The rate of allelic conversion in which information is 

transferred from the ura3-e allele to the wild-type URA3 allele on the other homolog is 

about 1.3 x 10-6/division (54/625 x [1.5 x 10-5]). 
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2.3.4 Association of crossovers with conversions 

 

Figure 21: Meiotic analysis of the coupling of markers flanking a mitotic gene 
conversion event. 

To distinguish whether the conversion was unassociated (NCO) or associated (CO) 
with a crossover, we examined Class I strains by tetrad analysis. We analyzed the 
patterns of segregation for the centromere-proximal hphMX4 marker and a SNP located 
centromere-distal to the conversion tract. The red and blue lines signify chromosome 
regions derived from the YJM789-derived and W303-1A-derived homologs, respectively.  

A. Meiotic segregation patterns expected for Class I strains with an NCO conversion. 
If there is no meiotic crossover (italicized NCO), we expect a parental ditype (PD) tetrad, 
two HygR SNPW spores: two HygS SNPY spores. A single crossover (italicized SCO) 
between the hphMX4 marker and the diagnostic SNP would produce a tetratype tetrad 
(TT): one HygR  SNPW spore: one HygR SNPY spore: one HygS SNPW spores: one HygS 
SNPY spore. Lastly, a four-stranded double-crossover (DCO) between the hphMX4 
marker and the diagnostic SNP would produce a non-parental ditype tetrad (NPD): two 
HygR  SNPY spores: two HygS SNPW spores. 

B. Meiotic segregation patterns expected for Class I strains with a CO conversion. 
Similar segregation patterns to those observed in Figure 21A are expected, but the 
coupling of the markers in the PD and NPD tetrads would be reversed from those 
observed in Figure 21A. 

As shown in Figure 17A and 17B, conversion events at the URA3 locus could be 

unassociated with crossovers (NCO) or crossover-associated (CO). By microarray 
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analysis, NCO and CO conversions are indistinguishable. The distinction can be made 

by examining the coupling of heterozygous markers flanking the conversion tract. If the 

conversion event is NCO, then heterozygous markers flanking the tract have the same 

coupling arrangement as in the original EY7. In contrast, if the conversion event is 

associated with a crossover, the coupling of markers flanking the tract is reversed. We 

determined the coupling arrangements by meiotic analysis of all strains with a 

conversion event (Figure 21). For this analysis, we used the hphMX4 insertion as the 

heterozygous marker centromere-proximal to the tract. The centromere-distal markers 

were SNPs that were close to the conversion tract, and could be diagnosed by SPA 

analysis as described above. The SNP that was used for the meiotic analysis for each 

conversion strain is given in Table 6. In Figure 21, we show the heterozygous SNP used 

in the analysis as SNPW for the W303-1A-derived SNP and SNPY for the allelic YJM789-

derived SNP.  

If two markers in yeast are closely-linked, most of the tetrads will be of two 

classes, parental ditype (all four spores with markers in the original parental coupling 

relationship, PD) or tetratype (two spores with markers in the parental configuration and 

two markers with the recombinant arrangement, TT). Non-parental ditype tetrads (all four 

spores with markers in recombinant arrangements, NPD) for linked markers are rare 

since such tetrads require four-strand double crossovers (Petes et al., 1991). For most 

of the conversion events, the distance between the hphMX4 marker and the centromere-

distal end of the conversion tract is 80 kb or less. On chromosome IV, the average 

association between genetic and physical distance is about 0.3 cM/kb (Saccharomyces 

Genome Database). Therefore, the genetic distance between the hphMX4 marker and 

the centromere-distal heterozygous SNP is less than 25 cM. For a 25 cM distance, PD 

and TT tetrads are expected to be about equally frequent and there would be very few 

NPD tetrads. As shown in Figure 21, the genotypes of spores that constitute PD and 
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NPD segregation patterns are reversed for NCO and CO conversion events. We will 

refer to the PD and NPD patterns of the strains with an NCO conversion event as PD-1 

and NPD-1, and the patterns of the strains with CO conversions as PD-2 and NPD-2. 

For each strain with a conversion event, we analyzed all spores derived from two 

to eight tetrads with four viable spores for the segregation of the hphMX4 marker and the 

centromere-distal SNP. If at least two of the tetrads had a PD-1 segregation pattern and 

no tetrads had the PD-2 segregation pattern, we concluded that the conversion was an 

NCO conversion. Similarly, if at least two of the tetrads had a PD-2 segregation pattern 

and no tetrads had the PD-1 segregation pattern, we concluded that the event was a CO 

conversion. By this criterion, we showed that 39 of 54 conversion events were NCO, and 

15 were CO (summarized in Table 5 and 6). 

In strains with very long conversion tracts, the procedure for determining the 

coupling of markers by tetrad dissection was tedious, since most of the tetrads had 

tetratype segregation. We developed a second method of examining coupling 

relationships by mitotic recombination using the 5-FOAR derivative EY7-33 that had a 

very long (121 kb) conversion tract. Both Class IA (NCO) and IB (CO) strains are 

heterozygous for the hphMX4 and SUP4-o markers (Figure 23). We treated EY7-33 with 

ultraviolet light (details in Materials and Methods) to stimulate an additional mitotic 

crossover event on chromosome IV. As shown in Figure 23, a crossover between the 

hphMX4 marker and CEN4 in strains with the coupling relationship shown in Class IA 

strains could generate a red/white sectored colony in which the cells in the white sector 

would be HygR and the cells in the red sector would be HygS. In contrast, if the strain has 

the markers in the reverse coupling relationship (Figure 23), the cells in the white and 

red sectors would be HygS and HygR, respectively. Of 76 red/white sectored colonies 

examined, 29 showed co-sectoring of the hygromycin-resistance phenotype. In all 29 of 
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these colonies, the white sector was HygR and the red sector was HygS, as expected if 

the EY7-33 conversion event was unassociated with a crossover. 

2.4 Discussion  

In this study, we examined spontaneous mitotic gene conversion in a diploid 

strain in which conversion events could be measured without selecting against long 

conversion tracts. Our analysis showed two distinct size classes of events likely 

generated by two different mechanisms. About 40% of the conversions were associated 

with crossovers, demonstrating that there is not a strong bias against the generation of 

crossovers in mitosis. 

2.4.1 Frequency of gene conversion 

The rate of allelic gene conversions in this study was about 1.3 x 10-6/division, 

similar to rates of allelic conversions in other studies that vary between 10-7 to 10-6 

(Petes et al., 1991; Paques and Haber, 1999). Although the rate estimates obtained in 

heteroallelic experiments are usually lower than observed in our study (presumably 

because of the more restrictive system for detecting events), rates of conversion as high 

or higher than ours were observed in some heteroallelic studies (Golin and Esposito, 

1984). These high rates may be the result of a marker located near a mitotic 

recombination hotspot. It should also be pointed out that, although the rate of mitotic 

recombination events is much less than the rate of meiotic recombination events, these 

events are still likely to be important in generating novel combinations of alleles. It has 

been estimated that there are about 30,000 clonal (mitotic) generations to one sexual 

(meiotic) cycle for yeast (Magwene et al., 2011). 
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Figure 22: Generation of a long gene conversion tract by a double BIR event. 

We show two double-stranded recombining DNA molecules with the centromere 
shown as a circle. Dotted lines show DNA synthesis. The conversion tract is formed by 
two BIR events in the following steps: Step 1, a DSB occurs on the blue chromosome 
(thick arrow) with 5’ to 3’ resection of the broken ends. Step 2, the left end invades the 
red chromosome and initiates DNA synthesis (dotted red line). Step 3, synthesis 
continues in a moving D-loop mode with second strand synthesis occurring on the 
displaced strand. Step 4, the chromosome involved in the BIR event disengages from 
the red chromosome and invades the centromere-distal fragment of the blue 
chromosome to begin a second BIR event. Step 5, the BIR event continues to the end of 
the chromosome, and the acentric blue chromosome fragment is lost. 

2.4.2 Lengths of gene conversion tracts  

In Figure 20, there appear to be two discrete size classes of conversion tracts, 

those with a median size of about 6.4 kb (range 1-21 kb) and those with a median of 54 
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kb (range 36-121 kb). The smaller size class is similar in length to the conversion events 

that we have examined in other studies (Lee et al., 2009; St. Charles et al., 2012; St. 

Charles and Petes, 2013; Yin and Petes, 2013). Our classification of the conversion 

tracts into two classes is based on three considerations: 1) using R software and the 

Kolmogorov-Smirnov test, the distribution of tract lengths is significantly different from a 

uniform distribution (p<0.001) and a normal distribution (p=0.01), 2) there are no tracts 

between 21-36 kb in length, although there are 30 tracts shorter than 21 kb, and 24 

tracts greater than 36 kb, and 3) all of the tracts greater than 36 kb overlap the inverted 

Ty elements located centromere-proximal to ura3 (Figure 19). The asymmetric 

distribution of the long conversion tracts relative to the ura3 gene argues strongly that 

these long conversion tracts are inherently different from the short conversion tracts.  

In our previous mapping of unselected crossovers on the right arm of 

chromosome IV (St. Charles and Petes, 2013), the region containing the inverted Ty 

elements was associated with a high frequency of crossovers and was termed HS4 

(HotSpot4). We previously noted that the crossover-associated conversion events 

involving HS4 had long tracts with a median size of 48 kb. Our current analysis confirms 

this estimate that was based on a smaller number of events and, in addition, 

demonstrates that NCO conversions involving HS4 are also very long (median length of 

59 kb). In our previous study, we showed that deletion of one of the Ty elements 

composing HS4 or expanding the distance between the two Ty elements resulted in loss 

of hotspot activity (St. Charles and Petes, 2013). We argued, therefore, that the hotspot 

was a consequence of cleavage of a hairpin structure formed when a single-stranded 

gap was generated near the center of HS4. Because both the CO and NCO long 

conversion tracts in the current study overlap with HS4, we assume that they are also 

initiated as a consequence of processing the hairpin structure associated with the 

inverted Ty elements. 
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Several other points are relevant concerning the HS4-associated gene 

conversion events. First, we previously showed that CO conversions involving HS4 were 

a consequence of the repair of two sister chromatids broken at approximately the same 

position, likely reflecting a DSB formed in G1 of the cell cycle (St. Charles and Petes, 

2013). In the current study, in which we recover only one of the two daughter cells with 

recombinant products, we cannot determine whether the HS4-associated events are 

associated with a G1- or G2-initiated DNA lesion. Second, HS4 is homolog-specific (St. 

Charles and Petes, 2013). The W303-1A-derived chromosome has the inverted pair of 

Ty element, whereas the YJM789-derived chromosome has only a portion of one Ty 

element (Figure 19). Thus, for the broken ends of the W303-1A homolog to invade the 

YJM789 homolog, the ends would have to be resected by about 10 kb to expose 

flanking homology. This extent of resection is much less than the median length of the 

long conversion tracts (54 kb). Although in the current study, any conversion tracts 

initiated at HS4 must extend about 28 kb in order to include the URA3 marker, most of 

the tracts are considerably longer than 28 kb. Third, the very long tracts associated with 

HS4 are not typical, but are also not unique. Long conversion events are also associated 

with a second pair of inverted Ty elements on chromosome IV (HS3, St. Charles and 

Petes, 2013), and a mitotic recombination hotspot associated with the trinucleotide 

repeats (GAA) results in conversion tracts with a median length of 20 kb (Tang et al., 

2011). In addition, conversion tracts greater than 30 kb have been observed in multiple 

other studies (Lee et al., 2009; St. Charles and Petes, 2013), although these events are 

usually less than 10% of the conversion events. One interpretation of the data is that 

most mitotic recombination events are initiated by random DNA lesions that are 

processed to produce conversion tracts with a median length of about 6 kb. The other 

class of recombination events is initiated at sequences capable of forming secondary 

DNA structures and is processed to produce very long conversion tracts.  
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An important question is whether the mechanism of generating the short tracts is 

the same as that which generates the long tracts. Previous studies have demonstrated 

small mitotic tracts (one kb or less) are a consequence of heteroduplex formation, 

followed by mismatch repair as predicted by the models in Figure 16 (Nickoloff et al., 

1999; Mitchel et al., 2010). Although it is possible that the very long conversion tracts 

reflect the formation of very long heteroduplexes and concerted repair of the resulting 

mismatches, there are two other plausible alternatives. First, these tracts could be a 

consequence of the repair of a very long double-stranded DNA gap (Lee et al., 2009). 

Second, these events could represent a BIR event that copies a region of one homolog 

before switching to the acentric chromosome fragment (Figure 22, NCO conversion). A 

long CO conversion could be generated by processing of the BIR structure (shown as 

the intermediate between Steps 1 and 2 in Figure 22) to yield a recombinant 

chromosome and a broken centromere-associated red chromosome. Invasion of this 

broken red chromosome into an unbroken blue chromosome, followed by BIR, would 

produce a long gene conversion tract associated with a crossover. Production of a 

crossover by two BIR events has been proposed previously (Figure 22, Lee et al., 2009). 

Template switching during BIR is common (Smith et al., 2007), and the generation of 

long conversion tracts by BIR has been suggested previously (Voelkel-Meiman and 

Roeder, 1990; Llorente et al., 2008; Lee et al., 2009, Yin and Petes, 2013; 

Chandramouly et al., 2013). It is important to distinguish BIR events that proceed to the 

end of the chromosome (Voelkel-Meiman and Roeder, 1990) from those in which a long 

interstitial conversion event is generated; the latter class requires a template switch. 

Analysis of the genetic requirements for the HS4-associated gene conversion 

tracts could help distinguish among the mechanisms discussed above. Mutations in 

POL32 and PIF1 reduce the frequency of BIR (Llorente et al., 2008; Chung et al., 2010) 

and would be expected to reduce the frequency of long conversion tracts if BIR is 
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involved. However, since Pol32p is a general processivity factor for DNA polymerase 

and since gene conversion by the SDSA pathway requires extensive DNA synthesis 

primed from the invading chromosome end, it is not clear that the pol32 mutation would 

affect BIR exclusively. Ho et al. (2010) showed that pol32 strains had shorter conversion 

tracts in a standard mitotic recombination assay. 

2.4.3 Relationship between conversion events and crossovers 

In the past, it was assumed that CO and NCO conversions reflect alternative 

patterns of cleavage of the double Holliday junction (Szostak et al., 1983). It is now clear 

that most NCO conversions in meiosis (Allers and Lichten, 2001) and mitosis (Mitchel et 

al., 2010) are a consequence of SDSA and/or dHJ dissolution pathways (Figure 16) 

rather than cleavage of a dHJ. In our study, 15 of 54 conversions (28%) were crossover-

associated and 39 of 54 (72%) were NCO. In our system, we screen for those 

conversion events in which the recombinant chromosomes co-segregate. Since events 

in which one recombinant and one non-recombinant chromosome co-segregate are 

equally frequent (Chua and Jinks-Robertson, 1991), we conclude that 43% of the 

conversions were CO ([15x2]/[54+15]) and 57% were NCO. In earlier studies 

(summarized in the Introduction), NCO conversions often substantially exceeded CO 

conversions. These results may have been influenced by the heteroallelic systems used 

to select the conversion or by limited amounts of homology available for ectopic 

recombination. Our findings argue strongly that the mitotic repair of recombinogenic 

lesions in yeast is often associated with crossovers. In other genetic systems such as 

Drosophila, however, NCO conversions are much more frequent than CO conversions 

(Andersen and Sekelsky, 2010). 

In our previous analysis of UV-induced conversion events, we showed that CO 

tracts were significantly longer than NCO tracts (Yin and Petes, 2013). In our current 
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study, however, the numbers of CO and NCO events for the short tracts (7 and 23, 

respectively) and long conversions (8 and 16, respectively) were not significantly 

different (Fisher exact test, p=0.54). Within the short-tract category, the nine shortest 

tracts (those less than 4 kb) were all NCO events. The comparison with the short tracts 

larger than 4 kb (4-22 kb) was, however, not statistically significant (p=0.07). The 

difference between conversion tracts generated by UV and our current results may 

reflect the difference in the recombinogenic lesions. Alternatively, the ratio of NCO to CO 

events could be affected by chromosome context. Mancera et al. (2008) reported such 

differences for meiotic events in yeast. 

In conclusion, our analysis of spontaneous mitotic gene conversion events 

demonstrates the existence of two types of conversions distinguishable by their size. For 

both types of conversions, CO and NCO events are recovered with approximately equal 

frequencies. 

2.5 Supplemental Information 

Table 2: Strain genotypes and strain construction. 

Strain name Genotype Strain construction or reference 

 

W1588-4C 

 

MATa leu2-3,112 his3-11,15 ura3-1 ade2-1 

trp1-1 can1-100 RAD5 

 

Zhao et al., 1998 

JSC52-1 
MATa leu2-3,112 his3-11,15 ura3-1 ade2-1 

trp1-1 can1-100 RAD5 IV1013217::URA3 

Inserted URA3 at IV1013217 by 

transforming W1588-4C with a PCR 

fragment generated with primers 

RE HS2 URA3 F and RE HS2 

URA3 R using strain JAY291 

(Argueso et al., 2009) as template. 

JSC54-1 

MATa leu2-3,112 his3-11,15 ura3-1 ade2-1 

trp1-1 can1-100 RAD5 IV957578::hphMX4 

IV1013217::URA3 

Inserted hphMX4 at IV957578 by 

transforming JSC52-1 with a PCR 

fragment generated with primers 

RE HS2 HYG F and RE HS2 HYG 
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R using plasmid pAG32 (Goldstein 

and McCusker, 1999) as template. 

EY2-1 

 

MATa leu2-3,112 his3-11,15 ura3-1 ade2-1 

trp1-1 can1-100 RAD5 IV957578:: hphMX4 

IV1013217::URA3 IV1510386::SUP4-o 

 

Inserted SUP4-o at IV1510386 by 

transforming JSC54-1 with a PCR 

fragment generated with primers IV 

1510386::SUP4-o F and IV 

1510386::SUP4-o R using plasmid 

YCpMP2 (Pierce et al., 1987) as 

template. 

PSL4 MATα ade2-1 ura3-p gal2 ho::hisG Lee et al., 2009 

EY3-1 

MATα ade2-1 ura3-p gal2 ho::hisG 

IV1013217::URA3 

 

Inserted URA3 at IV1013217 by 

transforming PSL4 with a PCR 

fragment generated with primers 

RE HS2 URA3 F and RE HS2 

URA3 R using JAY291 genomic 

DNA as template. 

EY4-2 
MATα ade2-1 ura3-p gal2 ho::hisG 

IV1013217::ura3-e 

ura3 mutant obtained as a 

spontaneous 5-FOAR isolate of 

EY3-1. 

EY6-4 

MATa/MATα leu2-3,112/LEU2 his3-

11,15/HIS3 ade2-1/ade2-1 ura3-1/ura3-p 

trp1-1/TRP1 can1-100/CAN1 GAL2/gal2 

ho/ho::hisG IV957578:: hphMX4/IV957578 

IV1013217::URA3/IV1013217::ura3-e 

IV1510386::SUP4-o/IV1510386 

 

Cross of EY4-2 and EY2-1. 

 

EY7-3 

MATa/MATα::natMX4 leu2-3,112/LEU2 his3-

11,15/HIS3 ade2-1/ade2-1 ura3-1/ura3-p 

trp1-1/TRP1 can1-100/CAN1 GAL2/gal2 

ho/ho::hisG IV957578:: hphMX4/IV957578 

IV1013217::URA3/IV1013217::ura3-e 

IV1510386::SUP4-o/IV1510386 

Deletion of MATα from EY6-4 by 

transforming with the PCR product 

generated with primers MAT 

ALPHA NAT F and MAT ALPHA 

NAT R using the plasmid pAG25 

(Goldstein and McCusker, 1999) as 

a template. 

 

 

Haploids W188-4C, JSC52-1, JSC54-1, and EY2-1 are isogenic with W303-1A (Thomas and 
Rothstein, 1989), except for changes introduced by transformation. Haploids PSL4, EY3-1, and EY4-2 are 
isogenic with YJM789 (Wei et al., 2007) except for changes introduced by transformation. 
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Table 3: Primers used in strain construction and DNA sequence analysis 

Primer name 

SGD coordinates 

for primer 

sequence 

Primer sequence (5’ to 3’) Purpose 

 

RE HS2 HYG F 

 

IV957528-957578 

 

CTTCCGTTATGACCCCCTCATCC

GTTTAATGTTATTTGTTTTTATGG

TATTCGTACGCTGCAGGTCGAC 

 

 

Strain 

construction 

RE HS2 HYG R IV957629-957579 

AGGGGTTACAGGGATCAACAAAA

AAAAGCAAGAAAAAAAATGAATAA

AGGGATCGATGAATTCGAGCTCG 

 

Strain 

construction 

IV 1510386::SUP4-o F IV1510336 

CATACGTTATGCACTTCATTCTTC

TTGTCGGTTTGATAACAGCAGAA

TCTAGGATCCGGGACCGGATAAT 

 

Strain 

construction 

IV 1510386::SUP4-o R 

 
IV1510436 

GCGTTTTCGAGGTATGGCTTCTG

CCGGGCTAACGTTCAAATTAAAG

GAACTGGATCCGGAATTCTTGAA

AG 

 

Strain 

construction 

RE HS2 URA3 F 

 

IV1013167-

1013217 

 

TTTATATAGATAAACAAACTTGCA

GGACAGATAGTTAAGCGTCTATA

TCATAATGTGGCTGTGGTTTCAG

G 

 

Strain 

construction 

RE HS2 URA3 R 
IV1013268-

1013218 

TCTTTTTTGCCTTTTATCATTTTTG

TACTTTTTTCTTCGCTTAAAATAC

ACAGATTCCCGGGTAATAACTG 

 

Strain 

construction 

MAT ALPHA NAT F 
III293135-293178 

 

ATATATATATATATATTCTACACA

GATATATACATATTTGTTTTTCGG

GCCGTACGCTGAAGGTCGAC 

Strain 

construction 

MAT ALPHA NAT R 

 

III294497-294545 

 

TGAACAACATTCAGTACTCGAAA

GATAAACAACCTCCGCCACGACC

ACACTCATCGATGAATTCGAGCT

CG 

Strain 

construction 

URA3-ey F 

 

IV 1013093-

1013112 
GCCACCCATCTGATAAAAGG 

DNA 

sequencing 
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URA3-ey R 

 

IV 1013321-

1013339 

CTCCCCCGCTGTTAATTTT 

 

DNA 

sequencing 

URA3-1 F 

 
V116039-116058 

AACGAAGGAAGGAGCACAGA 

 

DNA 

sequencing 

URA3-1 R 

 

V117042-117061 

 

GACCGAGATTCCCGGGTAAT 

 

DNA 

sequencing 

 

The SGD coordinates are for the 2014 version of the sequence. 

2.5.1 Details of the microarray analysis  

Details of microarray analysis including sample preparation, hybridization 

conditions, and data analysis were described previously (St. Charles et al., 2012; St. 

Charles and Petes, 2013).  In summary, genomic DNA from strains with a gene 

conversion event and a control parental strain EY7 were extracted from purified 

colonies. The extracted DNA was sheared to 200-400 bp fragments. The DNA from the 

derivatives containing a gene conversion was labeled with the Cy5-dUTP fluorescent 

dye, while the control DNA was labeled with Cy3-dUTP. Experimental and control 

samples were mixed and competitively hybridized to SNP probes on a microarray with 

oligonucleotides derived from chromosome IV. The microarray was then washed and 

scanned at wavelengths of 635 and 532 nm, specific to Cy5-dUTP and Cy3-dUTP 

respectively, with a GenePix scanner.  

For each probe at each SNP, the relative fluorescence hybridization ratio of 

experimental to control genomic DNA was measured. A ratio of one indicates 

heterozygosity (equal representation of both SNP alleles). If the normalized ratio of 

W303-1A to the control signal is below 0.3, and the ratio of YJM789 to the control is 

greater than 1.6, we interpret the SNP as homozygous for the YJM789-derived allele. 

The pattern will be reversed if the SNP is homozygous for W303-1A-derived allele. 
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2.5.2 Mapping conversion tract lengths by an alternative method, SPA 
(single-nucleotide polymorphism PCR analysis) 

The microarrays used for mapping do not contain all of the SNPs that distinguish 

the two homologs. For conversion events that had a breakpoint in a region sparsely 

represented by oligonucleotides on the microarray, we refined the mapping using a 

different method (Lee et al., 2009). For this method, we identified SNPs that altered a 

restriction site in the region of interest. For example, at SGD coordinate 1028509, W303-

1A strain has a T and YJM789 strain has a C. This alteration results in a EarI site that is 

present in the YJM789 homolog that is absent in W303-1A. To monitor LOH at this 

position, we amplified the region from genomic DNA samples (usually derived from EY7 

spore cultures) with primers that produced a fragment of about 580 bp, and treated the 

resulting product with EarI. The digest was analyzed by electrophoresis to determine 

whether the strain contained the W303-1A-specific SNP (resulting in one fragment of 

about 580 bp) or the YJM789-specific SNP (resulting in two fragments of about 440 and 

140 bp). In heterozygous diploid EY7 strains, we expect to see three fragments of about 

580, 440, and 140 bp. The coordinates of the polymorphisms used in this analysis, the 

sequence of the primers, and the diagnostic restriction enzyme are in Table 4. 
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Figure 23: Analysis of coupling of markers using UV-induced mitotic crossovers. 

As discussed in the text, we were interested in determining the fraction of gene 
conversion events at the URA3 locus that were unassociated (NCO) and associated 
(CO) with crossovers. Although most of our analysis of coupling was done using meiotic 
analysis (Figure 21), we found that coupling could also be analyzed by inducing 
secondary crossover events with UV. More specifically, we determined the coupling of 
the hphMX4 and SUP4-o markers by identifying red/white sectored colonies in which the 
hphMX4 marker was also sectoring. Less than 10% of the irradiated colonies formed 
red/white sectors, as expected from previous studies (Yin and Petes 2013). A) Sectoring 
pattern expected for NCO conversions. If hphMX4 and SUP4-o markers are in the non-
recombinant configuration in the diploid before irradiation, then we expect that the red 
sector will be HypS and the white sector HygR. B) Sectoring pattern expected for CO 
conversions: If the hphMX4 and SUP4-o markers are in recombinant configuration in the 
diploid before irradiation, then we expect that the red sector will be HygR and the white 
sector HygS.  

Table 4: Primers used in analysis of polymorphic markers 

SGD coordinates 

for polymorphic 

site1 

Primer name Primer sequence (5’ to 3’) 

Diagnostic 

restriction 

enzyme2 

    
IV 1002467 IV 1002467 F1 TGCAGGGATATGTATAACGAGGT HpyCH4III 

 IV 1002467 R2 CAACGTTGTGAAGTGGTTGG  
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IV 1011936 IV 1011936 F4 TCCTACGATCGTACAATCCCG MnlI 

 IV 1011936 R1 CCTCGTACATGTTTTCTTGCC  

IV 1013924 IV 1013924 F3 GCGACTGGTGGTAAGAAAAGG MluCI 

 IV 1013924 R1 AAACCCGAGACAGCGAGAGG  

IV 1022417 IV1022417 F2 CAAGTTTGGTATGGCAGTTGAC MlyI 

 IV 1022417 R1 GACTCGTCTCTTGTATGGCG  

IV 1028509 IV 1028509 F2 CCGAACGGTTATGGTATCTCC EarI 

 IV 1028509 R3 GCAACAGCGCGTATTTGG  

IV 1037347 IV 1037347 F1 GCCAAGATCGTTAAAGAGAATCC HpyCH4V 

 IV 1037347 R1 AGCAATCTTTGAACCATCGC  

IV 1044571 IV 1044571 F3 GGCTACTATTGTGGCTGTTGG Sau3AI 

 IV 1044571 R1 ACTACGTCGATATTCTTCAGGG  

IV 1051452 IV 1051452 F1 TCATGCCAAAGTAATAAGCAGC MspI 

 IV 1051452 R1 TGAGCGCTAAAATGTATGCCC  

IV 1058335 IV 1058335 F1 
TGCCTGGATACACGAACATATAT

ATG 
AfeI 

 IV 1058335 R1 CGGTGAGATTGTTCGGTGTT  
1Current (2014) SGD coordinates. 
2Bold-faced type indicates that the SNP in the W303-1A genetic background had the indicated 

restriction site. Plain-faced type indicates that the SNP in the YJM789 background had the site. 
 
In our analysis, we found that a small fraction of the microarrays (about 10%) had 

no detectable LOH events. Subsequently, we first used SPA analysis for the 

polymorphic sites IV1013924 and IV 1011936 before doing microarrays. If both of these 

sites were heterozygous, we did not examine the samples by microarray. There were 

five such samples in the total collection of 59 conversion events.  

2.5.3 Gene conversion tract measurements 

Conversion tract lengths were determined using the transition coordinates 

summarized in Table 5. The URA3 gene on chromosome IV was inserted as a 1140 bp 

fragment between coordinates 1013217 and 1013218. The SNPs that most closely 

flanked the insertion were at coordinates 1012642 and 1013370. The mutant substitution 

in ura3-e was located at base 170, about 1 kb from 1012642 and about 870 bp from 

1013370. In most of the conversion events, both of these markers underwent LOH. In 

addition, most conversion events had only two transitions: transition "a" marks the 
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centromere-proximal transition between heterozygous (left column) and homozygous 

(right column) SNPs, and transition "b" marks the centromere-distal transition between 

homozygous (left column) and heterozygous (right column) SNPs. For these derivatives, 

the homozygous region duplicates YJM789-derived SNPs. For these classes of 

conversion, we calculated the tract length by subtracting the mid-point of transition “a” 

from the mid-point of transition “b”, and adding 1140 bp (the length of the URA3 

insertion). 

Table 5: Coordinates of gene conversion events and conversion tract size 

Derivative	
of	EY7	

Transition	
label	

Markers	flanking	transitions	 	 	

Left	 Right	
Tract	

length	in	
bp	

Association	
with	

crossover	
1	 a	 1012642	 ura3-e	 2146	 NCO	

	 b	 1013909	 1014367	 	 	
2	 a	 1008881	 1009116	 12140	 NCO	

	 b	 1017595	 1022402	 	 	
4	 a	 1005641	 1006070	 20732	 NCO	

	 b	 1022402	 1028494	 	 	
5	 a	 1011955	 1012642	 2980	 NCO	

	 b	 1013909	 1014367	 	 	
6	 a	 966937	 968451	 65719	 NCO	

	 b	 1028494	 1036052	 	 	
7	 a	 966989	 968451	 58868	 NCO	

	 b	 1022402	 1028494	 	 	
8	 a	 1012642	 ura3-e	 934	 NCO	

	 b	 ura3-e	 1013370	 	 	
10	 a	 963792	 965740	 68647	 CO	

	 b	 1028494	 1036052	 	 	
13	 a	 977470	 977752	 42333	 NCO	

	 b	 1015206	 1022402	 	 	
14	 a	 1002452	 1003678	 12213	 NCO	

	 b	 1013909	 1014367	 	 	
16	 a	 1010105	 1011921	 3053	 NCO	

	 b	 ura3-e	 1013370	 	 	
17	 a	 1004465	 1005641	 9726	 NCO	

	 b	 1013370	 1013909	 	 	
18	 a	 1000365	 1001602	 20155	 NCO	

	 b	 1017595	 1022402	 	 	
26	 a	 979653	 979777	 53698	 CO	
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	 b	 1028494	 1036052	 	 	
27	 a	 966485	 966599	 73726	 NCO	

	 b	 1037332	 1040924	 	 	
29	 a	 1011955	 1012642	 5242	 NCO	

	 b	 1015206	 1017595	 	 	
30	 a	 976159	 977414	 49802	 CO	

	 b	 1022402	 1028494	 	 	
31	 a	 1011921	 1012642	 2054	 NCO	

	 b	 ura3-e	 1013909	 	 	
33	 a	 962530	 965740	 121536	 NCO	

	 b	 1079615	 1089446	 	 	
35	 a	 968451	 969369	 70581	 NCO	

	 b	 1037332	 1039370	 	 	
36	 a	 977470	 977752	 43528	 NCO	

	 b	 1017595	 1022402	 	 	
37	 a	 980602	 980764	 36858	 NCO	

	 b	 1015206	 1017595	 	 	
38	 a	 1010105	 1011955	 10108	 CO	

	 b	 1017595	 1022402	 	 	
39	 a	 1012642	 ura3-e	 4408	 CO	

	 b	 1015206	 1017595	 	 	
40	 a	 1008881	 1009116	 5781	 CO	

	 b	 1013370	 1013909	 	 	
41	 a	 1010105	 1011955	 10108	 CO	

	 b	 1017595	 1022402	 	 	
42	 a	 1007002	 1007144	 6994	 CO	

	 b	 ura3-e	 1013370	 	 	
43	 a	 1004465	 1005641	 9014	 NCO	

	 b	 ura3-e	 1013370	 	 	
44	 a	 1010105	 1011955	 10108	 CO	

	 b	 1017595	 1022402	 	 	
45	 a	 1009300	 1009894	 4738	 NCO	

	 b	 ura3-e	 1013909	 	 	
46	 a	 1011955	 ura3-e	 4752	 NCO	

	 b	 1015206	 1017595	 	 	
47	 a	 1010105	 1011921	 3766	 NCO	

	 b	 1013370	 1013909	 	 	
48	 a	 976159	 977414	 44352	 CO	

	 b	 1017595	 1022402	 	 	
49	 a	 1010105	 1011921	 3053	 NCO	

	 b	 ura3-e	 1013370	 	 	
50	 a	 1010105	 1011921	 3322	 NCO	

	 b	 ura3-e	 1013909	 	 	
51	 a	 1010105	 1011955	 6510	 NCO	

	 b	 1015206	 1017595	 	 	
52	 a	 962530	 963792	 86272	 NCO	
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	 b	 1047033	 1049553	 	 	
53	 a	 971889	 972525	 54381	 CO	

	 b	 1022402	 1028494	 	 	
54	 a	 973167	 973779	 47666	 CO	

	 b	 1017595	 1022402	 	 	
55	 a	 972525	 972912	 53870	 NCO	

	 b	 1022402	 1028494	 	 	
56	 a	 1011955	 1012642	 1768	 NCO	

	 b	 ura3-e	 1013370	 	 	
57	 a	 1010105	 1011955	 10108	 NCO	

	 b	 1017595	 1022402	 	 	
58	 a	 1011955	 1012642	 14290	 NCO	

	 b	 1022402	 1028494	 	 	
59	 a	 1007582	 1007819	 18888	 CO	

	 b	 1022402	 1028494	 	 	
60	 a	 966485	 966599	 60046	 NCO	

	 b	 1022402	 1028494	 	 	
61	 a	 976159	 977414	 44352	 CO	

	 b	 1017595	 1022402	 	 	
62	 a	 976159	 977414	 49802	 NCO	

	 b	 1022402	 1028494	 	 	
63	 a	 968451	 969369	 45157	 NCO	

	 b	 977414	 977752	 	 	
	 c	 980838	 993113	 	 	
	 d	 ura3-e	 1013370	 	 	

64	 a	 966485	 966599	 66871	 NCO	

	 b	 1028494	 1036052	 	 	
65	 a	 1007582	 1007819	 6366	 NCO	

	 b	 ura3-e	 1013370	 	 	
66	 a	 977752	 978621	 37092	 NCO	

	 b	 1013909	 1014367	 	 	
69	 a	 957718	 958309	 82678	 CO	

	 b	 965740	 965936	 	 	
	 c	 976159	 977414	 	 	
	 d	 1039370	 1039732	 	 	

70	 a	 1004465	 1005641	 10644	 NCO	

	 b	 1013909	 1015206	 	 	
71	 a	 957578	 958304	 68648	 NCO	

	 b	 1022402	 1028494	 	 	In this table, we show the SGD coordinates that define the borders of transitions 
between heterozygous and homozygous SNPs. Because the microarrays used to assay 
the SNPs were constructed in 2009 and oligonucleotides on the microarray were named 
according to 2009 coordinates, we show 2009 SGD coordinates in this table. The 2014 
coordinates can be calculated by adding 15 bp to the 2009 coordinates. Most of the 
derivatives have only two transitions: transition "a" marks the centromere-proximal 
transition between heterozygous (left column) and homozygous (right column) SNPs, 
and transition "b" marks the centromere-distal transition between homozygous (left 
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column) and heterozygous (right column) SNPs. For these derivatives, the homozygous 
region duplicates YJM789-derived SNPs. The derivatives EY7-63 and EY7-69 have 
additional transitions and are discussed in Supplemental Information. Coordinates 
shown in plain type represent transitions defined by microarray analysis, whereas those 
shown in boldface were defined by SPA, as explained in the main text. Gene conversion 
lengths were calculated as described in Supplemental Information. CO and NCO 
indicate whether the conversion event was associated or unassociated with a crossover, 
respectively. This determination was made by meiotic analysis. The ura3-e mutation is 
located at position 170 of the URA3 gene, and the length of the inserted URA3 gene on 
chromosome IV is 1140 bp.                                                                                                     

In conversion events in which one or more of the flanking markers 1012642 and 

1013370 did not undergo LOH, the ura3-e mutation represented the SNP that had 

undergone LOH. For example, in EY7-8, neither of the flanking markers had lost 

heterozygosity. For this event, therefore, we calculated the conversion tract length as 

distance between the mid-points of the transition between ura3-e and 1012642 

(transition “a”) and the transition between ura3-e and 1013370 (transition “b”). 

The conversion events in EY7-63 and EY7-69 had more than two transitions. In 

EY7-63, there were four transitions: “a” (heterozygous SNPs to SNPs homozygous for 

YJM789-derived SNPs), “b” (homozygous for YJM789-derived SNPs to heterozygous 

SNPs), “c” (heterozygous SNPs to homozygous for YJM789-derived SNPs), and “d” 

(homozygous for YJM789-derived SNPs to heterozygous). The conversion tract length 

for this event was calculated as the distance from the mid-point of transition “a” to the 

mid-point between ura3-e and coordinate 1013370 (transition “d”). In EY7-69, there were 

also four transitions: “a” (heterozygous SNPs to SNPs homozygous for W303-1A-

derived SNPs), “b” (homozygous for W303-1A-derived SNPs to heterozygous), “c” 

(heterozygous to homozygous for YJM789-derived SNPs), and “d” (homozygous for 

YJM789-derived SNPs to heterozygous). For this conversion event, we calculated the 

distance between the mid-points of transitions “a” and “d”, and added 1140 bp (the 

length of the URA3 insertion). 

In our previous studies of mitotic gene conversion, we found many other 

examples of complex conversion events similar to EY7-63 and EY7-69 (St. Charles et 
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al., 2012; St. Charles and Petes, 2013; Yin and Petes, 2013). Conversion events in 

which a conversion tract is interrupted by a heterozygous region (similar to EY7-63) can 

be explained by “patchy” repair of mismatches in a heteroduplex. More specifically, if 

mismatches in a middle region of a heteroduplex are repaired in the restoration mode 

and mismatches in the flanking region are repaired in the conversion mode, the 

observed pattern would be detected (Text S1 of St. Charles and Petes, 2013). Similarly, 

complex events in which LOH regions contributed by two different donating 

chromosomes (similar to EY7-69) have been observed previously. Although such events 

can reflect several different mechanisms, one possibility is that they reflect branch 

migration of the Holliday junction resulting in symmetric heteroduplexes (Supplemental 

Information in St. Charles et al., 2012). Whatever the mechanisms that give rise to the 

complex conversion events, in the current study, these events are a small fraction of the 

total. 

Table 6: Meiotic analysis of coupling 

Derivatives 

of EY7 

Markers 

examined 

# tetrads 

analyzed 

# PD-1 

or PD-2 

# NPD-

1 or 

NPD-2 

# 

TT 

Association 

with 

crossover 

 

1 

 

hphMX4; IV 

1028509 

5 
 

2 PD-1 

 

0 

 

3 

 

NCO 

2 
hphMX4; IV 

1058335 
3 2 PD-1 0 1 NCO 

4 
hphMX4; IV 

1028509 
5 2 PD-1 0 3 NCO 

5 
IV 1002467; 

IV 1028509 
3 2 PD-1 0 1 NCO 

6 
hphMX4; IV 

1044571 
6 3 PD-1 0 3 NCO 

7 hphMX4; IV 4 4 PD-1 0 0 NCO 
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1028509 

8 
hphMX4; IV 

1028509 
4 3 PD-1 0 1 NCO 

10 
hphMX4; IV 

1037347 
3 3 PD-2 0 0 CO 

13 
hphMX4; IV 

1028509 
4 3 PD-1 0 1 NCO 

14 
hphMX4; IV 

1028509 
4 4 PD-1 0 0 NCO 

16 
hphMX4; IV 

1028509 
5 3 PD-1 0 2 NCO 

17 
hphMX4; IV 

1028509 
3 3 PD-1 0 0 NCO 

18 
hphMX4; IV 

1028509 
5 4 PD-1 0 1 NCO 

26 
hphMX4; IV 

1037347 
2 2 PD-2 0 0 CO 

27 
hphMX4; IV 

1044571 
5 2 PD-1 0 3 NCO 

29 
hphMX4; IV 

1028509 
5 4 PD-1 0 1 NCO 

30 
hphMX4; IV 

1028509 
4 2 PD-2 0 2 CO 

31 
hphMX4; IV 

1028509 
3 2 PD-1 0 1 NCO 

33 
hphMX4; IV 

1097831 
6 2 PD-1 0 4 NCO 

35 
hphMX4; IV 

1044571 
3 3 PD-1 0 0 NCO 

36 
hphMX4; IV 

1028509 
4 4 PD-1 0 0 NCO 

37 
hphMX4; IV 

1028509 
7 3 PD-1 0 4 NCO 

38 hphMX4; IV 5 3 PD-2 0 2 CO 
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1028509 

39 
hphMX4; IV 

1037347 
3 2 PD-2 0 1 CO 

40 
hphMX4; IV 

1028509 
5 5 PD-2 0 0 CO 

41 
hphMX4; IV 

1028509 
6 3 PD-2 0 3 CO 

42 
hphMX4; IV 

1028509 
5 3 PD-2 0 2 CO 

43 
hphMX4; IV 

1028509 
4 4 PD-1 0 0 NCO 

44 
hphMX4; IV 

1028509 
2 2 PD-2 0 0 CO 

45 
hphMX4; IV 

1028509 
2 2 PD-1 0 0 NCO 

46 
hphMX4; IV 

1028509 
3 3 PD-1 0 0 NCO 

47 
hphMX4; IV 

1028509 
3 3 PD-1 0 0 NCO 

48 
hphMX4; IV 

1028509 
3 3 PD-2 0 0 CO 

49 
hphMX4; IV 

1028509 
2 2 PD-1 0 0 NCO 

50 
hphMX4; IV 

1028509 
3 2 PD-1 0 1 NCO 

51 
hphMX4; IV 

1028509 
3 2 PD-1 0 1 NCO 

52 
hphMX4; IV 

1051452 
4 3 PD-1 0 1 NCO 

53 
hphMX4; IV 

1028509 
3 2 PD-2 0 1 CO 

54 
hphMX4; IV 

1028509 
3 2 PD-2 0 1 CO 

55 hphMX4; IV 4 2 PD-1 0 2 NCO 
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1028509 

56 
hphMX4; IV 

1028509 
3 2 PD-1 0 1 NCO 

57 
hphMX4; IV 

1028509 
3 3 PD-1 0 0 NCO 

58 
hphMX4; IV 

1028509 
3 3 PD-1 0 0 NCO 

59 
hphMX4; IV 

1028509 
4 4 PD-2 0 0 CO 

60 
hphMX4; IV 

1028509 
2 2 PD-1 0 0 NCO 

61 
hphMX4; IV 

1028509 
3 2 PD-2 0 1 CO 

62 
hphMX4; IV 

1028509 
6 3 PD-1 0 3 NCO 

63 
hphMX4; IV 

1028509 
4 2 PD-1 0 2 NCO 

64 
hphMX4; IV 

1037347 
3 2 PD-1 0 1 NCO 

65 
hphMX4; IV 

1028509 
3 2 PD-1 0 1 NCO 

66 
hphMX4; IV 

1028509 
3 2 PD-1 0 1 NCO 

69 
hphMX4; IV 

1044571 
8 4 PD-2 0 4 CO 

70 
hphMX4; IV 

1028509 
6 4 PD-1 0 2 NCO 

71 
hphMX4; IV 

1028509 
4 3 PD-1 0 1 NCO 

Tetrads were dissected and examined for markers flanking the conversion event. 
For most events, the hphMX4 marker was the centromere-proximal marker. The 
centromere-distal marker was examined by SPA (described in text). The primers and 
restriction enzymes used for this analysis are given in Table 4. PD-1 tetrads are those 
with two HygR SNPW to two HygS SNPY spores; SNPW and SNPY are defined as in Figure 
21. PD-2 tetrads are those with two HygR SNPY to two HygS SNPW spores. Based on 
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this analysis, we classified the events as crossover-associated (CO) or unassociated 
(NCO 
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Chapter 3. Elevated genome-wide instability in yeast 
mutants lacking RNaseH activity 

Chapter 3 was previously published in Genetics (O’Connell et al., 2015). 

Two types of RNA:DNA associations can lead to genome instability: the 

formation of R-loops during transcription and the incorporation of ribonucleotide 

monophosphates (rNMPs) into DNA during replication. Both ribonuclease (RNase) H1 

and RNase H2 degrade the RNA component of R-loops, whereas only RNase H2 can 

remove one or a few rNMPs from DNA. We performed high-resolution mapping of mitotic 

recombination events throughout the yeast genome in diploid strains of Saccharomyces 

cerevisiae lacking RNase H1 (rnh1Δ), RNase H2 (rnh201Δ), or both RNase H1 and 

RNase H2 (rnh1Δ rnh201Δ). We found little effect on recombination in the rnh1Δ strain, 

but elevated recombination in both the rnh201Δ and the double-mutant strains; levels of 

recombination in the double mutant were about 50% higher than in the rnh201Δ single-

mutant strain. An rnh201Δ mutant that additionally contained a mutation that reduces 

rNMP incorporation by DNA polymerase ε (pol2-M644L) had a level of instability similar 

to that observed in the presence of wild-type Polε. This result suggests that the elevated 

recombination observed in the absence of only RNase H2 is primarily a consequence of 

R loops rather than misincorporated rNMPs. 

3.1 Introduction 

RNA transcripts can stably associate with the DNA template during transcription, 

giving rise to R-loop structures containing an RNA:DNA hybrid and an unpaired DNA 

strand.  Such R-loops can stall DNA replication forks, and are a major source of 

recombination events that are stimulated by high levels of transcription (reviewed by 

Aguilera and Garcia-Muse, 2012).  Transcription-associated recombination (TAR) is 

generally strongest when the transcription machinery and a replication fork approach 
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each other head-on (Prado and Aguilera 2005), but there is also an orientation-

independent component to such conflicts (Azvolinsky et al., 2009). Importantly, TAR is 

highly elevated when RNA processing is perturbed and R-loops accumulate, or when R-

loop removal mechanisms are disabled.  The RNA component of R-loops can be 

removed by the Sen1 RNA-DNA helicase (Mischo et al. 2011) or degraded by 

ribonuclease (RNase) H1 or RNase H2 (reviewed in Cerritelli and Crouch 2009), which 

are generally considered to be functionally redundant. 

R-loops in yeast have been quantified genome-wide using immunoprecipitation 

with an antibody specific to DNA:RNA hybrids, followed by hybridization to a microarray 

or by DNA sequencing. This type of analysis has been done in wild-type (Chan et al. 

2014; El Hage et al. 2014), mRNA processing-defective (Chan et al. 2014), RNase H-

defective (Chan et al. 2014; El Hage et al. 2014), and RNA-DNA helicase (Sen1)-

defective strains (Chan et al. 2014). In wild-type strains, Chan et al. (2014) observed 

RNA-DNA hybrid accumulation at Ty retrotransposons, near telomeres, within the 

ribosomal RNA (rRNA) gene cluster, and at highly transcribed GC-rich genes. El Hage et 

al. (2014) found hybrid accumulation in wild-type strains at highly transcribed genes, 

within the rRNA gene cluster, near tRNA genes, and near Ty retrotransposons. They 

also reported, however, that RNA:DNA accumulation in Ty retrotransposons was 

primarily a consequence of reverse transcription rather than R-loop formation. In strains 

lacking both RNases H1 and H2, both groups found increased R-loop accumulation, with 

the positions of the R-loops being similar to those observed in wild-type strains. 

In addition to stable RNA:DNA association via R-loops, ribonucleotides (rNMPs) 

can be embedded into DNA during replication, either as remnants of Okazaki fragments 

or by direct incorporation (reviewed by Williams and Kunkel 2014). Despite the efficiency 

with which replicative DNA polymerases discriminate between rNTP and dNTP 

precursors, there are approximately 15,000 rNMPs inserted into yeast DNA during each 
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round of replication, which translates into ~1 rNMP per 1000 nucleotides (Nick 

McElhinny et al. 2010b). rNMPs in budding yeast genomic DNA have recently been 

mapped to single-nucleotide resolution by several groups (Clausen et al. 2015; Koh et 

al. 2015; Reijns et al. 2015). In contrast to R-loops, which are removed by RNase H1 

(encoded by RNH1) or RNase H2 (catalytic subunit encoded by RNH201), only RNase 

H2 is capable of removing single rNMPs embedded in DNA (Cerritelli and Crouch 2009). 

In the absence of error-free removal by RNase H2, error-prone removal of single rNMPs 

can be initiated by Topoisomerase 1 (Top1), resulting in short deletions (Kim et al. 2011; 

Williams et al. 2013). Although genetic instability in the absence of RNase H1 and H2 is 

generally assumed to reflect persistent R-loops, pathways that promote DNA-damage 

bypass during replication are essential in the complete absence of RNase H activity 

(Lazzaro et al. 2012).  The requirement for bypass activity suggests that contiguous 

tracts of rNMPs in genomic DNA may also contribute to genetic instability. 

In addition to the specific case of recombination associated with highly elevated 

transcription, yeast strains with reduced RNase H activity generally exhibit elevated 

genomic instability.  Haploid strains lacking RNase H2, for example, have increased 

recombination between direct repeats (Ii et al. 2011; Potenski et al. 2014). Top1 is 

required for this increase in recombination, suggesting that the initiating lesion is a Top1-

mediated nick at an rNMP (Potenski et al. 2014). Contributions of RNase H activity to 

genome integrity have additionally been assessed by measuring artificial chromosome 

stability or loss of heterozygosity (LOH) on an endogenous yeast chromosome (Wahba 

et al. 2011). Mutations eliminating either RNase H1 or RNase H2 increased the rate of 

loss of an artificial chromosome, and lack of both enzymes had a synergistic effect.  With 

regard to LOH, however, an increase was observed only in an rnh1Δ rnh201Δ double-

mutant background.  
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It is clear that yeast strains lacking both RNase H1 and RNase H2 activity have 

elevated levels of recombination, but the relative contributions of R-loops and rNMPs 

have not been explored. In addition, most previous studies have used assays that are 

limited either to a single locus or a single chromosome arm without subsequent mapping 

of repair events. In the current study, we examine the location and distribution of LOH 

events that occur throughout the yeast genome or on the one Mb right arm of 

chromosome IV. Analyses were done in single-mutant rnh1Δ and rnh201Δ diploids, as 

well as in double-mutant rnh1Δ rnh201Δ diploids. We found that the rnh1Δ strain had 

levels of recombination indistinguishable from those in wild-type, while LOH was 

elevated in an rnh201Δ strain.  Experiments done under conditions of reduced rNMP 

incorporation into genomic DNA indicated that the elevated recombination in the 

rnh201Δ single-mutant background reflected primarily the accumulation of R-loops. In all 

LOH assays, instability was further increased in the rnh1Δ rnh201Δ double-mutant 

relative to the rnh201Δ single-mutant strain. These findings have relevance to human 

disease, where hypomorphic mutations in RNase H2 lead to the neurodegenerative 

disorder Aicardi-Goutiéres Syndrome (Crow et al. 2006) and have been associated with 

systemic lupus erythematosus (Günther et al. 2015). 

3.2 Material and Methods 

3.2.1 Strain construction  

Haploid strains with various gene deletions were constructed by one-step 

transplacement in isogenic derivatives of W303-1A (genotype of derivative: MATa ade2-

1 can1-100 ura3-1 ho::hisG his3-11,15 leu2-3,112 trp1-1) and YJM789 (genotype of 

derivative: MATα ade2-1 ho::hisG gal2 ura3) genetic backgrounds using polymerase 

chain reaction (PCR)-generated DNA fragments containing a selectable drug-resistance 

marker. Deletions were confirmed using PCR. To introduce the pol2-M644L mutant 
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allele, two-step transplacement was done using the AgeI-digested plasmid p173-pol2-

M644L (Nick McElhinny et al. 2010a).   

Loss of heterozygosity (LOH) on chromosome IV was examined using hybrid 

diploid strains formed by mating W303-1A derivatives with YJM789 derivatives. Diploids 

had a URA3 gene from Kluyveromyces lactis (URA3-Kl) inserted near the right telomere 

of chromosome IV (Saccharomyces Genome Database [SGD] coordinate 14954320) on 

the W303-1A-derived homolog, and an ADE2 gene inserted at the allelic position on the 

YJM789-derived homolog. For all experiments, at least two isolates of each diploid 

genotype were analyzed. In addition, for each diploid, at least ten tetrads were dissected 

to confirm the correct genotypes.  

A complete list of strains and the details of their construction are provided in 

Table 7 and the Supporting Information. Plasmids and primers used in the strain 

construction are listed in Tables 8 and 9, respectively. Table 10 summarizes which 

strains were used in different assays of LOH. 

3.2.2 Accumulation of recombination events in sub-cultured cells  

Mutant and wild-type strains were serially passaged on rich YPD medium (Yeast 

Peptone Dextrose: 1% yeast extract, 2% Bacto-peptone, 2% dextrose; 2% agar for 

plates) to allow accumulation of recombination events genome-wide. In each passage, a 

strain was grown from a single cell into a colony.  This procedure was repeated 10 or 20 

times, corresponding to ~250 and ~500 cell divisions, respectively. Genomic DNA from 

sub-cultured strains was examined using whole-genome single-nucleotide polymorphism 

(SNP) arrays. 

3.2.3 Rate of loss of heterozygosity (LOH) on chromosome IV 

Single colonies grown on rich medium were diluted, and plated onto solid 

synthetic dextrose medium supplemented with all amino acids and bases except 
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arginine.  The concentration of adenine was reduced to 10 µg/ml to allow the Ade- 

sectors to develop their red color. Each plate contained  ~1000 colonies. The plates 

were screened for red/white sectored colonies using a dissecting microscope. Single 

colonies derived from the red and white sides of each sectored colony were isolated for 

subsequent phenotypic and physical analysis. In order to form a red/white sectored 

colony, the crossover must occur in the first division after the cells are plated. Thus, the 

frequency of red/white colonies divided by the total number of colonies is also the rate of 

sectored colony formation per cell division. 

To produce a reciprocal crossover (RCO) using the sectoring assay, both 

daughter cells containing the recombination products must be viable. For each strain, we 

examined the daughter-cell viability by following the division of 88 unbudded cells on 

solid medium. After ~60 minutes of growth at 30°C, the mother and daughter cells were 

separated through micromanipulation. After two days at 30°C, the growth of individual 

cells into colonies was assessed. For all strains, at least 75% of the unbudded cells 

produced two viable daughter cells. 

In separate experiments, we measured the rate of loss of the URA3-Kl marker by 

monitoring the rate of colonies resistant to 5-fluoro-orotate (5-FOA) as described in detail 

in section 3.4. To measure rates, we determine the frequencies of 5-FOAR derivatives in 

10-20 individual cultures. These frequencies are converted to rates of 5-FOA resistance 

(the number of 5-FOAR isolates generated per cell division) using the method of the 

median (Lea and Coulson 1949). At least two independently derived diploid isolates 

were used for each estimate. Confidence intervals were obtained as described in Altman 

(1991). 
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3.2.4 Microarray hybridization and analysis 

Diploids used to monitor LOH were heterozygous for about 55,000 SNPs. 

Chromosome IV-specific microarrays monitored about 1000 SNPs on the right arm of 

chromosome IV, and whole-genome microarrays monitored about 13,000 SNPs 

distributed throughout the genome (St Charles et al. 2012; St Charles and Petes 2013). 

On our custom Agilent microarrays, each SNP was represented by at least four 25-base 

oligonucleotides: probes identical to the Watson and Crick strands of the W303-1A-

derived SNP and probes identical to the Watson and Crick strands of the YJM789-

derived SNP. The sequences used for the oligonucleotides for these arrays are 

described in St. Charles et al. (2012; 2013).  

DNA samples derived from the red or white sides of sectored colonies were 

labeled with a Cy5-tagged fluorescent nucleotide (St Charles et al. 2012). DNA from a 

wild-type heterozygous control sample was labeled with a Cyanine3 (Cy3)-tagged 

fluorescent nucleotide. The labeled control and experimental DNAs were then mixed and 

hybridized to the microarrays. The hybridization levels for each Cy3- and Cy5-labeled 

sample were determined using a GenePix scanner. The ratio of Cy5 to Cy3 fluorescence 

(i.e. the ratio of medians) was normalized for each array (St Charles et al. 2012). If the 

normalized ratio of medians of a given sample for both W303-1A- and YJM789- derived 

oligonucleotides was 1, the locus is heterozygous. LOH events result in a normalized 

ratio of medians above 1.5 for oligonucleotides representing one homolog and a signal 

below 0.5 for oligonucleotides representing the other homolog. We also required that at 

least two adjacent SNPs reflect LOH in order to be included in the dataset. In addition to 

detecting LOH events, the SNP microarrays revealed deletion and duplication events 

(reduced or elevated hybridization levels for SNPs from one homolog with no alteration 

in the level of hybridization of SNPs on the other homolog) and ploidy changes (trisomy). 
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For each SNP on the microarray, our analysis allows us to conclude whether the 

analyzed strain is homozygous for the W303-1A-derived SNP, the YJM789-derived 

SNP, or retains heterozygosity. The SGD coordinates for LOH events, 

deletions/duplications, and ploidy changes in the sub-cultured strains are shown in 

Tables 11-18, respectively. SGD coordinates for LOH events in sectored colonies are in 

Table 19. The patterns of LOH, deletions/duplications, and aneuploidy for sub-cultured 

strains are shown schematically in Figures 32-34; the location of LOH events on the 

chromosomes in sub-cultured strains is summarized in Figures 35-37. The patterns of 

LOH for sectored colonies are shown schematically in Figure 38. 

3.2.5 Association of genome features with recombination events 

The transition between heterozygous and homozygous SNPs should contain the 

site of the recombination-initiating lesion (St Charles and Petes 2013; Yin and Petes 

2013). Breakpoint regions in sub-cultured mutant strains were examined to determine if 

specific chromosome elements (for example, ARS [autonomously replicating sequence] 

elements) were over-represented at the breakpoints. For interstitial LOH events (gene 

conversions), we used association windows that extended between the two 

heterozygous flanking SNPs that were closest to the homozygous SNPs at the termini of 

the conversion tracts. The association windows for terminal LOH events were defined by 

including the sequences located 10 kb centromere-proximal and 10 kb centromere-distal 

to the first homozygous SNP. For RCO events associated with sectored colonies, we 

used association windows that extended from the centromere-proximal heterozygous 

SNP of the event to the most centromere-distal homozygous SNP of the event. Other 

details of the association analysis are described in Chapter 3.4. 

The references for the locations of the chromosome elements in the genome are 

in Table 20, and the number of elements per genomic microarray are in Table 21. After 
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defining the association windows for LOH events (as described above), we tallied the 

number of specific genomic elements within the association windows for each genotype 

for each type of experiment (whole-genome or chromosome IV-specific analyses). The 

total numbers of genomic elements within and outside of the association windows were 

compared to the expected numbers by Chi-square analysis. The expected numbers 

were based on the total numbers of elements in the genome, and the amount of DNA 

inside and outside of the association windows for all strains analyzed (Song et al. 2014). 

Because multiple genome features were tested for association with recombination 

windows, we applied a correction of the p value (Hochberg and Benjamini 1990). The 

association analyses for the sub-cultured strains and the sectored colonies are in Tables 

22 and 23, respectively. 

3.2.6 Calculation of gene conversion tract lengths 

Gene conversion tract lengths were calculated for RCO events in the sectoring 

assay and for interstitial LOH events in sub-cultured strains. Tract lengths were 

measured by calculating the distances between the midpoints of heterozygous to 

homozygous transitions on the farthest edges of both sides of the tracts. 

3.3 Results 

To assess the contributions of incorporated ribonucleotides (rNMPs) and R-loops 

to genome instability and recombination in RNase H-defective strains, we compared 

genome instability in the following six diploid strains: wild-type (KO198), rnh1Δ 

(KO73/KO187), rnh201Δ (KO75/KO188/KO135), pol2-M644L (KO234), rnh201Δ pol2-

M644L (KO244), and rnh1Δ rnh201Δ (KO5/KO132/KO189); the complete genotypes of 

all strains are given in Table 7. The rnh1Δ and rnh201Δ mutants lack RNase H1 and the 

catalytic sub-unit of RNase H2, respectively (reviewed in Cerritelli and Crouch, 2009). 

The pol2-M644L allele encodes a mutant form of the catalytic subunit of DNA 
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polymerase ε (Pol ε) that results in the insertion of 70% fewer rNMPs than the wild-type 

enzyme (Nick McElhinny et al. 2010a). Genome instability in mutant and wild-type 

diploid strains was monitored using two approaches. The first was to examine loss of 

heterozygosity (LOH) throughout the genome in cells that were serially passaged for 

about 500 divisions (twenty cycles of growth from a single cell to a colony). The second 

approach involved identification of cells that had undergone a crossover on the right arm 

of chromosome IV. The locations of LOH events were determined by microarray 

analysis. Details of these systems are described further below. 

3.3.1 Genome-wide mapping of LOH events in sub-cultured RNaseH-
defective strains 

Experiments utilized diploid strains that were derived by mating two sequence-

diverged haploids (W303-1A and YJM789) and were heterozygous for about 55,000 

single-nucleotide SNPs (St Charles et al. 2012). We developed oligonucleotide-based 

microarrays that detect LOH for approximately 13,000 SNPs distributed throughout the 

genome, allowing mapping of events to about 1 kb resolution. Each heterozygous SNP 

on the microarray was represented by at least four 25-base oligonucleotides: two 

identical to the W303-1A form of the SNP and two identical to the YJM789 form. DNA 

from the serially passaged strains was labeled with Cy5-fluorescent dNTPs and mixed 

with DNA from a wild-type heterozygous control strain, which was labeled with Cy3-

fluorescent dNTPs. The combined sample was then hybridized to a whole-genome 

microarray and the hybridization signal of DNA from the passaged strain was normalized 

to that from the heterozygous control strain (details in Materials and Methods). A 

normalized ratio of about 1 for both the YJM789 and W303-1A SNP indicated that the 

sub-cultured sample had maintained heterozygosity at that position. LOH, as a 

consequence of a crossover, resulted in an elevation in the hybridization signal for 

strain-specific SNPs derived from one homolog and a reduction in the signal of SNPs 
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derived from the other homolog. Heterozygous deletions or duplications resulted in a 

loss or an increase, respectively, in the hybridization of SNPs specific for one strain with 

no alteration in the hybridization level of the other strain-specific SNPs. Changes in 

ploidy were also readily detected. 

The four common classes of events observed by this analysis are shown in 

Figure 24. In this depiction, red and blue lines represent levels of hybridization to W303-

1A- and YJM789-derived SNPs, respectively. An interstitial LOH event is shown in 

Figure 24A; from previous studies (St Charles et al. 2012; St Charles and Petes 2013; 

Yin and Petes 2013), we know that these events reflect gene conversion, the non-

reciprocal transfer of sequences from one homolog to the other. In this example, 

sequences of the YJM789 copy of chromosome II were copied into the W303-1A copy of 

chromosome II at two different locations. Figure 24B shows a duplication of sequences 

derived from the W303-1A copy of chromosome XIII; such events are often generated by 

unequal recombination between two non-allelic Ty elements or other repeated genes 

(Song et al. 2014). Figure 24C shows a terminal LOH event that includes most of the left 

arm of chromosome XI. This pattern of LOH can result from a crossover or break-

induced replication (BIR) event between homologs. Lastly, Figure 24D shows the pattern 

of hybridization expected for chromosome V trisomy with a duplication of the YJM789-

derived homolog. No chromosome loss events were observed in our experiments. 

Schematic depictions of all of the LOH patterns observed in these strains are shown in 

Figures 32 (terminal and interstitial LOH), 33 (deletions/duplications), and 34 

(aneuploidy).  
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Figure 24: Classes of events found in sub-cultured strains.  

In each panel, the x-axis represents the chromosome coordinate and the y-axis 
represents the ratio of hybridization medians. The red and blue lines reflect the 
hybridization signal of the W303-1A-specific and YJM789-specific oligonucleotides, 
respectively. The events in this figure are from the genome of a single passaged isolate 
of the rnh1Δ rnh201Δ double mutant.  

 
We determined the numbers of events of various classes described above after 

10-21 colonies of each genotype were sub-cultured 20 times, which corresponds to 

~500 generations. These data are summarized in Figure 25. The average number of 

events (sum of all four classes) was about one per strain in the wild-type, rnh1Δ and 

pol2-M644L strains. There was no difference in the number of events for these three 

genotypes (Wilcoxon rank sum test, p=>0.05). In contrast, the average number of events 

was elevated three- to four-fold in the rnh201Δ single- and rnh201Δ pol2-M644L double-

mutant strains relative to wild type, and about seven-fold in the rnh1Δ rnh201Δ double 

mutant. Differences in the average number of total events per strain primarily reflected 

differences in the number of terminal and interstitial LOH events. By the Wilcoxon rank 
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sum test, all three of these strains had significantly (p<0.001) more genome alterations 

than in wild type, and the rnh1Δ rnh201Δ strain had significantly (p<0.001) more 

rearrangements than either the rnh201Δ or the rnh201Δ pol2-M644L strain. 

 

Figure 25: Genome instability of sub-cultured wild-type, pol2-M644L, rnh1Δ, 
rnh201Δ, rnh201Δ pol2-M644L, and rnh1Δ rnh201Δ  

The total number of events per genome is indicated for each genotype as a black 
bar. For wild-type, pol2-M644L, rnh1Δ, rnh201Δ, rnh201Δ pol2-M644L, and rnh1Δ 
rnh201Δ strains, 10, 12, 10, 19, 17, and 22 genomes were analyzed by whole-genome 
microarrays, respectively. Since the wild-type strain was sub-cultured ten times, and the 
mutant strains were sub-cultured twenty times (about 500 cell divisions), we doubled the 
number of events observed in the wild-type strain to make the comparisons among the 
strains valid. 

 
The lack of an increase in recombination in the rnh1Δ strain, the greater 

instability in the rnh201Δ mutant, and the even greater instability in the rnh1Δ rnh201Δ 

double mutant could be explained in two ways. First, it is possible that the 

recombinogenic lesions primarily reflect persistent R-loops and RNase H2 is the primary 

enzyme involved in their removal, with RNase H1 playing a back-up role. The alternative 



 

89 

possibility is that the primary recombinogenic lesions are misincorporated rNMPs, with 

RNase H2 acting as the most important enzyme in their removal and RNase H1 having a 

relatively minor effect. Data obtained with the rnh201Δ pol2-M644L double-mutant strain 

argue against the second possibility. As described previously, the pol2-M644L allele 

encodes a mutant Polε that incorporates only one-third as many rNMPs as the wild-type 

enzyme (Nick McElhinny et al. 2010a). If rNMPs are the major recombinogenic lesion in 

the rnh201Δ single mutant, then the level of instability in the rnh201Δ pol2-M644L 

double mutant should decrease to one-third of the level observed in rnh201Δ single 

mutant. No significant decrease in instability was observed (p=0.37), however, indicating 

that rNMPs embedded into DNA by Polε are not the major source of instability in the 

rnh201Δ single-mutant strain. The most likely interpretation of the data in Figure 25 is 

that the hyper-recombination (hyper-rec) phenotype is driven primarily by persistent R-

loops, which are present at inconsequential levels in the rnh1Δ single mutant, high levels 

in the rnh201Δ single mutant, and even higher levels in the rnh1Δ rnh201Δ mutant. 

In addition to determining the number of LOH events and other genomic 

alterations, we used the microarray data to map the location of the transitions between 

heterozygous and homozygous SNPs. The coordinates of the SNPs adjacent to the 

transitions of LOH events are presented in Tables 11-19. These coordinates are based 

on the June 2008 (SGD/sacCer2) version of the SGD available on the UCSC Genome 

Browser (http://genome.ucsc.edu/).  

Several types of analyses were performed with these data. First, simple 

interstitial LOH events (Class b1-2 from Figure 32) were used to estimate the length of 

the gene conversion tract associated with each event. The conversion events that 

produce interstitial LOH are both conversion events that are unassociated with 

crossovers, and conversion events in which the recombinant chromosomes co-

segregate into the same cell. Tract size was estimated by averaging the distance 
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between the closest heterozygous sites flanking the transition (the maximum tract size) 

and the sites of homozygous SNPs closest to the transitions (the minimum tract size). A 

summary of conversion tract sizes is in Tables 11-19. The median conversion tract 

lengths (in parentheses) for each strain were: rnh201Δ (11.8 kb), rnh1Δ rnh201Δ (11.8 

kb), and rnh201Δ pol2-M644L (14.2 kb). The median length of conversion events in the 

wild-type strain (based on only four events) was 12.7 kb, similar to the lengths observed 

in the mutant strains.  

In the second type of analysis, we mapped the location of interstitial and terminal 

LOH events in yeast genome to search for potential hotspots. As shown in Figures 35-

37, LOH events in the rnh201Δ, rnh1Δ rnh201Δ, and rnh201Δ pol2-M644L mutants were 

widely distributed throughout the genome with little evidence for strong hotspots of 

recombination. For strains with large numbers of LOH events (rnh201Δ, rnh201Δ pol2-

M644L, and rnh1Δ rnh201Δ), we also examined regions near the recombination 

breakpoints for enrichment of various chromosome elements. The rationale for this 

analysis is that the breakpoints are likely to be located at or near the site of the 

recombination-initiating DNA lesion. For each simple terminal and interstitial LOH event, 

we calculated an association window likely to contain the relevant lesion. For interstitial 

events, the association windows were the DNA sequences between the heterozygous 

SNPs that most closely flanked the LOH region (details are provided in Materials and 

Methods and Chapter 3.4). For terminal LOH events, we used a 20 kb window, 

extending 10 kb centromere-proximal and centromere-distal from the homozygous SNP 

located at the transition point. After calculating the association window for each event, 

we determined the total number of each chromosome element/motif located within these 

windows. Based on the total number of an element in the genome and the fraction of 

genome located within and outside of the windows, we calculated an expected number 

of elements within and outside of the windows. We then compared the observed 
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numbers of events to the expected numbers by Chi-square analysis, correcting the p 

values for multiple comparisons (Hochberg and Benjamini 1990). The list of the 

elements used in our analysis and the expected numbers of such elements are given in 

Tables 20 and 21, respectively. The results of this analysis for the sub-cultured strains 

are in Table 22.  

In our previous studies, breakpoints of spontaneous recombination events in 

wild-type strains were enriched for replication fork-stalling motifs (St Charles and Petes 

2013); a similar enrichment was observed for events associated with low levels of DNA 

Polα (Song et al. 2014). In the current analysis, we first looked for over-represented or 

under-represented genomic elements in the sub-cultured rnh201Δ, rnh201Δ pol2-

M644L, and rnh1Δ rnh201Δ strains. Based on results of several other groups, we 

expected over-representation of regions that accumulate R-loops and/or rNMPs among 

the recombination breakpoints. R-loop formation is promoted by high GC content, the 

ability to form G4 quadruplex structures on the non-transcribed strand, high levels of 

transcription and unusually long genes (reviewed by Aguilera and Garcia-Muse 2012; 

Hamperl and Cimprich 2014). We found no significant enrichment for these factors 

(Table 22). Additionally, genomic sites of R-loop accumulation have been measured 

directly in wild-type and rnh1Δ rnh201Δ strains (Chan et al. 2014; El Hage et al. 2014). 

Surprisingly, these sites also were not enriched at the LOH breakpoints in our study. An 

exception may be the ribosomal RNA gene tandem array, where two independent rnh1Δ 

rnh201Δ diploids had LOH events before sub-culturing began, indicating a high level of 

instability. We also found that one of 19 rnh201Δ and three of 17 rnh201Δ pol2-M644L 

sub-cultured colonies had LOH events in the rDNA; there were none among the 10 wild-

type colonies analyzed. This difference, however, is not significant by the Fisher exact 

test (p=0.56). 
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We also looked for over-representation of sites of RNA polymerase II subunit 

Rbp3 accumulation during S phase (Fachinetti et al. 2010) and binding sites for the 

Rrm3 helicase (Azvolinsky et al. 2009) at LOH breakpoints. No significant associations 

were observed for any of three mutant strains (Table 22). Lastly, we calculated whether 

LOH events located within 25 kb of the telomere were over-represented in the datasets. 

We found an over-representation of LOH events near the telomere in the rnh201Δ single 

mutant (Chi-square analysis; p value of 0.002), but not in the rnh201Δ pol2-M644L or 

rnh1Δ rnh201Δ double mutant.  

3.3.2 Frequency of recombination events on the right arm of chromosome 
IV  

In addition to examining patterns of unselected LOH in sub-cultured mutant 

strains, we also employed a system that identifies cells that have undergone a reciprocal 

crossover (RCO) or BIR event on the ~1 Mb right arm of chromosome IV. As will be 

discussed below, this system allows inference of whether the recombination-initiating 

lesion occurred in G1 or S/G2 of the cell cycle. In the same hybrid genetic background 

used for the whole-genome analyses, we constructed diploids in which YJM789-derived 

copy of chromosome IV had an insertion of ADE2 near the telomere of the right arm. 

The W303-1A-derived homolog had an insertion of URA3 at the same position (Figure 

26). The diploid was also homozygous for the ade2-1 allele at the ADE2 locus on 

chromosome XV. Strains without a wild-type ADE2 gene on chromosome IV form red 

colonies. 
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Figure 26: Mechanisms of repair leading to terminal LOH events in the red-white 
sectoring system and in 5-FOA-resistant colonies 

Blue and red lines represent the YJM789-derived and W303-derived 
chromosomes, respectively. Rectangles and circles represent genes and centromeres, 
respectively. In two of the three types of repair in this figure, a red/white sectored colony 
is formed. A) A double-strand break (DSB) leads to a reciprocal crossover (RCO) event. 
After the first mitotic division following the crossover, the sectored colony has reciprocal 
LOH products in the white, Ura- and the red Ura+ sides of the sector. B) A DSB on the 
YJM789-derived homolog repairs through break-induced replication (BIR) of the W303-
1A-derived homolog, leading to a non-reciprocal terminal LOH event. Both sides of the 
red/white sector are Ura+. C) A DSB on the W303-1A-derived homolog repairs by BIR, 
using the YJM789-derived homolog as a template. Although no red/white sectored 
colony is formed, one half of the colony is Ura- and the other half is Ura+.  

An RCO event between the ADE2/URA3 insertions and CEN4 can produce a 

red/white sectored colony in which the red side of the sector is Ura+ and the white side is 

Ura- (Figure 26A). In contrast, a BIR event initiated by a break on the YJM789-derived 

homolog produces a red/white sectored colony in which both sides are Ura+ (Figure 

26B). It should be noted that a red/white sectored colony in which both sectors are Ura+ 

also can result from loss of the YJM789-derived chromosome, producing the red side of 
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the sector. In this case, however, the red side of the sector would be Trp-. Of 173 

red/white Ura+/Ura+ sectors examined, the red sector was Trp+ in all but one, indicating 

that chromosome loss does not significantly contribute to sector formation. It should be 

noted that if a BIR-initiating break occurs on the W303-1A-derived homolog, a red/white 

sectored colony is not formed (Figure 26C). 

Using this system, we quantitated RCO and BIR events on the right arm of 

chromosome IV in two different ways. First, we counted red/white sectored colonies 

relative to total colonies in the following diploid strains: wild type, rnh1Δ, pol2-M644L, 

rnh201Δ, rnh201Δ pol2-M644L, and rnh1Δ rnh201Δ. Purified colonies from the red and 

white sectors were checked to determine whether they were Ura+ or Ura- in order to 

distinguish between BIR and RCO events. A summary of this analysis is shown in Figure 

27. When normalized to the rate of sectored colonies observed in wild type, the rate of 

sectored colonies was 1.0 in rnh1Δ, 1.6 in pol2-M644L, 3.6 in rnh201Δ, 4.0 in rnh201Δ 

pol2-M644L, and 5.7 in rnh1Δ rnh201Δ. The sectoring results were in broad agreement 

with genome-wide analysis done using sub-cultured colonies: rnh1Δ and pol2-M644L 

were indistinguishable from wild type (p=0.92 and p=0.16, respectively; contingency Chi 

square), sectoring was elevated in rnh201Δ relative to wild type (p<0.001), the presence 

of the pol2-M644L allele did not reduce sectoring in the rnh201Δ background (p=0.60), 

and sectoring was elevated in the rnh1Δ rnh201Δ double mutant relative to the rnh201Δ 

single mutant (p=0.002). Relative to wild-type, there were changes in the distribution 

between BIR and RCO events in the rnh201Δ pol2-M644L and rnh1Δ rnh201Δ strains, 

where the BIR events were a larger fraction of LOH events. This difference was 

statistically significant only for the rnh201Δ pol2-M644L strain (p=0.04 by Fisher exact 

test). In our analysis of sub-cultured colonies, it was not possible to distinguish between 

RCO and BIR events. 
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Figure 27: Rate of red/white sector formation in RNase H-defective strains 

The numbers of sectors among total colonies screened for wild-type, pol2-
M644L, rnh1Δ, rnh201Δ, rnh201Δ pol2-M644L, and rnh1Δ rnh201Δ strains were 
14/134864, 44/266267, 22/218008, 126/337864, 59/143669, and 78/132302, 
respectively. Dark and light gray bars correspond to RCO and BIR events, respectively, 
among sectored colonies. 

 
Our estimates of the rates of sectored colonies were based on a non-selective 

screening procedure and involved a relatively small number of sectored colonies, from 

14 for the wild-type to 126 for the rnh201Δ strain. Since both BIR events that initiate on 

the W303-1A homolog and RCO events can result in derivatives that are Ura- and, 

therefore, selectable on medium containing 5-fluoro-orotate (5-FOA; Figure 26A and 

26C), we also determined the rates of 5-FOAR colonies in the same strains used for the 

red/white sector analysis. These results (Figure 28) also are in good agreement with the 

LOH data from whole-genome analysis of the sub-cultured mutants (Figure 25). The 

wild-type, rnh1Δ and pol2-M644L strains had similar rates of LOH on the right arm of 

chromosome IV (~5 x 10-5/cell division). The rnh201Δ and rnh201Δ pol2-M644L strains 

had rates that were elevated about five-fold above wild type, and the rnh1Δ rnh201Δ 
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double mutant had a rate about ten-fold higher than wild type. Though the rates of LOH 

were similar for the rnh201Δ and rnh201Δ pol2-M644L strains, it should be noted that 

there was a significant, ~20% decrease in the double mutant (p=0.016 by Mann-Whitney 

test). 

 

Figure 28: Rate of terminal LOH on chromosome IV in RNase H mutant diploids 

LOH was assessed by measuring the rate of 5-FOA resistance, which 
corresponds to loss of the URA3 marker near the end of chromosome IV. For wild-type, 
pol2-M644L, rnh1Δ, rnh201Δ, rnh201Δ pol2-M644L, and rnh1Δ rnh201Δ diploids, 17, 23, 
16, 17, 25, and 19 independent cultures were used to derive the rates of instability, 
respectively. 

 

3.3.2 Mapping RCO events on the right arm of chromosome IV 

The red and white sides of sectored colonies were analyzed using chromosome 

IV-specific microarrays, which allows the position of crossovers and their associated 

gene conversion tracts to be mapped (St. Charles et al., 2012; St. Charles and Petes, 

2013). For RCO events unassociated with gene conversion, the transition between 

heterozygous and homozygous SNPs occurs at exactly the same position in both 

sectors, indicated by the dotted line in Figure 29A. Gene conversion events in which one 

sister chromatid is broken and subsequently repaired using a non-sister chromatid result 
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in an LOH pattern in which the breakpoints between heterozygous and homozygous 

SNPs are at different positions in the two sectors (Figure 29B). In the region boxed in 

Figure 29B, three of the chromatids have SNPs specific to W303-1A and one has SNPs 

specific to YJM789. This type of conversion is, therefore, defined as a 3:1 conversion. 

We infer that the DNA lesion that initiated the crossover likely occurred in S or G2 of the 

cell cycle because only one sister chromatid received information from the homologous 

donor chromosome. Another common LOH pattern observed for spontaneous 

crossovers on chromosome IV is a 4:0 conversion (Figure 29C). This class of event 

reflects the repair of two sister chromatids broken at approximately the same position. 

The 4:0 pattern of conversion likely reflects double-strand break (DSB) formation in G1 

that is subsequently replicated to give two broken chromatids (Lee and Petes 2010). 

Microarray analyses of the red and white sectors with these patterns are in Figure 30. In 

the boxed region in Figure 30B, in the red sector, the hybridization signal is about one, 

indicating one copy of W303-1A-derived SNPs and one copy of YJM789-derived SNPs; 

in the white sector, the ratio of hybridization indicates that there are two copies of 

YJM789-derived SNPs and no copies of W303-1A-derived SNPs within the boxed 

region. Thus, this region represents a 3:1 conversion tract. In Figure 30C, in the boxed 

regions of both the red and white sectors, the hybridization signals indicate that there are 

two copies of YJM789-derived SNPs and no copies of W303-1A-derived SNPs, as 

expected for a 4:0 conversion event. Among spontaneous crossovers, an additional 

pattern of conversion associated with crossovers is a hybrid 4:0/3:1 tract. This pattern is 

consistent with a G1-associated DSB in which the repair of the two broken sister 

chromatids results in gene conversion tracts of different lengths (St Charles and Petes 

2013).  
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Figure 29: Classes of red/white sectors resulting from RCO. 

As in Figure 26, blue and red lines indicate YJM789- and W303-1A-derived 
chromatids, respectively. Three common types of crossovers that result in a red Ura+ 

and a white Ura- sector can be distinguished by microarray analysis. A) If a RCO is not 
associated with a gene conversion, the transition between heterozygous and 
homozygous SNPs occurs at the same position in the two sectors. Such crossovers 
provide no information about the likely timing of the recombinogenic DNA lesion. B) A 
DSB formed in S or G2 on the YJM789-derived chromatid is associated with the non-
reciprocal transfer of information from the W303-1A-derived chromatid, producing a 3:1 
gene conversion event. In the dotted box, there are three chromosomes with W303-1A-
derived sequences and only one chromosome with YJM789-derived sequences. By 
microarray analysis, the red sector loses heterozygosity at a more centromere-proximal 
location than the white sector. C) A DSB occurs on the YJM789-derived homolog in G1, 
and the broken molecule is replicated to produce two sister chromatids that are broken 
at the same position. Repair of the two broken DNA molecules produces a 4:0 
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conversion tract as indicated by the dotted lines. Repair of one these breaks is 
associated with a crossover, producing the red/white sectored colony. 

 

 
Figure 30: Examples of microarrays showing simple crossovers, crossovers with 

3:1 conversion tracts, and crossovers with 4:0 conversion tracts. 

The red and white sectors of sectored colonies were examined by chromosome 
IV-specific microarrays. The hybridization ratio of DNA derived from the sectors relative 
to heterozygous control DNA is shown on the y-axis; the red and blue lines represent 
hybridization to W303-1A-specific or YJM789-specific oliognucleotides, respectively.  
The x-axis shows the SGD coordinates on the right arm of chromosome IV. A) In this 
sectored colony (KO135_5_2R and KO135_5_2W in Table 19), the red and white 
sectors have the same point of transition between heterozygous and homozygous 
markers (near SGD coordinate 530 kb), indicative of a simple crossover. B) In this 
sectored colony (KO132_31_17R and KO132_31_17W in Table 19), the red sector has 
a transition point at about coordinate 500 kb, and the white sector has a transition near 
coordinate 555 kb. Thus, this sectored colony has a large (about 55 kb) 3:1 conversion 
tract associated with the crossover. In the boxed region, the red sector has one copy 
each of W303-1A- and YJM789-derived SNPs. In this region, the white sector has two 
copies of YJM789-derived SNPs and no copies of W303-1A-derived SNPs. C) In this 
sectored colony (KO135_5_5R and KO135_5_5W in Table 19), there is a region of 
about 20 kb that is homozygous for the YJM789-derived SNPs in both red and white 
sectors, consistent with a 4:0 conversion. 
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Figure 31: Distribution of sector types by cell cycle stage in which the initiating 

lesion arose. 

Conversion tracts with a 4:0 region are indicative of a G1-associated DSB (gray 
bars), and 3:1 tracts indicate a G2-/S-phase DSB (black bars). The stippled bars show 
simple CO events in which the timing of the recombinogenic lesion cannot be inferred. 

 
In our previous analyses of spontaneous RCOs in a wild-type strain, most events 

were consistent with DSB formation in G1. The ratio of the numbers of 4:0 (or 4:0/3:1 

hybrid) tracts to 3:1 tracts to no detectable tracts was 90:28:20 (St Charles and Petes 

2013). The corresponding ratios for the rnh201Δ and rnh1Δ rnh201Δ strains in the 

current analysis were 7:2:12 and 2:8:4, respectively. These data are summarized in 

Figure 31. Though the numbers of sectored colonies analyzed in the current study were 

relatively small, the distribution of events in the rnh201Δ or rnh1Δ rnh201Δ diploid was 

significantly different from that in the wild-type strain (p<0.001, Fisher exact test). For the 

rnh201Δ single mutant, the difference was driven by an increase in events with no 

detectable conversion tracts; when just 3:1 and 4:0 events were considered, there was 

no significant difference from wild type (p=1).  For the rnh1Δ rnh201Δ double mutant, 

however, the difference reflected a strong shift from predominantly G1 events in wild type 

to predominantly S/G2 events in the double mutant. The distribution of events in the 

rnh201Δ single mutant also was significantly different from that in the rnh1Δ rnh201Δ 

double mutant (p=0.016, Fisher exact test). 
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In the wild-type strain, only 20 of 138 (14%) RCOs had no detectable gene-

conversion tract, whereas in the rnh201Δ strain 12 of 21 crossovers (57%) had no 

detectable tract (p<0.001 by Fisher exact test). The simplest explanation of this 

difference is that the conversion tracts in the rnh201Δ strain are shorter than in the wild-

type strain and, therefore, less likely to include a heterozygous SNP. Indeed, direct 

measurements of the conversion tract lengths confirmed this expectation, with tracts 

being significantly shorter in the rnh201Δ mutant than in wild type (p=0.03, Wilcoxon 

rank sum test); conversion tract lengths in the rnh1Δ rnh201Δ strain were not 

significantly different from wild-type (p=0.63).  The median tract lengths in the wild-type, 

rnh201Δ, and rnh1Δ rnh201Δ (95% confidence limits in parentheses) strains were 10.6 

kb (8.2-13.6 kb; (St Charles and Petes 2013), 4.8 kb (1.7-17.1 kb), and 9.3 kb (2.2-19 

kb), respectively. It should be emphasized that these conversion tracts are all associated 

with a crossover. The conversion tract lengths from the sub-cultured strains in Table 11-

16 represent a mixture of conversion events that are associated and unassociated with 

crossovers.  

Depictions of each class of sector identified in the current analysis are shown in 

Figure 38 and the coordinates of the breakpoints in each event are listed in Table 19. 

We analyzed events on chromosome IV in rnh201Δ and rnh1Δ rnh201Δ mutants for 

enrichment of various genetic elements using the same procedure as used for the sub-

cultured strains. None of the genomic elements listed in Table 20 were significantly over- 

or under-represented at recombination breakpoints on the right arm of chromosome IV 

(Table 19). 

3.4 Discussion  

Previous work has shown that strains lacking RNase H1 and/or RNase H2 have 

elevated levels of mitotic recombination and chromosome loss. RNase H2-defective 
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haploids, for example, have elevated gene conversion between closely linked repeats 

(Potenski et al. 2014) and increased loss of markers flanked by direct repeats (Ii et al. 

2011).  Although loss of either RNase H1 or RNase H2 promoted loss of an artificial 

chromosome, loss of both enzymes was required to elevate LOH on chromosome III in a 

diploid background (Wahba et al. 2011).  Our work extends analyses of instability to a 

genome-wide scale in diploid yeast strains that are partially (rnh1Δ and rnh201Δ single 

mutants) or completely (rnh1Δ rnh201Δ double mutant) defective in RNase H activity 

and uses microarrays to provide a high-resolution map of recombination events resulting 

in LOH. Significantly, in each of three assays used, LOH was elevated in the rnh201Δ, 

but not the rnh1Δ single mutant, and was further elevated in the rnh1Δ rnh201Δ double 

mutant. We additionally used a mutant DNA polymerase that lowers the direct 

incorporation of rNMPs into genomic DNA, allowing us to assess the relative 

contributions of R-loops versus rNMPs to LOH in the rnh201Δ background. The 

discussion below focuses on three related issues: (1) the nature of the recombination-

initiating lesion in strains lacking RNase H activity, (2) the timing of formation of the 

recombinogenic lesion, and (3) factors that regulate the distribution of recombination 

events associated with loss of RNase H activity. 

3.4.1 Nature of the recombinogenic lesions in strains lacking RNH1 and/or 
RNH201 

The DNA alterations that lead to elevated recombination in strains lacking RNH1 

or RNH201 are likely rNMPs embedded in DNA (expected to accumulate in rnh201Δ 

strains) and/or R-loops (expected to accumulate in rnh1Δ and rnh201Δ strains). In the 

case of loss of RNase H2, the elevated level of intrachromosomal recombination 

between repeats is dependent on Topoisomerase I (Top1; (Potenski et al. 2014). Further 

genetic and biochemical studies suggest that Top1-mediated cleavage at rNMPs is 

followed by the sequential action of Srs2 and Exo1, which produces a single-strand gap 
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(Potenski et al. 2014). Subsequent replication of a gap-containing chromosome would 

be expected to produce a broken, presumably recombinogenic, chromatid. That R-loop 

accumulation results in a hyper-rec phenotype has been shown using mutants defective 

in transcript processing and/or in the removal of R-loops (Aguilera and Garcia-Muse 

2012; Hamperl and Cimprich 2014). The corresponding recombinogenic DNA lesion 

could reflect either nicking of the unpaired DNA strand within an R-loop or conflicts 

between the replication fork and an R-loop. Either of these mechanisms would likely 

result in single broken sister chromatid in S phase. It is widely assumed that most, if not 

all, R-loops are redundantly processed by RNase H1 and RNase H2. 

In our experiments, we did not detect a hyper-rec phenotype in rnh1Δ single 

mutants, but consistently observed a three- to five-fold increase in LOH in rnh201Δ 

strains. In all three assays, instability in the rnh1Δ rnh201Δ strains was elevated relative 

to that in the rnh201Δ single-mutant strains. One interpretation of the lack of a hyper-rec 

phenotype in the rnh1Δ mutant and the substantial hyper-rec phenotype in the rnh201Δ 

mutant is that stimulation of recombination upon loss of RNase H2 is solely a 

consequence of misincorporated rNMPs. Two arguments suggest that this extreme 

hypothesis is not correct. First, since the hyper-rec phenotype is stronger in the rnh1 

rnh201 double mutant than in the rnh1 mutant, and RNase H1 has no activity on single 

ribonucleotides, the hyper-rec phenotype of the rnh201 strain must reflect, at least in 

part, some other type of lesion than single ribonucleotides. Second, if all of the 

recombination events in the rnh201Δ mutant reflect persistent rNMPs in DNA, then the 

hyper-rec phenotype should be substantially reduced in an rnh201Δ pol2-M644L strain.  

Prior studies have demonstrated that the presence of the pol2-M644L allele reduces the 

level of rNMPs in genomic DNA about 70% relative to a strain with wild-type Pol2 activity 

(Nick McElhinny et al. 2010a). Although we did observe a small reduction in LOH in the 

rnh201Δ pol2-M644L strain relative to the rnh201Δ strain in one of our LOH assays, the 
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reduction was only about 20%. In a similar assay, the rate of LOH in an rnh201Δ strain 

was reduced less than two-fold by the pol2-M644L mutation (Conover et al., 2015). 

Based on the subtle effect of the pol2-M644L mutation, we suggest that most of 

the LOH in the rnh201Δ mutant reflects persistent R-loops rather than persistent rNMPs. 

Our data indicate that RNase H2 can remove most, if not all, of the R-loops that 

accumulate in the absence RNase H1, but that RNase H1 can remove only a relatively 

small fraction of the R-loops that accumulate in the rnh201Δ mutant. Why this particular 

division of labor might not have been evident in prior studies could reflect the monitoring 

of instability in much smaller genetic intervals and/or the examination of RNase H activity 

only under conditions of pathological R-loop accumulation. The ability of RNase H2 to 

fully compensate for loss of RNase H1 activity may also be related to the induction of 

RNase H2 in strains that lack RNase H1 (Arudchandran et al. 2000).  

Is there any role of misincorporated rNMPs in stimulating LOH in diploids? 

Several types of data suggest that there is. First, as discussed above, Potenski et al. 

(2014) defined a pathway in which Top1 acts on rNMPs to produce recombinogenic 

lesions; a similar pathway produces mutagenic DNA lesions (Kim et al. 2011). Second, 

we observed a small reduction in LOH in the rnh201Δ pol2-M644L strain relative to the 

rnh201Δ strain; this reduction was statistically significant, however, only for the assay 

measuring the rate of LOH on chromosome IV (Figure 28). Altogether, our data support 

the conclusion that recombination events in strains lacking RNase H1 and H2 are 

primarily a consequence of R-loop formation, with misincorporated rNMPs playing only a 

minor role. This conclusion, however, is based on the assumption that the reduced 

incorporation of ribonucleotides resulting from the pol2-M644L-encoded DNA 

polymerase is not affected by the rnh201 mutation or other aspects of the genetic 

background in the rnh201 pol2-M644L diploid. In addition, we assume that the rnh201 

pol2-M644L strain does not have an alteration (for example, a significantly slower S-
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phase) that affects the likelihood that the repair template is the sister chromatid rather 

than the homolog. 

It should also be noted that triple mutant combination of rnh1Δ rnh201Δ pol2-

M644G is synthetically lethal, whereas the double mutant rnh201Δ pol2-M644G is viable 

(Lazzaro et al. 2012). Since the pol2-M644G allele encodes a form of Pol ε that 

incorporates increased levels of ribonucleotides (Nick McElhinny et al. 2010a), this result 

was interpreted as indicating a possible role of RNase H1 in the removal of 

ribonucleotides (Lazzaro et al. 2012), although other interpretations of the synthetic 

lethality are possible.  

3.4.2 Cell-cycle timing of recombinogenic lesions in strains lacking RNase 
H1 and/or H2 

Most of the proposed models for the recombinogenic effects of R-loops or 

misincorporated rNMPs predict a DNA lesion that leads to one broken chromatid in an S- 

or G2-phase cell. Such a lesion could be repaired by sister-chromatid exchange (no 

observable LOH) or by an interaction with the homolog that is expected to result in an 

associated 3:1 conversion event. In a wild-type strain, only ~30% of sectored colonies 

have the 3:1 pattern, indicating that most LOH is initiated in G1 (St Charles and Petes 

2013).  Most of the events in the rnh1Δ rnh201Δ double-mutant strain had the S/G2 

pattern, however, with eight of the ten sectored colonies having 3:1 conversion tracts. 

This result is consistent with the recombinogenic lesion resulting from an interaction of 

the replication fork with an R-loop. In contrast, in the rnh201Δ strain, seven of the nine 

events had 4:0 or 3:1/4:0 conversion tracts indicative of a G1-initiated event, and thus 

were similar to wild-type. One interpretation of this result is that RNase H2 might be 

specialized to remove R-loops that give rise to recombinogenic lesions outside of S 

phase. Indeed, immunological data suggest that ~30% of pathological R-loops exert 

their recombinogenic effect outside of S phase (Wahba et al. 2011). The transcription of 
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RNH201 is elevated prior to S-phase and continues at a high level in S (Pramila et al. 

2006); the transcription of RNH1 is not periodic (Pramila et al. 2006). Alternatively, this 

result could reflect the production of a double-stranded DNA breaks reflecting the 

processing of rNMPs that are close (<10 bp) together on opposite strands of duplex 

DNA. 

3.4.3 Distribution of recombination events associated with loss of RNase H 
activity 

With the possible exception of the ribosomal RNA genes, no strong hotspots for 

LOH were observed in the sub-cultured rnh201Δ, rnh201Δ pol2-M644L, or rnh1Δ 

rnh201Δ strains (Figures 35-37). In particular, we found no correlation of LOH 

breakpoints with a number of chromosome elements expected to be associated with R-

loop formation such as highly transcribed genes, intron-containing genes or G4-forming 

motifs.  We also observed no strong correlation between recombination breakpoints in 

sub-cultured mutant strains and regions of R-loop accumulation. Finally, we found no 

association between regions of Rpb3p (a subunit of RNA polymerase II) accumulation 

and recombination breakpoints in the rnh201Δ, rnh201Δ pol2-M644L, or rnh1Δ rnh201Δ 

strains. These observations suggest that R-loop associated recombinogenic lesions are 

widely distributed throughout the yeast genome and/or that a number of different factors 

each contribute to the hyper-rec phenotype of strains lacking RNase H activity. 

Although several studies reported that Ty elements accumulated RNA:DNA 

hybrids in strains lacking RNase H activity (Chan et al. 2014; El Hage et al. 2014), we 

found no enrichment of Ty elements among LOH events. We did, however, find that 

deletion and duplication events frequently resulted from homologous recombination 

between non-allelic Ty elements (Table 17). It is difficult to assess the significance of this 

observation since Ty elements are the primary type of large dispersed repeats in the 

yeast genome. In addition, non-allelic recombination between Ty elements is a common 
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source of chromosome rearrangements in mutant yeast strains that do not accumulate 

R-loops (McCulley and Petes 2010; Song et al. 2014). Several other relevant factors 

should be mentioned. First, our experiments were performed in diploid strains with both 

MATa and MATalpha information, and previous studies showed that Ty transcription is 

repressed in such diploids (Errede et al. 1980). Second, RNA:DNA hybrids associated 

with Ty elements primarily involve cDNA copies rather than the genomic elements (El 

Hage et al. 2014). Finally, it should be pointed out that our genetic assays are 

fundamentally different than the physical analysis of R-loop formation. To be detected by 

our LOH assays, the recombination event stimulated by R-loop formation must involve 

an interaction of the broken chromosome with the other homolog; breaks that are 

repaired by equal sister-chromatid recombination are genetically silent. 

A significant enrichment of LOH events near the telomere was observed in the 

rnh201Δ strain. Sub-telomeric regions encode a telomeric-repeat-containing RNA 

(TERRA) that accumulates in strains lacking RNase H2 (Yu et al. 2014). Strains with 

increased levels of telomeric RNA:DNA hybrids have elevated rates of telomere-

telomere recombination (Yu et al. 2014). If elevated R-loops at the telomere cause a 

partial defect in telomere elongation by telomerase, there may be increased degradation 

of the ends of the chromosome, resulting in elevated levels of telomere-associated LOH. 

We note that Hackett and Greider (2003) previously showed an increase in terminal LOH 

in strains that had telomerase defects. 

3.4.4 Summary 

Our genome-wide analysis of instability associated with loss of RNase H in yeast 

shows that RNase H2 activity is much more important than RNase H1 activity in the 

maintenance of genome stability. However, strains that lack both RNase H1 and RNase 

H2 have qualitative and quantitative differences in genome stability relative to strains 
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that lack only RNase H2. Our results suggest that R-loops contribute to most of the 

genetic instability of strains lacking RNase H activity, and that RNase H2 is uniquely able 

to process a sub-population of R-loops.  These results are relevant to human 

pathologies associated with defects in RNase H2 as well as the particular species of 

RNA:DNA hybrids that serve as the triggers for autoimmune disease.  In the specific 

case of Aicardi-Goutiéres syndrome, recent work suggests that RNA:DNA hybrids are 

the likely immunogenic trigger of disease (Lim et al. 2015). 

3.5 Supplemental Information 

3.5.1 Strain construction  

Most of the details of the strain constructions are in Table 7. As in previous 

studies (for example, Lee et al., 2009), we used derivatives of the sequence-diverged 

haploids W303-1A and YJM789. These haploids with various genetic alterations were 

crossed to generate the diploids used to assay genetic instability. Most haploid strains 

were constructed by transformation with PCR-generated DNA fragments or by 

sporulating nearly-isogenic diploids. The genotypes of spores for auxotrophic markers 

were determined by replica-plating spore-derived colonies to omission media. The 

replacements of genes with drug-resistance markers were confirmed by PCR analysis 

as described in Tables 8 and 9. Mating type was determined by PCR with primers 

MATaF, MATalphaF, and MATR (Table 9). MATa and MATα loci were associated with 

500 and 400 bp fragments, respectively.  

3.5.2 Measurements of rates of genetic instability induced by loss of RNase H 

We used three methods to examine the rates of instability in strains with 

mutations affecting RNase H activity. We first measured the frequency of genomic 

alterations in sub-cultured diploid strains of the following genotypes: wild-type, rnh1Δ, 

rnh201Δ, rnh1Δ rnh201Δ, pol2-M644L, and rnh201Δ pol2-M644L. All diploids were 
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generated by crossing haploids isogenic with W303-1A and YJM789. Two 

independently-derived isolates from each strain were streaked with a toothpick to single 

colony density on rich growth medium (YPD) for the first subculture. For the second 

subculture, five-ten colonies from each isolate were then re-streaked to YPD. One 

colony derived from each of these ten to twenty colonies was then re-streaked again. 

For the mutant backgrounds, this procedure was repeated twenty times. For the wild-

type, only ten sub-culturings were performed. All sub-culturing experiments were done at 

300 C. Following sub-culturing, the passaged strains were examined by whole-genome 

microarrays as described below.  

The second method of measuring genome stability was to monitor the frequency 

of formation of red/white sectored colonies in strains in which the ADE2 gene was 

inserted near the right telomere of one copy of chromosome IV and the K. lactis URA3 

was inserted at the allelic position on the other copy (Figure 29). The homologs with the 

ADE2 and URA3 genes had wild-type and mutant alleles of the centromere-linked TRP1 

gene, respectively. Experiments were initiated using colonies formed on YPD plates. For 

each genotype, we used one colony from two independently-constructed diploids. Each 

colony was suspended in water, and diluted to a concentration that resulted in about 

1000 cells per plate on the diagnostic medium (SD-arginine with 10 micrograms/ml 

adenine). After three days of growth, we scored plates for red/white sectors using a 

dissecting microscope. Cells from each sector were then re-streaked to YPD plates and, 

after two days of growth, the resulting colonies were replica-plated to media lacking 

uracil or tryptophan. If all of the colonies purified from the white sector were Ura-, the 

sectored colony was classified as resulting from a reciprocal crossover (Figure 29A). If 

all colonies derived from the white sector were Ura+, the strain was classified as 

resulting from BIR (Figure 29B). White sectors that had mixtures of Ura+ and Ura- 

colonies were not used in our analysis; such sectored colonies could reflect events that 
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occurred subsequent to the first division. Sectored colonies could also result from 

chromosome loss. In such colonies, the red sector would be Trp-. Of 173 red/white 

sectored colonies, only one example of chromosome loss was observed.  

The assay of genome instability based on red/white colony formation has the 

unfortunate characteristic of being non-selective. For the third assay, we selected for 

loss of the heterozygous URA3 gene located near the right telomere by plating cells on 

medium containing 5-fluoro-orotate (5-FOA). For this assay, we suspended colonies of 

each strain in 1 ml of water, and plated about 100 microliters of each undiluted 

suspension on medium containing 5-FOA (1 mg/ml), and a dilution of the suspension on 

non-selective medium (SD-complete medium). Between 15 and 25 colonies were 

examined for each genotype. From measurements of the number of 5-FOAR colonies 

and the total number of cells in each colony/culture, we calculated the rate of 5-FOAR 

using the method of the median (Lea and Coulson, 1949). To obtain the 95% confidence 

intervals for the rate estimates, we used Table B11 in Altman (1990). 

3.5.3 Microarray analysis 

DNA samples for microarray analysis were prepared by methods similar to those 

described in St. Charles et al. (2012). In brief, yeast cells were grown to stationary phase 

in liquid YPD cultures (5-15 ml). Cells were harvested by centrifugation, and the resulting 

cell pellet was resuspended in about 500 microliters of 420 molten agarose (0.5% low-

melt agarose in 100 mM EDTA); 20 microliters of a 25 mg/ml solution of Zymolyase was 

then added. This mixture was distributed among about seven plug molds, each 

containing about 100 microliters. The samples were allowed to solidify at 4°C for 30 

minutes. After solidifying, the plugs were suspended in 1ml of 10mM Tris/500mM EDTA 

(TE buffer), and incubated in a 15 ml tube at 37°C for at least 10 hours. 100 microliters 

of a 5% sarcosyl, 5 mg/ml proteinase-K in 500mM of EDTA (pH7.5) solution was then 
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added to each sample, and the samples were incubated at 50° C for at least 12 hours. 

Each plug was then washed twice with TE buffer. The second incubation was performed 

with shaking at 4° C for at least 12 hours. After 12 hours, we did a third wash at 40 with 

TE buffer.  

 DNA was then extracted from four plugs of each sample using methods 

described in St. Charles et al. (2012). The samples were sonicated to yield DNA 

fragments of about 250 bp. The samples derived from each plug were pooled for 

labeling with fluorescent dyes. Each sample had about 100 micrograms/ml of DNA, and 

about 10 microliters was used in the labeling reactions.  

For our method of analysis, the hybridization of DNA derived from experimental 

strains with LOH events was performed in competition with DNA from control strains 

heterozygous for all SNPs. The experimental strains were labeled with Cy3-dUTP, 

whereas the control strain was labeled with Cy5-dUTP (details in St. Charles et al., 

2012). The labeled nucleotides were provided as part of the Invitrogen Bioprime Array 

CGH Genome Labeling Module. The control and experimental labeled samples were 

combined, and hybridized to the microarrays. Two types of custom-made Agilent 

microarrays were used, one to analyze LOH events throughout the genome (St. Charles 

et al., 2012) and one to examine LOH events on the right arm of chromosome IV (St. 

Charles and Petes, 2013). The sequences and locations of oligonucleotides on the 

whole-genome array are in Table S5 (St. Charles et al., 2012), and the sequences and 

locations of oligonucleotides on the chromosome IV-specific array are in Table S9 (St. 

Charles and Petes, 2013).  

After hybridization (conditions described in St. Charles et al., 2012), the arrays 

were scanned using the GenePix scanner and GenePix Pro 6.1 software. A GenePix 

Results  (.gpr) file was generated for each sample using the Batch Analysis feature in 
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Gene Pix Pro 6.1. This file contains a “ratio of medians (635 nm/532 nm)” for each 

oligonucleotide represented on the microarray. This ratio reflects the fluorescence of the 

Cy5-labeled experimental sample relative to the Cy3-labeled control. Each SNP 

analyzed was represented by at least four 25-base oligonucleotides, two identical to the 

Watson and Crick strands containing the W303-1A allele and two identical to the Watson 

and Crick strands of the YJM789 allele. We used programs written in Perl and R to 

automate the analysis and to plot hybridization levels throughout the genome (programs 

available on request). The resulting plots were done at two levels of resolution. Low-

resolution plots depicted hybridization ratios that are the moving average of ten adjacent 

SNPs, whereas high-resolution plots show the ratio of medians at each individual SNP. 

We eliminated from the analysis any oligonucleotides that were “flagged” by the GenePix 

Pro 6.1 software or that had a level of fluorescence that was in the bottom 5% of 

intensities in both the 635 nm and 532 nm channels.  

Following normalization, the hybridization ratios of heterozygous SNPs for the 

experimental samples were about 1 to both the W303-1A- and YJM789-related SNPs. 

For LOH regions in which W303-1A-related SNPs were homozygous, the ratio of 

hybridization to these SNPs was about 1.5 and the ratio of hybridization to YJM789-

related SNPs was about 0.2. For LOH regions in which YJM789-related SNPs became 

homozygous, these ratios were reversed. 

Microarray slides were re-used about six times by stripping the slides of the 

labeled DNA. Microarray slides containing DNA probes were stripped by placing them in 

stripping buffer (10 mM potassium phosphate, pH 6.6), and slowly heating to them to the 

boiling point over about one hour.  After rinsing in water, the slides were stored in a 

nitrogen-containing cabinet. The slides that cover the microarray slides (gasket slides) 

were boiled in the stripping buffer for 40 minutes, rinsed in water, and dried by 
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centrifugation. Following stripping, we usually allowed the slides to dry for two days 

before they were used again. 

3.5.4 Associating genomic elements with LOH transitions in sub-cultured 
strains 

One of the main goals of this research was to find out whether the LOH events 

resulting from loss of RNase H were enriched at the locations of specific genomic 

elements. The rationale for our analysis is that the breakpoints associated with LOH 

events should be located near the site of the recombinogenic lesion. In our analysis, we 

examined only events in which at least two or more adjacent SNPs underwent LOH. To 

determine the likely “window” containing the recombination initiation site, we used the 

same procedure employed in our previous studies (for example, St. Charles and Petes, 

2013). For interstitial LOH events, we used an association window that included all 

sequences located between the heterozygous SNPs that most closely flanked the LOH 

region. For terminal LOH events, the association window was 10 kb centromere-

proximal and 10 kb centromere-distal from the homozygous SNP that was closest to the 

LOH event. Some events were found in most or all of the sub-cultured strains derived 

from a single isolate. Since these events (marked “redundant” in Table 11-19) were likely 

generated in the isolate before sub-culturing, we included redundant events in each 

category as single events. 

We next determined whether specific genetic elements were over-represented in 

the association windows of different mutant strains. This analysis involved multiple 

steps. First, for each genotype, we summed the number of bases in the association 

windows over all of the individual sub-cultured isolates. For example, for the nineteen 

sub-cultured isolates of the rnh201 strain about 1.35 Mb were included in the association 

windows (Table 11-16).  The yeast nuclear genome as annotated in SGD, which 

includes only two of the approximately 150 rRNA gene repeats, is about 12.1 Mb. As 
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discussed in the legend to Table 21, our microarrays cover about 11.6 Mb of the 

genome, since these arrays do not include the repetitive sub-telomeric sequences. Thus, 

the total amount of DNA represented on the arrays for 19 isolates is about 220.4 Mb. 

The amount of genomic DNA that is not present in the association windows is, therefore, 

220.4 Mb – 1.35 Mb or about 219 Mb. Second, we determined the total number of 

specific genomic elements represented on the array. For example, there are 352 ARS 

elements in the genome and 317 ARS elements represented on the array (Table 21). If 

these elements are placed randomly with respect to the association windows, we expect 

37 ARS elements within the association windows: 317 x (1.35 Mb/220.4 Mb) x 19. The 

expected number of ARS elements located outside of the association windows is 5986: 

(317 x 19) – 37. We then counted the number of ARS elements within the association 

windows, determining that there were 31; the observed number of these elements 

outside of the association windows was 5992. Finally, we compared the observed and 

expected numbers by Chi-square analysis (Table 22), finding a p value (0.362) that 

indicates no significant association between LOH breakpoints and ARS elements. We 

repeated this analysis with twenty other genomic features (described below). After 

correction of the p values for multiple comparisons (Benjamini and Hochberg, 1995), 

none of these values were significant.  

The numbers and locations of each genomic element tested were assembled from a 

variety of sources. Ty elements, solo LTR elements, centromeres, intron-containing 

genes, ARS elements, and tRNA genes were extracted from the S288c reference 

genome using the YeastMine tool on SGD (Engel et al. 2013, genome version R64-1-1; 

http://www.yeastgenome.org/help/video-tutorials/yeastmine). We also used YeastMine to 

determine the locations of the genes that were among the top 5% in length (“long gene” 

category in Tables 20 and 21). The same tool was used to identify the genes with the 

highest (top 5%) and lowest (bottom 5%) rates of transcription. From the sequence of 
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the ORFs, we calculated the percentage of G bases on the non-transcribed strand. 41 

ORFs with > 29% G were identified and used in the association analysis. In addition, we 

identified 115 ORFs that had a GC-content > 50%; these genes were also used in our 

analysis (Table 21).  

Most of the other references for the locations of various genomic elements are in 

Table 20. Regions with converging replication forks (TER sites) were described in Table 

S2 of Fachinetti et al. (2010). In the same paper, binding sites for the Rbp3p subunit of 

RNA polymerase II were mapped by chromatin immunoprecipitation followed by 

microarray analysis. We downloaded these data (GSM409326 on GEO, 

GSM409326_Rpb3_signal.bar.gz) and converted them to a .txt file. All sites with a 

normalized log2 value less than 0.4 were eliminated from analysis. Adjacent sites less 

than 1 kb apart were collapsed into single intervals, and the signal was averaged over all 

collapsed sites.  There were 933 such intervals. As sorted by the hybridization values, 

we used the top 10% (93) of the intervals for our association analysis. 58 of the 71 

genomic TER sites were associated with Rpb3p binding (Table S4; Fachinetti et al., 

2010). These sites were designated “TER sites related to high transcription” in Tables 

20-23. We also examined the association of LOH breakpoints with sites enriched for the 

binding of Rrm3p, a helicase involved in promoting replication through certain hard-to-

replicate sequences; the map locations of these sites are in Supplemental Table 7 of 

Azvolinsky et al. (2009).  

Palindromic sequences greater than 16 bp were examined using data from Lisnic et 

al. (2005), and sequences likely to form G4 quadruplex structures were obtained from 

Dataset S1 of Capra et al. (2010). Hershman et al. (2008) examined differential 

expression of genes by S. cerevisiae in response to N-methyl mesoporphyrin IX (NMM), 

a drug that stabilizes G4 quadruplexes in vitro. We examined the association of genes 

whose transcription was significantly (p<0.001) altered by the drug (Supplementary 
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Table 5 of Hershman et al., 2008) with the LOH events. We also examined associations 

with genomic regions with high levels of Elc1p, a protein involved in resolving conflicts 

between converging transcripts (Hobson et al., 2012). The top 10% of Elc1p-binding 

sites (Table S1 of Hobson et al., 2012) were used to look for associations. The locations 

of RNA/DNA hybrids in rnh1Δ rnh201Δ strains have been recently mapped (Chan et al., 

2014). We examined the association of those sites that were at least ten-fold enriched 

(Dataset S7 of Chan et al., 2014) with our LOH data. Lastly, based on observations of a 

non-random association of R-loops and poly A tracts (Doug Koshland, University of 

California, Berkeley), we identified all uninterrupted poly A or poly T tracts that were at 

least 25 bases in length. We examined the association of these 41 tracts with LOH 

events. As described in the main text, after correction for multiple comparisons, none of 

the genomic elements that we examined were significantly associated with the LOH 

events in sub-cultured strains.  

In our analysis, any elements that are within the association windows or that 

span the association windows are included in our analysis. For most of the genomic 

elements examined, the size of the element was small, less than 10% of the average 

size of the association window. For four of the elements (Ty elements, TER sites, TER 

sites associated with high levels of transcription, and “Long Genes”), however, the size 

of the element was greater than 10% of the size of the association window. For these 

comparisons, we expanded all association windows by an amount equivalent to the 

average size of the element. For example, when we examined the associations between 

Ty elements and LOH events, the association windows were expanded by 6 kb, the size 

of a Ty element. 
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3.5.5 Regions of apparent terminal duplications/deletions at repetitive sub-
telomeric regions 

By microarray analysis, regions of LOH are unambiguous since the hybridization 

signals for one set of allelic SNPs increases for the same genomic region in which the 

other set of allelic SNPs decreases. From previous studies (Y. Yin and T. Petes, 

unpublished observations), we have found a small number of apparent terminal 

duplications and deletions that likely reflect LOH events on non-homologous 

chromosomes with shared sub-telomeric sequences. In the current study, we observed 

several such events among the sub-cultured strains as described below. 

KO244_1_XX_D (rnh201Δ pol2-M644L). In this isolate, we observe a terminal 

LOH event (YJM789-derived SNPs becoming homozygous) on chromosome X 

(transition coordinates 708414-728414). This strain also has a terminal deletion on the 

left arm of chromosome IV (transition coordinates 15561-18870), resulting in loss of 

W303-1A-derived sequences. In the sequence of S288c (nearly isogenic with W303-1A), 

we found that the chromosome X sequences between 730-742 kb are almost identical to 

the region 3-15 kb on chromosome IV. For example, the oligonucleotide 5211 (Table S3 

in St. Charles et al., 2012), near the right telomere of IV is repeated near the right 

telomere of X. Thus, an LOH event causing loss of W303-1A-derived SNPs from 

chromosome X will appear as a reduced signal of hybridization to W303-1A-specific 

SNPs near the right telomere of chromosome IV. It is unclear whether the YJM789-

derived copy of chromosome X has the same duplication as the W303-1A-derived 

homolog. When sequences from a portion of the repeated region on chromosome IV (10 

kb to 12 kb) are used in a BLAST search of the YJM789 database in SGD, the 

sequences match to chromosome IV contigs without matching to chromosome X 

contigs. Finally, we note that LOH events that involve the left end of IV will not have a 

detectable effect on the microarray pattern observed on the right end of chromosome X 
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because the most centromere-distal oligonucleotide on the array is at position 727 kb 

which is centromere-proximal to the repeated sequences. 

KO5_6_E (rnh1Δ rnh201Δ); KO5_9_H (rnh1Δ rnh201Δ); KO75_2_XX_H 

(rnh201Δ). These three strains had an apparent terminal deletion on chromosome VI, 

resulting in loss of YJM789-derived sequences. The coordinates for the deletions were 

similar in all three isolates beginning near coordinate 30,000 kb and proceeding to the 

telomere. All three strains also had terminal LOH events on chromosome X, resulting in 

loss of YJM789-derived SNPs and duplication of W303-1A-derived SNPs. The 

breakpoints of these LOH events were different in the three strains: KO5_6_E (about 

135 kb); KO5_9_H (about 127 kb); KO75_2_XX_H (about 36 kb). According to Wei et al. 

(2007), in YJM789, an approximately 30 kb segment derived from the left end of 

chromosome VI is translocated to the left end of chromosome X. From these data, the 

W303-1A SNPs are at the right end of chromosome VI, whereas the YJM789 SNPs are 

at the right end of chromosome X. Since sub-telomeric repeats are difficult to assemble, 

it is also possible that YJM789 has two copies of the 30 kb segment, one on VI and one 

on X. An LOH event on the left arm of chromosome X in which YJM789-derived 

sequences are lost will result in an apparent deletion of YJM789-specific sequences 

near the left telomere of VI. It should also be noted that there are only eight SNPs on the 

microarray from the 30 kb segment. 

KO75_2_XX_I (rnh201Δ); KO5_9_I (rnh1Δ rnh201Δ). These strains both contain 

apparent terminal duplications of YJM789-derived sequences on the left arm of 

chromosome XV with the starting point of the duplication near coordinate 22 kb. Both 

strains have terminal LOH events on the left end of chromosome IX, resulting in 

duplication of YJM789-derived SNPs and loss of W303-1A-derived SNPs. The 

breakpoints for the LOH event are near coordinate 105 kb for KO75_2_XX_I and near 

coordinate 336 for KO5_9_I. The sub-telomeric regions of chromosomes IX and XV 
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share considerable homology in both the YJM789 and W303-1A/S288c genomes. In the 

S288c genomes, sequences from chromosome XV with coordinates about 22-31 kb 

share extensive homology with sequences from chromosome IX located between 

coordinates 17-26 kb. However, according the SGD database and our analysis, the 

oligonucleotides that have an elevated signal on chromosome XV are not in the region of 

the genome that is repeated on chromosome IX in either the W303-1A or the YJM789 

genomes. For example, in isolate KO75_2_XX_I, the YJM789-specific oligonucleotide at 

position 22005 clearly has an elevated level of hybridization. The sequence of this 

oligonucleotide, however, is not present on chromosome IX. Similarly, in isolate 

KO5_9_I, the level of hybridization to the YJM789-specific oligonucleotide 19925 is 

elevated, although the sequence of this oligonucleotide is not on chromosome IX. 

Although we do not have a definitive explanation of these observations, one 

possibility is that the YJM789 isolate used in our studies has a derivative of chromosome 

IX in which the terminal 22 kb of chromosome X replaces the terminal 16 kb of 

chromosome IX. Such a derivative could be formed as a consequence of a break-

induced replication event in which a broken end of the YJM789-derived copy of 

chromosome IX duplicates a portion of the YJM789-derived chromosome XV homolog. 

The initiation point of this invasion would be in the region of shared homology. In diploid 

strains with this derivative, an LOH event on chromosome IX, occurring centromere-

proximal to the duplicated region, would duplicate both YJM789-related SNPs on 

chromosome XV and cause a duplication of YJM789-derived sequences from the 

terminal region of chromosome XV. It should be noted that an LOH event on 

chromosome XV that results in LOH for the terminal repeated sequences would not be 

annotated as an LOH event on chromosome IX since the first oligonucleotide used to 

diagnose LOH for chromosome IX is located at coordinate 25 kb. Although this model is 
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consistent with our observations, our observations could also reflect an assembly error 

of the genomic sequences. 

KO5_6_K (rnh1Δ rnh201Δ). In this isolate, there is an apparent duplication of 

YJM789-derived sequences on the left arm of chromosome XVI with a transition point 

between coordinates 23222 and 26225. There were also terminal LOH events on 

several chromosome arms including the right arm of chromosome XIII, duplicating 

YJM789-derived SNPs; the LOH event on XV has a transition between coordinates 889 

and 892 kb. The left arm of chromosome XVI (25.8-26.4 kb) shares homology with the 

right arm of chromosome XIII (coordinates 917.5 kb to 917.8 kb), although the 

oligonucleotides that have increased levels of hybridization on chromosome XVI in 

KO5_6_K are not annotated as duplicated on any other homolog. One explanation of the 

data is that a break within the shared homology occurred on chromosome XIII that was 

repaired by a BIR event involving chromosome XVI. A subsequent LOH event on XIII 

could result in the observed apparent duplication of XVI sequences as well as the 

terminal LOH event duplicating YJM789-derived SNPs. Alternatively, there may be an 

incorrect assembly or annotation of the sub-telomeric sequences in the databases. 

KO5_9_D (rnh1Δ rnh201Δ). In this isolate, there is an apparent deletion of 

W303-1A-derived sequences on the right arm of chromosome I with a transition point 

between coordinates 195120 and 203572. There is also a terminal LOH event on the 

right arm of chromosome VIII, resulting in loss of W303-1A-derived sequences, with a 

transition point between 199775 and 207066. In the S288c genome, there is a large 

region of conserved homology that includes the coordinates 207-227 kb on the right end 

of chromosome I and coordinates 528-556 kb on the right end of VIII. Several of the 

SNPs located near the right end of chromosome I (for example, oligonucleotide 208214; 

Table S3, St. Charles et al., 2012) are duplicated on the right end of VIII. Therefore, an 

LOH event that causes loss of W303-1A-derived SNPs and duplication of YJM789-
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derived SNPs will result in an apparent deletion of W303-1A sequences from the right 

end of chromosome I. 

 

Figure 32: Patterns of LOH in sub-cultured strains 

Each line represents markers in a diploid isolate. Green indicates heterozygous 
SNPs; red, homozygous W303-1A-derived SNPs; black, homozygous YJM789-derived 
SNPs. The yellow circle shows the centromere. Each transition between heterozygous 
and homozygous SNPs or between two regions with different homozygous SNPs is 
labeled with a lower case letter. Classes a1-a4 are simple terminal LOH events. In 
Classes a6-a8, the two transitions (one marked with an asterisk) are separated by 
distances that are two standard deviations longer than the median length of a mitotic 
conversion tract. The two transitions are, therefore, likely to reflect two different 
recombination events. Classes b1 and b2 represent simple interstitial LOH events (gene 
conversions), whereas in Classes b3-b5, the conversion event is interrupted by a region 
of heterozygosity. Classes f1-f12 represent terminal LOH events with complex patterns 
of associated LOH events. Only Classes a1-a4, b1, and b2 were used for our 
association studies. 
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Figure 33: Deletions and duplications in sub-cultured strains 

This diagram shows the patterns of deletions and duplications in diploid isolates. 
As in Figure 32, the green line indicates heterozygous SNPs, and yellow circles show 
the centromere. The deletion or duplication is shown as a line that is half as wide as the 
green lines. The Classes dd9 and dd10 show interstitial duplications of W303-1A-derived 
and YJM789-derived SNPs, respectively. The Class dd12 shows an interstitial deletion 
in which W303-1A-derived SNPs were removed. The coordinates for the transitions are 
in Table 17. 
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Figure 34: Aneuploidy events in sub-cultured strains 

Trisomic, but not monosomic, aneuploid events were observed in our studies. 
For each chromosome, we indicate whether the strain has W303-1A-derived SNPs (red) 
or YJM789-derived SNPs (black). Note that many of these aneuploid events are 
associated with recombination on one or more chromosomes. 
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Figure 35: Locations of LOH events in the sub-cultured rnh201Δ  strain 

Each of the sixteen chromosomes is shown as a thin black horizontal line with 
SNPs shown as very short vertical yellow lines. The centromeres are represented by 
black ovals. Red and blue bars show regions of interstitial LOH in which the W303-1A-
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derived SNPs became homozygous and the YJM789-derived SNPs became 
homozygous, respectively. Black arrows indicate the positions of terminal LOH events 
that were unassociated with a gene conversion event. Red arrows and blue arrows 
indicate terminal LOH events that were associated with a conversion that made W303-
1A-derived SNPs and YJM789-derived SNPs homozygous, respectively. Triangles 
indicate deletions (red for a deletion of W303-1A-derived sequences and blue for a 
deletion of YJM789-derived sequences) and inverted triangles indicate duplications 
(same color code as for deletions). 
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Figure 36: Location of LOH events in the sub-cultured rnh1Δ  rnh201Δ  strain 

The mapped events are shown with the same code as in Figure 35. 
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Figure 37: Location of LOH events in the sub-cultured rnh201Δ  pol2-M644L strain. 

The mapped events are shown with the same code as in Figure 35. 
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Figure 38: Patterns of LOH in sectored colonies. 

In this depiction, each sectored colony is represented by a pair of lines with the 
red sector shown as the top line. We use the same color code for heterozygous and 
homozygous regions as in Figure 32. Other features of these patterns are described in 
the main text. 
 

Table 7. Strain list 

Strain 
Name 

Relevant 
genotype 

Construction 
or source Genotype Strain 

background 

S288c Wild type Mortimer and 
Johnston 1986 

MATα SUC2 gal2 mal2 mel 
flo1 flo8-1 hap1 ho bio1 

bio6 
S288c 

W1588-4c Wild type Zhao et al. 1998 
MATa leu2-3,112 his3-

11,15 ura3-1 ade2-1 trp1-1 
can1-100 RAD5 

W303-1A 

W303-1A Wild type Thomas and 
Rothstein 1989 

MATa leu2-3,112 his3-
11,15 ura3-1 ade2-1 trp1-1 

can1-100 RAD5 
W303-1A 

SMY710 Wild type Aksenova et al. 
2013 

MATa leu2-Δ1 trp1-Δ63 
ura3-52 his3-200 S288c 

B2#

a"

b"

B1#

a"

b"

D5#

c" d"

a"

b"

A#

a"
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a" b"
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lines#with#the#red#sector#shown#as#the#top#line.#We#use#the#same#color#code#for#heterozygous#and#homozygous#
regions#as#in#Fig.#S1.#Other#features#of#these#pa2erns#are#described#in#the#main#text.##
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ade2Δ::kanMX 

MV70 Wild type Vernon et al. 
2008 

MATa/MATα trp1-1/trp1-1 
leu2-3,112/leu2-3,112 his3-

11,15/his3-11,15 ura3-
1/ura3-1 ade2-1/ade2-1 
can1-100/CAN1 hom3-
10/HOM3 rad5/RAD5 

tel1Δ::kanMX/TEL1 mec1-
21/MEC1 

W303-1A/ 
W303-1A 

PG308 Wild type 

MV70 
transformed with 
PCR fragment 
amplified from 
pAG25 using 

primers 
Tel1NatF and 

Tel1NatR. 

MATa/MATα trp1-1/trp1-1 
leu2-3,112/leu2-3,112 his3-

11,15/his3-11,15 ura3-
1/ura3-1 ade2-1/ade2-1 
can1-100/CAN1 hom3-
10/HOM3 rad5/RAD5 

tel1Δ::natMX/TEL1 mec1-
21/MEC1 

W303-
1A/W303-1A 

PG309(2) Wild type 

PG308 
transformed with 
PCR fragment 
amplified from 

pFA6-
kanMXpGAL(x3

HA) using 
primers 

MRC1pgalF and 
MRC1pgalR 

MATa/MATα trp1-1/trp1-1 
leu2-3,112/leu2-3,112 his3-

11,15/his3-11,15 ura3-
1/ura3-1 ade2-1/ade2-1 
can1-100/CAN1 hom3-
10/HOM3 rad5/RAD5 
tel1Δ::nat/TEL1 mec1-
21/MEC1 MRC1/pGAL-

MRC1-kanMX 

W303-1A/ 
W303-1A 

PG309(2)-
4a tel1Δ Spore from 

PG309(2) 

MATα RAD5 leu2-3,112 
his3-11,15 trp1-1 ade2-1 

tel1Δ::natMX 
W303-1A 

JSC19-1 Wild type St. Charles and 
Petes 2013 

MATα ade2-1 ura3 gal2 
ho::hisG can1Δ::natMX YJM789 

JSC21-1 Wild type St. Charles and 
Petes 2013 

MATα ura3 gal2 ho::hisG 
ade2-1 can1Δ::natMX  
IV1510386::SUP4-o 

YJM789 

JSC12 Wild type St. Charles and 
Petes 2013 

MATa leu2-3,112 his3-
11,15 ura3-1 ade2-1 trp1-1 

can1Δ::natMX RAD5 
IV1510386::kanMX-can1-

100 

W303-1A 

SJR3585 Wild type 

Spore from 
diploid 

PG309(2)-4a x 
JSC12 

MATa RAD5 leu2-3,112 
trp1-1 his3-11,15 ura3-1 

ade2-1 IV1510386::kanMX-
can1-100 

W303-1A 

SJR3615-4 rnh201Δ 

SJR3585 
transformed with 
PCR fragment 
amplified from 
pSR955 using 

primers 
RNH2kanF and 

RNH2kanR 

MATa leu2-3,112 his3-
11,15 trp1-1 ura3-1 ade2-1 

RAD5 rnh201Δ::loxP-
hphMX-loxP 

IV1510386::kanMX-can1-
100 

W303-1A 

SJR3625-9B rnh1Δ 
rnh201Δ 

SJR3615-4 
transformed with 
PCR fragment 

MATa leu2-3,112 his3-
11,15 trp1-1 ura3-1 ade2-1 
RAD5 rnh1Δ::loxP-natMX-

W303-1A 
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amplified from 
pSR879 using 

primers 
RNH1kanF and 

RNH1kanR 

loxP rnh201Δ::loxP-hphMX-
loxP IV1510386::kanMX-

can1-100 

SJR3616-3 rnh201Δ 

SJR3586 
transformed with 
PCR fragment 
amplified from 
pSR955 using 

primers 
RNH2kanF and 

RNH2kanR. 

MATα ura3 gal2 ho::hisG 
ade2-1 can1Δ::natMX 

rnh201Δ::loxP-hphMX-loxP 
IV1510386::SUP4-o 

YJM789 

SJR3626-3 rnh1Δ 
rnh201Δ 

SJR3616-3 
transformed with 
PCR fragment 
amplified from 
pUG6 using 

RNH1kanF and 
RNH1kanR 

MATα ura3 gal2 ho::hisG 
ade2-1 can1Δ::natMX 

rnh201Δ::loxP-hph-loxP 
rnh1Δ::loxP-kanMX-loxP 

IV1510386::SUP4-o 

YJM789 

YJM799 Wild type John McCusker MATα ura3 gal2 ho::hisG YJM789 
YJM790 Wild type John McCusker MATa ho::hisG lys2 gal2 YJM789 

KOK3 Wild type 

W1588-4c 
transformed with 
PCR fragment 
amplified from 
pUG6 using 

primers Forward 
Sequence and 

Reverse 
Sequence. 

MATa can1-100 trp1-1 
ade2-1 his3-11,15 leu2-

3,112 ura3Δ::loxP-kanMX-
loxP 

W303-1A 

KO5 rnh1Δ 
rnh201Δ 

SJR3625-9B x 
SJR3626-3 

MATa/MATα 
ho::hisG/ho::hisG ade2-

1/ade2-1 ura3-1/ura3 
GAL2/gal2 trp1-1/TRP1 
his3-11,15/HIS3 leu2-

3,112/LEU2 can1-
100/CAN1 rnh201Δ::loxP-

hphMX-loxP/rnh201Δ::loxP-
hphMX-loxP rnh1Δ::loxP-
natMX-loxP/rnh1Δ::loxP-

kanMX-loxP 
IV1510386::kanMX-can1-
100/IV1510386::SUP4-o 

W303-
1A/YJM789 

KO30 Wild type SJR3626-3 x 
YJM790 

MATa/MATα 
ho::hisG/ho::hisG gal2/gal2 
ade2-1/ADE2 URA3/ura3 

lys2/LYS2 
CAN1/can1Δ::natMX 

RNH201/rnh201Δ::loxP-
hphMX-loxP 

RNH1/rnh1Δ::loxP-kanMX-
loxP 

IV1510386/IV1510386::SU
P4-o 

YJM789 
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KO32 rnh1Δ 
rnh201Δ 

Spore from 
KO30 

MATa can1Δ::natMX ade2-
1 ura3 ho::hisG gal2 

rnh1::loxP-kanMX-loxP 
rnh201::loxP-hphMX-loxP 

YJM789 

KO35 Wild type 

JSC19-1 
transformed with 
PCR fragment 
amplified from 
S288c using 

primers 
IVURA3F and 

IVURA3R. 

MATα ade2-1 ura3 gal2 
ho::hisG can1Δ::nat 
IV1510386::URA3 

YJM789 

KO36 Wild type 

Cre-expressing 
plasmid pSH47 
used to excise 

the kanMX 
marker in KOK3 

MATa can1-100 trp1-1 
ade2-1 his3-11,15 leu2-

3,112 ura3Δ::loxP 
W303-1A 

KO49 Wild type KO32 x KO35 

MATa/MATα ade2-1/ade2-1 
ura3/ura3 gal2/gal2 
ho::hisG/ho::hisG 

can1Δ::nat/can1Δ::nat 
rnh1Δ ::loxP-kanMX-

loxP/RNH1 rnh201Δ::loxP-
hphMX-loxP/RNH201 

IV1510386/IV1510386::UR
A3 

YJM789/ 
YJM789 

KO52 Wild type SJR3625-9B x 
W303-1B 

MATa/MATα leu2-
3,112/leu2-3,112 his3-
11,15/his3-11,15 trp1-
1/trp1-1 ura3-1/ura3-1 

ade2-1/ade2-1 CAN1/can1-
100 IV1510386::kanMX-

can1-100/IV1510386 
rnh1Δ::loxP-natMX-

loxP/RNH1 rnh201Δ::loxP-
hphMX-loxP/RNH201 

W303-1A/ 
W303-1A 

KO57 rnh1Δ Spore of KO49 

MATα ade2-1 ura3 gal2 
ho::hisG can1Δ::nat 
IV1510386::URA3 

rnh1Δ::loxP-kanMX-loxP 

YJM789 

KO63 rnh1Δ 
rnh201Δ 

Spore from 
KO52 

MATα leu2-3,112 his3-
11,15 trp1-1 ura3-1 ade2-1 

can1-100 rnh1Δ::loxP-
natMX-loxP rnh201Δ::loxP-

hphMX-loxP 

W303-1A 

KO70 rnh1Δ Spore of KO52 

MATa leu2-3,112 his3-
11,15 trp1-1 ura3-1 ade2-1 
can1-100 rnh1Δ::loxP-nat-

loxP 

W303-1A 

KO73 rnh1Δ KO70 x KO57 

MATa/MATα HO/ho::hisG 
ade2-1/ade2-1 ura3-1/ura3 

GAL2/gal2 trp1-1/TRP1 
his3-11,15/HIS3 leu2-

3,112/LEU2 can1-
100/CAN1 rnh1Δ::loxP-

W303-1A/ 
YJM789 
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natMX-loxP/rnh1Δ::loxP-
kanMX-loxP 

IV1510386::URA3/IV15103
86 

KO75 rnh201Δ SJR3616-3 x 
SJR3615-4 

MATa/MATα HO/ho::hisG 
ade2-1/ade2-1 ura3-1/ura3 

GAL2/gal2 trp1-1/TRP1 
his3-11,15/HIS3 leu2-

3,112/LEU2 can1-
100/CAN1 rnh201Δ::loxP-

hphMX-loxP/rnh201Δ::loxP-
hphMX-loxP 

IV1510386::URA3/IV15103
86 

W303-1A/ 
YJM789 

KO119 Wild type 

YJM799 
transformed with 
transformed with 
PCR fragment 
amplified from 
SMY710 using 

primers 
ADE2_XV_F 

and 
ADE2_XV_R 

MATα ura3 gal2 ho::hisG 
ade2Δ::kanMX YJM789 

KO124 Wild type 

KO119 
transformed with 
transformed with 
PCR fragment 
amplified from 
S288c using 

primers 
IVADE2_3_F 

and 
IVADE2_3_R 

MATα ade2Δ::kanMX ura3 
ho::hisG gal2 

IV1495420::ADE2 
YJM789 

KO125 Wild type KO124 x KO32 

MATa/MATα 
can1Δ::natMX/CAN1 ade2-
1/ade2Δ::kanMX ura3/ura3 
ho::hisG/ho::hisG gal2/gal2 

rnh1Δ::loxP-kanMX-
loxP/RNH1 rnh201Δ::loxP-

hphMX-loxP/RNH201 
IV1495420/IV1495420::AD

E2 

YJM789/ 
YJM789 

KO127 rnh1Δ 
rnh201Δ 

Spore from 
KO125 

MATα ade2-1 ura3 ho::hisG 
gal2 can1Δ::natMX 

rnh1Δ::loxP-kanMX-loxP 
rnh201Δ::loxP-hphMX-loxP 

IV1495420::ADE2 

YJM789 

KO128 rnh1Δ Spore from 
KO125 

MATα ade2-1 ura3 ho::hisG 
gal2 can1Δ::natMX 

rnh1Δ::loxP-kanMX-loxP 
IV1495420::ADE2 

YJM789 

KO131 rnh201Δ Spore from 
KO125 

MATα ade2-1 ura3 ho::hisG 
gal2 rnh201Δ::loxP-hphMX-

loxP IV1495420::ADE2 
YJM789 
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KO132 rnh1Δ 
rnh201Δ 

KO127 x 
SJR3625-9B 

MATa/MATα leu2-
3,112/LEU2 his3-

11,15/HIS3 trp1-1/TRP1 
ura3-1/ura3 ade2-1/ade2-1 

rnh1Δ::loxP-natMX-loxP 
/rnh1Δ::loxP-kanMX-loxP 
rnh201Δ::loxP-hphMX-

loxP/rnh201Δ::loxP-hphMX-
loxP ho::hisG/ho::hisG 

GAL2/gal2 
IV1510386::kanMX-can1-

100/IV1510386 
IV1495420/IV1495420::AD

E2 

W303-1A/ 
YJM789 

KO135 rnh201Δ KO130 x 
SJR3615-4 

MATa/MATα leu2-
3,112/LEU2 his3-

11,15/HIS3 trp1-1/TRP1 
ura3-1/ura3 HO/ho::hisG 

ade2-1/ade2-1 GAL2/gal2 
CAN1/can1Δ::natMX 

IV1510386::kanMX-can1-
100/IV1510386 

rnh201Δ::loxP-hphMX-
loxP/rnh201Δ::loxP-hphMX-

loxP 
IV1495420/IV1495420::AD

E2 

W303-1A/ 
YJM789 

KO171 Wild type 

KOK3 
transformed with 
transformed with 
PCR fragment 
amplified from 
pUG72 using 

primers 
KL_URA3_F 

and 
KL_URA3_R. 

MATa can1-100 trp1-1 
ade2-1 his3-11,15 leu2-

3,112 ura3Δ::loxP-kanMX-
loxP IV1495420::loxP-

URA3Kl-loxP 

W303-1A 

KO172 Wild type KO171 x KO63 

MATa/MATα can1-
100/can1-100 trp1-1/trp1-1 

ade2-1/ade2-1 leu2-
3,112/leu2-3,112 his3-

11,15/his3-11,15 
ura3Δ::loxP-kanMX-

loxP/ura3-1 
RNH201/rnh201Δ::loxP-

hphMX-loxP 
RNH1/rnh1Δ::loxP-natMX-

loxP IV1495420::loxP-
URA3Kl-loxP/IV1495420 

W303-1A/ 
W303-1A 

KO175 rnh1Δ 
rnh201Δ 

Spore from 
KO172 

MATa can1-100 trp1-1 
ade2-1 ura3-1 leu2-3,112 
his3-11,15 rnh201Δ::loxP-

hph-loxP rnh1Δ::loxP-
natMX-loxP 

IV1495420::loxP-URA3Kl-
loxP 

W303-1A 
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KO176 rnh1Δ 
rnh201Δ 

Spore from 
KO172 

MATα can1-100 trp1-1 
ade2-1 leu2-3,112 his3-

11,15 ura3-1 
rnh201Δ::loxP-hphMX-loxP 

rnh1Δ::loxP-natMX-loxP 
IV1495420::loxP-URA3Kl-

loxP 

W303-1A 

KO179 rnh201Δ Spore from 
KO172 

MATa can1-100 trp1-1 
ade2-1 ura3-1 leu2-3,112 
his3-11,15 rnh201Δ::loxP-
hph-loxP IV1495420::loxP-

URA3Kl-loxP 

W303-1A 

KO185 rnh1Δ Spore from 
KO172 

MATa can1-100 trp1-1 
ade2-1 ura3-1 leu2-3,112 
his3-11,15 rnh1Δ::loxP-

natMX-loxP 
IV1495420::loxP-URA3Kl-

loxP 

W303-1A 

KO187 rnh1Δ KO185 x KO128 

MATa/MATα HO/ho::hisG 
ade2-1/ade2-1 ura3-1/ura3 

GAL2/gal2 trp1-1/TRP1 
his3-11,15/HIS3 leu2-

3,112/LEU2 can1-
100/can1Δ::natMX 
rnh1Δ::loxP-natMX-

loxP/rnh1Δ::loxP-kanMX-
loxP IV1495420::loxP-

URA3Kl-
loxP/IV1495420::ADE2 

W303-1A/ 
YJM789 

KO188 rnh201Δ KO179 x KO131 

MATa/MATα HO/ho::hisG 
ade2-1/ade2-1 ura3-1/ura3 

GAL2/gal2 trp1-1/TRP1 
his3-11,15/HIS3 leu2-

3,112/LEU2 can1-
100/can1Δ::natMX 

rnh201Δ::loxP-natMX-
loxP/rnh201Δ::loxP-kanMX-

loxP IV1495420::loxP-
URA3Kl-

loxP/IV1495420::ADE2 

W303-1A/ 
YJM789 

KO189 rnh1Δ 
rnh201Δ KO175 x KO127 

MATa/MATα HO/ho::hisG 
ade2-1/ade2-1 ura3-1/ura3 

GAL2/gal2 trp1-1/TRP1 
his3-11,15/HIS3 leu2-

3,112/LEU2 can1-
100/CAN1 rnh201Δ::loxP-

hphMX-loxP/rnh201Δ::loxP-
hphMX-loxP rnh1Δ::loxP-
natMX-loxP/rnh1Δ::loxP-

kanMX-loxP 
IV1495420::loxP-URA3Kl-

loxP/IV1495420::ADE2 

W303-1A/ 
YJM789 

KO198 Wild type KO171 x KO124 

MATa/MATα HO/ho::hisG 
ade2-1/ade2Δ::kanMX 
ura3Δ ::loxP-kanMX-

loxP/ura3 GAL2/gal2 trp1-

W303-1A/ 
YJM789 
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1/TRP1 his3-11,15/HIS3 
leu2-3,112/LEU2 can1-

100/CAN1 
IV1495420::loxP-URA3Kl-

loxP/IV1495420::ADE2 

KO200 pol2-
M644L 

pol2-M644L 
introduced into 
KO36 by two-

step allele 
replacement 
using AgeI-

digested p173-
pol2-M644L 

MATa can1-100 trp1-1 
ade2-1 his3-11,15 leu2-
3,112 ura3Δ::loxP pol2-

M644L 

W303-1A 

KO201 Wild type KO200 x KO176 

MATa/MATα can1-
100/can1-100 trp1-1/trp1-1 

ade2-1/ade2-1 his3-
11,15/his3-11,15 leu2-

3,112/leu2-3,112 
ura3Δ::loxP/ura3-1 pol2-

M644L/POL2 
RNH1/rnh1Δ::loxP-natMX-

loxP rnh201Δ::loxP-hphMX-
loxP/RNH201 

IV1495420/IV1495420::AD
E2 

W303-1A/ 
W303-1A 

KO204 
rnh201Δ 

pol2-
M644L 

Spore from 
KO201 

MATa can1-100 trp1-1 
ade2-1 his3-11,15 leu2-

3,112 ura3-1 pol2-M644L 
rnh201Δ::loxP-hphMX-loxP 
IV1495420::loxP-URA3K.L-

loxP 

W303-1A 

KO207 
rnh201Δ 

pol2-
M644L 

pol2-M644L 
introduced into 
KO131 by two-

step allele 
replacement 
using AgeI-

digested p173-
pol2-M644L 

MATα ade2-1 
can1Δ::natMX ura3 

ho::hisG gal2 pol2-M644L 
rnh201Δ::loxP-hphMX-loxP 

IV1495420::ADE2 

YJM789 

KO213 pol2-
M644L 

KO124 after 
two-step 

transplacement 
using AgeI-

digested p173-
pol2-M644L 

MATα ade2Δ::kanMX ura3 
ho::hisG gal2 

IV1495420::ADE2 pol2-
M644L 

YJM789 

KO214 Wild type KO207 x KO32 

MATa/MATα 
can1Δ::natMX/CAN1 ade2-

1/ade2-1 ura3/ura3 
ho::hisG/ho::hisG gal2/gal2 

rnh1Δ::loxP-kanMX-
loxP/RNH1 rnh201Δ::loxP-

hphMX-loxP/RNH201 
POL2/pol2M644L 

IV1495420/IV1495420::AD
E2 

YJM789/ 
YJM789 
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KO218 
rnh201Δ 

pol2-
M644L 

Spore from 
KO214 

MATα ade2-1 ura3 gal2 
ho::hisG pol2-M644L 

can1::ΔnatMX 
rnh201Δ::loxP-hphMX-loxP 

IV1495420::ADE2 

YJM789 

KO234 

pol2-
M644L/ 

pol2-
M644L 

KO213 x KO200 

MATa/MATα HO/ho::hisG 
ade2-1/ade2-1 ura3-1/ura3 

GAL2/gal2 trp1-1/TRP1 
his3-11,15/HIS3 leu2-

3,112/LEU2 can1-
100/CAN1 pol2-

M644L/pol2-M644L 
IV1495420::loxP-URA3Kl-

loxP/IV1495420::ADE2 

W303-1A/ 
YJM789 

KO244 
rnh201Δ 

pol2-
M644L 

KO218 x KO204 

MATa/MATα HO/ho::hisG 
ade2-1/ade2-1 ura3-1/ura3 

GAL2/gal2 trp1-1/TRP1 
his3-11,15/HIS3 leu2-

3,112/LEU2 can1-
100/can1Δ::natMX 

rnh201Δ::loxP-hphMX-
loxP/rnh201Δ::loxP-hphMX-

loxP pol2-M644L/pol2-
M644L IV1495420::loxP-

URA3Kl-
loxP/IV1495420::ADE2 

W303-1A/ 
YJM789 

 

Table 8: Plasmid list 

Plasmid Relevant feature Source Strains 
constructed 

pFA6-
kanMXpGAL(x3HA) 

kanMX-pGAL 
cassette Longtine et al. 1998 PG309(2) 

p173-pol2-M644L pol2-M644L allele Nick McElhinny et al. 
2010 

KO200, KO207, 
KO213 

pAG25 natMX Goldstein and McCusker 
1999 PG308 

pSH47 pGAL1-Cre Gueldener et al. 2002 KO36 
pUG72 loxP-URA3Kl-loxP Gueldener et al. 2002 KO171 
pSR879 loxP-natMX-loxP Kim et al. 2013 SJR3625-9B 

pSR955 loxP-hphMX-loxP Kim et al. 2013 SJR3615-4, 
SJR3616-3 

pUG6 loxP-kanMX-loxP Gueldener et al. 2002 SJR3626-3, 
KOK3 

 

Table 9: Primer list 

Primer Sequence (5ʹ  to 3ʹ) Strains constructed 
(purpose) 

RNH1KANF 
ATGGCAAGGCAAGGGAACTTCTACGCG
GTTAGAAAGGGCAGGGAAACTGGGATC

TATAATCAGCTGAAGCTTCGTACG 

SJR2626-3, SJR3625-9B 
(construct RNH1 

deletion) 



 

137 

RNH1KANR 
GCATTATCGTCTAGATGCTCCTTTCTTC
GCCAGAAAATCTGCCATTTCATTTCCTG

GATCAGGCCACTAGTGGATCTG 

SJR2626-3, SJR3625-9B 
(construct RNH1 

deletion) 

RNH1UPF TGGCAGCACAATAATACACG 
KO127, KO128, 

SJR3626-3, SJR3625-9b 
(confirm rnh1Δ) 

RNH1DWNR CACGCTTATAGATAGTTATCG 
KO127, KO128, 

SJR3626-3, SJR3625-9b 
(confirm rnh1Δ) 

RNH2KANF 
CTAATGAGAGTGTCGAAAAACCTTGAAA
ACAACTACTGCACACCAAATTGATACGA

TTAACAGCTGAAGCTTCGTACG 

SJR3615-4, SJR3616-3 
(RNH201 deletion) 

RNH2KANR 
GCTTCACGGATAGTAGAAACGGCAAAG
CATAGTAGCAGATGACTTGTATGAGTTA

TTGAAAGGCCACTAGTGGATCTG 

SJR3615-4, SJR3616-3 
(RNH201 deletion) 

RNH2UPF TTGCGACGCCTGCCAATGC SJR3615-4, SJR3616-3 
(confirm rnh201Δ) 

RNH2DWR TCGTTCCGGTTGGTTGTCTC SJR3615-4, SJR3616-3 
(confirm rnh201Δ) 

KL_URA3_F 
CGGGTAGAATCAATGCAATCAGTGGTAA
TTATCTAGATGACGTCCTTTATGACCTTG
ACACCCCTGCAGCTGAAGCTTCGTACG 

KO171 (insertion of 
URA3Kl at end of chr. IV) 

KL_URA3_R 

TGTGGTGACAACCTAACCCTTTCGTTGA
TACTAGTTTGAAGGTTATCAATATCCTGA
ATTAGAGTTGTGGAGGCCACTAGTGGAT

CTG 

KO171 (insertion of 
URA3Kl at end of chr. IV) 

IVADE2_3_F 

CGGGTAGAATCAATGCAATCAGTGGTAA
TTATCTAGATGACGTCCTTTATGACCTTG
ACACCCCTGGTTGAGAAGCCGAGAATTT

TGTA 

KO124 (insertion of 
ADE2 at end of chr. IV) 

IVADE2_3_R 

TGTGGTGACAACCTAACCCTTTCGTTGA
TACTAGTTTGAAGGTTATCAATATCCTGA
ATTAGAGTTGTGGTCCTCGGTTCTGCAT

TGAG 

KO124 (insertion of 
ADE2 at end of chr. IV) 

IVURA3F 

GCTTTACAGGACCTATTTTTCATACGTTA
TGCACTTCATTCTTTTTGTCGGTTTGATA
CCAGCAGAATCTAACGCTAGAGCAGAC

GCTCAT 

KO35 (insertion of URA3 
at end of chr. IV) 

IVURA3R 
AAGCGCTGCTGCGTTTTCGAGGTATGG
CTTCTGCCGGGCTAACGTTCAAATTAAA
GGAACAGATTCCCGGGTAATAACTGA 

KO35 (insertion of URA3 
at end of chr. IV) 

EXT1510386F CATTGGAGCGAATGATGACG 
KO35 (confirmation of 
URA3 insertion on chr. 

IV) 

EXT1510386R TGTGCAATCGTTGTCAAGTTGG 
KO35 (confirmation of 
URA3 insertion on chr. 

IV) 

Forward 
Sequence 

TGCCCAGTATTCTTAACCCAACTGCACA
GAACAAAAACCTGCAGGAAACGAAGATA

AATCCAGCTGAAGCTTCGTACG 

KOK3 (deletion of URA3 
locus) 

Reverse 
Sequence 

TTAAATTGAAGCTCTAATTTGTGAGTTTA
GTATACATGCATTTACTTATAATACAGTT

TTAGGCCACTAGTGGATCTG 

KOK3 (deletion of URA3 
locus) 

ADE2_XV_R GGTGCGTAAAATCGTTGGAT KO119, KO127, KO128 
(to insert ade2Δ::kanMX 
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in KO119 and to 
determine whether 

KO127 and KO128 had 
ade2-1 or 

ade2Δ::kanMX) 

ADE2_XV_F ATCCTCGGTTCTGCATTGAG 

KO119, KO127, KO128 
(to insert ade2Δ::kanMX 

in KO119 and to 
determine whether 

KO127 and KO128 had 
ade2-1 or 

ade2Δ::kanMX) 

Pol2DigestF1 GAAAAGCCACAGCACCTTTC 

KO200, KO207, spores 
of KO214 and KO201 
(confirmation of pol2-

M644L) 

Pol2DigestR1 TTGGACAGATTTCCCTTCCA 

KO200, KO207, spores 
of KO214 and KO201 
(confirmation of pol2-

M644L) 

MATaF ACTCCACTTCAAGTAAGAGTTTG Many strains (diagnosis 
of mating type) 

MATalphaF GCACGGAATATGGGACTACTTCG Many strains (diagnosis 
of mating type) 

MATR AGTCACATCAAGATCGTTTATGG Many strains (diagnosis 
of mating type) 

extF3 AATGCGGGTAGAATCAATGC 

KO124, KO171 
(confirmation of ADE2 or 
URA3Kl insertion on chr. 

IV) 

extR3 AGGTGATGGGAAATCGAGTG 

KO124, KO171 
(confirmation of ADE2 or 
URA3Kl insertion on chr. 

IV) 

KANF222 AATTTATGCCTCTTCCGACC KOK3 (confirmation of 
URA3 deletion) 

URAR1128 GAAATCATTACGACCG KOK3 (confirmation of 
URA3 deletion) 

Tel1NATF 
ATTCGAAAAAAAAGCCTTCAAAGAAAAG
GGAAATCAGTGTAACATAGACGCGTACG

CTGCAGGTCGAC 

PG308 (replacement of 
tel1::kanMX with 

tel1::natMX) 

Tel1NATR 
TTCGTATTTCTATAAACAAAAAAAAGAAG
TATAAAGCATCTGCATAGCAAATCGATG

AATTCGAGCTCG 

PG308 (replacement of 
tel1::kanMX with 

tel1::natMX) 

MRC1pgalF 
GGAAGTTCGTTATTCGCTTTTGAACTTAT
CACCAAATATTGAATTCGAGCTCGTTTAA

AC 

PG309(2) (to insert the 
GAL1 promoter and 
kanMX upstream of 

MRC1) 

MRC1pgalR 
TTGCAGTCAACGAGGACAAAGCATGCAA
GGCATCATCCATGCACTGAGCAGCGTAA

TCTG 

PG309(2) (to insert the 
GAL1 promoter and 
kanMX upstream of 

MRC1) 
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Table 10: Strains used in different assays of LOH 

Genotype Sub-
culturing 

Sectoring 
assay 

RCO mapping in 
sectored colonies 

Rate of 5FOA 
resistance 

wild-type KO198 KO198 KO198 KO198 
rnh1Δ KO73 KO187 KO187 KO187 

pol2-M644L KO234 KO234 KO234 KO234 
rnh201Δ KO75 KO188 KO188 and KO135 KO188 
rnh201Δ 

pol2-M644L KO244 KO244 KO244 KO244 

rnh1Δ 
rnh201Δ KO5 KO189 KO132 KO189 
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Table 11: LOH events in sub-cultured wild-type strains 

Strain	 Chr	 Event	type	 Transitions	 Left	 Right	 Event	
class	

Window	
beginning	

Window	
end	

Window	
size	

Tract	
length	

KO198_2_X_H No events 
KO198_2_X_I No events 
KO198_3_X_G No events 
KO198_3_X_I No events 
KO198_2_X_G No events 
KO198_3_X_H Trisomy 

KO198_2_X_J 

3 Interstitial 
LOH a 768199 769286 b1 768199 773025 4826 4028.5 

  b 772517 773025      
15 Interstitial 

LOH a 290460 290797 b2 290460 315568 25108 23416.5 

  b 312522 315568      

KO198_1_X_I 
6 Interstitial 

LOH a 128158 131183 b2 128158 137575 9417 5829 

  b 133424 137575      
KO198_1_X_H 2 Terminal 

LOH a 348805 356384 a4 346384 366384 20000  

KO198_1_X_G 
14 Interstitial 

LOH a 513916 515070 b2 513916 535358 21442 19566 

  b 532760 535358      
Ten isolates of the wild-type diploid KO198 were sub-cultured 10 times; for each sub-culture, a single cell was 

grown into a colony on a solid rich medium. Following sub-culturing, DNA was isolated and examined by whole-genome 
microarrays. The microarrays allow us to examine loss of heterozygosity (LOH) at approximately 15,000 SNPs located 
throughout the genome. Most of the sub-cultured strains had LOH events that could be classified as terminal (likely 
representing crossovers or break-induced replication events) or interstitial (likely representing gene conversion events). 
Most terminal LOH events had a single transition on the chromosome between heterozygous and homozygous markers 
(labeled "a" in the Transition label column), whereas most interstitial LOH events had two transitions (labeled "a" and "b"). 
The SGD coordinates of heterozygous and homozygous SNPs flanking these transitions are shown in the "Left of 
Transition" and "Right of Transition" columns. Left and right refer to the orientation of the chromosomes as presented in 
SGD. The classes of events are shown schematically in Figure 32. Although the wild-type strain had only simple terminal 
and interstitial LOH events, more complex classes were observed in some of the mutant strains (also shown in Figure 
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32). As discussed in the text, the transitions between heterozygous and homozygous markers should be near the 
position of the DNA lesion that initiates the LOH event. For terminal LOH events, we used a window that extended 10 kb 
to each side of the homozygous SNP nearest the transition. For interstitial conversion events, we used a window that 
extended between the heterozygous SNPs that most closely flanked the LOH event. The coordinates for the beginning 
and end of the association windows are in columns H and I, and the window size is shown in column J. Lastly, we 
calculated the average and median conversion tract lengths based on the interstitial LOH events. The lengths (column K) 
were calculated by averaging the distances between heterozygous SNPs flanking the LOH event (the maximum 
conversion tract length) and the distance between the homozygous SNPs that were closest to the transitions (the 
minimum conversion tract length). Association windows and gene conversion lengths were calculated only for simple 
terminal LOH events (Classes a1-a4) and simple conversion events (Classes b1 and b2) in Figure 32. The trisomy in 
KO198_3_X_H will be described in Table 18. 
 

Table 12: LOH events in sub-cultured rnh1Δ strains 

Strain	 Chr	 Type	of	event	 Left		 Right		 Transition	
Label	

Event	
class	

Window	
beginning	

Window	
end	

Window	
Size	

Tract	
length	

KO73_2_XX_L	 No	events	

KO73_2_XX_I	

8	 Terminal	LOH	 509220	 510376	 a	 a4	 500376	 520376	 20000	 	
12	 Complicated	

Terminal	LOH	 555983	 558950	 a	 f12	 	 	 	 	

	 	 568204	 569529	 b	 	 	 	 	 	
	 	 571404	 572936	 c	 	 	 	 	 	
	 	 576101	 582496	 d	 	 	 	 	 	

KO73_2_XX_
K	

7	 Interstitial	LOH	 23395	 24513	 a	 b1	 23395	 43381	 19986	 14154.5	

	 	 32836	 43381	 b	 	 	 	 	 	
15	 Interstitial	LOH	 108932	 111280	 a	 b2	 108932	 116699	 7767	 4863.5	

	 	 113240	 116699	 b	 	 	 	 	 	
KO73_2_XX_J	 10	 Terminal	LOH	 716628	 718414	 a	 a3	 708414	 728414	 20000	 	

KO73_2_XX_
H	

2	 Interstitial	LOH	 437421	 438281	 a	 b2	 437421	 450919	 13498	 11452.5	

	 	 447688	 450919	 b	 	 	 	 	 	
7	 Terminal	LOH	 43786	 44387	 a	 a2	 33786	 53786	 20000	 	
12	 Complicated	

Terminal	LOH	 930149	 931821	 a	 f8	 930149	 959663	 29514	 8064	
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	 	 938119	 939979	 b	 	 	 	 	 	
	 	 957993	 959663	 c	 	 	 	 	 	

KO73_2_XX_
G	

5	 Interstitial	LOH	 131261	 132281	 a	 b1	 131261	 134832	 3571	 2178	

	 	 133066	 134832	 b	 	 	 	 	 	
13	 Interstitial	LOH	 433210	 436217	 a	 b1	 433210	 437414	 4204	 2224.5	

	 	 436462	 437414	 b	 	 	 	 	 	

KO73_2_XX_
D	

4	 Interstitial	LOH	 1451035	 1452203	 a	 b1	 1451035	 1456727	 5692	 4807	

	 	 1456125	 1456727	 b	 	 	 	 	 	
12	 Terminal	LOH	 447834	 490725	 a	 a4	 480725	 500725	 20000	 	
15	 Interstitial	LOH	 416868	 417121	 a	 b2	 416868	 428230	 11362	 10971.5	

	 	 427702	 428230	 b	 	 	 	 	 	

KO73_2_XX_F	
14	 Interstitial	LOH	 532760	 536650	 a	 b2	 532760	 544987	 12227	 9068	

	 	 542559	 544987	 b	 	 	 	 	 	
KO73_2_XX_E	 Duplication,	but	no	LOH	

KO73_2_XX_
C	

11	 Interstitial	LOH	 127001	 131532	 a	 b1	 127001	 152897	 25896	 20382.5	

	 	 146401	 152897	 b	 	 	 	 	 	
Ten isolates of the rnh1 diploid KO73 were sub-cultured 20 times; for each sub-culture, a single cell was grown 

into a colony on a solid rich medium. Following sub-culturing, DNA was isolated and examined by whole-genome 
microarrays. Most of the details of the analysis of the rnh1 diploids are the same as described in the table legend for the 
wild-type strain (first tab). One difference is that several of the events (labeled "f12" and "f8" in Column G) were more 
complex than terminal or interstitial LOH events. These events are depicted in Figure 32. Since these more complex 
events may represent double recombination events, we did not define association windows or conversion tract lengths for 
these events. The strain with a duplication (KO73_2_XX_E) will be described in Table 17. 
 

Table 13: LOH events in sub-cultured pol2-M644L strains 

Strain	 Chr	 Type	of	event	 Transition	
label	 Left	 Right	 Event	

class	
Window	
beginning	

Window	
end	

Windo
w	Size	

Tract	
length	

KO234_44_XX_B	 No	events	

KO234_44_XX_C	 No	events	

KO234_44_XX_D	 No	events	
KO234_136_XX_A	 No	events	
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KO234_44_XX_A	 Duplication	

KO234_106_XX_A	
6	 Terminal	LOH	 a	 109314	 109384	 a2	 99314	 119314	 20000	 	
9	 Interstitial	LOH	 a	 62045	 63643	 b2	 62045	 70586	 8541	 7704.5	

	 	 b	 70511	 70586	 	 	 	 	 	

KO234_106_XX_B	
13	 Interstitial	LOH	 a	 205662	 208859	 b1	 205662	 222047	 16385	 13688.5	

	 	 b	 219851	 222047	 	 	 	 	 	

KO234_106_XX_C	
12	 Terminal	LOH	 a	 255123	 255725	 a3	 245725	 265725	 20000	 	
16	 Terminal	LOH	 a	 830475	 832669	 a4	 822669	 842669	 20000	 	

KO234_106_XX_D	 15	 Terminal	LOH	 a	 1004333	 1018892	 a4	 1008892	 1028892	 20000	 	
KO234_136_XX_B	 12	 Terminal	LOH	 a	 697251	 699057	 a4	 689057	 709057	 20000	 	
KO234_136_XX_C	 13	 Terminal	LOH	 a	 578493	 597154	 a3	 587154	 607154	 20000	 	

KO234_136_XX_D	

2	 Complicated	
Terminal	LOH	 a	 95349	 97579	 f2	 	 	 	 	

	 	 b	 99177	 99838	 	 	 	 	 	
	 	 c	 102420	 116691	 	 	 	 	 	

16	 Terminal	LOH	 a	 726466	 737347	 a4	 727347	 747347	 20000	 	
Twelve isolates of the pol2-M644L diploid KO234 were sub-cultured 20 times; for each sub-culture, a single cell 

was grown into a colony on a solid rich medium. Following sub-culturing, DNA was isolated and examined by whole-
genome microarrays. Most of the details of the analysis of the pol2-M644L diploids are the same as described in the 
table legend for the wild-type strain (first tab). The isolate KO234_44_XX_A will be described in Table 17. 
 

Table 14: LOH events in sub-cultured rnh201Δ strains 

Strain	 Chr	 Type	of	event	 Transition	
label	 Left		 Right	

Event	
class	

Window	
beginning	

Window	
end	

Window	
Size	

Tract	
Length	

KO75_1_XX_E	

2	 Interstitial	LOH	 a	 121091	 123930	 b2	 121091	 129244	 8153	 4586	

	 	 b	 124949	 129244	 	 	 	 	 		
2	 Interstitial	LOH	 a	 326666	 328510	 b2	 326666	 330632	 3966	 2708.5	

	 	 b	 329961	 330632	 	 	 	 	 		
3	 Terminal	LOH	 a	 269360	 273351	 a4	 263351	 283351	 20000	 		
4	 Interstitial	LOH	 a	 329222	 331783	 b1	 329222	 339103	 9881	 8227	

	 	 b	 338356	 339103	 	 	 	 	 		
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7	 Terminal	LOH	 a	 418495	 427594	 a2	 408495	 428495	 20000	 		

	 	 a	 800046	 802525	 a4	 792525	 812525	 20000	 		
14	 Interstitial	LOH	 a	 679016	 688562	 b1	 679016	 689973	 10957	 5707	

	 	 b	 689019	 689973	 	 	 	 	 		

15	 Complicated	
Terminal	LOH	 a	 1004412	 1018892	 f8	 	 	 	 		

	 	 b	 1019448	 1022697	 	 	 	 	 		
		 		 c	 1024031	 1031110	 		 		 		 		 		

KO75_1_XX_D	

2	 Terminal	LOH	 a	 757914	 767883	 a4	 757883	 777883	 20000	 		
3	 Terminal	LOH	 a	 260184	 269360	 a4	 259360	 279360	 20000	 		
7	 Terminal	LOH	 a	 1014088	 1015595	 a3	 1005595	 1025595	 20000	 		
13	 Interstitial	LOH	 a	 183803	 190748	 b1	 183803	 203092	 19289	 11976	
		 		 b	 195411	 203092	 		 		 		 		 		

KO75_1_XX_C	

7	 Terminal	LOH	 a	 321709	 336781	 a2	 311709	 331709	 20000	 		
11	 Interstitial	LOH	 a	 278701	 280382	 b1	 278701	 281669	 2968	 1695.5	

	 	 b	 280805	 281669	 	 	 	 	 		
14	 Interstitial	LOH	 a	 611825	 613257	 b1	 611825	 615130	 3305	 1705	

	 	 b	 613362	 615130	 	 	 	 	 		
15	 Terminal	LOH	 a	 1019448	 1022697	 a4	 1012697	 1032697	 20000	 		

KO75_1_XX_I	

6	 Terminal	LOH	 a	 264161	 266197	 a4	 256197	 276197	 20000	 		
7	 Interstitial	LOH	 a	 1045420	 1046912	 b2	 1045420	 1056398	 10978	 9540.5	

	 	 b	 1055015	 1056398	 	 	 	 	 		
9	 Interstitial	LOH	 a	 416612	 417977	 b2	 416612	 420503	 3891	 2989.5	

	 	 b	 420065	 420503	 	 	 	 	 		
14	 Interstitial	LOH	 a	 655087	 677639	 b2	 655087	 682196	 27109	 14243	
		 		 b	 679016	 682196	 		 		 		 		 		

KO75_1_XX_J	
3	 Complicated	

Terminal	LOH	 a	 205656	 205087	 f11	 	 	 	 		

	 	 b	 232888	 233987	 	 	 	 	 		

	 	 c	 246739	 250237	 	 	 	 	 		
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	 	 d	 251992	 269360	 	 	 	 	 		
10	 Interstitial	LOH	 a	 422878	 423548	 b1	 422878	 427991	 5113	 3939	
		 		 b	 426313	 427991	 		 		 		 		 		

KO75_1_XX_K	

2	 Terminal	LOH	 a	 775053	 777286	 a3	 767286	 787286	 20000	 		
4	 Interstitial	LOH	 a	 866422	 889108	 b2	 866422	 909432	 43010	 24465.5	

	 	 b	 895029	 909432	 	 	 	 	 		
4	 Interstitial	LOH	 a	 1331310	 1332381	 b1	 1331310	 1341857	 10547	 9217	

	 	 b	 1340268	 1341857	 	 	 	 	 		
5	 Interstitial	LOH	 a	 234286	 234918	 b2	 234286	 237468	 3182	 2012.5	

	 	 b	 235761	 237468	 	 	 	 	 		
7	 Terminal	LOH	 a	 1028478	 1030787	 a4	 1020787	 1040787	 20000	 		
12	 Interstitial	LOH	 a	 848573	 849418	 b1	 848573	 857362	 8789	 5435	

	 	 b	 851499	 857362	 	 	 	 	 		
16	 Terminal	LOH	 a	 477118	 485884	 a2	 467118	 487118	 20000	 		

KO75_1_XX_L	

2	 Terminal	LOH	 a	 150771	 155125	 a1	 140771	 160771	 20000	 		
5	 Interstitial	LOH	 a	 180126	 181112	 b1	 180126	 187825	 7699	 5077	

	 	 b	 183567	 187825	 	 	 	 	 		
8	 Interstitial	LOH	 a	 397033	 399358	 b2	 397033	 401318	 4285	 2409.5	

	 	 b	 399892	 401318	 	 	 	 	 		
11	 Interstitial	LOH	 a	 407864	 409851	 b2	 407864	 420773	 12909	 6469.5	

	 	 b	 409881	 420773	 	 	 	 	 		
13	 Terminal	LOH	 a	 249446	 252520	 a1	 239446	 259446	 20000	 		

KO75_1_XX_M	
5	 Terminal	LOH	 a	 278498	 291700	 a3	 281700	 301700	 20000	 		
12	 Terminal	LOH	 a	 447834	 490725	 a4	 480725	 500725	 20000	 		

KO75_2_XX_C	

5	 Terminal	LOH	 a	 165534	 169661	 a4	 159661	 179661	 20000	 		
7	 Terminal	LOH	 a	 623191	 627478	 a3	 617478	 637478	 20000	 		
8	 Interstitial	LOH	 a	 170576	 172424	 b2	 170576	 179052	 8476	 7471	

	 	 b	 178890	 179052	 	 	 	 	 		
12	 Interstitial	LOH	 a	 367757	 382549	 b2	 367757	 393203	 25446	 12831.5	

	 	 b	 382766	 393203	 	 	 	 	 		
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15	 Terminal	LOH	 a	 740073	 743545	 a4	 733545	 753545	 20000	 		

KO75_1_XX_G	

2	 Interstitial	LOH	 a	 295899	 303515	 b2	 295899	 317326	 21427	 11185.5	

	 	 b	 304459	 317326	 	 	 	 	 		
2	 Interstitial	LOH	 a	 719992	 722524	 b1	 719992	 727124	 7132	 4879	

	 	 b	 725150	 727124	 	 	 	 	 		
12	 Interstitial	LOH	 a	 61885	 66582	 b1	 61885	 68658	 6773	 4273	

	 	 b	 68355	 68658	 	 	 	 	 		
16	 Terminal	LOH	 a	 726466	 737347	 a3	 727347	 747347	 20000	 		

KO75_1_XX_H	

3	 Terminal	LOH	 a	 269360	 287598	 a3	 277598	 297598	 20000	 		
8	 Terminal	LOH	 a	 216113	 216553	 a3	 206553	 226553	 20000	 		
14	 Interstitial	LOH	 a	 34405	 44706	 b2	 34405	 64182	 29777	 16372	

	 	 b	 47673	 64182	 	 	 	 	 		
15	 Interstitial	LOH	 a	 189602	 194946	 b1	 189602	 202116	 12514	 8494	

	 	 b	 199420	 202116	 	 	 	 	 		
16	 Terminal	LOH	 a	 254961	 264511	 a1	 244961	 264961	 20000	 		

KO75_2_XX_D	

2	 Terminal	LOH	 a	 228096	 229767	 a1	 218096	 238096	 20000	 		
8	 Terminal	LOH	 a	 510376	 514858	 a4	 504858	 524858	 20000	 		
9	 Interstitial	LOH	 a	 421215	 422940	 b1	 421215	 430076	 8861	 7965	

	 	 b	 430009	 430076	 	 	 	 	 		
12	 Interstitial	LOH	 a	 1051101	 1052261	 b1	 1051101	 1053077	 1976	 1348	

	 	 b	 1052981	 1053077	 	 	 	 	 		
13	 Terminal	LOH	 a	 905879	 906429	 a4	 	 	 	 		
14	 Terminal	LOH	 a	 224306	 230116	 a2	 220116	 240116	 20000	 		
16	 Interstitial	LOH	 a	 816528	 824722	 b1	 816528	 832669	 16141	 9577.5	
		 		 b	 827736	 832669	 		 		 		 		 		

KO75_2_XX_E	
4	 Interstitial	LOH	 a	 1036164	 1037190	 b2	 1036164	 1046711	 10547	 7140.5	

	 	 b	 1040924	 1046711	 	 	 	 	 		
15	 Terminal	LOH	 a	 910678	 911889	 a4	 901889	 921889	 20000	 		

KO75_2_XX_F	 4	 Complicated	
interstitial	LOH	 a	 344468	 346099	 b5	 		 		 		 		
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	 	 b	 409879	 410333	 	 	 	 	 		

	 	 c	 410349	 413580	 	 	 	 	 		

	 	 d	 416529	 416841	 	 	 	 	 		
4	 Terminal	LOH	 a	 1508563	 1510362	 a4	 1500362	 1520362	 20000	 		
5	 Terminal	LOH	 a	 25578	 26253	 a2	 15578	 35578	 20000	 		
7	 Terminal	LOH	 a	 372214	 380419	 a2	 362214	 382214	 20000	 		
12	 Terminal	LOH	 a	 70043	 73277	 a2	 60043	 80043	 20000	 		
12	 Interstitial	LOH	 a	 706102	 706434	 b1	 706102	 712932	 6830	 5909	

	 	 b	 711422	 712932	 	 	 	 	 		
13	 Terminal	LOH	 a	 13973	 23619	 a2	 3973	 23973	 20000	 		

KO75_2_XX_G	
7	 Terminal	LOH	 a	 336880	 338942	 a2	 326880	 346880	 20000	 		
7	 Terminal	LOH	 a	 604112	 620369	 a3	 610369	 630369	 20000	 		
12	 Terminal	LOH	 a	 928524	 930149	 a3	 920149	 940149	 20000	 		

KO75_2_XX_H	

1	 Terminal	LOH	 a	 6353	 10795	 a2	 1	 16353	 16352	 		
7	 Terminal	LOH	 a	 32836	 43381	 a2	 22836	 42836	 20000	 		
10	 Terminal	LOH	 a	 34825	 38238	 a1	 24825	 44825	 20000	 		
11	 Terminal	LOH	 a	 548762	 553368	 a3	 543368	 563368	 20000	 		

KO75_2_XX_I	

3	 Terminal	LOH	 a	 269360	 273351	 a4	 263351	 283351	 20000	 		
9	 Terminal	LOH	 a	 101816	 108413	 a2	 91816	 111816	 20000	 		
13	 Interstitial	LOH	 a	 872913	 877731	 b1	 872913	 886977	 14064	 11084	

	 	 b	 885835	 886977	 	 	 	 	 		
15	 Interstitial	LOH	 a	 1014379	 1018892	 b2	 1014379	 1024031	 9652	 7076	
		 		 b	 1023392	 1024031	 		 		 		 		 		

KO75_2_XX_J	

1	 Terminal	LOH	 a	 10795	 11096	 a2	 795	 20795	 20000	 		
3	 Terminal	LOH	 a	 53879	 55704	 a2	 43879	 63879	 20000	 		
4	 Terminal	LOH	 a	 1374571	 1391336	 a4	 1381336	 1401336	 20000	 		
13	 Terminal	LOH	 a	 127417	 128865	 a1	 117417	 137417	 20000	 		
15	 Terminal	LOH	 a	 934051	 942300	 a4	 932300	 952300	 20000	 		

KO75_2_XX_K	
1	 Terminal	LOH	 a	 28625	 28705	 a1	 18625	 38625	 20000	 		
6	 Terminal	LOH	 a	 44760	 58157	 a2	 34760	 54760	 20000	 		
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11	 Terminal	LOH	 a	 563475	 565426	 a3	 555426	 575426	 20000	 		
Nineteen isolates of the rnh201 diploid KO75 were sub-cultured 20 times; for each sub-culture, a single cell was grown 
into a colony on a solid rich medium. Following sub-culturing, DNA was isolated and examined by whole-genome 
microarrays. Most of the details of the analysis of these diploids are the same as described in the table legend for the 
wild-type strain (first tab). All event classes are depicted in Figure 32. 
 

Table 15: LOH events in sub-cultured rnh201Δ pol2-M644L strains 

Strain	 Chr	
Type	of	
event	

Transition	
label	 Left		 Right		

Event	
class	

Window	
beginning	

Window	
end	

Window	
size	

Tract	
Length	

KO244_1_XX_B	

12	
Interstitial	

LOH	 a	 266728	 268825	 b2	 266728	 272968	 6240	 4199.5	

	 	
b	 270984	 272968	 	

	 	 	
		

13	

Complicated	
terminal	
LOH	 a	 592645	 597696	

f3	-	
redundant	

	 	 	
		

	 	
b	 603112	 604818	 	

	 	 	
		

14	
Interstitial	

LOH	 a	 349546	 350837	 b1	 349546	 353555	 4009	 2438	

	 	
b	 351704	 353555	 	

	 	 	
		

16	
Terminal	
LOH	 a	 475342	 477118	 a1	 465342	 485342	 20000	 		

KO244_1_XX_C	

8	
Interstitial	

LOH	 a	 173252	 178890	 b2	 173252	 193856	 20604	 14308	

	 	
b	 186902	 193856	 	

	 	 	
		

10	
Interstitial	

LOH	 a	 422878	 423548	 b2	 422878	 426313	 3435	 2281.5	

	 	
b	 424676	 426313	 	

	 	 	
		

13	

Complicated	
terminal	
LOH	 a	 592645	 597696	

f3	-	
redundant	

	 	 	
		

		 		 b	 603112	 604818	 		 		 		 		 		

KO244_1_XX_D	 1	
Interstitial	

LOH	 a	 6353	 10795	 b2	 6353	 27647	 21294	 10797.5	

	 	
b	 11096	 27647	 	
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5	
Terminal	
LOH	 a	 377174	 380708	 a3	 370708	 390708	 20000	 		

7	
Terminal	
LOH	 a	 990569	 991889	 a4	 981889	 1001889	 20000	 		

10	
Interstitial	

LOH	 a	 245432	 246304	 b1	 245432	 257017	 11585	 9883	

	 	
b	 254485	 257017	 	

	 	 	
		

10	
Terminal	
LOH	 a	 709994	 718414	 a4	 708414	 728414	 20000	 		

13	

Complicated	
terminal	
LOH	 a	 592645	 597696	

f3	-	
redundant	

	 	 	
		

	 	
b	 603112	 604818	 	

	 	 	
		

15	
Interstitial	

LOH	 a	 926864	 928169	 b2	 926864	 934501	 7637	 6868.5	
		 		 b	 934269	 934501	 		 		 		 		 		

KO244_2_XX_A	
7	

Interstitial	
LOH	 a	 413718	 415299	 b2	 413718	 422024	 8306	 5751	

	 	
b	 418495	 422024	 	

	 	 	
		

14	
Terminal	
LOH	 a	 234905	 250493	 a1	 224905	 244905	 20000	 		

KO244_2_XX_B	

7	
Terminal	
LOH	 a	 1060123	 1060441	 a3	 1050441	 1070441	 20000	 		

11	
Terminal	
LOH	 a	 229891	 257395	 a2	 219891	 239891	 20000	 		

12	
Interstitial	

LOH	 a	 40555	 42074	 b1	 40555	 53562	 13007	 12004.5	

	 	
b	 53076	 53562	 	

	 	 	
		

12	
Terminal	
LOH	 a	 447839	 490725	 a4	 480725	 500725	 20000	 		

16	
Interstitial	

LOH	 a	 462476	 466312	 b2	 462476	 469715	 7239	 3999.5	
		 		 b	 467072	 469715	 		 		 		 		 		

KO244_2_XX_D	 1	
Terminal	
LOH	 a	 71605	 73479	 a1	 61605	 81605	 20000	 		
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2	
Interstitial	

LOH	 a	 235103	 235624	 b1	 235103	 239853	 4750	 3895	
		 		 b	 238664	 239853	 		 		 		 		 		

KO244_1_XX_J	

7	
Terminal	
LOH	 a	 505859	 507116	 a3	 497116	 517116	 20000	 		

12	
Terminal	
LOH	 a	 284802	 286805	 a3	 276805	 296805	 20000	 		

13	

Complicated	
terminal	
LOH	 a	 592645	 597696	

f3	-	
redundant	

	 	 	
		

	 	
b	 603112	 604818	 	

	 	 	
		

15	
Terminal	
LOH	 a	 876445	 877874	 a4	 867874	 887874	 20000	 		

KO244_1_XX_I	

4	
Interstitial	

LOH	 a	 195883	 200983	 b2	 195883	 204066	 8183	 4890	

	 	
b	 202580	 204066	 	

	 	 	
		

12	
Terminal	
LOH	 a	 447834	 490725	 a3	 480725	 500725	 20000	 		

12	

Complicated	
terminal	
LOH	 a	 866897	 867979	

f3	

	 	 	
		

	 	
b	 871421	 872951	 	

	 	 	
		

13	

Complicated	
terminal	
LOH	 a	 592645	 597696	

f3	-	
redundant	

	 	 	
		

		 		 b	 603112	 604818	 		 		 		 		 		

KO244_1_XX_H	

1	
Interstitial	

LOH	 a	 80543	 81680	 b2	 80543	 83892	 3349	 2483.5	

	 	
b	 83298	 83892	 	

	 	 	
		

7	
Terminal	
LOH	 a	 653645	 657746	 a4	 647746	 667746	 20000	 		

13	
Interstitial	

LOH	 a	 604741	 624223	 b2	 604741	 631816	 27075	 15131.5	

	 	
b	 627411	 631816	 	

	 	 	
		

14	 Terminal	 a	 232238	 250493	 a1	 222238	 242238	 20000	 		
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LOH	

15	
Interstitial	

LOH	 a	 622623	 623715	 b1	 622623	 638124	 15501	 12750.5	

	 	
b	 633715	 638124	 	

	 	 	
		

16	

Complicated	
terminal	
LOH	 a	 132825	 140771	

f7	

	 	 	
		

	 	
b	 146332	 154379	 	

	 	 	
		

16	
Terminal	
LOH	 a	 319651	 321716	 a2	 309651	 329651	 20000	 		

16	
Interstitial	

LOH	 a	 604741	 624223	 b2	 604741	 631816	 27075	 15131.5	

	 	
b	 627411	 631816	 	

	 	 	
		

16	
Interstitial	

LOH	 a	 726466	 737347	 b1	 726466	 742320	 15854	 9316.5	
		 		 b	 740126	 742320	 		 		 		 		 		

KO244_1_XX_G	

2	
Interstitial	

LOH	 a	 73343	 74086	 b1	 73343	 90700	 17357	 16520.5	

	 	
b	 89770	 90700	 	

	 	 	
		

13	

Complicated	
terminal	
LOH	 a	 592645	 597696	

f3	-	
redundant	

	 	 	
		

	 	
b	 603112	 604818	 	

	 	 	
		

14	

Complicated	
terminal	
LOH	 a	 473637	 477725	

f7	

	 	 	
		

		 		 b	 481798	 490256	 		 		 		 		 		

KO244_1_XX_F	

6	
Terminal	
LOH	 a	 186862	 189823	 a4	 179823	 199823	 20000	 		

7	
Interstitial	

LOH	 a	 78957	 80109	 b1	 78957	 93373	 14416	 12633.5	

	 	
b	 90960	 93373	 	

	 	 	
		

8	
Terminal	
LOH	 a	 53891	 55920	 a2	 43891	 63891	 20000	 		

8	 Interstitial	 a	 347344	 348433	 b1	 347344	 357653	 10309	 8800	
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LOH	

	 	
b	 355724	 357653	 	

	 	 	
		

13	
Interstitial	

LOH	 a	 863513	 870754	 b2	 863513	 882930	 19417	 15133.5	

	 	
b	 881604	 882930	 	

	 	 	
		

13	

Complicated	
terminal	
LOH	 a	 592645	 597696	

f3	-	
redundant	

	 	 	
		

	 	
b	 603112	 604818	 	

	 	 	
		

16	
Terminal	
LOH	 a	 88426	 89271	 a1	 78426	 98426	 20000	 		

16	
Interstitial	

LOH	 a	 350461	 352389	 b1	 350461	 359559	 9098	 5321	

	 	
b	 353933	 359559	 	

	 	 	
		

KO244_1_XX_E	

12	
Interstitial	

LOH	 a	 509314	 310992	 b1	 509314	 513016	 3702	 102106	

	 	
b	 511502	 513016	 	

	 	 	
		

13	

Complicated	
terminal	
LOH	 a	 592645	 597696	

f3	-	
redundant	

	 	 	
		

		 		 b	 603112	 604818	 		 		 		 		 		

KO244_2_XX_C	 1	
Terminal	
LOH	 a	 153172	 159612	 a2	 143172	 163172	 20000	 		

14	
Terminal	
LOH	 a	 263324	 266532	 a2	 253324	 273324	 20000	 		

KO244_2_XX_E	

2	
Terminal	
LOH	 a	 124949	 129427	 a1	 114949	 134949	 20000	 		

9	
Interstitial	

LOH	 a	 35882	 36675	 b2	 35882	 41403	 5521	 4152	

	 	
b	 39458	 41403	 	

	 	 	
		

15	
Interstitial	

LOH	 a	 394443	 394554	 b1	 394443	 399071	 4628	 3433	

	 	
b	 396792	 399071	 	

	 	 	
		

15	
Interstitial	

LOH	 a	 640115	 642368	 b2	 640115	 656555	 16440	 9552.5	
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		 		 b	 645033	 656555	 		 		 		 		 		

KO244_2_XX_G	

2	
Interstitial	

LOH	 a	 438281	 439568	 b1	 438281	 441501	 3220	 1991	

	 	
b	 440330	 441501	 	

	 	 	
		

8	
Interstitial	

LOH	 a	 379498	 380068	 b1	 379498	 393258	 13760	 8208	
		 		 b	 382724	 393258	 		 		 		 		 		

KO244_2_XX_H	

4	
Interstitial	

LOH	 a	 67648	 69979	 b1	 67648	 74652	 7004	 4724	

	 	
b	 72423	 74652	 	

	 	 	
		

4	
Interstitial	

LOH	 a	 485657	 495183	 b1	 485657	 498729	 13072	 7945	

	 	
b	 498001	 498729	 	

	 	 	
		

6	
Terminal	
LOH	 a	 115101	 116168	 a2	 105101	 125101	 20000	 		

7	

Complicated	
terminal	
LOH	 a	 70519	 71398	

f5	

	 	 	
		

	 	
b	 76650	 76976	 	

	 	 	
		

	 	
c	 98720	 105720	 	

	 	 	
		

9	

Complicated	
terminal	
LOH	 a	 245915	 247953	

f7	

	 	 	
		

	 	
b	 281875	 283483	 	

	 	 	
		

10	
Terminal	
LOH	 a	 701849	 701808	 a4	 691808	 711808	 20000	 		

13	
Interstitial	

LOH	 a	 347573	 349975	 b1	 347573	 378717	 31144	 26548.5	

	 	
b	 371928	 378717	 	

	 	 	
		

15	
Interstitial	

LOH	 a	 70309	 72784	 b1	 70309	 87066	 16757	 12204.5	
		 		 b	 80436	 87066	 		 		 		 		 		

KO244_2_XX_I	 6	
Interstitial	

LOH	 a	 137575	 144197	 b2	 137575	 148850	 11275	 6582.5	
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b	 146087	 148850	 	

	 	 	
		

10	
Terminal	
LOH	 a	 362868	 390876	 a2	 352868	 372868	 20000	 		

16	
Interstitial	

LOH	 a	 580141	 580225	 b2	 580141	 580795	 654	 343.5	
		 		 b	 580258	 580795	 		 		 		 		 		

Seventeen isolates of the rnh201 pol2-M644L diploid KO244 were sub-cultured 20 times; for each sub-culture, a single 
cell was grown into a colony on a solid rich medium. Following sub-culturing, DNA was isolated and examined by whole-
genome microarrays. Most of the details of the analysis of the these diploids are the same as described in the table 
legend for the wild-type strain (first tab). All event classes are depicted in Figure 32. In column G, the strains with the 
designation "f3 - redundant" share a complicated terminal LOH event on chromosome 13. Since this event was likely 
present in a sub-set of the cells of the diploid strain before sub-culturing, it was only counted as a single LOH event in the 
data presented in Figure 25. Note that the shared event is present in sub-cultured strains derived from one of the starting 
diploid isolates (KO244_1) but not the other (KO244_2). 
 

Table 16: LOH events in sub-cultured rnh1Δ rnh201Δ strains 

Strain	 Chr	 Type	of	event	 Transition	
label	 Left		 Right		 Event	class	

Window	
beginning	

Window	
end	

Window	
Size	

Tract	
length	

KO5_6_a	

7	 Interstitial	LOH	 a	 544856	 545574	 b2	 544856	 557235	 12379	 11169.5	

	 	 b	 555534	 557235	 	 	 	 	 		
8	 Terminal	LOH	 a	 388722	 393258	 a3	 383258	 403258	 20000	 		
10	 Interstitial	LOH	 a	 618774	 619000	 b2	 618774	 620351	 1577	 788.5	

	 	 b	 619000	 620351	 	 	 	 	 		
11	 Terminal	LOH	 a	 315548	 315971	 a1	 305548	 325548	 20000	 		

12	 Terminal	LOH	 a	 447834	 490725	 a3-
redundant-1	 480725	 500725	 20000	 		

13	 Terminal	LOH	 a	 117639	 118461	 a2	 107639	 127639	 20000	 		
13	 Interstitial	LOH	 a	 601266	 601383	 b1	 601266	 604818	 3552	 2640.5	

	 	 b	 603112	 604818	 	 	 	 	 		

13	 Terminal	LOH	 a	 889089	 892242	 a4-
redundant-1	 882242	 902242	 20000	 		

14	 Interstitial	LOH	 a	 22009	 22843	 b1	 22009	 30514	 8505	 5164.5	

	 	 b	 24667	 30514	 	 	 	 	 		



 

 

155 

16	 Interstitial	LOH	 a	 52363	 53005	 b2	 52363	 98869	 46506	 44982	
		 		 b	 96463	 98869	 		 		 		 		 		

KO5_6_b	

4	 Interstitial	LOH	 a	 8872	 10378	 b2	 8872	 14031	 5159	 3232.5	

	 	 b	 11684	 14031	 	 	 	 	 		

4	 Terminal	LOH	 a	 1263027	 1264102	 a3-
redundant-2	 1254102	 1274102	 20000	 		

5	 Interstitial	LOH	 a	 305246	 307369	 b2	 305246	 310861	 5615	 3470	

	 	 b	 308694	 310861	 	 	 	 	 		
5	 Terminal	LOH	 a	 441827	 442725	 a3	 432725	 452725	 20000	 		

7	 Complicated	
terminal	LOH	 a	 102947	 105720	 f10	 	 	 	 		

	 	 b	 105952	 106743	 	 	 	 	 		

	 	 c	 234547	 236270	 	 	 	 	 		

12	 Complicated	
terminal	LOH	 a	 419809	 430038	 f1	 	 	 	 		

	 	 b	 444157	 444586	 	 	 	 	 		

	 	 c	 447537	 490725	 	 	 	 	 		

13	 Terminal	LOH	 a	 889089	 892242	 a4	-
redundant-1	 	 	 	 		

15	 Interstitial	LOH	 a	 326680	 327000	 b1	 326680	 337958	 11278	 9596	

	 	 b	 334914	 337958	 	 	 	 	 		

15	 Complicated	
terminal	LOH	 a	 1019448	 1022697	 f4	 	 	 	 		

	 	 b	 1024031	 1031110	 		 		 		 		 		

KO5_6_c	

1	 Terminal	LOH	 a	 104458	 108802	 a1	 94458	 114458	 20000	 		

4	 Terminal	LOH	 a	 1263027	 1264102	 a3	-	
redundant-2	 	 	 	 		

10	 Interstitial	LOH	 a	 424702	 426313	 b2	 424702	 431512	 6810	 4957.5	

	 	 b	 429418	 431512	 	 	 	 	 		

12	 Terminal	LOH	 a	 447834	 490725	 a3-
redundant-1	 	 	 	 		

13	 Terminal	LOH	 a	 889089	 892242	 a4-	
redundant-1	 	 	 	 		
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15	 Terminal	LOH	 a	 326680	 330811	 a4	 320811	 340811	 20000	 		

KO5_6_F	

1	 Terminal	LOH	 a	 31007	 33330	 a2	 21007	 41007	 20000	 		

4	 Complicated	
interstitial	LOH	 a	 507165	 507960	 b3	 	 	 	 		

	 	 b	 509392	 509716	 	 	 	 	 		

	 	 c	 509817	 512801	 	 	 	 	 		

	 	 d	 521609	 525235	 	 	 	 	 		
4	 Interstitial	LOH	 a	 1028494	 1036052	 b2	 1028494	 1039370	 10876	 5494	

	 	 b	 1036164	 1039370	 	 	 	 	 		

4	 Terminal	LOH	 a	 1263027	 1264102	 a3-
redundant-2	 	 	 	 		

5	 Terminal	LOH	 a	 139257	 140419	 a2	 129257	 149257	 20000	 		

7	 Terminal	LOH	 a	 759266	 773191	 a4	 763191	 783191	 20000	 		

8	 Interstitial	LOH	 a	 305504	 314613	 b1	 305504	 339753	 34249	 54009.5	

	 	 b	 388383	 339753	 	 	 	 	 		
9	 Interstitial	LOH	 a	 384614	 385946	 b1	 384614	 393123	 8509	 5625.5	

	 	 b	 388688	 393123	 	 	 	 	 		

12	 Terminal	LOH	 a	 447834	 490725	 a3-
redundant-1	 	 	 	 		

13	 Terminal	LOH	 a	 889089	 892242	 a4-
redundant-1	 	 	 	 		

15	 Interstitial	LOH	 a	 218129	 221061	 b2	 218129	 231156	 13027	 11372	

	 	 b	 230778	 231156	 	 	 	 	 		
16	 Terminal	LOH	 a	 145398	 145872	 a2	 135398	 155398	 20000	 		

KO5_6_E	

2	 Interstitial	LOH	 a	 778878	 785835	 b2	 	 	 	 		

	 	 b	 786417	 797580	 	 778878	 797580	 18702	 242074.5	

4	 Terminal	LOH	 a	 1263027	 1264102	 a3-
redundant-2	 	 	 	 		

5	 Terminal	LOH	 a	 550727	 551248	 a3	 541248	 561248	 20000	 		
10	 Terminal	LOH	 a	 134069	 136607	 a1	 124069	 144069	 20000	 		
11	 Terminal	LOH	 a	 484105	 486553	 a3	 476553	 496553	 20000	 		
12	 Terminal	LOH	 a	 447834	 490725	 a3- 	 	 	 		
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redundant-1	

13	 Terminal	LOH	 a	 255557	 262778	 a1	 245557	 265557	 20000	 		

13	 Terminal	LOH	 a	 889089	 892242	 a4-
redundant-1	 	 	 	 		

16	 Interstitial	LOH	 a	 22812	 23222	 b1	 22812	 43784	 20972	 20291	
		 		 b	 42832	 43784	 		 		 		 		 		

KO5_6_G	

4	 Terminal	LOH	 a	 1263027	 1264102	 a3-
redundant-2	 	 	 	 		

7	 Terminal	LOH	 a	 1003018	 1004068	 a3	 994068	 1014068	 20000	 		
8	 Interstitial	LOH	 a	 354026	 354738	 b2	 354026	 375677	 21651	 20168	

	 	 b	 373423	 375677	 	 	 	 	 		
12	 Interstitial	LOH	 a	 352604	 364395	 b1	 	 	 	 		

	 	 b	 367757	 382549	 	 	 	 	 		

12	 Terminal	LOH	 c	 447834	 490725	 a3-	
redundant-1	 	 	 	 		

13	 Terminal	LOH	 a	 889089	 892242	 a4-
redundant-1	 	 	 	 		

14	 Terminal	LOH	 a	 143501	 149139	 a2	 133501	 153501	 20000	 		
15	 Terminal	LOH	 a	 934501	 942300	 a3	 932300	 952300	 20000	 		

KO5_6_D	

4	 Terminal	LOH	 a	 866422	 889108	 a6	 	 	 	 		

	 	 b	 1263027	 1264102	 a6	 	 	 	 		
6	 Interstitial	LOH	 a	 212097	 226905	 b2	 212097	 231253	 19156	 10367.5	

	 	 b	 228484	 231253	 	 	 	 	 		
12	 Terminal	LOH	 a	 432388	 443019	 a3	 433019	 453019	 20000	 		

13	 Terminal	LOH	 a	 889089	 892242	 a4-
redundant-1	 	 	 	 		

14	 Interstitial	LOH	 a	 332603	 334955	 b1	 332603	 337867	 5264	 3458	
		 		 b	 336607	 337867	 		 		 		 		 		

KO5_6_H	

4	 Terminal	LOH	 a	 505764	 507960	 a6	 	 	 	 		

	 	 b	 1263027	 1264102	 a6	 	 	 	 		
5	 Interstitial	LOH	 a	 278498	 291700	 b1	 278498	 307369	 28871	 18947.5	

	 	 b	 300724	 307369	 	 	 	 	 		
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7	 Interstitial	LOH	 a	 422024	 427594	 b1	 422024	 430052	 8028	 4484.5	

	 	 b	 428535	 430052	 	 	 	 	 		
8	 Interstitial	LOH	 a	 184262	 184747	 b1	 184262	 193856	 9594	 5874.5	

	 	 b	 186902	 193856	 	 	 	 	 		

11	 Complicated	
terminal	LOH	 a	 112922	 114642	 f6	 	 	 	 		

	 	 b	 122536	 125646	 	 	 	 	 		
12	 Terminal	LOH	 a	 175539	 191618	 a6	 	 	 	 		

	 	 b	 447834	 490725	 	 	 	 	 		
13	 Terminal	LOH	 a	 325662	 328853	 a7	 	 	 	 		

	 	 b	 889089	 892242	 	 	 	 	 		
14	 Terminal	LOH	 a	 710675	 713813	 a3	 703813	 723813	 20000	 		
15	 Terminal	LOH	 a	 113240	 116722	 a2	 103240	 123240	 20000	 		
15	 Terminal	LOH	 a	 555249	 584413	 a7	 	 	 	 		

	 	 b	 795108	 798194	 	 	 	 	 		
16	 Terminal	LOH	 a	 429936	 434598	 a2	 419936	 439936	 20000	 		

KO5_6_J	

1	 Terminal	LOH	 a	 71605	 73479	 a2	 61605	 81605	 20000	 		
3	 Terminal	LOH	 a	 177308	 179106	 a1	 167308	 187308	 20000	 		

4	 Terminal	LOH	 a	 1263027	 1264102	 a3-
redundant-2	 	 	 	 		

12	 Terminal	LOH	 a	 447834	 490725	 a3-
redundant-1	 	 	 	 		

13	 Complicated	
terminal	LOH	 a	 625032	 627594	 f9	 	 	 	 		

	 	 b	 629256	 630555	 	 	 	 	 		

	 	 c	 637391	 640707	 	 	 	 	 		

	 	 d	 889089	 892242	 	 	 	 	 		
15	 Interstitial	LOH	 a	 108932	 111280	 b1	 108932	 125586	 16654	 14533	
		 		 b	 123692	 125586	 		 		 		 		 		

KO5_6_K	
4	 Interstitial	LOH	 a	 74690	 75717	 b1	 74690	 79790	 5100	 4486	

	 	 b	 79589	 79790	 	 	 	 	 		
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4	 Terminal	LOH	 a	 1263027	 1264102	 a3-
redundant-2	 	 	 	 		

7	 Interstitial	LOH	 a	 452289	 456502	 b1	 452289	 459685	 7396	 5134.5	

	 	 b	 459375	 459685	 	 	 	 	 		
7	 Terminal	LOH	 a	 933860	 934325	 a4	 924325	 944325	 20000	 		
10	 Interstitial	LOH	 a	 252942	 253168	 b1	 252942	 272173	 19231	 18581.5	

	 	 b	 271100	 272173	 	 	 	 	 		
11	 Interstitial	LOH	 a	 546033	 547485	 b2	 546033	 553368	 7335	 4306	

	 	 b	 548762	 553368	 	 	 	 	 		

12	 Terminal	LOH	 a	 447834	 490725	 a3-
redundant-1	 	 	 	 		

13	 Terminal	LOH	 a	 889089	 892242	 a4-
redundant-1	 	 	 	 		

14	 Interstitial	LOH	 a	 709049	 709949	 b2	 709049	 713813	 4764	 2745	

	 	 b	 710675	 713813	 	 	 	 	 		
15	 Terminal	LOH	 a	 993099	 997885	 a3	 987885	 1007885	 20000	 		

KO5_6_L	

1	 Terminal	LOH	 a	 143812	 146529	 a2	 133812	 153812	 20000	 		

4	 Complicated	
terminal	LOH	 a	 447342	 449458	 f3	 	 	 	 		

	 	 b	 453893	 454186	 	 	 	 	 		
8	 Interstitial	LOH	 a	 382724	 393258	 b1	 382724	 401318	 18594	 12614	

	 	 b	 399892	 401318	 	 	 	 	 		

12	 Terminal	LOH	 a	 447834	 490725	 a3-
redundant-1	 	 	 	 		

13	 Terminal	LOH	 a	 889089	 892242	 a4-
redundant-1	 	 	 	 		

15	 Interstitial	LOH	 a	 842132	 843352	 b1	 842132	 854858	 12726	 11737	
		 		 b	 854100	 854858	 		 		 		 		 		

KO5_9_a	

4	 Complicated	
terminal	LOH	 a	 495183	 498001	 f3-

redundant	 	 	 	 		

	 	 b	 499633	 500579	 	 	 	 	 		

7	 Terminal	LOH	 a	 33882	 43388	 a2-
redundant	 23882	 43882	 20000	 		



 

 

160 

12	 Terminal	LOH	 a	 447834	 490725	 a4-
redundant-2	 480725	 500725	 20000	 		

14	 Interstitial	LOH	 a	 657600	 665087	 b1	 657600	 676642	 19042	 11835.5	

	 	 b	 669716	 676642	 	 	 	 	 		
16	 Terminal	LOH	 a	 618570	 624223	 a4	 614223	 634223	 20000	 		

KO5_9_b	

2	 Terminal	LOH	 a	 787164	 797580	 a4	 787580	 807580	 20000	 		
3	 Terminal	LOH	 a	 64292	 67860	 a8	 	 	 	 		

	 	 b	 96588	 105034	 	 	 	 	 		
4	 Terminal	LOH	 a	 244267	 249496	 a1	 234267	 254267	 20000	 		

4	 Complicated	
terminal	LOH	 a	 495183	 498001	 f3-

redundant	 	 	 	 		

	 	 b	 499633	 500579	 	 	 	 	 		
5	 Interstitial	LOH	 a	 102173	 103260	 b1	 102173	 108369	 6196	 5424	

	 	 b	 107912	 108369	 	 	 	 	 		

7	 Terminal	LOH	 a	 33882	 43388	 a2-
redundant	 	 	 	 		

9	 Interstitial	LOH	 a	 140945	 141454	 b2	 140945	 151752	 10807	 9930.5	

	 	 b	 150508	 151752	 	 	 	 	 		
12	 Terminal	LOH	 a	 43486	 44678	 a1	 33486	 53486	 20000	 		

12	 Terminal	LOH	 a	 447834	 490725	 a4-
redundant-2	 	 	 	 		

13	 Terminal	LOH	 a	 592722	 597154	 a3	 587154	 607154	 20000	 		
14	 Interstitial	LOH	 a	 486848	 490256	 b2	 486848	 507588	 20740	 17939	

	 	 b	 505394	 507588	 	 	 	 	 		
16	 Interstitial	LOH	 a	 302812	 304170	 b2	 302812	 306685	 3873	 3310	
		 		 b	 306917	 306685	 		 		 		 		 		

KO5_9_c	

2	 Interstitial	LOH	 a	 746601	 748024	 b2	 746601	 757496	 10895	 5447.5	

	 	 b	 748024	 757496	 	 	 	 	 		
4	 Terminal	LOH	 a	 273159	 275168	 a1	 263159	 283159	 20000	 		

4	 Complicated	
terminal	LOH	 a	 495183	 498001	 f3-

redundant	 	 	 	 		

	 	 b	 499633	 500579	 	 	 	 	 		
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5	 Interstitial	LOH	 a	 90215	 91703	 b2	 90215	 100439	 10224	 9361	

	 	 b	 100201	 100439	 	 	 	 	 		

7	 Terminal	LOH	 a	 33882	 43381	 a2-
redundant	 	 	 	 		

8	 Interstitial	LOH	 a	 77186	 82207	 b1	 77186	 84804	 7618	 4850	

	 	 b	 84289	 84804	 	 	 	 	 		
11	 Terminal	LOH	 a	 15265	 19930	 a1	 5265	 25265	 20000	 		
11	 Terminal	LOH	 a	 615689	 618886	 a4	 608886	 628886	 20000	 		
12	 Interstitial	LOH	 a	 28812	 29073	 b2	 28812	 35225	 6413	 3206.5	

	 	 b	 29073	 35225	 	 	 	 	 		

12	 Terminal	LOH	 a	 447834	 490725	 a4-
redundant-2	 	 	 	 		

13	 Interstitial	LOH	 a	 755767	 768006	 b1	 755767	 782883	 27116	 19669	

	 	 b	 780228	 782883	 	 	 	 	 		

13	 Complicated	
terminal	LOH	 a	 870771	 872274	 f2	 	 	 	 		

	 	 b	 872913	 877731	 	 	 	 	 		

	 	 c	 883110	 886977	 	 	 	 	 		
14	 Terminal	LOH	 a	 268741	 276344	 a1	 258741	 278741	 20000	 		
14	 Interstitial	LOH	 a	 613448	 614384	 b2	 613448	 615406	 1958	 1352	

	 	 b	 615130	 615406	 	 	 	 	 		

15	 Complicated	
terminal	LOH	 a	 218129	 221061	 f6	 	 	 	 		

	 	 b	 228277	 229934	 	 	 	 	 		
15	 Interstitial	LOH	 a	 656555	 664461	 b2	 656555	 692290	 35735	 23166	

	 	 b	 675058	 692290	 	 	 	 	 		
15	 Interstitial	LOH	 a	 782462	 785038	 b1	 782462	 823455	 40993	 38825	

	 	 b	 821695	 823455	 	 	 	 	 		
16	 Interstitial	LOH	 a	 342732	 343242	 b2	 342732	 347422	 4690	 3109	
		 		 b	 344770	 347422	 		 		 		 		 		

KO5_9_D	 2	 Terminal	LOH	 a	 150910	 155125	 a2	 140910	 160910	 20000	 		



 

 

162 

2	 Interstitial	LOH	 a	 565693	 566534	 b2	 565693	 573881	 8188	 6988.5	

	 	 b	 572323	 573881	 	 	 	 	 		

4	 Complicated	
terminal	LOH	 a	 495183	 498001	 f3-

redundant	 	 	 	 		

	 	 b	 499633	 500579	 	 	 	 	 		
5	 Interstitial	LOH	 a	 115023	 117001	 b1	 115023	 119505	 4482	 2809	

	 	 b	 118137	 119505	 	 	 	 	 		

7	 Complicated	
terminal	LOH	 a	 32826	 43381	 f5	 	 	 	 		

	 	 b	 56188	 61337	 	 	 	 	 		

	 	 c	 61924	 70519	 	 	 	 	 		
7	 Interstitial	LOH	 a	 357326	 365068	 b2	 357326	 369591	 12265	 7508	

	 	 b	 367819	 369591	 	 	 	 	 		
8	 Terminal	LOH	 a	 199775	 207066	 a4	 197066	 217066	 20000	 		
12	 Interstitial	LOH	 a	 198626	 200330	 b2	 198626	 203402	 4776	 2450	

	 	 b	 200454	 203402	 	 	 	 	 		

12	 Terminal	LOH	 a	 447834	 490725	 a4-
redundant-2	 	 	 	 		

13	 Interstitial	LOH	 a	 296414	 303742	 b2	 296414	 307056	 10642	 5405	

	 	 b	 303910	 307056	 	 	 	 	 		
13	 Interstitial	LOH	 a	 586134	 589200	 b2	 586134	 622650	 36516	 33722.5	
		 		 b	 620129	 622650	 		 		 		 		 		

KO5_9_E	

4	 Complicated	
terminal	LOH	 a	 495183	 498001	 f3-

redundant	 	 	 	 		

	 	 b	 499633	 500579	 	 	 	 	 		

5	 Complicated	
terminal	LOH	 a	 263269	 265677	 f3	 	 	 	 		

	 	 b	 310861	 317202	 	 	 	 	 		

7	 Complicated	
terminal	LOH	 a	 43381	 56188	 a8	 	 	 	 		

	 	 b	 61924	 70462	 	 	 	 	 		
7	 Interstitial	LOH	 a	 779222	 779547	 b1	 779222	 790034	 10812	 10301.5	
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	 	 b	 789338	 790034	 	 	 	 	 		
10	 Interstitial	LOH	 a	 319058	 319822	 b2	 319058	 329983	 10925	 10204	

	 	 b	 329305	 329983	 	 	 	 	 		

12	 Terminal	LOH	 a	 447834	 490725	 a4-
redundant-2	 	 	 	 		

13	 Interstitial	LOH	 a	 650701	 651135	 b1	 650701	 664748	 14047	 13401	

	 	 b	 663890	 664748	 	 	 	 	 		
15	 Terminal	LOH	 a	 531346	 544341	 a3	 534341	 554341	 20000	 		

KO5_9_F	

4	 Complicated	
terminal	LOH	 a	 495183	 498001	 f3-

redundant	 	 	 	 		

	 	 b	 499633	 500579	 	 	 	 	 		
6	 Interstitial	LOH	 a	 239428	 250693	 b2	 239428	 258050	 18622	 12806	

	 	 b	 257683	 258050	 	 	 	 	 		

7	 Terminal	LOH	 a	 43381	 56188	 a6-
redundant	 	 	 	 		

	 	 b	 61924	 70462	 	 	 	 	 		

7	 Interstitial	LOH	 a	 792087	 792920	 b1-
redundant-1	 792087	 798189	 6102	 5482.5	

	 	 b	 797783	 798189	 	 	 	 	 		

8	 Complicated	
terminal	LOH	 a	 474198	 482764	 f1	 	 	 	 		

	 	 b	 483384	 486690	 	 	 	 	 		

	 	 c	 503026	 509220	 	 	 	 	 		

12	 Terminal	LOH	 a	 447834	 490725	 a4-
redundant-2	 	 	 	 		

15	 Interstitial	LOH	 a	 239087	 240180	 b1-
redundant-2	 239087	 241897	 2810	 2124	

	 	 b	 241618	 241897	 	 	 	 	 		

16	 Terminal	LOH	 a	 632882	 633518	 a4-
redundant-3	 623518	 643518	 20000	 		

KO5_9_G	
1	 Interstitial	LOH	 a	 74216	 75901	 b2	 74216	 76850	 2634	 1569.5	

	 	 b	 76406	 76850	 	 	 	 	 		
4	 Complicated	 a	 495183	 498001	 f3- 	 	 	 		
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terminal	LOH	 redundant	

	 	 b	 499633	 500579	 	 	 	 	 		
5	 Terminal	LOH	 a	 415412	 424622	 a4	 414622	 434622	 20000	 		
6	 Interstitial	LOH	 a	 245180	 250693	 b2	 245180	 258050	 12870	 9930	

	 	 b	 257683	 258050	 	 	 	 	 		

7	 Terminal	LOH	 a	 43381	 56188	 a6-
redundant	 	 	 	 		

	 	 b	 61924	 70462	 	 	 	 	 		

7	 Interstitial	LOH	 a	 792087	 792920	 b1-
redundant-1	 	 	 	 		

	 	 b	 797783	 798189	 	 	 	 	 		

8	 Complicated	
terminal	LOH	 a	 474198	 482764	 f1-

redundant	 	 	 	 		

	 	 b	 483384	 486690	 	 	 	 	 		

	 	 c	 503026	 509220	 	 	 	 	 		
10	 Terminal	LOH	 a	 678639	 679082	 a3	 669082	 689082	 20000	 		

12	 Terminal	LOH	 a	 447834	 490725	 a4-
redundant-2	 	 	 	 		

15	 Interstitial	LOH	 a	 239087	 240180	 b1-
redundant-2	 	 	 	 		

	 	 b	 241618	 241897	 	 	 	 	 		

16	 Terminal	LOH	 a	 632882	 633518	 a4-
redundant-3	 		 		 		 		

KO5_9_H	

1	 Interstitial	LOH	 a	 96068	 98408	 b1	 96068	 99216	 3148	 1682.5	

	 	 b	 98625	 99216	 	 	 	 	 		
3	 Interstitial	LOH	 a	 181194	 183618	 b2	 181194	 202534	 21340	 16524	

	 	 b	 195326	 202534	 	 	 	 	 		

4	 Complicated	
terminal	LOH	 a	 495183	 498001	 f3-

redundant	 	 	 	 		

	 	 b	 499633	 500579	 	 	 	 	 		

7	 Terminal	LOH	 a	 43381	 56188	 a6-
redundant	 	 	 	 		

	 	 b	 61924	 70462	 	 	 	 	 		
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7	 Complicated	
Interstitial	LOH	 a	 622916	 629741	 b4	 622916	 634331	 11415	 		

	 	 b	 629831	 634331	 	 	 	 	 		

	 	 c	 634331	 640424	 	 634331	 648719	 14388	 		

	 	 d	 643668	 648719	 	 	 	 	 		
10	 Terminal	LOH	 a	 125280	 130158	 a1	 115280	 135280	 20000	 		

12	 Terminal	LOH	 a	 447834	 490725	 a4-
redundant-2	 	 	 	 		

15	 Interstitial	LOH	 a	 918386	 923550	 b1	 918386	 942300	 23914	 17432.5	
		 		 b	 934501	 942300	 		 		 		 		 		

KO5_9_I	

2	 Interstitial	LOH	 a	 333367	 334055	 b2	 333367	 336732	 3365	 2328	

	 	 b	 335346	 336732	 	 	 	 	 		
2	 Interstitial	LOH	 a	 554558	 555589	 b2	 554558	 560475	 5917	 5116	

	 	 b	 559904	 560475	 	 	 	 	 		

4	 Complicated	
terminal	LOH	 a	 495183	 498001	 f3-

redundant	 	 	 	 		

	 	 b	 499633	 500579	 	 	 	 	 		

7	 Terminal	LOH	 a	 43381	 56188	 a6-
redundant	 	 	 	 		

	 	 b	 61924	 70462	 	 	 	 	 		
7	 Interstitial	LOH	 a	 1031210	 1031738	 b1	 1031210	 1039560	 8350	 7646.5	

	 	 b	 1038681	 1039560	 	 	 	 	 		
9	 Terminal	LOH	 a	 335329	 337936	 a2	 325329	 345329	 20000	 		
11	 Terminal	LOH	 a	 401732	 405691	 a1	 391732	 411732	 20000	 		
12	 Terminal	LOH	 a	 367662	 382549	 a7	 	 	 	 		
		 		 b	 447537	 490725	 		 		 		 		 		

KO5_9_J	

4	 Complicated	
terminal	LOH	 a	 495183	 498001	 f3-

redundant	 	 	 	 		

	 	 b	 499633	 500579	 	 	 	 	 		
4	 Interstitial	LOH	 a	 273159	 275168	 b2	 273159	 278152	 4993	 2764	

	 	 b	 275703	 278152	 	 	 	 	 		
7	 Terminal	LOH	 a	 43381	 56188	 a6- 	 	 	 		
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redundant	

	 	 b	 61924	 70462	 	 	 	 	 		
7	 Interstitial	LOH	 a	 934325	 935852	 b2	 934325	 945168	 10843	 7159.5	

	 	 b	 939328	 945168	 	 	 	 	 		
10	 Interstitial	LOH	 a	 672789	 679082	 b1	 672789	 696254	 23465	 17611.5	

	 	 b	 690840	 696254	 	 	 	 	 		
11	 Terminal	LOH	 a	 409881	 420773	 a1	 399881	 419881	 20000	 		
12	 Terminal	LOH	 a	 170393	 172255	 a4	 162255	 182255	 20000	 		
13	 Interstitial	LOH	 a	 598141	 600864	 b2	 598141	 603112	 4971	 3378.5	
		 		 b	 602650	 603112	 		 		 		 		 		

KO5_9_L	

4	 Complicated	
terminal	LOH	 a	 495183	 498001	 f3-

redundant	 	 	 	 		

	 	 b	 499633	 500579	 	 	 	 	 		
7	 Terminal	LOH	 a	 32836	 43381	 a2	 	 	 	 		
8	 Interstitial	LOH	 a	 348433	 349736	 b1	 348433	 360897	 12464	 10912	

	 	 b	 359096	 360897	 	 	 	 	 		
9	 Interstitial	LOH	 a	 165395	 166102	 b1	 165395	 171392	 5997	 4421.5	

	 	 b	 168948	 171392	 	 	 	 	 		
12	 Terminal	LOH	 a	 447834	 491675	 a3	 		 		 		 		

Twenty-two isolates of the rnh1 rnh201 diploid KO5 were sub-cultured 20 times; for each sub-culture, a single cell was 
grown into a colony on a solid rich medium. The KO5_6 and KO5_9 are independently constructed isogenic diploids. 
Following sub-culturing, DNA was isolated and examined by whole-genome microarrays. Most of the details of the 
analysis of the these diploids are the same as described in the table legend for the wild-type strain (first tab). All event 
classes are depicted in Figure 32. There were many shared events among these isolates, as indicated by the term 
"redundant" in Column G. Many of the sub-cultured diploids derived from KO5_6 shared the events designated" a3-
redundant-1", "a3-redundant-2", and "a4-redundant-1". Many of the sub-cultured diploids derived from KO5_9 shared the 
events designated "a4-redundant-2", "f3-redundant", "a2-redundant", "a-6 redundant", "b1-redundant-1", and "b1-
redundant-2". Since the redundant events derived from KO5_6 and K0_9 do not overlap, it is likely that these events 
were present in a sub-population of cells in the two progenitor diploid strains. Consequently, we included each redundant 
event only a single time in Figure 25, and only one association window was used for the redundant a1-a4, and b-1 
classes of events. Two interesting redundant classes were "a3-redundant-2" and "a4-redundant-2". These two classes 
both represent breakpoints within the ribosomal RNA gene cluster. These two classes are independent for two reasons. 
First, they arose in two independent diploid strains. Second, in the "a3-redundant-2" class, the sequences distal to the 
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ribosomal RNA gene cluster are homozygous for W303-1A-derived SNPs, whereas the strains with the "a4-redundant-2" 
class are homozygous for YJM789-derived SNPs. 
 

Table 17: Deletion/duplication events in sub-cultured strains 

Mutant	
Genotype	 Strain	 Event	

description	 Chr	 Transition	 Left	 Right	 Length	
Backgro
und	

del/dup	

Event	
class	 	

rnh1	 KO73_2_X
X_G	

Heterozygous	
Deletion	 8	 a	 211024	 215271	 3186	 W303	

dd12-
redund
ant-1	

CUP1	

	 	 	 	 b	 216113	 216553	 	 	 	 CUP1	

rnh1	 KO73_2_X
X_H	

Heterozygous	
Deletion	 4	 a	 866422	 889108	 108626.5	 W303	 dd12	

YDRWTy2-2	
YDRWdelta13	
YDRWdelta14,	
YDRCTy1-2,	

	 	 	 	 b	 980001	 992782	 	 	 	

YDRWTy2-3,	
YDRWdelta19,	
YDRWdelta20,	
YDRCdelta21,	
YDRCTy1-3	

rnh201	 KO75_1_X
X_E	

Interstitial	
LOH	

associated	
with	deletion	

4	 a	 455000	 470421	 15741.5	 YJM789	 dd13	
No	annotated	

homology	to	delta	
or	Ty	elements	

	 	 	 	 b	 471247	 495183	 	 	 	

Shares	significant	
homology	with	
delta	elements	

	 	 	 	 c	 512801	 525235	 	 	 	

YDRCTy2-1,	
YDRCdelta2,	
YDRCdelta3,	
YDRCdelta4,	
YDRCdelta5,	
YDRCdelta6a,	
YDRCdelta6b,	
YDRWdelta7	

rnh201	 KO75_1_X Homozygous	 8	 a	 114550	 115960	 1616	 W303	 dd14	 No	significant	
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X_G	 deletion	 and	
YJM789	

homology	to	delta	
sequences.	

	 	 	 	 b	 116784	 116958	 	 	 	 YHRCdelta4	

rnh201	 KO75_1_X
X_I	

Heterozygous	
Deletion	 8	 a	 211024	 215271	 3641	 W303	

dd12-
redund
ant-1	

CUP1	

	 	 	 	 b	 216553	 217024	 	 	 	 CUP1	

rnh201	 KO75_1_X
X_I	

Interstitial	
Duplication	 13	 a	 356911	 365835	 13949.5	 YJM789	 dd10	

YMRCdelta7,	
YMRCTy1-3,	
YMRCdelta8	

	 	 	 	 b	 371928	 378717	 	 	 	

YMRCdelta9,	
YMRCTy1-4,	
YMRCdelta10,	
YMRCdelta11	

rnh201	 KO75_1_X
X_J	

Heterozygous	
Deletion	 8	 a	 211024	 215271	 3641	 W303	

dd12-
redund
ant-1	

CUP1	

	 	 	 	 b	 216553	 217024	 	 	 	 CUP1	

rnh201	 KO75_1_X
X_K	

Heterozygous	
Deletion	 8	 a	 211024	 215271	 3641	 W303	

dd12-
redund
ant-1	

CUP1	

	 	 	 	 b	 216553	 217024	 	 	 	 CUP1	

rnh201	 KO75_1_X
X_L	

Heterozygous	
Deletion	 3	 a	 145720	 152531	 22399	 W303	

dd12-
redund
ant-2	

YCRWdelta10,	
YCRWdelta9,	
YCRWdelta8,	

YCRCtau1,	close	
to	the	

unannotated	Ty	
elements	that	

define	Fragile	Site	
1	(Lemoine	et	al.,	

2005)	

	 	 	 	 b	 167707	 175342	 	 	 	

YCRWdelta11;	
close	to	two	

unannotated	Ty	
elements	that	
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define	Fragile	Site	
2	(Lemoine	et	al.,	

2005)	

rnh201	 KO75_1_X
X_L	

Heterozygous	
Deletion	 8	 a	 211024	 215271	 3641	 W303	

dd12-
redund
ant-1	

CUP1	

	 	 	 	 b	 216553	 217024	 	 	 	 CUP1	

rnh201	 KO75_1_X
X_M	

Heterozygous	
Deletion	 8	 a	 211024	 215271	 3641	 W303	

dd12-
redund
ant-1	

CUP1	

	 	 	 	 b	 216553	 217024	 	 	 	 CUP1	

rnh201	 KO75_2_X
X_C	

Heterozygous	
Deletion	 8	 a	 211024	 215271	 3641	 W303	

dd12-
redund
ant-1	

CUP1	

	 	 	 	 b	 216553	 217024	 	 	 	 CUP1	

rnh201	 KO75_2_X
X_D	

Heterozygous	
Deletion	 8	 a	 211024	 215271	 3641	 W303	

dd12-
redund
ant-1	

CUP1	

	 	 	 	 b	 216553	 217024	 	 	 	 CUP1	

rnh201	 KO75_2_X
X_H	

Heterozygous	
Deletion	 13	 a	 356414	 365184	 14523.5	 W303	 dd12	

YMRCdelta7,	
YMRCTy1-3,	
YMRCTy1-3,	
YMRCdelta8	

	 	 	 	 b	 371928	 378717	 	 	 	

YMRCdelta9,	
YMRCTy1-4,	
YMRCdelta11,	
YMRCdelta10	

rnh201		
pol2-M644L	

KO244_1_
XX_C	

Heterozygous	
Deletion	 3	 a	 301063	 301432	 331.5	 W303	 dd12	 No	annotated	

repeat	

	 	 	 	 b	 301436	 301722	 	 	 	
No	annotated	

repeat	

rnh201	
	pol2-M644L	

KO244_1_
XX_C	

Heterozygous	
Deletion	 5	 a	 442725	 451700	 48351.5	 W303	 dd12	

YERWdelta17,	
YERWdelta21,	
YERCdelta19,	
YERCTy1-1,	
YERCdelta20	
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	 	 	 	 b	 492276	 498852	 	 	 	
YELWdelta2,	
YELWdelta1	

rnh201	
	pol2-M644L	

KO244_1_
XX_E	

Heterozygous	
Deletion	 3	 a	 301063	 301432	 336.5	 W303	 dd12	 No	annotated	

repeat.	

	 	 	 	 b	 301436	 301732	 	 	 	
No	annotated	

repeat.	
rnh201	

	pol2-M644L	
KO244_1_

XX_E	
Heterozygous	

Deletion	 4	 a	 495183	 498657	 22314.5	 YJM789	 dd15	 No	annotated	
repeat.	

	 	 	 	 b	 512801	 525668	 	 	 	

YDRCTy2-1,	
YDRCdelta2,	
YDRCdelta3,	
YDRCdelta4,	
YDRCdelta5,	
YDRCdelta6a,	
YDRCdelta6b,	
YDRWdelta7	

rnh201		
pol2-M644L	

KO244_1_
XX_F	

Interstitial	
Duplication	 5	 a	 442725	 451700	 48353.5	 W303	 dd9	

YERWdelta17,	
YERWdelta21,	
YERCdelta19,	
YERCTy1-1,	
YERCdelta20	

	 	 	 	 b	 492276	 498856	 	 	 	
YELWdelta2,	
YELWdelta1	

rnh201		
pol2-M644L	

KO244_2_
XX_D	

Heterozygous	
Deletion	 3	 a	 145720	 152531	 17236.5	 W303	

dd12-
redund
ant-2	

YCRWdelta10,	
YCRWdelta9,	
YCRWdelta8,	

YCRCtau1,	close	
to	the	

unannotated	Ty	
elements	that	

define	Fragile	Site	
1	(Lemoine	et	al.,	

2005)	

	 	 	 	 b	 165017	 167707	 	 	 	

YCRWdelta11;	
close	to	two	

unannotated	Ty	
elements	that	
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define	Fragile	Site	
2	(Lemoine	et	al.,	

2005)	

rnh1		
rnh201	 KO5_6_G	 Interstitial	

Duplication	 13	 a	 183803	 190748	 13261	 W303	 dd9	
YMLWTy1-1,	
YMLWdelta3,	
YMLWdelta4	

	 	 	 	 b	 195411	 205662	 	 	 	

YMLWTy1-1,	
YMLWTy1-2,	
YMLWdelta5,	
YMLWdelta6	

rnh1		
rnh201	 KO5_6_K	 Heterozygous	

Deletion	 13	 a	 406105	 410647	 5188	 W303	 dd12	 No	annotated	
repeat.	

	 	 	 	 b	 411606	 415522	 	 	 	
No	annotated	

repeat.	

rnh1		
rnh201	 KO5_9_c	 Heterozygous	

Deletion	 13	 a	 182683	 190748	 13750.5	 W303	 dd12	
YMLWTy1-1,	
YMLWdelta3,	
YMLWdelta4	

	 	 	 	 b	 195270	 205662	 	 	 	

YMLWTy1-1,	
YMLWTy1-2,	
YMLWdelta5,	
YMLWdelta6	

rnh1	
	rnh201	 KO5_9_D	 Interstitial	

Duplication	 5	 a	 192712	 197339	 9882.5	 YJM789	 dd10	 No	annotated	
repeat.	

	 	 	 	 b	 203826	 205990	 	 	 	
No	annotated	

repeat.	
rnh1		

rnh201	 KO5_9_F	 Heterozygous	
Deletion	 8	 a	 211024	 215524	 3186	 W303	 dd9	 CUP1	

	 	 	 	 b	 216113	 216553	 	 	 	 CUP1	

pol2-M644L	 KO234_44
_XX_A	

Interstitial	
Duplication	 13	 a	 182683	 190748	 14093.5	 W303	 dd9	

YMLWTy1-1,	
YMLWdelta3,	
YMLWdelta4	

	 	 	 	 b	 195956	 205662	 	 	 	

YMLWTy1-1,	
YMLWTy1-2,	
YMLWdelta5,	
YMLWdelta6	

Several of the strains in the present study have elevated levels of deletions and duplication. The classes of events in 
Column J are depicted schematically in Figure 33. As observed in some of our previous studies (Song et al., 2014), the 
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breakpoints of the deletions/duplications often include repetitive DNA elements, particularly Ty or solo delta elements. 
Therefore, most deletions/duplications likely reflect unequal homologous recombination events. Those events that do not 
involve annotated repetitive elements may  involve homologous recombination between unannotated repetitive elements 
or strain-specific repetitive elements. Alternatively, the deletions/duplications could represent unequal non-homologous 
end-joining events (Zhao et al., 2014). The sizes of the deletions/duplications (column H) were estimated by the same 
procedure used to measure the lengths of gene conversion tracts (Table 11-16). The most common deletion observed in 
our studies involved the loss of CUP1 repeats. Although most yeast strains have more than five tandem copies of CUP1, 
only two are incorporated in the SGD sequence. Although the calculated size of the CUP1 deletion is about 3 kb, it is 
likely that most deletions are larger, representing multiples of the 2 kb CUP1 repeat found in W303-1A. It should also be 
noted that the SNPs on the microarray can detect deletions and duplications within the W303-1A CUP1 array, but not 
alterations of the YJM789 CUP1 array that has 1.2 kb repeats (Zhao et al., 2014). In addition to the deletions/duplications 
shown in this table, eight other apparent terminal deletions/duplications were observed among these strains. As 
discussed in the supporting information, these apparent alterations are artifacts of shared homologies among sub-
telomeric regions. 
 

Table 18: Trisomy events in sub-cultured strains 

Strain	 Mutant	
genotype	 Chr	 Event	description	 Left	 Right	 Transition	 Class	

KO5_6_b	 rnh1	rnh201	 3	 2x	W303	+	1x	YJM789;	terminal	
LOH	on	all	chromosomes	 116835	 117366	 a	 t3	

KO5_6_D	 rnh1	rnh201	 2	
2x	W303	+	1x	YJM789,	terminal	

LOH	on	all	chromosomes,	
associated	deletions	on	two	

289315	 292703	 a	 t2	

	 	 	 	 304459	 311594	 b	 	
KO5_6_H	 rnh1	rnh201	 3	 2x	YJM789	+	1x	W303	 Whole	

chromosome	
Whole	

chromosome	 	 t1	

KO5_9_a	 rnh1	rnh201	 2	 2x	YJM789	+	1x	W303	 Whole	
chromosome	

Whole	
chromosome	 	 t1	

	 	 10	 2x	YJM789	+	1x	W303	with	
interstitial	LOH	 289211	 292292	 a	 t4	

	 	 	 	 307352	 309462	 b	 	
KO5_9_G	 rnh1	rnh201	 3	 2x	YJM789	+	1x	W303	 Whole	

chromosome	
Whole	

chromosome	 	 t1	

KO5_9_I	 rnh1	rnh201	 5	 2x	YJM789	+	1x	W303	 Whole	
chromosome	

Whole	
chromosome	 	 t1	
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KO244_2_XX_A	 rnh201	pol2-
M644L	 12	 2x	YJM789	+	1x	W303	 Whole	

chromosome	
Whole	

chromosome	 	 t1	

KO244_2_XX_C	 rnh201	pol2-
M644L	 12	 2x	YJM789	+	1x	W303	with	terminal	

LOH	 447839	 490725	 a	 t9	

KO244_2_XX_E	 rnh201	pol2-
M644L	 12	 2x	YJM789	(one	with	terminal	LOH)	

+	1xW303	 367662	 382549	 a	 t10	

KO244_2_XX_G	 rnh201	pol2-
M644L	 12	 2x	YJM789	(one	with	terminal	LOH)	

+	1xW303	 393203	 399403	 a	 t10	

KO75_1_XX_F	 rnh201	 1	 2x	W303	+	1x	YJM789	 Whole	
chromosome	

Whole	
chromosome	 	 t5	

	 	 6	 2x	YJM789	+	1x	W303;	terminal	
LOH	on	all	chromosomes	 43157	 44760	 a	 t6	

KO75_1_XX_G	 rnh201	 3	
2x	YJM789	+1x	W303;	complex	
terminal	LOH	involving	all	three	

chromosomes	
81890	 95514	 a	 t7	

	 	 	 	 130925	 143332	 b	 	
KO198_3_X_H	 wild-type	 4	 2x	YJM789	+	1x	W303	 Whole	

chromosome	
Whole	

chromosome	 	 t1	

KO_73_2_XX_H	 rnh1	 9	 2x	W303	+	1X	YJM789	 Whole	
chromosome	

Whole	
chromosome	 	 t5	

KO_73_2_XX_C	 rnh1	 16	 2x	YJM789	+	1x	W303	 Whole	
chromosome	

Whole	
chromosome	 	 t1	

In this table, we show chromosomes that became aneuploid during sub-culturing. All strains were trisomic rather than 
monosomic. The genetic backgrounds of the chromosomes present in two copies and one copy are indicated in the 
"Event description column" as "2X", and "1X", respectively. About half of the trisomic chromosomes had an LOH event on 
at least one of the trisomic chromosomes. Depictions of classes of events in Column H are in Figure 34. 
 

Table 19: LOH events on chromosome IV in sectored colonies 

Strain	name	 Mutant	
genotype	 Event	type	 Left	 Right	 Transition	

label	 Class	 Window	
Start	

Window	
End	

Window	
Size	

Tract	
length	

KO132_29_3R	 rnh1Δ	
rnh201Δ	

CO	with	
3:1/4:0/3:1	
hybrid	GC	

909432	 910662	 a	 D5	 909432	 928099	 18667	 14309	

KO132_29_3W	 	 	 914050	 917134	 b	 	 	 	 	 	
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KO132_29_3W	 	 	 917449	 920613	 c	 	 	 	 	 	
KO132_29_3W	 	 	 920613	 928099	 d	 	 	 	 	 	
KO132_29_7R	 rnh1Δ	

rnh201Δ	
CO	with	3:1	

GC	 1220689	 1221462	 b	 B2	 1213990	 1221462	 7472	 5499	

KO132_29_7W	 	 	 1213990	 1217163	 a	 	 	 	 	 	
KO132_29_18R	 rnh1Δ	

rnh201Δ	
CO	with	3:1	

GC	 1372347	 1374198	 b	 B2	 1312582	 1374198	 61616	 60216.5	

KO132_29_18W	 	 	 1312582	 1313530	 a	 	 	 	 	 	
KO132_29_24R	 rnh1Δ	

rnh201Δ	 Simple	CO	 857606	 866422	 a	 A	 857606	 866422	 8816	 4408	

KO132_29_24W	 	 	 857606	 866422	 a	 	 	 	 	 	
KO132_29_34R	 rnh1Δ	

rnh201Δ	
CO	with	3:1	

GC	 730326	 730597	 b	 B2	 729384	 730597	 1213	 606.5	

KO132_29_34W	 	 	 729384	 730326	 a	 	 	 	 	 	
KO132_31_2R	 rnh1Δ	

rnh201Δ	
CO	with	3:1	

GC	 948905	 949782	 b	 B2	 946882	 949782	 2900	 1450	

KO132_31_2W	 	 	 946882	 948905	 a	 	 	 	 	 	
KO132_31_6R	 rnh1Δ	

rnh201Δ	
CO	with	3:1	

GC	 823220	 825290	 b	 B2	 808635	 825290	 16655	 14593.5	

KO132_31_6W	 	 	 808635	 810688	 a	 	 	 	 	 	
KO132_31_8R	 rnh1Δ	

rnh201Δ	 Simple	CO	 485657	 495183	 a	 A	 485657	 495183	 9526	 4763	

KO132_31_8W	 	 	 485657	 495183	 a	 	 	 	 	 	
KO132_31_15R	 rnh1Δ	

rnh201Δ	
CO	with	3:1	

GC	 1354259	 1365816	 c	 E48	 1340268	 1365816	 25548	 19016	

KO132_31_15R	 	 	 1340268	 1341775	 a	 	 	 	 	 	
KO132_31_15R	 	 	 1342414	 1342907	 b	 	 	 	 	 	
KO132_31_15W	 	 	 1354259	 1365816	 c	 	 	 	 	 	
KO132_31_17R	 rnh1Δ	

rnh201Δ	
CO	with	3:1	

GC	 555439	 557886	 b	 B2	 499309	 557886	 58577	 57191.5	

KO132_31_17W	 	 	 499309	 499633	 a	 	 	 	 	 	
KO132_31_21R	 rnh1Δ	

rnh201Δ	 Simple	CO	 732258	 736646	 a	 A	 732258	 736646	 4388	 2194	

KO132_31_21W	 	 	 732258	 736646	 a	 	 	 	 	 	
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KO132_31_22R	 rnh1Δ	
rnh201Δ	

CO	with	3:1	
GC	 866422	 889108	 a	 B1	 866422	 892648	 26226	 13113	

KO132_31_22W	 	 	 889108	 892648	 b	 	 	 	 	 	
KO132_31_24R	 rnh1Δ	

rnh201Δ	
CO	with	3:1	

GC	 1012642	 1013370	 a	 B1	 1012642	 1143034	 130392	 96482	

KO132_31_24W	 	 	 1075942	 1143034	 b	 	 	 	 	 	
KO132_31_1R	 rnh1Δ	

rnh201Δ	 Simple	CO	 1047033	 1051289	 a	 A	 1047033	 1051289	 4256	 2128	

KO132_31_1W	 	 	 1047033	 1051289	 a	 	 	 	 	 	
KO135_5_1R	 rnh201Δ	 Simple	CO	 485657	 495183	 a	 A	 485657	 495183	 9526	 4763	
KO135_5_1W	 	 	 485657	 495183	 a	 	 	 	 	 	
KO135_5_2R	 rnh201Δ	 Simple	CO	 527510	 539083	 a	 A	 527510	 539083	 11573	 5786.5	
KO135_5_2W	 	 	 527510	 539083	 a	 	 	 	 	 	
KO135_5_4R	 rnh201Δ	 Simple	CO	 895029	 907253	 a	 A	 895029	 907253	 12224	 6112	
KO135_5_4W	 	 	 895029	 907253	 a	 	 	 	 	 	

KO135_5_5R	 rnh201Δ	
CO	with	

3:1/4:0/3:1	
hybrid	GC	

920613	 924604	 a	 D6	 920613	 942518	 21905	 19793	

KO135_5_5R	 	 	 942052	 942245	 c	 	 	 	 	 	
KO135_5_5R	 	 	 942285	 942518	 d	 	 	 	 	 	
KO135_5_5W	 	 	 922159	 924441	 b	 	 	 	 	 	
KO135_5_12R	 rnh201Δ	 Simple	CO	 1394070	 1397989	 a	 A	 1394070	 1397989	 3919	 1959.5	
KO135_5_12W	 	 	 1394070	 1397989	 a	 	 	 	 	 	
KO135_5_13R	 rnh201Δ	 CO	with	4:0	

GC	 1051437	 1052755	 a	 C1	 1051437	 1065872	 14435	 10562	

KO135_5_13W	 	 	 1051437	 1052755	 a	 	 	 	 	 	
KO135_5_13W	 	 	 1059444	 1065872	 b	 	 	 	 	 	
KO135_6_1R	 rnh201Δ	 Simple	CO	 1422118	 1423638	 a	 A	 1422118	 1423638	 1520	 760	
KO135_6_1W	 	 	 1422118	 1423638	 a	 	 	 	 	 	
KO135_6_4R	 rnh201Δ	 CO	with	4:0	

GC	 1349668	 1354259	 a	 D1	 1349668	 1358761	 9093	 5683.5	

KO135_6_4W	 	 	 1349668	 1354259	 a	 	 	 	 	 	
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KO135_6_4W	 	 	 1354305	 1356533	 b	 	 	 	 	 	
KO135_6_4W	 	 	 1356533	 1358761	 c	 	 	 	 	 	
KO135_6_5R	 rnh201Δ	 CO	with	3:1	

GC	 1477494	 1480252	 a	 B1	 1477494	 1483848	 6354	 4780.5	

KO135_6_5W	 	 	 1483459	 1483848	 b	 	 	 	 	 	
KO135_6_7R	 rnh201Δ	 Simple	CO	 1140685	 1142607	 a	 A	 1140685	 1142607	 1922	 961	
KO135_6_7W	 	 	 1140685	 1142607	 a	 	 	 	 	 	
KO135_6_9R	 rnh201Δ	 3:1	GC	with	

CO	 735603	 737944	 a	 B1	 735603	 739042	 3439	 1719.5	

KO135_6_9W	 	 	 737944	 739042	 b	 	 	 	 	 	
KO135_6_11R	 rnh201Δ	 Simple	CO	 1047033	 1051325	 a	 A	 1047033	 1051325	 4292	 2146	
KO135_6_11W	 	 	 1047033	 1051325	 a	 	 	 	 	 	
KO135_6_13R	 rnh201Δ	 Simple	CO	 1077836	 1111969	 a	 A	 1077836	 1111969	 34133	 17066.5	
KO135_6_13W	 	 	 1077836	 1111969	 a	 	 	 	 	 	
KO135_6_17R	 rnh201Δ	 Simple	CO	 1044620	 1046711	 a	 A	 1044620	 1046711	 2091	 1045.5	
KO135_6_17W	 	 	 1044620	 1046711	 a	 	 	 	 	 	

KO188_1_1R	 rnh201Δ	
CO	with	
complex	
event	

1358761	 1365816	 a	 E49	 1358761	 1368906	 10145	 17676.5	

KO188_1_1R	 	 	 1368805	 1368906	 b	 	 	 	 	 	
KO188_1_1R	 	 	 1374900	 1385030	 c	 	 	 	 	 	
KO188_1_1W	 	 	 1358761	 1365816	 a	 	 	 	 	 	

KO188_1_2R	 rnh201Δ	
CO	with	
complex	
event	

1150759	 1153158	 c	 E50	 1082836	 1172894	 90058	 52352.5	

KO188_1_2W	 	 	 1082836	 1142607	 a	 	 	 	 	 	
KO188_1_2W	 	 	 1150599	 1153286	 b	 	 	 	 	 	
KO188_1_2W	 	 	 1157254	 1172894	 d	 	 	 	 	 	
KO188_1_2W	 	 	 1505789	 1507176	 e	 	 	 	 	 	
KO188_1_2W	 	 	 1512886	 1515286	 f	 	 	 	 	 	
KO188_1_4R	 rnh201Δ	 CO	with	

3:1/4:0/3:1	 1374839	 1385030	 a	 D5	 1368487	 1386838	 18351	 5999.5	
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hybrid	GC	

KO188_1_4W	 	 	 1368487	 1368603	 b	 	 	 	 	 	
KO188_1_4W	 	 	 1380606	 1384890	 c	 	 	 	 	 	
KO188_1_4W	 	 	 1385030	 1386838	 d	 	 	 	 	 	

KO188_2_6R	 rnh201Δ	
CO	with	
complex	
event	

1391617	 1392166	 a	 E51	 1392166	 1418918	 26752	 26603.5	

KO188_2_6W	 	 	 1399654	 1400855	 b	 	 	 	 	 	
KO188_2_6W	 	 	 1400884	 1400933	 c	 	 	 	 	 	
KO188_2_6W	 	 	 1406166	 1406547	 d	 	 	 	 	 	
KO188_2_6W	 	 	 1407474	 1408315	 e	 	 	 	 	 	
KO188_2_6W	 	 	 1414726	 1414807	 f	 	 	 	 	 	
KO188_2_6W	 	 	 1415026	 1415062	 g	 	 	 	 	 	
KO188_2_6W	 	 	 1418072	 1418918	 h	 	 	 	 	 	
KO188_2_7R	 rnh201Δ	 Simple	CO	 521391	 524793	 a	 A	 521391	 524793	 3402	 1701	
KO188_2_7W	 	 	 521391	 524793	 a	 	 	 	 	 	
KO188_2_11R	 rnh201Δ	 Simple	CO	 916240	 918591	 a	 A	 916127	 918591	 2464	 1232	
KO188_2_11W	 	 	 916127	 918591	 a	 	 	 	 	 	
KO188_2_12R	 rnh201Δ	 Simple	CO	 1225482	 1231783	 a	 A	 1225482	 1235569	 10087	 5043.5	
KO188_2_12W	 	 	 1225482	 1235569	 a	 	 	 	 	 	

In this table, we present LOH data derived from red/white sectored colonies of of diploids homozygous for rnh201Δ 
(KO188 and KO135) or for both rnh1Δ and rnh201Δ (KO132). For each sector of the colony, we examined LOH on 
chromosome IV using microarrays. Each individual sectored colony is identified by a unique number in Column A, and 
the letters "R" and "W" show whether the sector was red or white. For example, KO188_2_12R is the red sector and 
KO188_2_12W is the white sector of a single sectored colony. The patterns of heterozygous and homozygous markers 
for each sectored colony are given a capital letter (Column G) and are depicted schematically in Figure 38. In Figure 38, 
each sectored colony is represented by two lines. The upper line shows the pattern of markers in the red sector with 
heterozygous markers shown in green, markers homozygous for W303-1A SNPs shown in red, and markers 
homozgyous for YJM789 SNPs are shown in black. For each class of event, each transition is marked with a small 
letter, and the coordinates for each transition are shown in Columns D and E. For Class A (Simple Crossover or Simple 
CO), the transitions in the two sectors are at identical positions. As explained in the main text, for most sectors, the 
transitions are at different positions, reflecting gene conversion events associated with the crossover. We calculated 
windows of association (Columns H-J) and conversion tract length as described in the main text. 
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Table 20: References used to determine locations of genomic elements 

Genomic elements Data source 

Ty element SGD; YeastMine 

Solo LTR SGD; YeastMine 

Centromeres SGD; YeastMine 

Intron-containing genes SGD; YeastMine 

ARS elements SGD; YeastMine 

tRNA genes SGD; YeastMine 

Long genes SGD; YeastMine 

Regions of high transcription SGD; YeastMine 

Regions of low transcription SGD; YeastMine 

ORFs with high GC content SGD; YeastMine 

High G content on the non-transcribed strand SGD; YeastMine 

Sites of Rbp3 accumulation in S phase Fachinetti et al. 2010 

TER sites Fachinetti et al. 2010 

TER sites related to high transcription Fachinetti et al. 2010 

Sites of Rrm3 accumulation Azvolinsky et al. 2009 
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Palindromic sequences Lisnic et al. 2005 

Sites of G4 quadruplex formation (predicted by sequence context in silico) Capra et al. 2010 

Sites of differential transcription in response to NMM2 Hershman et al. 2008 

Regions of transcription-transcription conflicts resolved by Elc1p3 Hobson et al. 2012 

Tracts of poly A or poly T > 25 bp SGD 

Sites of RNA/DNA hybrid accumulation in rnh1 rnh201 Chan et al. 2014 

1Most of the genomic elements were identified in Saccharomyces Genome Database (SGD) using 
the YeastMine tool (described: http://www.yeastgenome.org/help/video-tutorials/yeastmine). The criteria 
used to determine the number each elements in the genome are described in Chapter 3.4. We chose to 
identify tracts of poly A or poly T > 25 bp based on a personal communication from Doug Koshland 
(University of California, Berkeley) who found an association between such tracts and the locations of R-
loops.  

2NMM is an abbreviation for N-methyl mesoporphyrin IX, a drug that binds G4 quadruplex structures. 
3Elc1p is a protein required to remove stalled RNA polymerase II complexes (Hobson et al., 2012). 

 

Table 21: Number of genomic elements represented on the microarrays 

Element # elements 
per genome 

# elements on 
whole-genome 

array1 
# elements 
in rnh201Δ2 

# elements in 
rnh201Δ 

pol2-M644L2 

# elements 
in rnh1Δ 
rnh201Δ2 

# elements on 
chromosome 

IV array3 
Ty elements 50 48 48 48 35 8 
Solo LTRs 291 280 280 276 246 19 

Centromeres 16 16 16 16 16 1 
Intron-containing 

genes 345 331 331 323 287 24 

ARS elements 352 317 317 308 275 28 
tRNA genes 275 274 274 270 236 23 
Long genes 306 306 306 295 259 28 

Regions of high 
transcription 330 329 329 318 270 36 
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Regions of low 
transcription 328 312 312 303 272 20 

ORFs with high 
GC content 115 115 115 114 96 8 

High G content on 
the non-

transcribed strand 
41 41 41 40 34 1 

Sites of Rbp3 
accumulation in S 

phase 
93 93 93 93 70 11 

TER sites 71 71 71 69 69 3 
TER sites related 

to high 
transcription 

58 58 58 56 56 3 

Sites of Rrm3 
accumulation 115 112 112 

112 

 
103 6 

Palindromic 
sequences 

611 

 
589 589 573 517 51 

Sites of G4 
quadruplex 
formation 

(predicted by 
sequence context 

in silico) 

636 543 543 536 480 20 

Sites of differential 
transcription in 

response to NMM 
114 107 107 105 96 7 

Regions of 
transcription-
transcription 

conflicts resolved 
by Elc1. 

144 144 144 137 125 13 

Tracts of poly A or 
poly T >  25 bp 43 41 41 40 36 3 

Sites of RNA/DNA 
hybrid 

accumulation in 
rnh1 rnh201 

163 129 129 127 112 10 
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          1In our analysis, we examined twenty-one types of genomic elements. The references for the locations of 
these elements are described in Table 20 and in the supporting information. The total size of the yeast genome, as 
presented in SGD, is about 12.1 Mb. Since this calculated size counts only two of the approximately 150 ribosomal 
rRNA genes, there are about 12.1 Mb of single-copy yeast sequences. Our whole-genome microarrays omit most 
repetitive sub-telomeric repeats. 11.6 Mb of the genome are represented on our whole-genome arrays (details in 
Dataset S1 of Song et al., 2014). The coordinates and sequences of all oligonucleotides on the whole-genome 
arrays are in Table 11 of St. Charles et al. (2012). 

   2In several of the mutant strains, LOH events existed in the starting strains. These regions were omitted 
from the analysis. The summary of these omissions is: 1) rnh201Δ (no pre-existing LOH events, therefore, no 
omissions necessary), 2) rnh201Δ pol2-M644L (sequences distal to SGD coordinate 592645 on chromosome XIII 
were homozygous and deleted from the analysis; 11.3 Mb were in the remaining analysis), and 3) rnh1 rnh201 
(most of these strains had terminal LOH events beginning at SGD coordinate 1263027 on chromosome IV, and 
coordinate 447834 on chromosome XII; the remaining portion of the genome was about 11.0 Mb). The numbers of 
elements in each strain were corrected for these deletions. 

3The chromosome IV-specific microarrays monitor SNPs from CEN4 to near the right telomere of 
chromosome IV (coordinate 1511708), a region of about 1.1 Mb). The locations of SNPs on the chromosome IV-
specific arrays are in Table S9 of St. Charles and Petes (2013). 

 
Table 22: Association of LOH events in sub-cultured strains with various genomic elements 

Genome Feature rnh201Δ rnh201Δ pol2-M644L rnh1Δ rnh201Δ 

 
Exp 

inside: 
outside 

Obs 
inside: 
outside 

p-
value 

Exp 
inside: 
outside 

Obs 
inside: 
outside 

p-
value 

Exp 
inside: 
outside 

Obs 
inside: 
outside 

p-
value 

Ty elements 8:904 7:905 0.863 5:811 6:810 0.823 9:761 5:765 0.240 
Solo LTRs 33:5287 24:5296 0.138 22:4670 12:4680 0.042 51:5779 66:5764 0.041 

Centromeres 2:302 0:304 0.286 1:271 3:269 0.133 3:349 3:349 1.000 
Intron- containing genes 39:6250 30:6259 0.173 26:5465 22:5469 0.493 60:6738 59:6739 1.000 

ARS elements 37:5986 31:5992 0.362 25:5211 19:5217 0.269 57:6367 54:6370 0.729 
tRNA genes 32:5174 22:5184 0.092 22:4568 16:4574 0.238 50:5626 48:5628 0.823 
Long genes 46:5768 45:5769 0.920 31:4984 35:4980 0.527 72:6220 67:6225 0.597 

Genes with high 
transcription 39:6212 35:6216 0.578 25:5381 25:5381 1.000 58:6564 63:6559 0.554 

Genes with low 
transcription 37:5891 37:5891 1.000 24:5127 27:5124 0.610 57:6367 51:6373 0.467 

ORFs with high GC 
content 14:2171 9:2176 0.227 9:1929 15:1923 0.066 20:2246 14:2252 0.218 

High G content on the 5:774 4:775 0.823 3:677 1:679 0.387 7:763 9:761 0.572 
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non-transcribed strand 
Sites of Rbp3 

accumulation in S phase 11:1756 11:1756 1.000 7:1574 6:1575 0.842 16:1766 20:1762 0.377 

TER sites 8:1341 5:1344 0.377 6:1167 8:1165 0.538 18:1500 15:1503 0.554 
TER sites related to high 

transcription 9:1093 5:1097 0.242 6:946 5:947 0.842 14:1218 11:1221 0.498 

Sites of Rrm3 
accumulation in S phase 13:2115 17:2111 0.330 9:1895 12:1892 0.406 21:2311 12:2320 0.063 

Palindromic sequences 70:11121 80:11111 0.254 46:9695 42:9699 0.603 110:1232
0 85:12345 0.008 

Sites of G4 quadruplex 
formation (predicted in 

silico) 
64:10253 45:10272 0.020 43:9069 47:9065 0.597 99:11121 73:11147 0.010 

Regions of differential 
transcription in response 

to NMM 
13:2020 12:2021 0.888 8:1777 5:1780 0.377 20:2246 15:2251 0.313 

Regions of transcription-
transcription conflicts 

resolved by Elc1 
17:2719 18:2718 0.920 11:2318 18:2311 0.050 27:2987 25:2989 0.777 

Regions of RNA/DNA 
hybrid accumulation in 
the rnh1 rnh201 mutant 

15:2436 14:2437 0.888 10:2149 13:2146 0.427 24:2660 28:2656 0.475 

Poly A or poly T tracts > 
25 bp 5:774 8:771 0.262 3:677 2:678 0.777 8:850 6:852 0.597 

The details of the association analysis are described in Chapter 3.4. In brief, we summed the amount of 
sequences inside the LOH association windows and the amount of sequences located outside of those windows 
for all isolates of the individual mutant strains. Based on the total number of elements examined by the array 
(Table 20), we calculated the number of elements expected within and outside of those windows; this 
information is summarized in the column labeled “Exp inside:outside.” We then counted the elements within and 
outside of the association windows (Column “Obs inside:outside”). The observed and expected values were 
compared using Chi-square “Goodness of Fit” test. Because of the multiple comparisons, we then applied the 
Benjamini-Hochberg correction to the data (Benjamini and Hochberg, 1995). Following this correction, none of 
the LOH events in any of the strains were significantly associated with any of the tested genomic elements. 

 
Table 23: Association of LOH events in sectored colonies with various genomic elements on the right arm of 

chromosome IV 
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 rnh201Δ rnh1Δ rnh201Δ 

Genome Feature 
expected 

inside: 
outside 

observed 
inside: 
outside 

p-value 
expected 

inside: 
outside 

observed 
inside: 
outside 

p-value 

Ty elements 3:165 2:166 0.777 3:109 4:108 0.777 
Solo LTRs 5:394 3:396 0.498 7:259 10:256 0.340 

Centromeres 0:21 0:21 1.000 0:14 0:14 1.000 
Intron-containing genes 7:497 8:496 0.841 8:328 12:324 0.210 

ARS elements 8:580 9:579 0.862 10:382 7:385 0.420 
tRNA genes 6:477 5:478 0.585 8:314 9:313 0.862 
Long genes 10:578 15:573 0.150 11:381 13:379 0.647 

Genes with high transcription 10:746 8:748 0.632 13:491 17:487 0.327 
Genes with low transcription 6:414 4:416 0.532 7:273 4:276 0.340 
ORFs with high GC content 2:166 1:167 0.718 3:109 1:111 0.380 

Regions with high G content on the 
non-transcribed strand 0:21 0:21 1.000 0:14 1:13 1.000 

Sites of Rbp3 accumulation in S 
phase 3:228 3:228 1.000 4:150 3:151 0.806 

TER sites 1:62 1:62 1.000 1:41 1:41 1.000 
TER sites related to high 

transcription 1:62 1:62 1.000 1:62 1:62 1:62 

Sites of Rrm3 accumulation in S 
phase 2:124 1:125 0.718 2:82 1:83 0.718 

Palindromic sequences 14:1057 17:1054 0.498 18:696 27:687 0.043 
Sites of G4 quadruplex formation 6:414 6:414 1.000 7:273 9:271 0.566 

Regions of differential transcription 
in response to NMM 2:145 1:146 0.718 

 2:96 2:96 
 1.000 

Regions of t ranscription-
transcription conflicts resolved by 

Elc1 
4:269 4:269 1.000 5:177 8:174 0.256 

 

Sites of RNA/DNA hybrid 
accumulation in the rnh1 rnh201 

mutant 
3:207 4:206 0.777 4:136 7:133 0.206 

 

Poly A or poly T tracts > 25bp 1:62 1:62 1.000 1:41 2:40 0.610 
 

The associations were examined by the same methods described in Table 22, except analysis was 
limited to the right arm of chromosome IV. None of the associations was statistically significant after 
applying the correction for testing multiple samples. 
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Chapter 4. Discussion and future directions 

4.1 Unbiased detection of mitotic gene conversion events in a 
diploid 

One disadvantage of most other prior genetic systems that measure mitotic 

gene conversion in yeast is that the reporter limits the types of gene conversion event 

than can be detected (See Chapter 1.3). Not all systems simultaneously quantify 

crossing over nor are they able to finely map the outcomes of gene conversion (Table 

1). Additionally many systems that detect gene conversion events rely on the induction 

of a break by a site-specific endonuclease. Therefore estimates of the length of gene 

conversion tracts and the proportion of gene conversions associated with crossovers 

have varied. In the diploid system constructed in Chapter 2, spontaneously-generated 

gene conversion events were detected regardless of size and association with a 

crossover event. These events were mapped to a ~1kb resolution using CGH 

microarrays.  

In this unbiased system, we found two classes of gene conversion events: 

large events (median 54.0kb) and small events (median 6.4kb). Large events include a 

repetitive Ty element on the right arm of chromosome IV in W303-1A (Figure 39). 

Because the wild type URA3 cassette is on the W303-1A background and because we 

selected Ura- colonies, the gene conversion events analyzed likely had a break on the 

W303-1A homolog that was repaired using information from YJM789. The pair of 

inverted Ty elements were previously shown to be a mitotic recombination hotspot on 

the right arm of chromosome IV (St. Charles and Petes 2013), perhaps due to a 

hairpin structure they form. Therefore a break in the inverted Ty repeat would not have 
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homology with the YJM789 homolog and would require at least 6kb of excision to 

reveal sequence that could recombine with the homolog. It is possible that this 

requirement for extensive resection is the cause of the long gene conversion tracts 

that are associated with this location on chromosome IV. Although the long gene 

conversion tracts span a larger distance than the Ty elements and the ura3 reporter, 

they all overlap with them and it is possible these long tracts are not typical of all gene 

conversions, but are due to recombination initiated in the inverted Ty elements that 

lack perfect homology on the YJM789 homolog. To test this possibility, the same 

analysis could be performed with the wild-type URA3 cassette on the YJM789 

background and the mutant ura3 on the W303-1A background.  

 

Figure 39: An inverted pair of Ty elements on chromosome IV in the W303-1A 
background. 

Blue represents the W303-1A background and red represents the YJM789 
background. The YJM789 background does not have homology to the inverted pair of 
Ty repeats in the W303-1A background.   

 

In the case where repair of a break in this region successfully initiates repair 

using the homolog as a template, synthesis would need to extend over the partial Ty 

element in order to successfully find sequence homology with the other side of the 

break and promote second end capture in DSBR involving a dHJ or reannealing in 

Ty2	

Ty1	
12kb	

Ty	

2kb	

W303-1A	

YJM789	
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SDSA. This extensive synthesis and lack of an appropriate repair substrate is 

characteristic of BIR. To directly test if these long events are dependent on BIR, this 

analysis could be done in strains defective in the Pif1 helicase. The subunit of 

polymerase delta that functions in BIR, Pol32, could be deleted in this system to test if 

long gene conversion tracts are due to BIR. There is a helicase, called Pif1, that has 

been implicated in BIR and Pif1-deficient cells have been shown to have less-

processive DNA synthesis during BIR (Wilson et al., 2013). Therefore, Pif1-deficient 

diploids in this system can also test if these long gene conversion tracts are dependent 

on the function of BIR.  

4.2 Instability in the RNase H mutant diploids 

RNase H mutants have been shown to have an increase in mutagenesis 

(reviewd in Sollier and Cimprich 2015) and recombination (Wahba et al., 2011), 

however few assays have looked in a context with normal transcription and over a 

large segment of the genome. No study has yet mapped recombination events in 

these mutants. After mapping recombination events throughout the genome and on 

chromosome IV in RNase H mutants, I found a general elevation of recombination in 

the rnh1Δ rnh201Δ mutant and a lack of instability at genome features that have been 

previously suggested to increase RNA/DNA hybrid accumulation (e.g. G4 

quadruplexes, sequences with high GC content, and Ty elements). Recombination in 

the RNase H2 mutant seems to be enriched near telomeres and does not strictly 

depend on the insertion of rNMPs into the genome.   
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4.2.1 Sources of LOH in the RNase H2 mutant 

As discussed in Chapter 3, allelic recombination in the RNase H2 deficient 

diploid is not solely due to the incorporation of rNMPs into the genome. We suggest 

that R-loops inaccessible to RNase H1 are the primary recombinogenic lesion in the 

RNase H2 null mutant. To confirm this finding, an allele of RNase H2 that can still 

resolve the RNA/DNA hybrids within R loops but does not initiate removal of 

embedded rNMPs, called rnh201-P45DY219A, could be introduced into both the 

W303-1A and the YJM789 backgrounds of the system presented in Chapter 3. If R-

loops are the major source of genome instability in RNase H2 mutants, this diploid 

should have decreased levels of 5FOA resistance, sectoring, and LOH in subcultured 

colonies.  

4.2.3 Telomere effects of RNase H2 mutant 

In chapter 3 recombination events were enriched near the end of chromosome 

arms in the rnh201Δ mutant both when looking at recombination on chromosome IV 

and when looking at recombination throughout the genome. This suggests the 

possibility of a specific role for RNase H2 in telomere maintenance. This role could be 

in removing rNMPs or removing R-loops. Both RNA/DNA interactions have been 

shown to play a role at telomeres. An rNMP at a specific location of the telomeric 

repeat sequence disrupts the binding of Pot1 (Nandakumar et al., 2010) and the 

TERRA transcript promotes telomere maintenance (reviewed in Feueherhahn, et al., 

2010). Telomere length can be assayed by Southern blots. As described in Chapter 3, 

the mutant polymerase epsilon, pol2-M644L incorporates 4-fold fewer rNMPs than 

wild-type. A different mutant allele, pol2-M644G, incorporates 10-fold more rNMPs 
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than wild-type polymerase epsilon. Sub-cultured colonies from the rnh201Δ, rnh201Δ 

pol2-M644L, rnh201-p45DY219A, rnh201Δ pol2-M644G and rnh1Δ rnh201Δ mutant 

contexts could be analyzed by Southern blot. If rNMPs disrupt telomere maintenance, 

the rnh201Δ pol2-M644G mutant should have the shortest telomere length. If R-loops 

acted on by RNase H2 are important in telomere maintenance the rnh201-P45DY219A 

mutant should have longer telomeres than the rnh201Δ mutant and telomere length in 

the rnh201Δ mutant should be the same as telomere length in the rnh1Δ rnh201Δ 

mutant. 

4.2.4 Recombination due to Top1 excision of rNMPs 

While the data in Chapter 3 suggests a small role of rNMPs in the genome 

instability seen in the rnh201Δ, some previous work has documented the effect of 

excess rNMPs in DNA in the rnh201Δ using the polymerase epsilon mutant pol2-

M644G. In an RNase H2 defective strain, inserting 10 times more rNMPs into DNA 

induces an S-phase dependent checkpoint (Williams et al., 2013). If Top1 is also 

deleted in this genetic background, the slow growth and delay in S phase is eliminated 

(Williams et al., 2013). Therefore, Top1 incision at these excess rNMPs in the absence 

of RNase H2 is particularly problematic for the cell. Analyzing recombination in the 

rnh201Δ pol2-M644G mutant and comparing its profile to that of rnh201Δ top1Δ pol2-

M644G can indicate the locations in the genome that are particularly prone to damage 

when Top1 initiates removal of rNMPs instead of RNase H2. This comparison could 

indicate hotspots of Top1 excision of rNMPs and address if this excision is enriched in 

regions where Top1 is thought to be important in its other roles such as regions of high 

transcription.  
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4.2.5 RNA/DNA hybrid accumulation in Ty elements in the rnh1Δ rnh201Δ 
diploid 

Previous maps of RNA/DNA hybrid accumulation throughout the genome, 

using CHIP-Seq of hybrids isolated using the S9.6 antibody, have shown that 

RNA/DNA hybrids accumulate near Ty elements in the yeast genome (Chan et al., 

2014 and El Hage et al., 2014). We found no enrichment of Ty elements in the LOH 

events detected by whole-genome microarray. Although it is possible the high levels of 

RNA/DNA hybrids at these repetitive sequences are not recombinogenic, previous 

work has shown that Ty elements are recombinogenic in a wild-type context (St. 

Charles et al., 2013) and in mutant contexts (McCulley and Petes 2010 and Song et 

al., 2014). The diploids used in the analyses of Chapter 3 all were MATa/MATalpha. 

MATa/MATalpha diploids have been shown to suppress the transcription of their Ty 

elements (Errede et al., 1980). This may be the source of discrepancy in maps of 

RNA/DNA hybrid accumulation, which were constructed from haploid yeast. To test if 

the suppression of Ty transcription is preventing the accumulation of RNA/DNA 

hybrids in the diploid rnh1Δ rnh201Δ mutant, one could remove the functional 

MATalpha locus and the resulting diploid should transcribe its Ty elements at high 

levels.  

4.2.6 Recombination due to R-loops 

An increase in DSB formation has been demonstrated due to R-loop 

accumulation in the rnh1Δ rnh201Δ mutant, and in other mutants defective in mRNA 

processing, such as hpr1 (Prado and Aguilera 2005). The source of these DSBs is 

unclear. Breaks can arise from replication fork regression when transcription and 
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replication machineries collide, the replication of nicks on a displaced strand of an R 

loop, or an excess of Top1 induced nicks in response to more DNA supercoils. A study 

of human cells showed a role for transcription-coupled nucleotide-excision repair (TC-

NER) in recognizing the flap structure on the end of an R loop and subsequently 

causing a break (Sollier et al., 2014). Analyzing rates of LOH in strains defective in 

nucleotide excision repair (rad14Δ) could indicate if NER plays a role in the creation of 

DSBs in the rnh1Δ rnh201Δ mutant. 
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