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Abstract 
 Mitotic homologous recombination (HR) is vital for accurate repair of DNA strand 

breaks caused by endogenous and exogenous sources. However, this high-fidelity 

repair pathway also can lead to genome rearrangements when dispersed sequences are 

used for repair. During normal growth, spontaneous DNA strand breaks are presumably 

generated during DNA replication and transcription, and from the attack by endogenous 

agents such as reactive oxygen species (ROS). Though the exact nature of endogenous 

lesions that initiate HR is not well understood, double-strand breaks (DSBs) rather than 

single-strand breaks (SSBs) are thought to be the main culprit. Because spontaneous 

HR events can lead to development of human diseases and sporadic cancers, 

identifying the primary type of DNA strand breaks, either DSBs or SSBs, is central to 

understanding how genome instability arises. Using the yeast Saccharomyces 

cerevisiae as a model system, the focus of this thesis is to delineate early molecular 

steps (DNA end resection and synthesis) during mitotic DSB-induced HR events and to 

perform comparative analysis of DSB-induced and spontaneous HR repair outcomes. To 

this end, the first part of this thesis examined the relative contribution of DNA end 

resection and DNA synthesis in determining the DSB-associated repair outcomes, such 

as distributions of crossover and noncrossover outcomes, as well as the length of a key 

recombination intermediate, heteroduplex (hetDNA). The main conclusion from this work 

is that both end resection and DNA synthesis are required to obtain normal DNA repair 

outcomes and hetDNA profiles. A unifying model is that decreased end resection 

reduces stability of strand invasion intermediates, limiting the extent of DNA synthesis 

and hence shortening hetDNA. The second and third parts of this work directly 
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compared the molecular structures of HR outcomes associated with a defined DSB and 

with those arising spontaneously. Two different approaches were employed to 

systematically characterize the molecular structures of recombination intermediates in 

repair events. In the second part of this thesis, mapping of gene conversion events 

(nonreciprocal transfer of information that results from mismatch-repair activity) following 

allelic repair of a DSB revealed that DSB-induced HR events shared similar repair 

profiles with those of previously described spontaneous recombination events, 

confirming that DSBs are the main contributor to spontaneous HR. In the third part of 

this thesis, mapping of hetDNA in DSB-induced and spontaneous HR events in cells with 

normal and elevated ROS levels further confirmed that DSBs are the primary initiator of 

spontaneous HR. Mapping of hetDNA additionally revealed complexities within hetDNA 

associated with a defined DSB. Collectively, this work not only advances our knowledge 

of the fundamental molecular mechanisms of HR, but also provides in vivo experimental 

support for DSBs as the major physiological lesion that initiates spontaneous HR. 
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Chapter 1. Introduction 

1.1 Mitotic Homologous Recombination 

In humans and almost all other living organisms, DNA is the hereditary molecule 

that carries genetic instructions for growth, development, and proper functioning of 

cellular processes. The integrity of the genome is maintained through accurate 

replication and a robust DNA damage response, which is composed of intricate networks 

that sense damage, activate checkpoint pathways, and orchestrate either damage 

tolerance or repair (Hoeijmakers, 2009). To counteract DNA damage, distinct repair 

pathways have been evolved. These DNA repair mechanisms are of two general types: 

those that remove lesions affecting one of the two DNA strands (mismatch repair, base 

excision repair, and nucleotide excision repair pathways) and those that repair lesions 

affecting both strands of the DNA duplex (homologous recombination and 

nonhomologous end joining). Minimally defined as repair of DNA lesions using 

homologous sequences, homologous recombination (HR) typically uses unbroken sister 

chromatids as a repair template (Kadyk and Hartwell, 1992; Zhao et al., 2017), and is 

active during S and G2 phases of the cell cycle when sister chromatids are available and 

held in proximity by cohesin (Symington et al., 2014). The use of sister chromatids for 

repair results in error-free, genetically silent repair. However, HR also can involve 

homologous chromosomes or dispersed repeated sequences, resulting in loss of 

heterozygosity or gross chromosomal rearrangements, respectively. The physiological 

relevance of HR in mammalian cells is underscored by elevated genome instability and 

an increased susceptibility to both spontaneous and induced DNA damage in cells with 

impaired HR (Patel et al., 1998; Watkins et al., 2014). Additionally, familial mutations in 

one copy of either BRCA1 or BRCA2, both key HR repair factors, cause a predisposition 
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to human breast and ovarian cancers (Levy-Lahad and Friedman, 2007; Rahman and 

Stratton, 1998). While HR deficiency causes embryonic lethality in mammals, the loss of 

HR is tolerated in the yeast Saccharomyces cerevisiae, making yeast a leading 

workhorse for the study of basic HR mechanisms. Studies in yeast, for instance, were 

the first i) to demonstrate that a linearized plasmid can be repaired by copying yeast 

chromosomal DNA (Orr-Weaver et al., 1981), and ii) to follow the fate of directed 

chromosomal double strand-breaks (DSBs, Haber et al., 1988). 

1.1.1 Sources of Recombinogenic DNA lesions 

The multitude of recombinogenic DNA lesions in the genome are from three main 

sources (Hoeijmakers, 2009; Lindahl, 1993). First, spontaneous chemical reactions, 

such as hydrolysis, create abasic sites and deaminated bases (Gates, 2009). Abasic 

sites can stall the replication machinery and lead to re-initation of replication 

downstream, generating single-strand gaps behind the replication fork (Figure 1A; 

(Friedberg, 2005). These single-strand gaps can be repaired via a HR-mediated post-

replicative gap filling mechanism (Syeda et al., 2014). Alternatively, cells can process 

DNA containing replication-blocking lesions into structures (reversed forks, see Figure 

1A) cleavable by structure-selective nucleases, such as Mus81-Mms4 or Yen1, resulting 

in DSB formation (Wyatt and West, 2014). Second, DNA lesions can be generated 

during normal DNA transactions or as a byproduct of cellular metabolism. Most 

spontaneous recombination events are thought to happen due to replication fork 

collapse (Aguilera and Gomez-Gonzalez, 2008; Saleh-Gohari et al., 2005; Symington et 

al., 2014). Replication fork collapse can occur, for example, when the replisome 

encounters a single-strand break (SSB) on the DNA template. As illustrated in Figure 

1B, when an SSB is present on the leading strand, replication fork collapse generates a 
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one-ended DSB. Free ends of this type are a well-known substrate for the break-induced 

replication subpathway of HR in yeast and in mammals (Malkova and Ira, 2013). A 

converging replication fork from the other side of the DNA damage leads to a two-ended 

DSBs. It has been estimated that at least 1% of the endogenous SSBs escape repair, 

which are then converted to DSBs during replication (Vilenchik and Knudson, 2003). 

Approximately, there are 1-2 endogenously arising DSBs per 108 base pairs per cell 

cycle in human and yeast (Lisby et al., 2001; Vilenchik and Knudson, 2003). Another 

cellular process that poses a major threat to aerobic cells is the respiratory metabolism 

that generates highly active free radicals, such as reactive oxygen species (ROS). ROS 

cause oxidative base damage, such as 8-oxoguanine, and orders of magnitude more 

SSBs compared to DSBs (Jena, 2012; Rao, 2009). The observation of synthetic 

lethality/sickness in cells with impaired ROS-scavenging ability and HR deficiency further 

highlights the importance of HR in repairing DNA lesions arising from ROS-induced 

damage (Huang and Kolodner, 2005). Third, DNA lesions can be generated by 

exogenous DNA damaging agents, such as ultraviolet (UV) light, ionizing radiation (IR), 

environmental pollutants and chemotherapeutic drugs. UV creates mostly DSBs and 

single-strand gaps (Ma et al., 2013; Yin and Petes, 2013). Closely opposing single-

stranded lesions induced by mutagens can cause DSBs. Unlike the above-mentioned 

two classes of endogenous agents whose exposure is inevitable, exposure to the 

exogenous agents is avoidable to some extent (Hoeijmakers, 2009). 

Much of our understanding on the nature of lesions initiating mitotic HR has 

come from studies using site-directed endonucleases for analysis of recombination 

outcomes. Because Spo11- and HO-generated DSBs are the physiological triggers for 

meiotic recombination and mitotic mating-type switching, respectively, a widespread 
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assumption is that most spontaneous mitotic HR initiates with random DSBs (Haber, 

2000). Using various nickase variants, mounting evidence suggests that single-strand 

nicks also can be an effective recombination initiator (Davis and Maizels, 2011; Katz et 

al., 2014; Vriend et al., 2016). However, testing a role of nicks as a recombination 

initiator has been challenging because nicks can be repaired by direct ligation or can be 

converted to DSBs as cells progress through S phase (Cortes-Ledesma and Aguilera, 

2006). To date, DSBs are thought to be the primary physiological relevant initiator of 

spontaneous mitotic HR events. 

         

Figure 1. Recombinogenic DNA lesions generated through endogenous cellular 
processes. 

Parental strands are shown in black and nascent strains in grey. (A) Endogenous 
chemical reactions within cells generate abasic sites or other types of replication-
blocking lesions. Abasic sites can be caused by ROS or produced as an intermediate 
step during base excision repair. By blocking progression of the replication machinery, 
these lesions can cause single-stranded gaps or one-ended DSBs, both of which are 
repairable by HR. (B) A discontinuity on the DNA template can lead to collapse of the 
replication fork, creating a one-ended DSB. A converging replication fork from the other 
side of the nick can convert the initial nick to a two-ended DSB. Figure adapted from 
Symington et al., 2014. 
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Lesion excision 

B. Nick on DNA template during replication 

Fork collapse 

Lesion skipping 

One-ended DSB 

Passive replication  

Single-stranded gap 
One-ended DSB 

Fork collapse 
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1.2 Evolution of Homologous Recombination Models 

Both early and current HR models were largely developed from mitotic and 

meiotic studies in yeast. The early recombination models, including the Holliday, the 

Meselson-Radding, and the Radding models universally postulated that HR is initiated at 

single-strand nicks (Smith, 2004). These early nick-centric HR models were later 

supplanted by the current DSB-centric HR models. 

1.2.1 Early Nick-centric Models 

Originally developed to explain gene conversion (the replacement of one allele 

with another) and aberrant post-meiotic segregation patterns observed following tetrad 

analysis in fungi, the Holliday model proposed that HR initiates from two nicks at the 

same position on homologous chromosomes (Holliday, 1964). As shown in Figure 2A, 

the model postulated that single strands are unwound from the nicks and exchanged 

between the duplexes to create symmetric heterouplex DNA and a Holliday junction 

(HJ). Resolution of the HJ by a concerted nicking-ligation reaction can either maintain 

the linkage of flanking markers (a noncrossover) or alter the linkage of genetic markers 

that flank the region of hetDNA (a crossover). Repair of hetDNA regions can lead to 

gene conversion, while a failure to repair hetDNA leads to post-meiotic segregation of a 

genetic marker. To accommodate genetic data suggesting that asymmetric strand 

exchange predominates during recombination, the Meselson-Radding model (1975) 

proposed that a single nick is inflicted on one parental duplex to prime DNA synthesis 

from the resulting 3ʹ end, displacing the 5ʹ end of the nick (Figure 2B). The displaced 5ʹ 

flap then invades the donor duplex to form a displacement (D)-loop, which is degraded 

to yield a HJ. Notably, in the Meselson-Radding model, it is the broken molecule that 

donates genetic information. To account for post-meiotic segregation of the same 
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marker in both interacting duplexes, it was proposed that an HJ can undergo branch 

migration, which converts asymmetric to symmetric hetDNA. Subsequent steps of 

hetDNA repair and HJ resolution were as in the original Holliday model.  In the later 

variation of the Meselson-Radding model (Radding, 1982) it was proposed that the 

broken molecule would serve as the recipient rather than the donor of genetic 

information if the initial nick were converted to a single-strand gap. As illustrated in 

Figure 2C, a second nick on the other homolog allows displacement DNA synthesis, 

displacing the complementary DNA to pair with the gap on the homolog. Similar to the 

previous iterations of the HR models, a HJ is formed and later resolved, and mismatches 

with hetDNA are repaired. 
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Figure 2. Evolution of HR models. 

Red and black lines indicate the single strands of the DNA molecule suffering a DNA 
strand break (nick or DSB) and the homologous template, respectively. Arrowheads 
represent 3ʹ ends of DNA strands; yellow boxes mark heteroduplex positions; blue 
triangles represent HJ resolvases while white triangles represent unknown D-loop 
processing activities. The three prominent early models that predicted nicks as the 
initiator of HR were later supplanted by the now widely accepted Szostak et al. (1983) 
model where DSBs are the HR-initiating lesion. (A) In the early model of Holliday (1964), 
nicked strands located on different chromosomes are switched between duplexes, 
forming a single HJ. Resolution of the HJ results in symmetric hetDNA in a CO outcome; 
in each CO chromatid, there is a hetDNA tract at identical positions. (B) The subsequent 
Meselson-Radding model (1975) predicts that a single nick is the initiating lesion. 
Displacement synthesis from the 3ʹ terminus of the nick displaces a 5ʹ flap that then 
invades the donor template, creating a D-loop that is degraded by an unknown 
mechanism. (C) As an update to the nick-centric HR models, Radding (1982) proposed 
that a nick could be expanded to a single-stranded gap that is recombinogenic. In this 
model, HR progresses when complementary sequence from a donor anneals to the 
gapped region. (D) The DSB-centric Szostak et al. (1983) model proposed that HR starts 
by generating 3ʹ overhangs at each end of the break. One of the single-stranded 3’ tails 
invades the donor helix, creating a D-loop in which DNA synthesis enlarges the D-loop 
to support second end capture. In all models, only CO outcomes are shown; though not 
shown, NCO products can be produced through each model. Figure adapted from 
Smith, 2004.

Nick-initiated Models 

DSB-initiated Model 

A. Holliday Model (1964) 

B. Meselson-Radding (1975) 

C. Radding (1982) 

D. Szostak et al. (1983) 
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1.2.2 Current Double-strand Break (DSB)-centric Model  

 A DSB-centered HR model was first proposed by Resnick (Resnick, 1976) and 

later extended by Szostak et al. (Szostak et al., 1983). Based on the observation that a 

linearized plasmid with a gap in the homologous region could be repaired via filling of the 

missing sequences using information from the homologous yeast chromosome, the 

initial version of the Szostak et al. model suggested that DSBs are resected on both 

strands to generate a large gap with flanking 3ʹ single-strand tails that initiate repair (Orr-

Weaver et al., 1981; Paques and Haber, 1999; Szostak et al., 1983). Supported by 

experimental data demonstrating that the 3ʹ ends of meiotic DSB are not resected, the 

current iteration of the DSB repair model postulates that DSBs rather than double-

stranded gaps as the initiating lesion (Figure 2D; Ray et al., 1991; Sun et al., 1991). 

1.3 DSB-initiated Homologous Recombination Pathways and 
Outcomes  

During mitotic recombinational repair, strand exchange intermediates have to be 

resolved properly to ensure accurate segregation of chromosomes in subsequent cell 

cycles. Errors in separating recombined chromosomes have been associated with 

nondisjunction (Chua and Jinks-Robertson, 1991) or chromatin bridge formation (Acilan 

et al., 2007). Resolution of joint molecules during recombination results in either a 

noncrossover (NCO) or a crossover (CO) product. A NCO is defined as an outcome 

where the two interacting chromosomes maintain their parental chromosomal arm 

linkages, while in a CO, the two recombining molecules swap their chromosome arms. 

Each sub-pathway of HR described below has specific repair outcomes.  
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1.3.1 DSB Repair Model 

Following DSB formation, HR is initiated by degradation of 5ʹ ends of the DSB, 

generating long single-stranded 3ʹ tails. The resected 3ʹ tails are coated with Rad51 

protein to form nucleoprotein filaments that conduct a genome-wide homology search 

(Symington, 2016). Upon identifying a repair template, one filament invades the donor 

duplex and pairs with the complementary sequence from the donor, forming a D-loop 

and a region of heteroduplex DNA (hetDNA; Figure 3). hetDNA, which results from 

strand pairing between two complementary single strands from different parent 

duplexes, is a key intermediate during recombination. Notably, hetDNA formed during 

strand pairing between diverged sequences is likely to harbor DNA mismatches, whose 

detection serves as a means to identify the hetDNA footprint (see below for details). In 

the double-strand break repair (DSBR) model, DNA extension primed from the invading 

3ʹ end enlarges the D-loop and exposes single-stranded DNA that later anneals to the 

other resected end of the DSB. The second-end capture step generates a double 

Holliday junction (dHJ), which can be cleaved by resolvases, such as Mus81-Mms4 or 

Yen1, to generate a CO or a NCO. In vitro, Mus81-Mms4 preferentially cleaves at nicked 

HJs or branched structures with a small gap of <4 nucleotides adjacent to the branch 

point (Bastin-Shanower et al., 2003; Ehmsen and Heyer, 2008; Schwartz et al., 2012). 

Nonsymmetrical cleavage of dHJs by Mus81-Mms4 is directed by the nicked junctions, 

with cleavage of the outer strand of one junction and the one inner strand of the other 

(indicated by blue triangles in Figure 3), which leads to a CO outcome exclusively 

(Osman et al., 2003). Yen1, however, cleaves fully ligated junctions and the cleavage is 

random so that both COs and NCOs are produced. Cleavage of mitotic dHJs in vivo is 

biased toward the production of CO products (Mitchel et al., 2010), which agrees with 



 

 

10 

data suggesting that Mus81-Mms4 is the main dHJ resolvase, with Yen1 serving as a 

back-up nuclease (Schwartz and Heyer, 2011). Alternatively, in a reaction termed 

“dissolution”, the helicase activity of the Sgs1 component of the Sgs1-Top3-Rmi1 (STR) 

complex is used to drive HJ towards each other and the topoisomerase activity of Top3 

decatenates the remaining strand interlink (Cejka et al., 2010; Wu and Hickson, 2003). 

Dissolution of dHJs yields an obligatory NCO product. Although all products generated 

through the DBSR model have two distinct tracts of hetDNA that reflect engagement of 

both ends of the DSB, the resolution and dissolution outcomes can be distinguished 

based on their associated hetDNA patterns (Figure 3). Specifically, both CO and NCO 

cleavage outcomes have one tract of hetDNA on each participating chromosome located 

on opposing sides of the DSB. By contrast, the NCOs generated through dissolution 

have both tracts of hetDNA confined to the broken chromosomes. 
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Figure 3. Models for HR-mediated DSB repair pathways and their associated 
outcomes. 

Red lines represent broken DNA while black lines represent the donor template; solid 
lines are parental strands and dashed lines are nascent DNA strands with their colors 
reflecting the template. Arrowheads denote 3ʹ ends of DNA strands. Blue-filled triangles 
indicate cleavage activity of Holliday junction resolvases; yellow boxes indicate hetDNA. 
Prior to each HR subpathway, the initial processing of the DSB ends generates long 3ʹ 
single-stranded tails, one of which invades a donor duplex. Upon invasion, a D-loop and 
a region of hetDNA are formed. DNA extension primed from the invading 3ʹ terminus 
enlarges the D-loop. In DSBR, the D-loop expands until sufficient homology is exposed 
to capture the other 3ʹ end. HJs are formed and can be resolved to form either a CO or a 
NCO. In SDSA, the extended 3ʹ end is displaced from the D-loop and anneals to the 
other end of the DSB; SDSA results only in NCOs. SSA is employed to repair a DSB 
when there are direct repeats flanking the break; SSA repair generates deletions. BIR 
repair is restricted to DSBs with homology limited to only on side of the break. Extensive 
synthesis from the DSB to the chromosome end generates loss of heterozygosity. 
Abbreviations: HJ, Holliday junction; CO, crossover; NCO, noncrossover. See text for 
details. 
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1.3.2 Synthesis-Dependent Strand Annealing Model 

The synthesis-dependent strand annealing (SDSA) pathway was developed to 

explain the infrequent association of mitotic HR events with a CO outcome (Paques and 

Haber, 1999). One prominent characteristic of SDSA is transient strand invasion 

intermediates compared to the long-lived dHJ-containing intermediates (Allers and 

Lichten, 2001; Hunter and Kleckner, 2001). In SDSA, following DNA extension from the 

invading 3ʹ end and prior to capture of the second DSB end, the extended end is ejected 

from the D-loop. This D-loop collapse may occur spontaneously or be catalyzed by the 

helicase Mph1 (Mitchel et al., 2013; Prakash et al., 2009). After dismantling of the D-

loop, the displaced, extended end anneals to the other side of the DSB, creating a single 

tract of hetDNA on only one side of the DSB. The SDSA pathway gives rise to 

exclusively NCO products, and has been shown to be the major repair pathway during 

ectopic recombination events in mitotic cells (Mitchel et al., 2010; Nassif et al., 1994). 

1.3.3 Break-induced Replication 

Break-induced replication (BIR) is a recombination-dependent replication process 

that is critical for repairing DSBs in which only one end has homology to the repair 

template (Symington et al., 2014). Homology-directed strand invasion is limited to one 

side of the DSB, with loss of the other end of the chromosome. Replication initiated from 

the invading end continues to the end of the invaded donor chromosome to reconstitute 

the lost end (Llorente et al., 2008). Recently, the replication step in BIR was shown to 

occur in a conservative manner as a migrating D-loop, suggesting that the replicating 

lagging strands are templated off the nascent strand extruded from the migrating D-loop, 

as shown in Figure 3C (Donnianni and Symington, 2013; Saini et al., 2013). Many of the 

genetic requirements for BIR have been determined, and one unique requirement for 
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BIR is its dependence on the nonessential DNA polymerase delta (Pol δ) subunit, Pol32 

(Lydeard et al., 2007). Because BIR often involves extensive DNA synthesis to the end 

of the chromosome, it results in loss of heterozygosity in the form of nonreciprocal 

transfer of DNA from the donor to the one-ended DSB. BIR has been documented to be 

highly mutagenic as it can proceed through several rounds of strand invasion, synthesis, 

and dissociation, which can lead to chromosome rearrangements when repeated 

dissociation and reinvasion happen at dispersed sequences on different chromosomes 

(Smith et al., 2007). Because of its mutagenic nature, it has been suggested that BIR is 

suppressed when both DSB ends are available for repair using the canonical DSBR or 

SDSA pathway (Malkova et al., 1996).   

1.3.4 Single-strand Annealing 

The single-strand annealing (SSA) mechanism is associated with repair of DNA 

strand breaks that occur within or between direct repeats (Paques and Haber, 1999). 

When end resection reveals sufficient single-stranded homology between the direct 

repeats that flank the break, the complementary strands will anneal, producing single-

stranded 3ʹ flaps that contain intervening sequences. The heterologous 3ʹ flaps are 

removed by the endonucleolytic activity of Rad1-Rad10 (Evans and Alani, 2000; Paques 

and Haber, 1999), and the SSA process is completed by gap filling and ligation. SSA is a 

mutagenic repair pathway as it can result in loss of unique sequence between direct 

repeats, contraction of tandem repeat arrays or chromosome translocations when 

repeated sequences are located on different chromosomes (Symington, 2016). 
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1.4 Proteins Involved in Molecular Steps of Homologous 
Recombination  

All HR sub-pathways share the same initial steps in processing the DSB ends. 

DNA end resection is required to generate recombinogenic single-stranded DNA ends to 

initiate HR (Symington, 2016). Creation of these single-stranded DNA tails is not only 

crucial for the homology search and pairing, but also provides appropriate DNA ends for 

DNA extension by DNA polymerases. Below, I discuss key players involved in HR-

mediated DNA resection and 3'-end extension with regards to the two predominant HR 

pathways, DSBR and SDSA. 

1.4.1 5ʹ  End Resection by Exonucleases 

In yeast and mammals, end resection is performed in a two-step mechanism. In 

the first step (Figure 4A), Sae2 (CtIP in vertabrates) activates the Mre11-Rad50-Xrs2 

(MRX; MRN comprised of Mre11, Rad50 and Nbs1 in humans) complex to remove ~100 

nt from the 5ʹ ends of the break (Mimitou and Symington, 2008; Zhu et al., 2008). 

Formed as a stable heterotrimeric complex, MRX plays both structural and catalytic roles 

in the initiation of end resection (Mimitou and Symington, 2009; Symington, 2016). 

Mre11 possesses phosphoesterase motifs that are essential for its intrinsic 3ʹ→5ʹ 

exonuclease activity and single-strand DNA endonuclease activities in vitro (Furuse et 

al., 1998; Moreau et al., 1999; Symington et al., 2014; Trujillo and Sung, 2001; Usui et 

al., 1998).  Rad50 contains long coiled-coil domains, at the apex of which resides a 

conserved Cys-X-X-Cys motif (zinc hook) that dimerizes with another MRX complex to 

tether two ends of a DSB or sister chromatids (de Jager et al., 2001; Hohl et al., 2011; 

Hopfner et al., 2002; Wiltzius et al., 2005). Xrs2 is required for nuclear localization of 



 

 

15 

MRX and to mediate DNA damage signaling via interactions with checkpoint kinase Tel1 

(Oh et al., 2016; Stracker and Petrini, 2011).  

 
Figure 4: DSB end resection by a two-step mechanism. 

Resection of DSB ends is carried out in two steps, progressing 5ʹ to 3ʹ. Red lines 
represent DNA strands and arrowheads mark the 3ʹ ends of DNA. (A) Phosphorylation of 
Sae2 is required for resection. The zinc hook domain in Rad50 helps MRX keep the 
DSB ends in close proximity. In the first short-range resection step, Sae2 and MRX 
catalyze removal of ~100 nt from the 5ʹ end of the DSB. The resulting single-stranded 3ʹ 
ends are bound by heterotrimeric replication protein A (RPA) to prevent formation of 
secondary structures. (B) The second long-range resection step is catalyzed by Exo1 
or/and STR (Sgs1-Top3-Rmi1)-Dna2. During this step, up to 50 kb of DNA can be 
degraded in the absence of a donor template. Figure adapted from Symington et al., 
2014.
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In the second step (Figure 4B), extensive end resection is carried out by the 

5ʹ→3ʹ long-range STR-Dna2 or Exo1 exonucleases, both of which act redundantly in 

terms of supporting HR (Mimitou and Symington, 2008; Zhu et al., 2008). The rate of 

extensive end resection step is estimated to be at ~4.4 kb/hr and up to 50 kb of DNA can 

be degraded in the absence of a donor sequence (Zhu et al., 2008). While DNA end 

resection of >10 kb is needed to reveal long single-stranded DNA to activate the DNA 

damage checkpoint (Gravel et al., 2008; Zhu et al., 2008), such extensive resection may 

not be required for HR. Even the short recessed ends generated by MRX and Sae2 

cleavage are sufficient for a low level of Rad51-dependent HR (Mimitou and Symington, 

2008; Zhu et al., 2008). 

1.4.2 3ʹ  DNA Extension by DNA Polymerases 

During genome duplication in S phase, three primary DNA replicative 

polymerases, Pol α, Pol ε, and Pol δ are employed for DNA replication (McVey et al., 

2016). The primase Pol α synthesizes a RNA primer for the leading-strand polymerase 

Pol ε and lagging-strand polymerase Pol δ. Because of the 5ʹ to 3ʹ polarity of DNA 

synthesis at a replication fork, Pol δ synthesizes DNA in a discontinuous manner, which 

involves displacement of the previous RNA primer (Figure 5A; Garg et al., 2004; McVey 

et al., 2016). Unlike Pol δ, Pol ε is incapable of strand displacement synthesis (Garg et 

al., 2004). Nonetheless, both Pol ε and Pol δ engage with the sliding clamp PCNA 

(proliferating cell nuclear antigen) to enhance processivity and to prevent template 

switching (Chilkova et al., 2007). 

In the context of HR-mediated DSB repair, the generation of two recessed ends 

at a DSB via end resection requires subsequent DNA extension from each to generate 
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ligatable nicks for HR completion. As HR is generally an error-free repair pathway, it has 

been hypothesized that the high-fidelity replicative polymerases are employed for 

associated DNA synthesis steps (McVey et al., 2016). In DSBR and SDSA, the first 

phase of DNA synthesis occurs within a D-loop, which requires displacement synthesis 

for D-loop enlargement (Figure 5B; McVey et al., 2016). Therefore, only DNA 

polymerases capable of performing strand displacement are candidates for extending 

the invading end. The second phase of DNA synthesis in DSBR and SDSA does not 

require displacement of the 5ʹ end on the other end of the DSB (Figure 5B), and any 

polymerase can, in principle, perform DNA synthesis during this step (McVey et al., 

2016). Previous studies using conditional alleles of essential replication factors and 

polymerases to examine their roles in the context of DSB repair at mating type locus 

demonstrated that i) repair is independent of the origin recognition complex, the MCM 

(minichromosome maintenance) complex, Cdc45, and Pol α, and ii) repair requires 

PCNA, Dpb11, and either Pol δ or Pol ε (Germann et al., 2011; Hicks et al., 2011; 

Symington et al., 2014; Wang et al., 2004). The exact role of replicative DNA Pol δ or Pol 

ε in the first and second phases of DNA synthesis remains elusive. 

Although HR is considered an error-free repair pathway, recent studies have 

shown that DNA synthesis during canonical gene conversion is associated with a 

significant elevation of mutagenesis [~100-fold and ~1400-fold increase above 

spontaneous levels in (Strathern et al., 1995) and (Hicks et al., 2010), respectively]. 

Additionally, frequent interchromosomal template switching has been reported during 

gene conversion (Tsaponina and Haber, 2014), which further challenges the notion that 

HR is always an error-free pathway. 
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Figure 5. Modes of DNA synthesis during replication versus HR-mediated repair. 

(A) DNA synthesis at the replication fork requires DNA polymerases α, ε and δ. 
Replication fork helicases unwind DNA to provide single-stranded templates for the 
polymerases. The primase Pol α lays down primers for Pol ε and Pol δ. The leading-
strand polymerase Pol ε synthesizes DNA in a continuous manner and is incapable of 
strand-displacement synthesis (McVey et al., 2016). The lagging-strand polymerase Pol 
δ performs DNA synthesis in a discontinuous fashion and is capable of strand 
displacement synthesis. (B) HR-mediated DNA synthesis can be differentiated into two 
phases. The first phase is likely the same for both DSBR and SDSA; DNA synthesis 
within the D-loop is continuous, and requires strand-displacement synthesis to further 
expose the donor template. Because Pol δ can do displacement synthesis, it is a favored 
candidate for the first phase of DNA synthesis. The second phase of DNA extension in 
the context of DSBR involves DNA synthesis from the 3ʹ end on the other side of the 
DSB. In SDSA, the second phase of DNA extension proceeds after displacement of the 
first extended 3ʹ end from the D-loop. For both DSBR and SDSA, the second phase of 
DNA extension may or may not require displacement synthesis. Only synthesis steps 
pertinent to the two prominent HR subpathways, DSBR and SDSA, are described here; 
those related to BIR and SSA are reviewed in great detail in McVey et al., 2016. Figure 
adapted from McVey et al., 2016.  
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1.5 General Strategies for Analysis of Genetic Information 
Transfer During Recombination 

The allele that suffers a DSB is almost always the recipient of genetic 

information, with transfer of information from a broken allele to an unbroken allele being 

very infrequent (Mitchel et al., 2010; Roitgrund et al., 1993). The footprint of information 

transfer can be detected using diverged alleles, as mismatches are likely to be created 

within hetDNA when two non-identical alleles interact. These mismatches are 

recognized and repaired by the mismatch repair (MMR) pathway, leading to conversion- 

or restoration-type repair (Petes et al., 1991; Kirkpatrick et al., 1998). As shown in Figure 

6A, the conversion-type of mismatch correction results in unidirectional transfer of DNA 

sequence from donor to recipient allele, while restoration-type repair maintains the 

recipient information. Alternatively, one can preserve mismatches within hetDNA for 

subsequent analysis by deleting mismatch recognition (Msh2, Msh3, and Msh6) or 

processing factors (Mlh1 and Pms1; Modrich, 2006). Although the restoration-type of 

mismatch correction removes the hetDNA footprint and is, therefore, uninformative, 

inferences of strand exchange can be made from gene conversion and hetDNA tracts in 

MMR-proficient and -deficient cells, respectively. 
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Figure 6. MMR-dependent repair of mismatches within hetDNA. 

Red lines represent broken alleles and black lines intact donor alleles. (A) Mismatch 
repair (MMR)-dependent correction of mismatches is nick directed; “^” denotes the 
position of a nick. After recombination in an MMR-proficient strain, if a nick located on 
the bottom strand signals removal of information from black chromosome and DNA re-
synthesis templates off the red strand to restore the red chromosome sequences. This 
type of repair event is termed “restoration-type correction” and is genetically silent. 
Conversely, if the nick on the top strand is used as a signal, red information is removed 
and replaced with black information, resulting in a conversion-type repair. (B) 
Conversion-type repair of SDSA-associated hetDNA results in a one-sided GC tract 
adjacent to DSB. For simplicity, only conversion-type correction outcomes for DSBR are 
shown. Notably, NCOs from dHJ cleavage and dissolution models exhibit the same GC 

A. MMR-dependent repair of hetDNA 

B. MMR during DSBR and SDSA 

^ denotes nick position 

^ 

^ 

^ 

^ 

Conversion-type correction 

Restoration-type correction 

Invasion 
Extension 

DSBR NCO 

SDSA 

CO NCO NCO 

Restoration 

One-sided GC 

HJ cleavage 
HJ dissolution 

Conversion-type repair 

CO 
Two-sided GC 

NCO 
Two-sided GC 

NCO 
Two sided GC 



 

 

21 

pattern and are hence indistinguishable. In DSBR, two hetDNA tracts are generated 
through engagement of both DSB ends. Because hetDNA on opposite sides of DSB are 
repaired independently (Weng and Nickoloff, 1998), repair of one end by restoration and 
the other by conversion is not uncommon. Abbreviation: GC, Gene conversion. 

 

1.5.1 Mapping Gene Conversion Tracts 

Yeast has long served as a model system for HR studies as it allows for recovery 

of all four meiotic products. Early analysis of fungal meiotic products led to the discovery 

of non-Mendelian segregation events, namely gene conversion and post-meiotic 

segregation (PMS; Paques and Haber, 1999). PMS reflects meiotic products with 

unrepaired mismatches within hetDNA, which leads to sectored yeast colonies and 

deviation from the conventional 4+: 4- segregation (Petes et al., 1991). Mapping of 

meiotic gene conversion and PMS events established several fundamental HR 

frameworks. For example, the observation of a higher incidence of PMS associated with 

the presence of poorly repaired DNA mismatches or DNA structures provided evidence 

that gene conversion is largely a result of mismatch correction of hetDNA rather than 

gap repair (Nag et al., 1989; White et al., 1985). Secondly, characterization of meiotic 

gene conversion events demonstrated that gene conversions exhibit polarity, such that 

markers closer to a recombination initiation site show a higher conversion frequency 

than markers that are farther away, and ii) gene conversions are associated with 

crossovers (Fogel and Hurst, 1967). While much of the early work on meiotic gene 

conversions provided invaluable insights into the basic HR mechanisms, meiotic gene 

conversion tracts have properties different from those associated with mitotic HR repair.  

In recent years, the development of DNA microarray and high-throughput 

sequencing technologies have made high-resolution mapping of HR products feasible. 

Using competitive DNA hybridization microarrays, Petes and colleagues showed that 
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mitotic gene conversion tracts following allelic repair of spontaneous DSBs are 

approximately 10.6 kb (St Charles and Petes, 2013), which is significantly longer than 

the average meiotic gene conversion tract length of ~1 kb (Mancera et al., 2008). Some 

mitotic gene conversions when measured using a plasmid-borne system with shorter 

shared homology, however, cover relatively shorter distances (Mitchel et al., 2010). This 

discrepancy of mitotic gene conversion length could simply reflect a difference in genetic 

system (allelic recombination versus ectopic recombination) or a difference in the 

homology length available in each system. 

1.5.2 Mapping Heteroduplex DNA (hetDNA) Tracts 

hetDNA mapping in an MMR-deficient background provides a unique opportunity 

to directly detect the strand exchange positions between two recombining alleles. 

Without potential erasure by mismatch correction, hetDNA is generally more informative 

than gene conversion in terms of revealing the underlying molecular mechanisms. 

Indeed, hetDNA mapping in a plasmid-based system identified several characteristics 

associated with NCO and CO outcomes following repair of a mitotic DSB. When mapped 

in an mlh1Δ background, a majority of the NCOs exhibited a single tract of hetDNA 

adjacent to a known DSB site, which is the hetDNA pattern diagnostic of the SDSA 

pathway (Mitchel et al., 2010). This observation implied that SDSA is the primary HR 

pathway for repairing mitotic DSBs (Mitchel et al., 2010). Additionally, mitotic COs 

showed a hetDNA pattern suggestive of biased cleavage of nicked dHJs (Mitchel et al., 

2010). By contrast, a genome-wide characterization of meiotic recombination outcomes 

in an msh2Δ background revealed that repair of programmed DSBs generated by Spo11 

produced a large fraction of NCOs with two hetDNA tracts constrained to a single 

chromatid, a hetDNA pattern diagnostic of dHJ resolution (Martini et al., 2011). This 
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suggests that a significant fraction of NCOs, at least in meiosis, arise through dissolution 

of dHJs rather than through SDSA (Martini et al., 2011). Similar observations were made 

in a recent characterization of meiotic products in Drosophila in Msh6 mutants (Crown et 

al., 2014), implicating the formation of NCOs through dHJ intermediates. Whether the 

differences in NCO formation reported in different studies are due to i) mitotic versus 

meiotic differences and/or ii) use of different MMR backgrounds are currently not known. 

1.6 Rationale of This Thesis Research 

Several advances in the HR field over the last ten years have been 

characterization of i) end resection activities at DSB ends that generate recombinogenic 

3ʹ tails (Symington and Gautier, 2011), and ii) DNA synthesis and HJ resolution activities 

associated with DSB repair (McVey et al., 2016; Schwartz and Heyer, 2011). While 

many of the key players in DNA resection and DNA synthesis have been identified, how 

these different processes affect the formation of the key HR intermediate, hetDNA, are 

not clear. In addition, one long-standing issue that remains in the HR field is the major 

type of DNA strand break that initiates spontaneous HR. Although it is widely accepted 

that DSBs are the initiator of HR, there is evidence supporting the alternative view that 

most HR is initiated by single-strand nicks. Moreover, a direct comparison of molecular 

repair outcomes associated with a defined DSB and those arising spontaneously during 

normal growth is lacking. For my thesis research, I utilized the endonuclease I-SceI to 

generate a site-directed DSB in the yeast genome and systematically characterized the 

associated strand exchange intermediates of individual HR products using both gene 

conversion and hetDNA mapping. The employment of a site-directed endonuclease to 

generate a defined DSB for subsequent analysis of HR products provides a unique 
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opportunity to examine the molecular structures of HR products and to delineate 

underlying molecular HR mechanisms.  

Chapter 2 will describe the use of high-resolution hetDNA tracking to further 

define molecular mechanisms associated with SDSA, the primary repair pathways in 

mitotic HR. In collaboration with a former graduate student, Dr. Xiaoge Guo, we 

demonstrated that DNA Pol δ is involved in both the first and second phases of DNA 

synthesis during SDSA. Additionally, the position and extent of the single hetDNA 

predictive of SDSA were used to demonstrate that both end resection and DNA 

extension by Pol δ are necessary to produce normal hetDNA outcomes. 

In experiments described in chapter 3, I expressed I-SceI in an elegant system 

that was developed by Petes and colleagues to recover both CO chromatids associated 

with loss-of-heterozygosity (LOH; St. Charles and Petes, 2013). This system was 

previously utilized for mapping of gene conversion in spontaneous LOH events, as well 

as in events stimulated by ultraviolet light exposure (St Charles and Petes, 2013; Yin 

and Petes, 2013). In this study, the DSB-associated gene conversion parameters, 

namely tract length and complexity, associated with DSB-induced events were 

comparable to those previously reported for spontaneous events, consistent with 

spontaneous HRs reflecting initiation with a DSB. 

In chapter 4, I characterized hetDNA associated with COs following repair of 

individual DSBs in an ectopic recombination system with ~4 kb homology and confirmed 

that a large fraction of the HR outcomes have complexities that are most consistent with 

frequent template switching and correction of hetDNA (Martini et al., 2011; Yin et al., 

2017). A direct comparison of the DSB-induced events with spontaneous events in cells 
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with proficient or defective ROS scavenging capacity revealed that DSBs are the major 

initiator of spontaneous mitotic HR. 
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Chapter 2. Regulation of hetDNA Length During Mitotic 
Double-strand Break Repair in Yeast 
Chapter 2 was previously published as (Guo et al., 2017). In this work, Y.F.H contributed 

to the investigation, formal analysis, review and editing of the manuscript.   

2.1 Summary 

Heteroduplex DNA (hetDNA) is a key molecular intermediate during the repair of 

mitotic double-strand breaks by homologous recombination, but its relationship to 5ʹ-end 

resection and/or 3ʹ-end extension is poorly understood.  In the current study, we 

examined how perturbations in these processes affect the hetDNA profile associated 

with repair of a defined double-strand break (DSB) by the synthesis-dependent strand-

annealing (SDSA) pathway.  Loss of either the Exo1 or Sgs1 long-range resection 

pathway significantly shortened hetDNA, suggesting that these pathways normally 

collaborate during DSB repair.  In addition, altering the processivity or proofreading 

activity of DNA polymerase δ shortened hetDNA length or reduced break-adjacent 

mismatch removal, respectively, demonstrating that this is the primary polymerase that 

extends both 3ʹ ends.  Data are most consistent with the extent of DNA synthesis from 

the invading end being the primary determinant of hetDNA length during SDSA. 

2.2 Introduction 

Damage that affects only one strand of DNA can be accurately repaired by 

excision-repair pathways that use the intact, complementary strand as a template. 

Double-strand breaks (DSBs), however, disrupt both DNA strands, making them 

particularly toxic lesions. DSBs are repaired either by nonhomologous end joining 

(NHEJ) or homologous recombination (HR), which are highly conserved pathways that 
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are generally considered low- or high-fidelity, respectively. Whereas NHEJ directly 

rejoins ends that may have lost sequence due to processing, HR uses an intact duplex 

to repair the broken molecule in a templated manner. Mutations that inactivate proteins 

involved in DSB repair are associated with developmental defects, immunodeficiency, 

and predisposition to cancer (Chu and Hickson, 2009; Roy et al., 2011; Stracker and 

Petrini, 2011). 

To commit to and initiate HR, the 5ʹ ends of a DSB are resected to generate 3ʹ 

single-stranded DNA tails that conduct a homology search (Figure 7). End resection is 

carried out in two steps in the budding yeast Saccharomyces cerevisiae (reviewed by 

Cejka, 2015; Symington, 2016). First, the Mre11-Rad50-Xrs2 (MRX) complex and Sae2 

initiate resection by incrementally removing ~100 nucleotides (nt) from the 5ʹ end 

(Mimitou and Symington, 2008; Zhu et al., 2008). In the absence of MRX-Sae2, the 

initiation of resection is delayed, but subsequent HR levels are not affected. Following 

the initial 5ʹ-end processing, long-range resection is catalyzed either by the concerted 

action of the Sgs1 helicase (as part of the STR complex that contains Top3 and Rmi1) 

and the Dna2 endonuclease, or by the Exo1 5ʹ>3ʹ exonuclease (Gravel et al., 2008; 

Mimitou and Symington, 2008; Zhu et al., 2008). Approximately 2-4 kb is resected from 

each end for allelic sequences and 3-6 kb for ectopic substrates (Chung et al., 2010), 

although resection can extend more than 50 kb if HR is prevented (Ferrari et al., 2015; 

Lazzaro et al., 2008; Zhu et al., 2008). The Sgs1 and Exo1 pathways are functionally 

redundant in terms of supporting HR, but resection is slower if only one is present 

(Chung et al., 2010; Llorente and Symington, 2004). In addition to these pro-resection 

activities, the Ku complex binds to broken ends and delays the initiation of resection 
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(Saad et al., 2014; Shim et al., 2010), while the checkpoint protein Rad9 restrains 

resection through nucleosome stabilization (Chen et al., 2012). 

 

Figure 7. DSB repair models. 

Lines represent single DNA strands and arrowheads mark 3ʹ ends. Donor and recipient 
strands are red and black, respectively; hatched lines are newly synthesized DNA that is 
colored to match the template. Gray boxes mark hetDNA created by pairing between red 
and black strands. The DSB repair and SDSA pathways initiate with strand invasion to 
form a D-loop. During DSB repair, the displaced strand of the D-loop anneals to the 3ʹ 
tail on the other side of the DSB to create a second region of hetDNA and establish HJs. 
The HJs can be dissolved by the STR complex to generate only NCOs in which both 
patches of hetDNA are confined to the recipient molecule. HJ cleavage yields either a 
CO or NCO, with each cleavage product containing a patch of hetDNA. In the SDSA 
pathway, the D-loop is dismantled and the newly extended end pairs with the 3ʹ tail on 
the other side of the DSB. SDSA generates only NCOs and hetDNA is present only on 
the annealing side of the DSB. 
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The 3ʹ tails generated by resection are converted to Rad51-coated nucleoprotein 

filaments that invade a duplex repair template (reviewed by Symington, 2016). Invasion 

generates a displacement (D)-loop intermediate that contains a displaced strand with the 

same sequence as the invading strand and a region of heteroduplex DNA (hetDNA) 

comprised of complementary strands from different DNA molecules (Figure 7).  

Following strand invasion, the 3ʹ terminus is extended by a DNA polymerase (DNAP) to 

expand the D-loop. The replicative DNAP delta (Pol δ) has been implicated in HR by its 

ability to extend D-loops in vitro (Li et al., 2009b), and by mutations that alter gene 

conversion tract lengths in vivo (Giot et al., 1997; Ho et al., 2010; Maloisel et al., 2004; 

Maloisel et al., 2008). The precise role of Pol δ during HR, however, is unclear (reviewed 

by McVey et al., 2016). 

In the classical DSB repair model, D-loop expansion exposes sequences 

complementary to the other end of the DSB (reviewed by Symington et al., 2014). 

Annealing of the displaced strand of the D-loop to the 3ʹ tail on the other side of the DSB 

creates a second region of hetDNA (Figure 7). The regions where interacting duplexes 

exchange pairing partners mature into Holliday junctions (HJs), which are a signature 

intermediate during classical DSB repair. HJ resolution results in either non-crossover 

(NCO) products that maintain the linkage of flanking sequences, or reciprocal crossover 

(CO) products that exchange flanking regions. Resolution can occur either via STR-

mediated dissolution (Wu and Hickson, 2003), which produces only NCO products, or by 

endonucleolytic cleavage (De Muyt et al., 2012; Ho et al., 2010; Zakharyevich et al., 

2012), which generates NCOs or COs. As illustrated in Figure 7, the resolution pathway 

can be inferred by examining the positions of hetDNA tracts that flank the initiating DSB. 
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Synthesis-dependent strand annealing (SDSA) is an alternative mechanism of 

HR in which the D-loop spontaneously collapses or is actively dismantled by a DNA 

helicase (Ira et al., 2003; Mitchel et al., 2013). The displaced strand anneals to the 3ʹ tail 

on the other side of the DSB and a second round of DNA synthesis fills remaining gap(s) 

(Figure 7). SDSA yields exclusively NCO products, and the single hetDNA tract in the 

repaired molecule is located on the annealing side of the DSB. Whether the hetDNA that 

persists after the completion of SDSA reflects the extent of end resection on the 

annealing end and/or the amount of DNA synthesized from the invading end is not 

known. 

DSB repair is most often analyzed in the presence of the mismatch-repair (MMR) 

machinery, which corrects mismatches in hetDNA.  This correction gives rise to gene 

conversion (GC) events in which donor sequences replace recipient information. The 

footprint of hetDNA can be preserved, however, by performing analyses in the absence 

of MMR. We previously used this approach to track hetDNA position and length in 

plasmid molecules repaired using a chromosomal template (Mitchel et al., 2013; Mitchel 

et al., 2010). In addition to possible anomalies associated with repair of a linearized 

plasmid introduced by transformation, the generality of results may have been limited by 

the small size of the HR substrates (~800 bp) as well as of the plasmid.  Specifically, 

molecules resected by STR-Dna2 or Exo1 were largely excluded from repair products 

(Guo and Jinks-Robertson, 2013).  To circumvent these issues, we developed a 4.3 kb 

chromosomal assay that similarly allows molecular characterization of hetDNA in 

individual HR products.  The experiments presented here focus on how perturbations in 

end resection or DNA synthesis affect HR frequencies and outcomes, with a specific 

emphasis on changes in hetDNA profiles of SDSA products. 
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2.3 Materials and Methods 

2.3.1 Media and Growth Conditions 

All yeast strains were freshly thawed from frozen stocks and grown at 30°C using 

standard practices. Cells were grown nonselectively in YEPD (1% Bacto-yeast extract, 

2% Bacto peptone, 2% dextrose; 1.5% agar for plates) supplemented with 500 µg/ml 

adenine hemisulfate.  To measure repair efficiencies, YEP medium containing 2% 

raffinose (YEPR) was used for growth prior to galactose addition to induce I-SceI 

expression.  Lys+ colonies were selected on synthetic complete (SC) medium deficient in 

lysine (SC-lys) and containing 2% dextrose as a carbon source.  All growth was at 30°C. 

2.3.2 Strain Constructions 

A complete strain list and relevant modifications are in Table 2.  All strains were 

derived from SJR3659 and SJR3782, which are isogenic RAD5 derivatives of W303-1A 

(MATa rad5 leu2-3,112 his3-11,15 ura3-1 ade2-1 trp1-1 can1-100; (Thomas and 

Rothstein, 1989b).  Two types of strains were used in this study.  The first was used to 

analyze recombination efficiencies and products and contained three relevant 

components: the lys2::I-SceI recipient allele at the LYS2 locus on chromosome II, the 

lys2 donor allele at the CAN1 locus on chromosome V (can1::lys2Δ3’-98%,I-SceInc), 

and a galactose-inducible I-SceI gene inserted at the HIS3 locus on chromosome XV 

(his3Δ::kanMX-pGAL-I-SceI).  The second, “donorless” strain was used to estimate the 

efficiency of DSB formation and contained only the lys2::I-SceI recipient allele and 

galactose-inducible I-Sce-I. 

The lys2::I-SceI recipient allele was contained on pSR1045 and was constructed 

by inserting a fragment (annealed oligos 5ʹ-TAGGGATAACAGGGTAATTGATC and 5ʹ 

AATTACCCTGTTATCCCTAGATC) containing the I-Sce-I recognition sequence into a 
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unique BglII site located within lys2 sequences of plasmid pSR905.  pSR905 contains an 

XhoI/XbaI fragment encoding the 5ʹ portion of LYS2 (from pDP6; Fleig et al., 1986) 

inserted into XhoI/XbaI-digested pRS306 (Sikorski and Hieter, 1989).  AflII-digested 

pSR1045 was used to introduce the I-Sce-I cut site into the LYS2 locus of SJR3659 by 

two-step allele replacement; this insertion created a net -1 frameshift mutation in the 

resulting strain (SJR3714).   

The lys2 donor allele was constructed as follows.  Three ~1 kb fragments of lys2 

sequence were designed that contained silent SNPs at ~50-bp intervals (Figure 30, see 

Appendix A).  These fragments were synthesized by Life Technologies and provided in a 

plasmid backbone.  Standard restriction digestion and ligation were used to fuse these 

three pieces, followed by cloning into MscI-digested pSR797.  pSR797 was constructed 

by PCR amplifying nt 20-1141 of the CAN1 open reading frame from genomic DNA and 

inserting this fragment into SmaI-digested pSR134 (pUC9 with the EcoRI site filled in).  

The BglII site in the plasmid backbone was removed by digestion with SfiI and BspE1, 

end filling using Klenow fragment and re-ligation to generate pSR1067.  The non-

cleavable I-SceI site (annealed oligos 5ʹ-TAGGGATAAATAACAGGGTAATTGATC and 

5ʹ AATTACCCTGTTATTTATCCCTAGATC) was inserted into the BglII site within the 

lys2 sequence of pSR1067 to generate pSR1072, which contains the entire donor 

fragment.  AflII/XcmI-digested pSR1072 was then used to transform SJR3714, selecting 

for canavanine resistance and yielding strain SJR3922, which contains both the donor 

and recipient alleles. 

The third component of the HR assay was a galactose-regulated pGAL1-I-SceI 

fusion, which was inserted at the HIS3 locus of SJR3922 by one-step gene replacement 

using a his3Δ::pGAL-I-SceI-kanMX4 cassette amplified from pGSKU (Storici and 
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Resnick, 2003).  The resulting strain (SJR3939) contains the cleavable recipient allele, a 

non-cleavable and diverged donor allele, and a galactose-inducible I-SceI gene.  To 

detect mismatches created during recombination, the MLH1 locus of SJR3939 was 

disrupted using an MLH1::LEU2 fragment (Prolla et al., 1994), creating strain SJR3956.  

Additional genes of interest were deleted using PCR fragments generated from plasmids 

pSR955 [loxP-hyg-loxP plasmid; kanamycin-resistance marker of pUG6 (Guldener et al., 

1996) replaced with a hygromycin-resistance marker from hphMX4 (Goldstein and 

McCusker, 1999)], pSR954 [loxP-TRP1-loxP plasmid; kanamycin-resistance marker of 

pUG6 (Guldener et al., 1996) replaced with the TRP1 from pFA6-TRP1 (Longtine et al., 

1998)], pUG72 (loxP-URA3Kl-loxP; Guldener et al., 2002), or pAG4 (nourseothricin-

resistance marker; Goldstein and McCusker, 1999).  Double-mutant strains were 

obtained by crossing appropriate single mutants.  The pol2-04 or pol3-5DV allele was 

introduced by two-step allele replacement using YIpJB1 (Morrison et al., 1991) or pY19 

(Jin et al., 2001), respectively.   

2.3.3 DSB Repair Experiments 

I-SceI expression was induced by adding galactose (1% final concentration) to 

cells growing exponentially in YEPR.  For each genetic background, the time of 

galactose induction was adjusted so that the I-SceI cleavage efficiency of the recipient 

allele was ~40%; cleavage was measured using real-time PCR (see below).  Galactose 

induction in most strains was for 1 hr; exceptions were the pol32Δ and sgs1Δ exo1Δ 

mutants, where induction was for 2 hr and 5 hr, respectively.  The delay in I-SceI 

cleavage in these backgrounds has been previously reported (Ho et al., 2010; Marrero 

and Symington, 2010).  Following galactose induction, cells were plated on YEPD and 

SC-lys media, and repair frequencies were calculated as the ratio of Lys+ to total 
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colonies.  In WT, ~10% of cells plated following I-SceI induction were Lys+.  Data for 

each strain were based on at least three independent experiments, with 12 independent 

cultures per experiment. 

For the molecular characterization of individual recombination events, I-SceI 

cutting was limited to one sister chromatid by reducing the concentration of galactose to 

0.1% and the induction time to 40 min.  To determine the proportions of CO and NCO 

events, at least 175 Lys+ colonies from each strain background were randomly selected 

and directly inoculated in SC-lys medium in 96-well microtiter plates.  Genomic DNA was 

extracted after one day of growth and PCR reactions diagnostic for a CO or NCO 

outcome were performed using primers flanking the substrates. The NCO-specific primer 

pair was 5ʹ-ATGGTTGGGAAGTCATGGAA and 5ʹ-TTGGGAGTTGGGAATTGAAG; the 

CO-specific primer pair was 5ʹ-ATGGTTGGGAAGTCATGGAA and 5ʹ-

TCACTTTTGCCCTGGAACTT. 

In the ectopic assay used here, a CO between substrates on different 

chromosomes produces a reciprocal translocation, the recovery of which requires that 

the CO products segregate into the same daughter cell.  Assuming that sister chromatid 

segregation is random (Chua and Jinks-Robertson, 1991), only half of COs are 

recovered as viable colonies.  Because the proportion of COs was not equivalent in all 

backgrounds, the raw numbers of events as well as Lys+ frequencies were adjusted to 

account for CO loss (Table 1). To correct for unrecovered COs, the observed number of 

COs was doubled and the additional COs were added to total number of Lys+ colonies 

analyzed to obtain an adjusted total. In WT, for example, the measured repair frequency 

was 0.103; 178 (93%) of 192 Lys+ recombinants examined were NCOs and the 

remaining 14 (7%) were COs.  Assuming that there were an additional 14 COs that were 
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undetected, the adjusted number of COs was 28 (14+14) among an adjusted total of 206 

(192+14) Lys+ recombinants.  The adjusted repair frequency in WT (0.1104) was 

obtained by multiplying the measured frequency (0.103) by 206/192. 

2.3.4 Measuring I-SceI Cleavage Using Real-time PCR 

Galactose (1% final concentration) was added to cells growing exponentially in 

YEPR; cultures with no galactose addition were included as controls.  Cell samples were 

collected at appropriate time points and genomic DNA was extracted.  A real-time PCR 

assay was performed using iQTM SYBR® Green Supermix (Bio-Rad) with Bio-rad-iCycler 

and corresponding software (Bio-Rad-iQ5 program).  Primers (5ʹ-

TCCTTTGACGAGCTAGCTGA and 5ʹ-CCAAACGGAACAACTGAGGG) flanking the I-

SceI cut site were used to quantify I-SceI cleavage of the recipient lys2 allele.  A control 

primer pair (5ʹ-AGCCAGATGACATAGAAACGTC and 5ʹ-

CGGCAATGGTAAAGTCAATTGA) was used to amplify RAD1, which does not contain 

an I-SceI cut site.  50 ng of genomic DNA in 15 µl was used for each PCR reaction with 

following gradient program: cycle 1 (95°C for 3 min) and cycle 2 (40 cycles of 95°C for 

10 sec and a gradient of 50°C-60°C for 30 sec).  To obtain a melting curve, 68 cycles of 

60°C for 10 sec were used.  Duplicate reactions were performed for each primer pair.  

An average threshold cycle value was obtained for each sample.  CT values for lys2 

were normalized to CT values from qPCR for RAD1 for each sample. The percentage of 

cutting was calculated based on the ΔΔCT method (Livak and Schmittgen, 2001).  

Briefly, ΔΔCT was determined by (CT, LYS2 - CT,RAD1)Induced for time X - (CT, LYS2 - CT,RAD1)Uninduced.  

The percentage of cutting was calculated using 100- (2-ΔΔC
T  x 100). 
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2.3.5 hetDNA Analysis 

Downstream hetDNA profiles were obtained by SMRT sequencing.  To examine 

only the removal of the SNPs closest to the DBS, Sanger sequencing was used.  The 

amplicon library of NCO products for SMRT sequencing was prepared as follows.  

Genomic DNA of each unpurified NCO recombinant (identified by previous PCR) was 

extracted and the LYS2 recipient allele was amplified using barcoded primers and Taq 

polymerase (Bioline) in a 96-well format.  The barcoded oligos contained 16-nt forward 

and reverse barcodes conjugated to LYS2 forward (5ʹ-GAGTGTATGGGCTGCATTG) 

and reverse (5ʹ-TTGGGAGTT GGGAATTGAAG) primers, respectively.  Ten microliters 

of each barcoded amplicon were pooled, followed by PCR purification of the pooled 

sample using GeneJet PCR Purification Kit (Thermo Scientific).  Pooled samples (5-8 µg 

total DNA) were sent to the Duke Center for Genomic and Computational Biology Core, 

where SMRTbell adapters were ligated to the barcoded amplicons (Travers et al., 2010).  

The resulting library was sequenced on a PacBio RSII instrument using P6-C4 chemistry 

and movies of 180 min. 

Analysis of FASTQ sequence data was performed using an in-house pipeline 

(SmrtSeqTool; Guo et al., 2015) available at 

https://sourceforge.net/projects/smrtseqtool/.  SmrtSeqTool was written in Python for 

parsing FASTQ sequences generated by PacBio.  Bowtie2 (Langmead and Salzberg, 

2012) and SAMtools/Bcftools (Li et al., 2009a) were incorporated into the pipeline for 

read alignment and variant calling, respectively.  The pipeline was run on a standard 

Mac with OSX 10.10.4.  The following files were used to run the SmrtSeqTool: (1) a 

FASTQ file containing the PacBio-generated circular consensus sequence (CCS) reads 

(“.fastq” extension), (2) reference sequence (ref.txt), (3) forward barcodes (ForBar.txt) 
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and (4) reverse barcodes (RevBar.txt).  Templates for files 2-4 can be downloaded from 

the “Sample” folder on the website.  The LYS2 reference sequence was from the 

Saccharomyces Genome Database.  The CCS reads in FASTQ format were first sorted 

by forward-reverse barcode pairs.  CCS reads containing at least 12 consecutive 

matches to each barcode were written into separate barcode files.  Once CCS reads 

were sorted, Bowtie2 was used to align reads to the corresponding reference sequence.  

The alignment output was in SAM format.  The SAM alignment files were then 

processed and analyzed by SAMtools using default parameters, followed by variant 

calling using the built-in Bcftools. 

The number of CCS reads per recombinant was >50, and reads were sorted into 

distinct species based on identical SNP profiles.  Any minor species that represented 

<10% of the total CCS reads was considered spurious and was discarded.  Only those 

NCOs with two distinct species were included in analyses; the presence of only one 

species was uninformative and the presence of 3-4 species was assumed to reflect two 

independent HR events within the same cell (i.e., both sisters cut and repaired 

independently). 

2.3.6 Quantification and Statistical Analysis 

A two-tailed Student’s t-test was used to compare the adjusted mean repair 

frequencies in different backgrounds, and as well as the corresponding NCO and CO 

frequencies.  The Mann-Whitney U test was used to compare the distributions of 

downstream hetDNA tract lengths associated with SDSA events in different strain 

backgrounds. A one- or two-tailed Fisher exact test was used, as appropriate, to 

compare numbers of class types (e.g. COs versus NCOs) in different genetic 
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backgrounds.  All analyses were done using the Vassarstats web site 

(http://vassarstats.net), and p<0.05 was considered significant. 

2.3.7 Data and Software Availability 

Raw PacBio sequencing data have been deposited to Mendeley Data and are 

available at http://dx.doi.org/10.17632/hnc25t5y5v.2 . 

2.4 Results 

An ectopic, LYS2-based assay was established that contains three components: 

(1) a recipient allele with an I-SceI cut site, (2) a donor allele to serve as a repair 

template and (3) a galactose-regulated I-SceI gene (Figure 8).  The recipient allele was 

constructed by inserting an I-SceI cleavage site into the endogenous LYS2 locus, 

thereby creating a net -1 frameshift mutation.  As the repair donor, a 4.3-kb fragment 

containing a 2.4 kb, 3ʹ-truncated lys2 allele (lys2Δ3ʹ) plus 1.9 kb of upstream sequence 

was integrated at the CAN1 locus.  The donor allele contained a non-cleavable I-SceI 

site created by duplicating the 4-bp flanked by enzyme-generated nicks.  During repair, 

the 4-bp duplication in the donor allele is copied into the broken molecule, restoring the 

correct reading frame of LYS2 and producing a selectable Lys+ phenotype.  Finally, the 

donor and recipient alleles were differentiated by 85 silent, single-nucleotide 

polymorphisms (SNPs) spaced at ~50-bp intervals (Figure 30).  The most break-

proximal SNP was 8 nt from each of the 3ʹ ends created by I-SceI cleavage.  It should be 

noted that I-SceI cleavage generated neither a gap that required DNA synthesis to 

traverse, nor terminal non-homology that required 3ʹ-end processing prior to the initiation 

of DNA synthesis. 
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Figure 8. Ectopic substrates used to monitor DSB repair. 

The recipient lys2 allele (white box) is at the endogenous LYS2 locus on chromosome II 
and contains an I-SceI cleavage site, the insertion of which creates a frameshift 
mutation. The donor allele (dark gray box) is non-cleavable due to a 4-bp duplication 
(boxed) as well as flanking SNPs (bold). During repair, the 4-bp duplication is transferred 
to the recipient allele, thereby restoring the correct reading frame and preventing further 
cutting. hetDNA (light gray boxes) in products is monitored by sequencing. 

  

Following galactose-induced I-SceI expression, the frequency of Lys+ colonies 

was measured by selective plating, the proportion of CO-NCO events among Lys+ 

products was determined by PCR, and the hetDNA profile associated with NCO events 

was obtained by sequencing.  Mismatched SNPs in the corresponding hetDNA 

intermediates were preserved by performing analyses in an mlh1Δ background, which is 

defective in processing mismatches.  Because repair of the DSB restores the correct 
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reading frame of both recipient strands, DNA replication produces a Lys+ colony that is 

sectored with respect to SNPs included in hetDNA.  SNP heterozygosity was detected 

by isolating DNA from entire Lys+ colonies. 

2.4.1 Resection Nucleases and Their Contributions to DSB Repair 
Frequencies and Outcomes 

DSB repair was examined in mutants singly or doubly defective in key 5ʹ-end 

resection proteins Mre11, Sgs1 and/or Exo1.  To facilitate comparisons between strains, 

the mean Lys+ frequency in each strain was normalized to that of the mlh1Δ parent 

strain (Figure 9A and Table 1).  Relative to mlh1Δ, the Lys+ frequency was unaltered in 

the mlh1Δ mre11Δ background (0.97; p=0.34) and was only slightly reduced in an mlh1Δ 

exo1Δ mutant (0.94; p=0.043).  The mlh1Δ sgs1Δ double mutant had a 12% reduction in 

repair frequency relative to mlh1Δ (p<0.001), consistent with a pro-recombination role of 

Sgs1 (Ira et al., 2003; Mazon and Symington, 2013; Mitchel et al., 2013; Welz-Voegele 

and Jinks-Robertson, 2008).  In the mlh1Δ sgs1Δ exo1Δ triple mutant, the Lys+ 

frequency was reduced ~8 fold (0.12; p<0.001), confirming inefficient repair in the 

absence of both long-range resection pathways (Chung et al., 2010; Mimitou and 

Symington, 2008; Zhu et al., 2008).  Finally, there was a synergistic reduction in repair in 

the mlh1Δ mre11Δ sgs1Δ and mlh1Δ mre11Δ exo1Δ triple mutants (p<0.001 when 

compared to double mutants), consistent with the role of MRX in recruiting each of the 

long-range resection complexes (Shim et al., 2010). 
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Figure 9. DSB repair efficiencies and outcomes. 

The total recombination frequency (Lys+ colonies) in each genetic background was 
normalized to that in mlh1Δ. NCO and CO frequencies were obtained by multiplying the 
total frequency by the CO-corrected proportion of each event. Error bars correspond to 
95% confidence intervals. Primary data are in Table 1. 
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Table 1. Raw and corrected CO and NCO frequencies and proportions after I-SceI induction, related to Figure 9. 

 
 

Table 1. Raw and corrected CO and NCO frequencies and proportions after I-SceI induction, related to Figure 9 
 

Observed  Corrected for loss of inviable CO products  
Strain Lys+ frequency NCO CO  CO CO+N

CO 
Lys+ frequency Normalized 

Lys+ 
NCO 

frequency 
CO frequency 

mlh1Δ 
 
 

0.1029 ± 0.0038 178 14  28 206 0.1104 ± 0.0040 1.00 ± 0.037 0.86 ± 0.032 0.14 ± 0.005 

mlh1Δ mre11Δ 
 
 

0.1058 ± 0.0040 175 3  6 181 0.1076 ± 0.0042 0.97 ± 0.037 0.94 ± 0.036 0.03 ± 0.001 

mlh1Δ exo1Δ 
 
 

0.0991 ± 0.0047 174 8  16 190 0.1035 ± 0.0049 0.94 ± 0.045 0.86 ± 0.041 0.08 ± 0.004 

mlh1Δ sgs1Δ 
 
 

0.0896 ± 0.0057 173 16  32 205 0.0972 ± 0.0063 0.88 ± 0.057 0.74 ± 0.048 0.14 ± 0.009 

mlh1Δ sgs1Δ 
exo1Δ 
 

0.0124 ± 0.0024 185 7  14 199 0.0129 ± 0.0024 0.12 ± 0.023 0.11 ± 0.021 0.01 ± 0.002 

mlh1Δ mre11Δ 
sgs1Δ 
 

0.0433 ± 0.0035 175 11  22 197 0.0459 ± 0.0037 0.42 ± 0.034 0.37 ± 0.030 0.05 ± 0.004 

mlh1Δ mre11Δ 
exo1Δ 
 

0.0597 ± 0.0028 173 10  20 193 0.0639 ± 0.0028 0.58 ± 0.027 0.52 ± 0.024 0.06 ± 0.003 

mlh1Δ pol32Δ 
 

0.0983 ± 0.0037 261 8  16 277 0.1013 ± 0.0039 0.91 ± 0.034 0.86 ± 0.032 0.05 ± 0.002 

 
Average Lys+ frequencies and 95% confidence intervals are given, which are based on 72 independent measurements for the WT and mre11Δ 
strains, and 36 measurements for all other strains.  The corrected number of COs was obtained by doubling the number of observed COs.  The 
corrected Lys+ frequency = (observed Lys+ frequency) x [(corrected CO+NCO)/(observed CO+NCO)]. 
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In the mlh1Δ background, the proportion of CO events was 14%, corresponding 

to normalized NCO and CO frequencies of 0.86 and 0.14, respectively (Figure 9B-C and 

Table 1).  Upon additional loss of MRE11, the proportion of COs decreased to 3% 

(p<0.001), which translates into NCO and CO frequencies of 0.94 and 0.03, respectively.  

Both the reduction in CO and increase in NCO frequency were significant (p<0.001), 

suggesting compensatory changes in outcomes.  In the mlh1Δ exo1Δ mutant, the NCO 

and CO frequencies were 0.86 and 0.08, respectively, and only the reduction in CO 

frequency was significant (p<0.001).  Although the CO-NCO distribution was unchanged 

in the mlh1Δ sgs1Δ double mutant (p=0.68), the reduction in overall repair frequency 

translated into a NCO frequency that was significantly reduced (from 0.86 to 0.74; 

p<0.001) while the CO frequency remained the same (p=0.75).  This is consistent with a 

NCO-specific role for Sgs1 (Ira et al., 2003; Mitchel et al., 2013). 

In the absence of both long-range resection pathways (mlh1Δ sgs1Δ exo1Δ triple 

mutant), there was a severe reduction in both NCO and CO frequencies (p<0.001 for 

each relative to mlh1Δ and the corresponding double mutants; Figure 9B-C).  In the 

mlh1Δ mre11Δ sgs1Δ and mlh1Δ mre11Δ exo1Δ triple mutants, the distribution of NCO-

CO products was the same as in the mlh1Δ control (p= 0.55 and p=0.36, respectively).  

The frequencies of both NCOs and COs were significantly reduced in both strains, 

however, when the reductions in Lys+ frequency were considered (p<0.001 for each 

comparison).  The frequencies of NCOs and COs were also reduced when the triple 

mutants were compared to each of the corresponding double mutants (p<0.01 for each 

comparison). 
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2.4.2 SDSA-associated hetDNA Tracts in WT 

hetDNA in the recipient allele of NCO events was examined by amplifying and 

sequencing a 2.3 kb fragment that included the first five SNPs upstream of the DSB (i.e., 

promoter proximal) and all 40 downstream SNPs. We confirmed that there was no 

transfer of information to the donor allele in a random sample of 96 NCOs, indicating 

that, as in the earlier plasmid-chromosome system, mitotic NCOs are rarely the result of 

HJ cleavage (Mitchel et al., 2013; Mitchel et al., 2010). In the mlh1Δ background, 

108/146 sequenced recipient alleles had hetDNA tracts; 20 had tracts only upstream, 74 

had tracts only downstream, and 14 had hetDNA both upstream and downstream of the 

DSB. The remaining NCOs lacked hetDNA and were considered uninformative. We note 

that the distribution of hetDNA observed here is similar to that in the plasmid-based 

assay (Mitchel et al., 2013), even though a different reporter (HIS3) was used, there was 

5-fold less homology between substrates, and only MRX-Sae2 mediated resection likely 

occurred (Guo and Jinks-Robertson, 2013). 

We assume that unidirectional hetDNA reflects an SDSA event, with the hetDNA 

tract defining the annealing side of the initiating break (Figure 7). Bidirectional hetDNA 

could reflect either two independent SDSA events (Miura et al., 2012; Paques et al., 

1998) or dissolution of a double-HJ intermediate. Because upstream tracts were 

truncated during PCR and the origin of bidirectional tracts was ambiguous, only 

downstream hetDNA tracts were analyzed. The size distribution of mlh1Δ tracts was 

roughly linear, with ~20% extending to within 40-50 bp of the homology border with the 

donor (Figure 10). This suggests that homology is not severely limiting, and that if a 3ʹ 

end is extended past the homology border, it is efficiently removed. Due to truncation of 

some tracts, we report the median hetDNA lengths and compare distributions using the 
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Mann-Whitney U test. In the mlh1Δ strain, the median downstream hetDNA length was 

1140 bp. 

 

Figure 10. Downstream hetDNA tracts in (A) mlh1Δ and (B) mlh1Δ pol32Δ strains. 

Black and white boxes indicate donor and recipient SNPs, respectively, and gray boxes 
correspond to hetDNA.  SNPs are presented in Figure 30. 
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An unexpected feature of the downstream hetDNA tracts was the frequent 

occurrence of a GC tract adjacent to the DSB.  These tracts were of two types: (1) those 

that removed multiple SNPs and were classified as gap expansion and (2) those that 

involved only the most break-proximal SNP. Gap expansion was associated with 22% 

(16/74) of hetDNA tracts, and these were excluded when calculating single-SNP loss. In 

terms of single-SNP removal, the SNP on the invading end was lost 97% (72/74) of the 

time while that on the annealing end was removed 47% (27/58) of the time. Finally, there 

were a few hetDNA tracts (4/74) that contained a short patch of GC (or restoration to the 

recipient SNP) embedded within or at the break-distal end of a hetDNA tract. These 

patches could reflect template switching during repair synthesis or an inefficient, MMR-

independent correction pathway. 

2.4.3 SDSA-associated hetDNA Tracts in Nuclease-defective Strains 

Figure 11 graphs the percentages of the break-distal hetDNA tracts that 

extended specific distances from the DSB in different genetic backgrounds.  In the 

mlh1Δ mre11Δ mutant, the median hetDNA length was ~760 bp, which was not 

statistically different from that in the mlh1Δ strain (p=0.10 by Mann-Whitney U test; 

Figure 11A).  This concurs with previous data showing that MRX-Sae2 is largely 

dispensable for the resection of clean ends (Mimitou and Symington, 2008; 

Westmoreland and Resnick, 2013; Zhu et al., 2008).  In the mlh1Δ sgs1Δ or mlh1Δ 

exo1Δ double mutant, however, median hetDNA lengths were significantly reduced to 

570 bp (p=0.013) or 680 bp (p=0.002), respectively (Figure 11B).  It appeared that all but 

the very shortest tracts were reduced in the mlh1Δ exo1Δ mutant while all but the 

longest tracts were reduced in the mlh1Δ sgs1Δ mutant.  Additional deletion of MRE11 

had no significant effect on hetDNA length in either double-mutant background (p=0.62 
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and p=0.10, respectively; Figures 31-32).  Finally, the mlh1Δ sgs1Δ exo1Δ triple mutant 

had a median hetDNA length of only ~360 bp (Figure 11B; p<0.001 relative to mlh1Δ), 

consistent with MRX-Sae2 generating short ssDNA tails through iterative cleavage 

(Mimitou and Symington, 2008; Zhu et al., 2008). 
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Figure 11. Distributions of hetDNA in repair products. 

The positions of SNPs downstream of the initiating DSB are on the x-axis and the 
percentages of repair events that extend a given distance are on the y-axis. Median 
hetDNA length is given for each strain. Primary data (presented as in Figure 10) are in 
Figures 31-34. 

mlh1Δ = 1140 bp 
mlh1Δ mre11Δ = 760 bp 
 

mlh1Δ = 1140 bp 
mlh1Δ sgs1Δ = 570 bp 
mlh1Δ exo1Δ = 680 bp !
mlh1Δ sgs1Δ exo1Δ = 360 bp!
 

mlh1Δ = 1140 bp 
mlh1Δ pol32Δ = 250 bp 
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2.4.4 DNA Synthesis by Pol δ  During SDSA 

The nonessential Pol32 subunit of Pol δ increases the processivity of primer 

extension in vitro (Burgers and Gerik, 1998).  In vivo, lengths of GC tracts are shorter 

(Ho et al., 2010; Maloisel et al., 2004; Maloisel et al., 2008) and gap repair is inefficient 

(Jain et al., 2009) in a pol32Δ background.  In our assay, the overall repair frequency 

was reduced in an mlh1Δ pol32Δ background relative to the mlh1Δ parent (0.91, 

p=0.005; Figure 9), and this reflected a specific reduction in the CO frequency (from 0.14 

to 0.05; p<0.001); the NCO frequency was not affected (0.86; p=0.92).  Strikingly, the 

median hetDNA tract length was reduced from 1140 bp to only 250 bp in the mlh1Δ 

pol32Δ mutant (p<0.001; Figures 10 and 11C).  Because Pol32 is also a nonessential 

subunit of the Pol ζ translesion synthesis DNAP (Johnson et al., 2012), we examined 

hetDNA tracts in an mlh1Δ rev3Δ mutant, which lacks the Pol ζ catalytic subunit. hetDNA 

tracts were the same as in the mlh1Δ parent (data not shown), confirming that the HR 

effects of Pol32 are mediated through Pol δ.  

2.4.5 The Exonuclease Activity of Pol δ  Removes SNPs Close to the 3ʹ  Ends 

A striking feature of hetDNA tracts is the frequent removal of only the break-

proximal SNP (Figure 10), which is 8 nt from each 3ʹ end created by I-SceI. Given that 

Mre11 is important for removing terminal damage (Moreau et al., 1999) and has 3ʹ 

exonuclease activity (Paull and Gellert, 1998), one possibility was that the MRX-Sae2 

complex processes the 3ʹ ends of clean, enzyme-generated DSBs. In an mlh1Δ mre11Δ 

background, conversion of the first SNP on the upstream and downstream sides of the 

break occurred 94% (58/62) and 55% (31/56) of the time, respectively (Figure 31, see 

Appendix A), which is the same as in mlh1Δ (p= 0.26 and p=0.23, respectively).  An 
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alternative hypothesis is that the 3ʹ to 5ʹ exonuclease activity of the end-extending 

DNAP, which “proofreads” polymerization errors, might remove the terminal SNP.  

Indeed, SNP removal on the invading and annealing sides of the DSB in the mlh1Δ 

pol32Δ mutant occurred only 84% (57/67 relative to 72/74 in mlh1Δ; p=0.01) and 15% 

(9/61 relative to 27/58 in mlh1Δ; p<0.001) of the time.  To obtain more direct evidence 

for Pol δ-mediated SNP removal, we introduced the pol3-5DV allele, which disables Pol 

δ exonuclease activity (Jin et al., 2001).  The mlh1Δ pol3-5DV strain grew very slowly, 

and we were unable to recover Lys+ recombinants in either a haploid or homozygous 

diploid background.  We were, however, able to exclude a major role for Pol ε in initiating 

extension of either end using the pol2-4 allele, which encodes an exonuclease-deficient 

enzyme (Morrison and Sugino, 1994).  In the mlh1Δ pol2-4 background, the single-SNP 

conversion frequency was the same as in mlh1Δ on the invading and annealing sides of 

the DSB (62/68, p=0.19 and 22/60, p=0.16, respectively). 

As an alternative to assessing SNP removal in the absence of MMR, an MLH1 

background was used to examine how often a GC tract on one side of the DSB was 

associated with single-SNP conversion on the other side.  In an MLH1 POL3 

background, GC tracts downstream of the break were associated with single-SNP 

conversion upstream of the break 84% (41/49) of the time (Figure 33).  There was a 

significant decrease in single-SNP loss upstream of the DSB in the MLH1 pol3-DV strain 

(9/45, p<0.001), but not in the MLH1 pol2-4 (35/43; p=0.49) background. 

2.4.6 Accelerating Initiation or Increasing Resection Distance Does Not 
Lengthen hetDNA  

Although reducing either 5ʹ-end resection or 3ʹ-end extension shortened median 

hetDNA length, these results cannot distinguish which process normally limits hetDNA. 
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To explore this further, we examined the effect of accelerating initiation or increasing the 

extent of 5’-end resection using mlh1Δ yku70Δ or mlh1Δ rad9Δ mutants, respectively 

(Figure 34).  The expectation was that hetDNA tracts would be lengthened if resection is 

normally limiting, or if resection and DNA synthesis are coupled.  We found, however, 

that the median length of hetDNA was unchanged in the mlh1Δ yku70Δ mutant (940 bp; 

p=0.054), while hetDNA was shorter in the mlh1Δ rad9Δ background (570 bp; p<0.001). 

Although these data suggest that resection is not the major determinant of hetDNA 

length, there are conflicting reports as to whether faster initiation of resection in the 

absence of Ku translates into more extensive resection (Saad et al., 2014; Shim et al., 

2010).  In addition, the failure to trigger a robust checkpoint in an mlh1Δ rad9Δ strain 

may have resection-independent effects. 

2.5 Discussion  

Prior studies of mitotic DSB repair have been of two main types: (1) physical 

studies that examine the processing and repair of broken ends in a large population of 

cells and (2) genetic studies that measure DSB repair frequency/outcome. We took a 

different approach in the current study by focusing on molecular profiles of hetDNA 

associated with DSB repair.  Although analyses were done in the absence of MMR to 

prevent mismatch correction, ~20% of hetDNA tracts were accompanied by GC tracts 

that emanated from the break site and removed multiple, contiguous SNPs.  Such gap 

expansions likely reflect the 3ʹ-end loss previously detected in a context where mitotic 

DSB repair was precluded (Zierhut and Diffley, 2008), and could be due either to 

enzymatic removal of 3ʹ ends or to encounter of a replication fork with a 5ʹ-resected end. 

Whether 3ʹ-end processing is more typical of ectopic recombination, which is delayed 

relative to allelic recombination (Chung et al., 2010), is not known.  A much more 
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frequent type of GC involved Pol δ-mediated removal of only the most break-proximal 

SNP, which demonstrated that it is Pol δ that initiates extension of both ends during 

SDSA.  Initiation by Pol δ, however, does not exclude subsequent recruitment of Pol ε or 

of a translesion synthesis DNAP to bypass obtacles in the repair template (Rattray et al., 

2002; Roberts et al., 2012).  Consistent with our observations of single-SNP removal on 

both sides of the initiating break, removal of a terminal SNP located 9 nt from an 

invading 3ʹ end was recently reported in a BIR assay (Anand et al., 2017).  In terms of 

how far Pol δ-mediated excision might normally extend during DSB repair, we note that 

correction of a mismatch located 18 bp from the end did not occur in a plasmid-based 

assay (Mitchel et al., 2010). 

Replicative DNAPs have a robust 3ʹ>5ʹ exonuclease activity on single-stranded 

DNA that is essential for proofreading DNA synthesis errors (Kunkel, 1988).  The 

proofreading of base-base mismatches decreases with increasing distance from the 3ʹ 

end (McCulloch et al., 2004; Miller and Grollman, 1997), and this, as well as 

crystallographic studies (Johnson and Beese, 2004), suggest that efficient mismatch 

detection extends only 4-5 bp behind the end.  The very high efficiency of Pol δ-

mediated removal of a mismatch located 8 nt from the 3ʹ end is thus surprising.  If 

proofreading per se is responsible, then the distance over which Pol δ detects and 

removes mismatches is greater than previously inferred.  In this case, single-SNP 

removal differences on invading and annealing ends likely reflect mismatch specificity. 

As an alternative to invoking proofreading, removal of only the break-proximal 

proximal SNP may simply reflect Pol δ exonuclease activity on single-stranded DNA. 

Indeed, non-homologous 3ʹ tails are removed by DNAP-associated exonuclease activity 
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during phage T4 (Shcherbakov et al., 1995) and yeast (Paques and Haber, 1997) DSB 

repair.  In the T4 system, excision extends ~25 nt into duplex DNA following tail removal. 

Although I-SceI does not create 3ʹ tails in the system used here, initiation of 

pairing/annealing internal to the 3ʹ end and/or breathing of a fully paired end would 

generate a transient tail.  In this scenario, the difference between single-SNP removal on 

the invading and annealing ends could reflect a fundamental difference in how pairing 

occurs and/or DNA synthesis initiates.  Although meiotic studies have concluded that the 

3’ ends created by Spo11 remain intact prior to the initiation of recombination (de Massy 

et al., 1995; Liu et al., 1995), it should be noted that the degradation reported here likely 

occurs during or after hetDNA formation.  Single-SNP removal or move extensive 3ʹ end 

resection could readily account for residual meiotic GC that occurs in the absence of 

MMR (e.g., see Stone and Petes, 2006). 

During SDSA, there are three processes that potentially contribute to hetDNA 

length on the annealing side of the break: the extent of 5ʹ-end resection, the extent of 

DNA synthesis primed by the invading 3ʹ end, and the kinetics of D-loop disassembly, 

which terminates DNA synthesis.  The median hetDNA length measured here (1140 bp) 

is much less than the 3-6 kb of resection physically measured in a population of cells 

undergoing ectopic recombination (Chung et al., 2010).  This suggests that hetDNA 

length is primarily a reflection of DNA synthesis; the robust reduction in length observed 

when Pol δ processivity was compromised is consistent with this interpretation (Figure 

12).  In those cases where hetDNA extended to the homology border, we infer that the 

corresponding 3’ tails were over-replicated and efficiently removed by a Rad1-Rad10-

dependent process (Lyndaker and Alani, 2009).  
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Figure 12. Regulation of hetDNA length. 

In SDSA events, hetDNA is on the annealing side of the initiating DSB and reflects DNA 
synthesized from the invading end. Ectopic substrates are indicated by black and red 
lines, with the wavy blue and black lines indicating nonhomologous chromosomes. 
Dotted lines correspond to new DNA synthesis and are colored to reflect the template. 
The yellow pentagon indicates a helicase that dismantles D-loops. (A) In a WT 
background, resection often exceeds the substrate homology. The resulting D-loop is 
large and supports extensive DNA synthesis before being dismantled. If DNA synthesis 
extends past the homology border, the over-replicated tail is removed. (B) When 
resection is reduced, the hetDNA created by strand invasion is shorter and likely does 
not extend to the homology border. The resulting D-loop is dismantled more rapidly, less 
DNA synthesis occurs and hetDNA tracts are shorter. (C) Resection is normal, but DNA 
synthesis is less processive, resulting in less DNA synthesis before an otherwise normal 
D-loop is dismantled.  Although an expanding D-loop is depicted, it may be migrating in 
vivo, in which case the extruded strand could capture the other side of the DSB. 
 

A.		Resec&on	>	homology	(ectopic	assay)	

B.	Reduced	resec&on	(exo1Δ,	sgs1Δ)	

C.	Reduced	extension	(pol32Δ)	

Shorter	hetDNA	

Shorter	hetDNA	
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Even though resection most likely exceeds DNA synthesis during ectopic 

recombination, hetDNA lengths also were shortened by eliminating either long-range 

resection pathway.  These pathways are redundant in terms of supporting 

recombination, but a slower rate of 5'-end resection has been noted in sgs1Δ or exo1Δ 

mutants (Eapen et al., 2012; Mimitou and Symington, 2008; Shim et al., 2010; Zhu et al., 

2008).  Our data demonstrate a molecular consequence of the reduced resection and 

suggest that cooperation between the long-range pathways is required to generate 

structurally normal products.  Given that the activities of STR-Dna2 and Exo1 are 

mutually exclusive in vitro (Cejka et al., 2010), each pathway is likely specialized to 

resect through specific DNA sequences or structures (Chen et al., 2011).  The reduction 

in hetDNA length observed here in the absence of EXO1 or SGS1 may be a direct 

measure of resection endpoints, in which case most 3ʹ ends would over-replicated and 

subsequently removed.  Alternatively, reduced resection could result in smaller and less 

stable D-loops that lead to premature termination of DNA synthesis. 

CO events are generally associated with longer GC tracts than are NCO events 

(Aguilera and Klein, 1989; Ahn and Livingston, 1986; Maloisel et al., 2004; Maloisel et 

al., 2008), leading to the prevailing view that HR outcome is linked to hetDNA length. 

Using the data generated here, we examined the relationship between hetDNA and 

recombination outcome, with the mlh1Δ and mlh1Δ pol32Δ strains representing the 

extremes (Figure 13).  With the exception of two notable outliers, there was a roughly 

linear relationship between hetDNA length and CO proportion. The proportional increase 

in COs in the in the mlh1Δ sgs1Δ strain presumably reflects a specific loss of NCO 

events (Ira et al., 2003; Mitchel et al., 2013).  A strong proportional decrease in COs in 

the absence of Mre11 has not been previously reported in a chromosomal context, 
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although a reduction was previously observed in a plasmid-based gap repair assay 

(Symington et al., 2000).  The compensatory gain in NCOs observed here suggests that 

the MRX-Sae2 complex functions at a point when the SDSA and classic DSB repair 

pathways are interchangeable.  MRX-Sae2 could coordinate DNA ends either through 

the Rad50 zinc hook, which allows dimerization between two MR complexes (Hopfner et 

al., 2002), or through tetramerization of Sae2 (Andres et al., 2015).  Such end tethering 

might promote simultaneous interaction of both ends with the repair template, thereby 

aiding in establishing the double HJ required for a CO outcome.  The MRX-Sae2 

complex additionally facilitates initiation of 5ʹ-end resection by each of the long-range 

pathways (Mimitou and Symington, 2010; Shim et al., 2010); (Cejka et al., 2010; Niu et 

al., 2010; Shim et al., 2010).  It is interesting to note that the CO proportions in the 

absence of Mre11 correlated better with hetDNA length when one of the long-range 

resection pathways was additionally eliminated.  One interpretation is that end 

coordination by MRX-Sae2 is more important when both long-range resection pathways 

are functioning, perhaps ensuring that the same pathway initiates resection at each end. 
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Figure 13. Relationship between hetDNA length and the proportion of CO events 
among Lys+ products. 

All strains contain the mlh1Δ allele and “WT” indicates data from the mlh1Δ single 
mutant.  The dotted line connects data points from WT and pol32Δ strains.  Data points 
for the mre11Δ and sgs1Δ strains are outliers and are in red. 

 

It is widely accepted that CO proportions are much lower in mitosis than in 

meiosis, where they occur in the context of the synaptonemal complex and are required 

to properly segregate homologs.  Most mitotic CO proportions have been measured 

using ectopic substrates with limited homology, and are in the 10-20% range (e.g., (Inbar 

and Kupiec, 1999; Ira et al., 2003; Jinks-Robertson and Petes, 1986).  In studies of 

allelic recombination, however, ~40% of interactions are resolved as COs and GC tracts 

are much longer than the hetDNA tracts observed here (median size ~6 kb; (Yim et al., 

2014).  We suggest that the difference between allelic and ectopic CO proportions 

reflects the relationship shown in Figure 13.  With ectopic substrates, the size of the 

initial D-loop cannot extend past the homology border on the invading end and, 

therefore, may be much shorter that the corresponding 3ʹ tail.  This, in turn will limit the 
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amount of DNA synthesis that occurs before the D-loop is dismantled, and will reduce 

the probability that the D-loop will engage the 3ʹ tail on the other side of the break. 

Consistent with this general idea, COs are affected more by substrate size than are 

NCOs in ectopic assays (Inbar et al., 2000; Jinks-Robertson et al., 1993). 

Examining repair of a defined DSB has provided insight into how alterations in 

end-binding, 5ʹ-end resection and 3ʹ-end extension influence the molecular features of 

recombination products as well as repair outcomes.  The collaboration between long-

range resection pathways, the extension of both ends by Pol δ, and the unexpected role 

of Pol δ exonuclease activity in processing 3' ends are likely general features of allelic as 

well as ectopic recombination.  In addition, the positive correlation between hetDNA 

length and CO proportion provides a framework for understanding the consequences of 

interactions between repetitive elements in mammalian genomes.  Such interactions are 

relevant to genetic instability that contributes to somatic disease, and help shape 

genome structure on an evolutionary time scale.  Given the very high conservation 

between basic DNA metabolic processes, lessons learned from yeast are expected to 

have broad relevance and inform analyses in all eukaryotes. 
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Chapter 3. Mitotic Gene Conversion Tracts Associated 
with Repair of A Defined Double-strand Break in 
Saccharomyces cerevisiae 
Chapter 3 was previously published as (Hum and Jinks-Robertson, 2017). 

3.1 Summary 

Mitotic recombination between homologous chromosomes leads to the 

uncovering of recessive alleles through loss of heterozygosity.  In the current study, a 

defined double-strand break was used to initiate reciprocal loss of heterozygosity 

between diverged homologs of chromosome IV in Saccharomyces cerevisiae.  These 

events resulted from the repair of two broken chromatids, one of which was repaired as 

a crossover and the other as a noncrossover.  Associated gene conversion tracts 

resulting from the donor-directed repair of mismatches formed during strand exchange 

(heteroduplex DNA) were mapped using microarrays.  Gene conversion tracts 

associated with individual crossover and noncrossover events were similar in size and 

position, with half of the tracts being unidirectional and mapping to only a one side of the 

initiating break.  Among crossover events, this likely reflected gene conversion on only 

one side of the break, with restoration-type repair occurring on the other side.  For 

noncrossover events, an ectopic system was used to directly compare gene conversion 

tracts produced in a wild-type strain to heteroduplex DNA tracts generated in the 

absence of the Mlh1 mismatch-repair protein.  There was a strong bias for unidirectional 

tracts in the absence, but not in the presence, of Mlh1.  This suggests that mismatch 

repair acts on heteroduplex DNA that is only transiently present in noncrossover 

intermediates of the synthesis-dependent strand-annealing pathway.  Although the 

molecular features of events associated with loss of heterozygosity generally agreed 
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with those predicted by current recombination models, there were unexpected 

complexities in associated gene conversion tracts. 

3.2 Introduction 

Genomic DNA is subject to attack by a variety of endogenous and exogenous 

DNA damaging agents, among which are reactive oxygen species, methylating agents, 

crosslinking agents (e.g. aldehydes and UV light) and ionizing radiation (Hoeijmakers, 

2009).  When only one strand of duplex DNA is damaged, lesion removal by an excision-

repair pathway creates a gap that can be filled using the complementary strand as a 

template.  The repair of DNA damage that affects both strands is more problematic, 

however, and such double-strand breaks (DSBs) are a particularly toxic lesion.  DSBs 

can be repaired by homologous recombination (HR), an error-free process that uses a 

sister chromatid or homologous chromosome as a template to restore the broken 

molecule.  Alternatively, broken ends can be directly ligated by the non-homologous end 

joining pathway, which is generally considered an error-prone process due to the 

deletion/addition of sequence at the repair junction (Symington and Gautier, 2011).  

Defects in DSB repair lead to genome instability and are associated with cancer 

predisposition syndromes in humans (Tubbs and Nussenzweig, 2017). 

HR that uses a sister chromatid as a repair template is typically of no genetic 

consequence, while that involving a homologous chromosome can result in loss of 

heterozygosity (LOH).  LOH can reflect the non-reciprocal transfer of information from 

the repair template to the broken molecule, which is referred to as gene conversion 

(GC).  Alternatively, LOH can result from reciprocal crossing over between homologous 

chromosomes.  Crossover (CO)-associated LOH was first proposed by Stern in 1936 to 

explain the phenomenon of “twin spotting” in a phenotypically wild-type Drosophila strain 
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that was heterozygous at linked loci (Stern, 1936).  Specifically, when the heterozygous 

yellow and singed markers were in repulsion on the same chromosome arm, a rare 

patch of tissue with singed, short bristles was seen adjacent to a patch of yellow tissue.  

It was proposed that a reciprocal CO event had occurred between homologs after 

chromosome replication (i.e., involving only two of the four chromatids) and that the CO 

was located centromere proximal to both loci.  Segregation of the CO chromatids into 

different daughter cells would then yield one daughter homozygous for the mutant 

singed marker, and the other homozygous for the mutant yellow marker.  It should be 

noted that crossing over between homologs prior to replication results in four CO 

chromatids and subsequent segregation maintains heterozygosity, even though marker 

linkage is altered.  In humans, mitotic LOH leads to the uncovering of recessive markers 

associated with human disease and with cancer. 

Current molecular models of HR are largely based on meiotic and mitotic studies 

done in Saccharomyces cerevisiae (reviewed in Symington et al., 2014).  During 

meiosis, physiological DSBs are produced throughout the genome by the Spo11 protein 

(Keeney et al., 1997); during mitosis, pathological DSBs arise through replication fork 

collapse or as a result of spontaneous DNA damage.  The production of a single, 

defined DSB using the HO or I-SceI meganuclease has been a particularly powerful tool 

for examining the fate of mitotic DSBs (Haber, 1995).  Following enzyme-mediated DSB 

induction, the 5ʹ ends are resected to yield 3ʹ tails that invade a homologous donor 

sequence (Figure 14).  Pairing between complementary strands from different duplexes 

creates a region of heteroduplex DNA (hetDNA; yellow boxes in Figure 14) and 

displaces the strand with the same sequence as the invading strand, resulting in a 

displacement (D)-loop intermediate.  Extension of the invading end expands the D-loop, 
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which exposes sequences complementary to the 3ʹ tail on the other side of the break.  In 

the classic DSB repair model, the second end is captured by the D-loop, creating an 

additional region of hetDNA and leading to the formation of a double Holliday junction 

(HJ).  These junctions can be cleaved to generate a crossover or a noncrossover (NCO) 

outcome, or can be dissolved to produce only NCOs.  As an alternative to second-end 

capture, the D-loop intermediate can be dismantled and the extended end annealed to 

the 3ʹ tail on the other side of the DSB (the synthesis-dependent strand-annealing or 

SDSA pathway).  This removes the D-loop associated hetDNA tract formed on the 

invading side of the DSB, creates a new hetDNA tract on the opposite (annealing) side 

of the break, and generates only NCO products.  The underlying molecular mechanisms 

of NCO formation can be inferred by examining hetDNA-tract positions in a mismatch-

repair (MMR) defective background. 
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Figure 14. Homologous recombination models. 

Red and black lines represent single DNA strands and 3ʹ ends are marked with 
arrowheads; hetDNA and the GC tracts created by hetDNA correction are in yellow and 
gray boxes, respectively.  The 5ʹ ends of the DSB are resected to generate 3ʹ single-
strand tails, one of which invades the black repair template and creates a hetDNA tract.  
The resulting D-loop is expanded by extension of the 3ʹ end and is either dismantled 
(SDSA pathway) or captured by the 3ʹ end on the other side of the DSB (DSBR 
pathway).  SDSA removes the original hetDNA tract and a new tract is created when the 
displaced 3ʹ tail anneals to the other side of the DSB.  Repair of the hetDNA yields a GC 
tract on the annealing side of the DSB.  DSBR is associated with a hetDNA tract on each 
side of the DSB.  Cleavage of the HJs results in either CO or NCO products, and each 
product contains a hetDNA tract.  dHJ dissolution generates a NCO, and both hetDNA 
tracts are on the molecule that suffered the DSB.  hetDNA correction following HJ 
cleavage or dissolution yields a continuous GC tract that spans the site of the DSB. 

 

Mismatches contained within HR-associated hetDNA are efficiently repaired by 

the MMR machinery.  In meiosis, repair is biased near the initiating DSB so that the 
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strand contributed by the broken (recipient) molecule is excised and replaced with donor 

information, resulting in a GC event (gray boxes in Figure 14; (Detloff et al., 1992).  

Repair that occurs in the other direction removes mismatches contributed by the donor 

duplex, resulting in genetically silent restoration of recipient sequence.  Although mitotic 

GC tracts are used as a proxy for the hetDNA formed during HR, their precise 

relationship to hetDNA has not been determined.  The molecular mechanisms of NCO 

formation are thus most accurately inferred by mapping hetDNA tracts in an MMR-

defective background.  Our previous analyses of HR-associated hetDNA in a plasmid-

chromosome system and in an ectopic chromosomal assay indicate that most NCOs are 

the result of SDSA, and that HJ cleavage generates only CO products (Guo et al., 2017; 

Mitchel et al., 2010).  In addition, hetDNA tracts associated with COs are longer than 

those associated with NCO events (Mitchel et al., 2010). 

Studies of spontaneous or DNA damage-induced mitotic recombination in yeast 

have largely depended on selective systems that detect only one of the two CO 

products.  An elegant system developed by Petes and colleagues allows both products 

of a CO event associated with LOH on chromosome IV or V to be captured within a 

sectored colony (Lee et al., 2009; St Charles and Petes, 2013).  Furthermore, if the 

diploid parent is derived from sequence-diverged haploids, GC tracts in each sector can 

be mapped using restriction-site polymorphisms or microarrays.  Prior to the analysis of 

LOH-associated GC tracts, it was widely assumed that mitotic recombination reflected 

the repair of a single broken chromatid.  Analyses of sectored colonies suggested, 

however, that both chromatids were usually broken at approximately the same position, 

with one break resolved as a NCO and the other as a CO.  To explain the coincident 

breaks on sister chromatids, it was further proposed that the parent chromosome was 
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broken prior to DNA replication, giving rise to two broken chromatids that were 

independently repaired (Lee et al., 2009).  These studies thus changed the dogma 

concerning the timing of the damage that leads to LOH, while at the same time providing 

strong evidence that most spontaneous HR between homologs is initiated by DSBs, as 

has been widely assumed. 

In the current study, we modified the chromosome IV mitotic sectoring assay so 

that LOH events were initiated by an I-SceI-generated DSB.  The repair-associated GC 

tracts in each sector were analyzed using microarrays, and results were consistent with 

the repair of two broken sister chromatids.  Individual GC tracts within a given sector 

were assigned to either the CO or NCO chromosome following their segregation into 

haploid meiotic products.  Patterns of GC tracts in CO products suggested that ~80% of 

hetDNA intermediates were repaired as GC events, with the remainder either escaping 

repair or reflecting restoration-type repair.  In contrast to hetDNA tracts analyzed 

previously (Mitchel et al., 2010), there was no difference in the size or position of GC 

tracts associated with CO versus NCO events.  Similar to CO events, GC tracts in NCO 

products were often on both sides of initiating DSB, while hetDNA in previous studies 

was confined largely to a single side of the break.  Additional analyses of NCO events 

demonstrated that the difference in hetDNA and GC tract locations derived from activity 

of the MMR machinery.  The GC tracts characterized here are similar to those 

associated with spontaneous LOH events, and their properties are discussed in relation 

to current DSB-repair models. 
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3.3 Materials and Methods 

3.3.1 Yeast Strain Constructions 

All experiments were done in a diploid SJR4317, which was constructed by 

crossing derivatives of the diverged haploids W303-1A (Thomas and Rothstein, 1989a) 

and YJM789 (Wei et al., 2007).  A complete list of intermediate strains is provided in 

Table 3.  Strains JSC12-1 and JSC21-1 were the starting W303-1A and YJM746 

derivatives, respectively, and were described previously (St. Charles and Petes 2013).  

The relevant feature of these strains is the insertion of the SUP4-o and kanMX markers 

at allelic positions near the right end of chromosome IV (coordinate IV1510386 in the 

Saccharomyces Genome Database).  Either a cleavable or non-cleavable I-SceI 

recognition site was inserted centromere-proximal to these markers using the two-step 

delitto perfetto method (Storici and Resnick, 2003).  First, a PCR-generated CORE-UH 

cassette was introduced at coordinate IV583526 between the OCA6 and DOS2 genes.  

The CORE-UH cassette was then replaced with a PCR-generated fragment containing a 

cleavable, 18 bp I-SceI recognition site (5’-TAGGGATAACAGGGTAAT) or a 22 bp, non-

cleavable site (I-SceInc; 5’-TAGGGATAAATAACAGGGTAAT).  The I-SceI and I-SceInc 

sites were inserted into the W303 and YJM homologs, respectively, and the resulting 

haploids were crossed to generate a W303/YJM diploid strain.  Finally, SJR4317 was 

derived by inserting a galactose-inducible I-SceI gene amplified from pGSHU (Storici 

and Resnick, 2003) at the HIS3 locus of the W303 chromosome XV homolog, and 

deleting the MATα locus on from YJM chromosome III homolog in order to prevent 

unwanted sporulation. 
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3.3.2 I-SceI Induction and Screening For DSB-induced COs 

Prior to I-SceI induction, yeast cells were grown overnight at 30°C in 5 ml of non-

selective medium containing 1% yeast extract, 2% bacto-peptone and 2% raffinose 

(YEPR).  Raffinose is a neutral carbon source that neither induces nor suppresses the 

galactose promoter.  Single colonies were used to inoculate YEPR cultures, and 

following overnight growth, cells were then diluted to an OD of 0.4 in fresh YEPR 

medium and split into two parallel cultures.  When cells reached an OD of 0.8-1, 

galactose (2% final concentration) was added to one culture of each pair and cells were 

incubated for an additional 45 or 90 minutes.  Following induction for the specified time, 

yeast cells were pelleted and resuspended in water.  Approximately 500 cells/plate were 

spread on synthetic dextrose medium supplemented with uracil and all amino acids 

except arginine.  Adenine was additionally present at 10 µg/ml, a limiting amount that 

allows red color development of Ade- cells.  Plates were incubated at 30°C overnight and 

at room temperature for additional 2 days before being moved to 4°C to allow red 

pigment development.  Red-white sectored colonies were identified microscopically, and 

the sectoring frequency was calculated by dividing the number of sectored colonies by 

the total number of colonies screened.  The frequencies of sectored colonies in non-

induced cultures and in cultures induced for 90 min were based on data from three 

independent experiments; for the 45 min induction, data were from two independent 

experiments. 

3.3.3 Microarray Analysis 

Hybridization to custom, chromosome IV SNP microarrays and subsequent data 

analysis was as previously described (St. Charles and Petes 2013).  Briefly, cells in each 

half of a sectored colony were purified by streaking on YEP-glucose medium, and a 
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single colony from each was used for DNA isolation.  Genomic DNA was extracted in 

agarose plugs and then sheared to 200-400 bp by sonication.  DNA from each sector 

was labeled with Cy5-dUTP and mixed with control parental DNA labeled with Cy3-

dUTP.  Mixed DNA was competitively hybridized to a SNP microarray, and the ratio of 

Cy5 to Cy3 hybridization to each SNP was determined.  Each SNP was represented by 

four 25-nt oligonucleotides that corresponded to the Watson and Crick strands of each 

homolog. 

3.3.4 Determining the Positions of Gene Conversion Tracts 

Each sector contained a CO and NCO chromosome.  When there was a single 

transition from heterozygosity to homozygosity, the transition was assigned to the CO 

chromosome; this was the case in almost all white sectors.  In most red sectors (and 

some white sectors), however, there were multiple transitions and assigning GC tracts to 

the CO or NCO chromosome required additional analysis.  For colony #1, for example, 

the red sector contained a region of GC (black homozygosity) that spanned the DSB.  

Going towards telomere, this was followed by region of blue heterozygosity before a 

terminal region of red homozygosity (Figure 17).  The region of centromere-distal 

heterozygosity reflects different CG tract lengths on the CO and NCO chromosomes, but 

provides no information as to which chromosome contains the longer tract.  To 

determine this, the CO and NCO chromosomes were segregated into haploid colonies 

by sporulation and tetrad dissection, and were distinguished using a W303-YJM 

restriction site polymorphism in the centromere-proximal region of heterozygosity where 

there had been no exchange of genetic information.  The genetic linkage of this 

polymorphism to one within the break-distal region of heterozygosity was then assessed.  

The primers used to amplify relevant segments and the corresponding restriction site 
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polymorphisms are in Table 4 and Table 5 gives the primers used to analyze each 

sector.  Primer positions relative to the initiating DSB are shown in Figure 35.  For 

analysis of colony #1, for example, primer pair 6 amplified a centromere-proximal 

fragment that contained an AflII cleavage site specific to YJM, and primer pair 11 

amplified a fragment containing a NarI site also specific for YJM.  In dissected tetrads, 

these were linked as in the parent chromosomes in only 2/51 spores analyzed, which 

places the longer tract on the NCO chromosome.  Spore data are summarized in Table 

5. 

3.3.5 Reagent and Data Availability 

Strains are available upon request.  The primer pairs used for linkage analysis 

are in Figure 35.  Examples of GC tracts associated with one and two broken chromatids 

are shown in Figure 36.  Analysis of all red-white sectored colonies is presented in 

Figure 37, and sequencing results associated with Figure 20 are in Figure 38.  Table 3 

contains genotypes of strains.  Primer sequences for genetic linkage analysis are 

available in Table 4, and Table 5 contains the analysis of linkage relationships on CO 

and NCO chromosomes.  Microarray data are available at GEO with the 

accession number GSE98349. 

3.4 Results 

A system developed in the Petes lab allows the detection of both products of 

reciprocal CO events on the right arm of chromosome IV as red-white sectored colonies 

(St. Charles and Petes, 2013).  In this system, diploid strains are derived by crossing two 

sequence-diverged haploids (W303-1A and YJM789, hereafter abbreviated as W303 

and YJM, respectively), allowing subsequent molecular characterization of the positions 

and lengths of GC tracts associated with individual reciprocal CO events.  There are two 
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genetic features of diploids relevant to CO detection: (1) homozygosity for the ade2-1 

ochre allele located on chromosome XV and (2) presence of a single, ectopic copy of the 

ochre-suppressing SUP4-o gene near the right end of one copy of chromosome IV.  An 

ade2-1/ade2-1 diploid produces a red pigment due to the accumulation of an 

intermediate in the adenine biosynthetic pathway, resulting in red colonies on adenine-

limited medium.  Complete suppression of the ade2-1 alleles occurs when two copies of 

SUP4-o are present, and colonies are white instead of red.  If only a single copy of 

SUP4-o is present, however, as in the starting diploid, there is partial suppression of the 

ade2-1 alleles and colonies are pink. 

As illustrated in Figure 15A, the YJM (black) homolog contains an ectopic SUP4-

o allele inserted near the right end of chromosome IV (coordinate 1510386).  When 

crossing over occurs after DNA replication, subsequent segregation of the CO 

chromosomes to opposite poles of the mitotic spindle produces a daughter cell with two 

copies of SUP4-o and a daughter with no copy of SUP4-o.  In contrast to the starting 

diploid, which forms pink colonies, a CO that occurs at the time of plating gives rise to a 

red-white sectored colony.  During DSB repair, information is transferred from the repair 

template to the broken chromosome to produce an associated GC tract.  GC events are 

detected by monitoring the heterozygous versus homozygous status of single-nucleotide 

polymorphisms (SNPs) present in the W303 and YJM genomes (see below for further 

details).  If only a single red chromatid is broken, repair gives rise to three chromatids 

with black information, which is referred to as a 3:1 conversion event (left side of Figure 

15A).  If both red chromatids are broken, however, each will receive information from the 

black repair template.  The resulting gene conversion tracts on the repaired chromatids 

can be the same length or different lengths.  In the former case, a 4:0 conversion tract is 
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present in the sectored colony; in the latter case, a hybrid 4:0/3:1 tract is produced (right 

side of Figure 15A). Spontaneous COs are usually associated with 4:0 or 4:0/3:1 hybrid 

tracts, suggesting that most DSBs are formed prior to S phase and are replicated to 

produce sister chromatids broken at the same position (Lee et al., 2009; St. Charles and 

Petes, 2013). 

 

Figure 15. Detection of DSB-induced reciprocal COs.    

Red and black lines indicate replicated, sister chromatids of the W303 and YJM 
chromosome IV homologs, respectively; filled circles correspond to centromeres.   
(A) Red-white sectors correspond to reciprocal CO events.  The starting diploid is pink 
because it contains a single copy of SUP4-o and suppression of the ade2-1 alleles is 
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incomplete.  A CO followed by segregation of sister chromatids into different daughter 
cells yields a cell with no copy of SUP4-o and a cell with two copies.  The former and 
latter produce the red and white sides of sectored colony.  If only one of the W303/red 
sister chromatids is broken (left side), the transfer of information from a donor YJM/black 
chromatid produces a 3:1 GC tract.  If both red chromatids are broken, a hybrid 4:0/3:1 
tract is produced.   
 

3.4.1 Modifying the Red-white Sectoring System to Initiate COs With a 
Defined DSB 

The red-white sectoring assay described above has been used extensively to 

characterize spontaneous and DNA-damage induced GC tracts associated with CO 

events in wild-type and mutant strains (Andersen et al., 2016; Lee et al., 2009; O'Connell 

et al., 2015; St. Charles and Petes, 2013; Tang et al., 2013; Yin and Petes, 2014, 2015).  

With the exception of one study involving a trinucleotide-repeat recombination hotspot 

on chromosome V (Tang et al., 2013), however, the relationship between GC tracts and 

the position of the initiating lesion could not be determined.  We thus modified the MMR-

proficient W303/YJM hybrid diploid so that COs are initiated by a defined DSB, creating 

strain SJR4317 (Figure 15B).  This was accomplished by inserting an 18-bp recognition 

site for the I-SceI endonuclease on the right arm of the W303 homolog between the 

OCA6 and DOS2 loci (coordinate 583534); this position is 133 kb distal to the 

centromere and 927 kb proximal to the SUP4-o marker.  To induce a site-specific DSB, 

we inserted a galactose-inducible I-SceI gene at the HIS3 locus on one copy of 

chromosome XV.  Finally, to eliminate the non-homology associated with insertion of the 

I-SceI site into the W303 homolog, a non-cleavable I-SceI site was inserted at the 

identical position on the YJM homolog.  The non-cleavable site was created by 

duplicating the 4 bp flanked by I-SceI generated nicks.  Following repair of a DSB on a 

W303 chromatid using the YJM homolog as a template, the chromatid is refractory to 

further I-SceI cleavage. 
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To introduce a DSB on the W303 homolog of SJR4317, we added 2% galactose 

to cells growing exponentially in rich medium containing 2% raffinose.  After incubation 

for an additional 45 or 90 min, cells were plated on glucose-containing medium and red-

white sectored colonies were scored microscopically.  Without the addition of galactose, 

no red-white sectored colonies were detected among 8905 colonies analyzed.  Based on 

these data, we estimate that the spontaneous LOH rate was less than 1.1 x 10-4 

(1/8905), which is consistent with the reported rate of 3.1 x 10-5 in a nearly isogenic 

strain (St. Charles and Petes, 2013).  The frequency of red-white sectors was 2.7 x 10-3 

(12/4464) and 6.3 x 10-3 (43/6855) after incubation with galactose for 45 and 90 min, 

respectively. There was thus a robust, galactose-associated increase in sectoring, and 

all events analyzed (see below) were consistent with site-specific initiation by I-SceI 

cleavage of the W303 chromosome. 

3.4.2 Microarray-based Analysis of DSB-associated Gene Conversion 
Tracts 

The haploid parents of SJR4317 are diverged at the DNA sequence level and 

contain ~55,000 SNPs.  Approximately 1000 SNPs on the right arm of chromosome IV 

were monitored using a custom microarray containing oligonucleotides (oligos) specific 

for the W303 and YJM versions of each SNP (St. Charles and Petes, 2013).  To 

determine the heterozygous versus homozygous status of SNPs in CO products, DNA 

from individual red or white sectors was labeled with a Cy5-tagged nucleotide and mixed 

with control, parental DNA labeled with a Cy3-tagged nucleotide.  Following competitive 

hybridization of the mixed samples to the microarray, the ratio of Cy5 to Cy3 

hybridization to each oligo was determined.  A hybridization ratio of ~1 to both W303- 

and YJM-specific oligos signals heterozygosity for the corresponding SNP.  A 
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hybridization ratio >1.5 for a haploid-specific oligo indicates homozygosity for the 

corresponding SNP, while a ratio <0.5 to the alternative haploid-specific oligo indicates 

loss of the corresponding SNP.  Homozygosity of a SNP in only one side of a sectored 

colony corresponds to a 3:1 conversion event, while homozygosity in both sectors 

reflects a 4:0 conversion event.  Because it is the red, W303 homolog that is cleaved by 

I-SceI, conversion events are expected to involve unidirectional transfer of black, YJM-

specific SNPs. 

When both chromatids are broken, each half of a sectored colony contains a 

NCO chromosome as well as one of the CO chromosomes (see Figure 15A).  In the 

current context, a NCO chromosome refers to one that maintains the parental linkage 

between the centromere and telomere, without regard to its participation in 

recombination or the presence/absence of GC tracts.  An example of microarray results 

for the red and white halves of a single sectored colony (colony #2) is shown in Figure 

16.  There is reciprocal LOH that initiates near the induced DSB and extends to the end 

of the chromosomes in each sector (Figure 16A).  Because SJR4317 is wild type with 

respect to the MMR pathway, SNP-containing hetDNA formed during DSB repair is 

expected to be repaired.  In the red sector, this results in two transitions in addition to the 

transition at the site of the DSB (vertical dotted and solid black lines, respectively, in 

Figure 16B).  In the white sector, however, there is only a single transition from SNP 

heterozygosity to homozygosity and this is centromere-proximal to the DSB.  This is 

consistent with the presence of an unchanged, NCO YJM/black chromosome plus a CO 

chromosome containing the centromere of W303 in the white sector.  Considering both 

sectors, three chromosomes contain YJM-specific, black SNPs to the left (centromere 

proximal) of the DSB and all four contain black SNPs immediately to the right of the 
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break, which correspond to 3:1 and 4:0 GC tracts, respectively.  As noted previously, a 

4:0 tract is diagnostic for the cleavage and repair of both W303 chromatids.  Finally, the 

4:0 tract is followed by a second 3:1 GC tract before reciprocal LOH begins, consistent 

with the creation of GC tracts of different lengths during the independent repair of broken 

sister chromatids. 

 

Figure 16. Microarray analysis of a red-white sectored colony.    

The data obtained with colony #2 are shown, along with the data interpretations.  Black 
and red lines/circles correspond to W303- and YJM-specific SNPs, respectively.  (A) 
Data from the right arm of chromosome IV are shown for the red and white sectors.  The 
boxed area is enlarged in (B) to show the position of the DSB (black line) and transitions 
from heterozygosity to homozygosity (dotted black lines). 3:1 and 4:0 GC tracts are 
labeled.  (C) A shorthand depiction of the chromosomes in the white and red sectors (top 
and bottom lines, respectively).  The blue lines correspond to heterozygosity.  (D) The 
linkage relationships of the GC tracts with respect to the CO and NCO chromosomes in 
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the red sector are illustrated.  These were determined following the segregation of 
chromosomes into the haploid meiotic products. 
 
 

A shorthand summary showing the heterozygous to homozygous transitions in 

each sector of a colony was developed by the Petes lab (St. Charles and Petes, 2013), 

and this style of presentation is presented in Figure 16C for the corresponding 

microarray data.  In this depiction, black and red lines indicate homozygosity for YJM 

and W303 SNPs, respectively, while blue lines correspond to heterozygosity.  Twenty 

red-white sectored colonies were examined using SNP microarrays and the shorthand 

summaries of heterozygous to homozygous transitions in each are presented in Figure 

17.  For comparison purposes, transitions are aligned relative to the initiating DSB, and 

the summed length of all tracts within each colony is given.  The summed GC tracts 

ranged from 7.3 to 32.3 kb, with a median length of 12.9 kb.  With a single broken 

chromatid, the GC tract is always located on the CO chromatid and only a single 

transition between heterozygosity and homozygosity is expected in each sector (two 

transitions total).  If both chromatids are broken, however, the GC can be on the NCO 

chromatid and this results in a total of three transitions between heterozygosity and 

homozygosity (see Figure 36). Of the 20 DSB-induced events analyzed here, 85% 

contained either a 4:0 tract (13/20) or a 3:1 GC pattern consistent with two broken 

chromatids (4/20; colonies #4, 6, 9 and 13); the remaining 15% (3/20; colonies #3, 11 

and 12) had a 3:1 GC pattern consistent with breakage of a single chromatid.  Additional 

analysis of the chromosomes in the last class revealed that both W303 chromatids had 

lost the I-SceI cleavage site, demonstrating that one chromatid had been repaired with 

no detectable acquisition of information from the donor (see below).  Finally, in most 
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sectored colonies (17/20) there was a 3:1 and/or 4:0 tract on each side of the initiating 

DSB. 

 

Figure 17. Summary of the transitions from heterozygosity to homozygosity in 
red-white sectored colonies.     

The shorthand depiction of chromosomes in each sector of the 20 colonies analyzed is 
presented as in Figure 16C.  Transitions are aligned relative to initiating DSB (vertical 
line), and the GC tract length in each colony is given.  The GC length was determined as 
the distance between the position of the first centromere-proximal transition from 
heterozygosity to homozygosity and the last, telomere-proximal transition from 
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heterozygosity to terminal homozygosity.  Multiple transitions most often occurred in the 
red sector, which contains a CO chromosome and the repaired, NCO red chromosome.  
Blocks of heterozygosity (blue lines) and homozygosity (black and red lines) are not to 
scale. 

 

It should be noted that the production of a sectored colony requires that one, and 

only one, CO event occur at the time of plating.  If both broken chromatids are repaired 

as NCOs or both repaired as COs, a uniformly pink colony that is indistinguishable from 

that of the parent diploid will be produced.  In addition, a DSB made and repaired as a 

CO before DNA replication also will give rise to a pink colony.  The requirement for the 

repair of one broken chromatid as a CO and the other as a NCO should not affect 

conclusions, as these outcomes represent independent repair events.  The concurrent 

retrieval of a CO and NCO repair event in each sectored colony, however, ensures that 

events were generated under exactly the same conditions, allowing direct comparisons.  

3.4.3 Assigning GC Tracts to CO and NCO Repair Products 

Hybrid 4:0 and 3:1 tracts are interpreted as two independent GC tracts of 

different lengths, but microarray data provided no information as to whether the 3:1 tract 

resides on the CO or the NCO chromosome.  In contrast to previous studies, which 

considered the CO- and NCO-associated GC tracts in each sector jointly, we separately 

characterized the tracts associated with each repair type.  The locations of these and 

more complex GC tracts were obtained by sporulating and dissecting diploids from 

sectors that contained more than a single transition from heterozygosity to 

homozygosity.  SNP linkages in haploid segregants were then determined using 

restriction site polymorphisms or by sequencing (see Material and Methods for details).  

In the red sector shown in Figure 16, for example, the GC tract that was part of the 4:0 

event was 6.6 kb while that associated with the more extensive 3:1 event was 17 kb.  
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Tetrad analysis revealed that the longer, 17 kb tract resided on the NCO rather than the 

CO chromosome; the positions of GC tracts on the four chromosomes in the sectored 

colony are summarized in Figure 16D.  A similar depiction of the CO and NCO 

chromosomes in each sector of the 20 colonies analyzed is presented in Figure 37. 

One repair scenario consistent with the microarray data in Figure 16 is presented in 

Figure 18.  Following the cleavage of both red chromatids by I-SceI (or cleavage in G1 

and replication to produce two broken chromatids), the first repair event generates a dHJ 

that is resolved as a CO.  Repair of the second DSB generates a NCO product and 

could, in principle occur by engaging any of the three, intact chromatids.  In this 

particular case, the GC tract distal to the DSB on the recovered NCO chromosome is 

longer than that on the CO chromosome that contains the centromere of the YJM 

homolog, thereby eliminating the corresponding CO chromatid as the template.  

Because sister chromatids are preferred over homologous chromosomes, the repaired 

sister chromatid (i.e., the CO chromatid with the same centromere) is assumed to be the 

most likely repair template.  If repair of both broken sister chromatids occurs at the same 

time, however, the CO and NCO events would have to involve different chromatids of 

the homolog.  It should be noted that GC tracts with a common endpoint (e.g., the non-

hybrid, 4:0 tracts in colonies #5, 15, 16 and 19 in Figure 37) can arise if the second, 

NCO-type repair event uses the homolog-associated CO chromatid as the template. 
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Figure 18. A DSB repair scenario consistent with the transitions in sectored 
colony #2. 

Red and black lines represent single strands of W303 and YJM chromosomes, 
respectively.  Both red, sister chromatids are broken, and the first repair event is 
resolved as a CO.  Each of the hetDNA tracts (yellow boxes) that flanks the DSB is 
repaired as a GC (gray boxes).  The second repair event uses either the CO-resolved 
sister chromatid or the NCO chromatid of the homolog as a template.  Repair using the 
sister chromatid is shown, and SDSA is assumed to be the repair mechanism because 
there is a GC tract on only one side of the initiating DSB.  Because the hetDNA 
correction results in a GC tract that is longer than that on the CO chromosome, the non-
sister, CO chromatid is excluded as a repair template.  For this particular sectored 
colony, the NCO event could have preceded that of the CO event or both could have 
occurred at the same time.  In this case, both repair events would have involved the 
homolog. 
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3.4.4 Gene Conversion Tracts in CO Products 

CO-associated gene conversion (and restoration) tracts in the 20 sectored 

colonies are presented in Figure 19A, where the CO chromosomes within each colony 

are paired.  Colonies are arranged based on the total extent of strand transfer detected, 

which ranged from none to almost 25 kb; only one CO (colony #4) lacked an associated 

GC tract.  The first SNPs on the left and right sides of the DSB were 114 and 218 bp, 

respectively from the corresponding 3ʹ ends created by I-SceI cleavage.  For all CO 

pairs, the transition from red to black information was consistent with strand transfer 

initiating at the DSB.  When GC tracts that spanned the DSB were considered as a 

single tract, the median tract length was 10.8 kb.  When the lengths of GC tracts on 

opposing sides of the DSB were considered separately, those on the left (centromere-

proximal) and right sides of break were similar: 6.1 kb and 7.4 kb, respectively. 

In our previous analyses of CO-associated hetDNA in a plasmid-based assay, 

there was always a hetDNA tract on each side of the initiating DSB, as predicted by the 

classic DSB repair model (Mitchel et al., 2010).  In the current study, however, 40% of 

CO events (8/19) had a GC tract that was confined to only one side of the DSB.  One 

explanation for the asymmetry observed here is that hetDNA tracts are often very short 

(only 100-200 bp) on one side of the initiating break and, therefore, undetectable.  Such 

asymmetry was not evident in the CO products that had a GC tract on both sides of the 

DSB or in our previous analysis of CO-associated hetDNA (Mitchel et al., 2010), but has 

been noted in meiotic studies (Jessop et al., 2005; Merker et al., 2003).  We suggest that 

the difference between the locations of mitotic hetDNA and GC tracts may reflect the 

mismatch correction process.  MMR-directed removal of the strand contributed by the 

broken molecule results in GC, while removal of the strand contributed by the repair 
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template yields a genetically silent restoration event.  Assuming that the 19 COs with 

detectable GC tracts initially had hetDNA that covered at least one SNP on each side of 

the initiating break (38 hetDNA tracts total), there were 30 GC and 8 restoration events 

among the events analyzed.  hetDNA repair is thus biased, but not completely so, during 

mitotic recombination and generates a GC event ~80% of the time.  An alternative 

explanation is that mismatch correction frequently failed to occur, with subsequent 

segregation of unrepaired hetDNA yielding apparent restoration as well as GC events.  It 

is interesting to note that among the eight COs with a GC tract on only one side of the 

DSB, seven had the tract on the right side of the break (p=0.08).  Although the number 

of events analyzed here was small, the asymmetry in GC position could reflect an 

invading-end bias coupled with biased repair of mismatches on the invading end versus 

the end captured by the D-loop. 

The GC tracts in most sectored colonies were consistent with continuous repair 

of hetDNA intermediates, but there also were discontinuous tracts (see Figure 19A).  In 

colony #19, for example, the GC tract on the left side of the DSB was interrupted by a 

tract of apparent restoration.  One explanation for such discontinuities is the occurrence 

of discontinuous/patchy MMR tracts.  As noted above, restoration could reflect either 

repair that removes the donor information or the complete absence of repair, with 

subsequent segregation of donor and recipient strands.  Alternatively, it is possible that 

frequent template switching occurs during DSB repair.  According to this model, the 

discontinuous pattern in CO #19 would be produced if the black homolog were initially 

invaded and used to prime DNA synthesis.  Following dismantling of the D-loop, the red 

sister chromatid would then be invaded by the displaced, extended strand and used as a 

template for additional DNA synthesis.  A final template switch back to the black 
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template would then give rise to the break-distal GC tract.  In addition to discontinuous 

GC tracts, there were four colonies that either contained GC tracts at the same position 

in both CO products or had a tract of restoration opposite a GC tract (#5, #10, #14 and 

#17).  We suggest that these events reflect branch migration of an HJ away from the site 

of the DSB, converting asymmetric hetDNA that is localized to only one of the interacting 

duplexes to symmetric hetDNA that covers the same SNPs on both duplexes.  Both 

patchy MMR and branch migration have been previously invoked to explain complex GC 

patterns among spontaneous CO events (St. Charles and Petes, 2013). 

3.4.5 Gene Conversion Tracts in NCO Products 

Figure 19B summarizes the positions and lengths of GC tracts associated with 

the DSB-induced NCO events.  Within all colonies examined, the black/YJM NCO 

chromosome, which lacked the I-SceI cut site, was unaltered; only the red/W303 NCO 

chromosome is shown.  The W303 NCO chromosome contained a GC tract in all but two 

of the sectored colonies (11 and 12).  The absence of a GC tract could reflect an uncut 

chromatid, a very small amount of strand exchange (less than ~200 bp), repair of the 

hetDNA intermediate as a restoration rather than a GC event, or segregation of 

unrepaired hetDNA.  To determine whether the parental chromatids had been broken 

and repaired without a residual GC footprint, we examined each for presence/absence of 

the I-SceI cleavage site.  In both cases, the I-SceI site was absent.  Thus, in all sectored 

colonies analyzed here, both sister chromatids were broken and repaired. 
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  Figure 19. GC tracts associated with CO and NCO repair products.      

Dotted red and black lines correspond to W303 and YJM chromosomes, respectively.  
Thick black and red lines are GC and restoration tracts, respectively, and are shown to 
scale. The vertical gray line indicates the position of the initiating DSB.  Events are 
arranged based on the total GC tract length, from smallest to largest. (A) CO 
chromosomes present in each sectored colony.  The total GC length was obtained by 
summing the lengths on each side of the DSB; symmetric tracts were considered a 
single tract for the length calculation.  (B)  GC tracts associated with the NCO event in 
each sectored colony are shown.  There were no changes to the black/YJM NCO 
chromosome, so only the repaired red/W303 chromosome is shown. 
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which is the pattern predicted by the SDSA pathway (see Figure 14).  The median length 

of the unidirectional GC tracts was 6.1 kb, while that of bidirectional GC tracts was 11.6 

kb.  As seen for CO-associated GC tracts, NCO-associated tracts were often patchy or 

discontinuous, with a tract of black, YJM-specific SNPs interrupted by a tract of red 

SNPs.  Such discontinuous tracts were present in 40% (7/18) of repaired NCO 

chromosomes. 

The equality between unidirectional and bidirectional GC tracts in the NCO 

events analyzed here is in striking contrast to the strong bias for unidirectional tracts 

reported previously in an ectopic system when hetDNA was monitored in the absence of 

the Mlh1 MMR protein (Guo et al., 2017).  There are three differences between the 

system used here to examine GC tracts and that used previously to characterize 

hetDNA tracts.  First, GC tracts were examined in an MMR-proficient background while 

hetDNA analysis requires that experiments be done in the absence of MMR.  Second, 

GC tracts were examined between allelic sequences with unlimited homology, whereas 

the ectopic assay involved 4-kb repeats (Guo et al., 2017).  Finally, GC tracts were 

examined in a diploid background while haploid strains were used to analyze hetDNA 

tracts.  The potential contribution of MMR to the different positions of GC versus hetDNA 

tracts was addressed by performing the ectopic experiments in an MMR-proficient 

background.  The ectopic system is shown in Figure 20A, and events were similarly 

initiated by I-SceI cleavage.  Whereas only 14/108 hetDNA tracts in the ectopic system 

were bidirectional in the absence of MLH1, 44/119 GC tracts were bidirectional in MMR-

proficient cells (p<0.001 by Chi-square; Figure 38). 
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Figure 20. Mismatch repair during SDSA. 

(A) The ectopic assay uses diverged, 4.3 kb lys2 repeats on chromosomes II and V.  
The full-length, recipient allele contains an intact I-SceI cleavage site and the truncated, 
donor allele contains a mutated site; the I-SceI gene was fused to pGAL and integrated 
at HIS3.  Following galactose induction of I-SceI, repair of the broken allele produces a 
selectable, Lys+ phenotype.  SDSA is inferred when the repaired allele contains a 
hetDNA tract (cross-hatched region) on only one side of the DSB and the donor allele is 
unchanged.  hetDNA- and GC-tract positions were determined by sequencing products 
obtained in an MMR-defective (mlh1Δ) or wild-type background, respectively.  (B) 
Products predicted from SDSA-mediated repair are illustrated.  Strands of the broken, 
recipient allele are red and those of the donor allele are black.  hetDNA is in yellow 
boxes and GC tracts resulting from hetDNA repair are in gray boxes.  If MMR occurs 
only after repair is complete, GC will be confined to one side of the initiating DSB (left 
side).  If MMR can occur before the D-loop is dismantled, however, then there will a GC 
tract that spans the DSB (right side). 
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In the ectopic assay, there are two possible explanations for the shift from 

unidirectional hetDNA tracts in the absence of MMR to bidirectional GC tracts in the 

presence of MMR.  First, it is possible that the MMR system alters the underlying 

mechanism of DSB repair.  In this scenario, there would be an MMR-dependent shift 

from single-end engagement of the donor (unidirectional hetDNA tracts) to engagement 

of the donor by both DNA ends (bidirectional GC tracts).  Engagement by both DNA 

ends would lead either to formation of a fully-ligated double HJ-containing intermediate 

resolved by dissolution, or to a double-SDSA event.  An alternative explanation is that 

the relative contribution of SDSA to NCOs remains the same in the presence and 

absence of MMR, but that the mismatches created by strand invasion are repaired prior 

to the dismantling of the D-loop intermediate (Figure 20B).  The footprint of hetDNA 

created by strand invasion would thus persist as a GC event after D-loop collapse, rather 

than being permanently erased.  With regard to the current analysis, we note that loss of 

Mlh1 prevents only the processing of mismatches; mismatches within hetDNA will still be 

recognized and bound by MutS-like complexes. 

3.5 Discussion  

The genetic system used here detects reciprocal LOH for a SUP4-o marker near 

the right end of chromosome IV, which results in a red-white sectored colony.  Prior 

analyses of GC tracts associated with spontaneous LOH events were consistent with 

DSB-initiated recombination, and the prevalence of 4:0 GC tracts indicated that most 

breaks occurred in the G1 phase of the cell cycle (St. Charles and Petes, 2013).  

Replication of a broken chromosome yields sister chromatids broken at the same 

position, with one sister repaired as a CO event and the other as a NCO.  Limitations 

associated with the analysis of spontaneous events were that, with one exception (Tang 
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et al., 2013), the positions of the initiating lesions within GC tracts were unknown, and 

the basic parameters of GC tracts represented a compilation of events initiated at 

multiple sites.  In addition, GC tracts within a given sector were considered jointly rather 

than as tracts associated with independent CO- and NCO-type repair events.  To 

examine GC tracts initiated by a site-specific DSB, we inserted an I-SceI cleavage site 

into one of the chromosome IV homologs used in the spontaneous LOH assay.  Twenty 

sectored colonies isolated following I-SceI induction were analyzed by SNP microarrays, 

and each reflected the repair of two broken chromosomes or chromatids: one repaired 

as a CO event and the other as a NCO.  Segregation of the CO and NCO chromosomes 

into meiotic products allowed the GC tract(s) associated with each repair type to be 

analyzed separately as well as jointly.  In the discussion that follows, we compare GC 

tracts associated with DSB-induced LOH events to those previously described for 

spontaneous LOH events.  In addition, the GC tracts associated with NCO- versus CO-

type repair events that initiate at a common site are compared and are discussed in 

relation to current models of DSB repair. 

Following the introduction of a targeted DSB, the red-white sectoring frequency 

was approximately 100-fold greater than the spontaneous frequency, which reflects 

random initiation across an ~1Mb region.  The positions of GC tracts in all red-white 

colonies analyzed were consistent with initiation by I-SceI cleavage and in all cases, 

both chromosomes or chromatids were broken.  Our analyses cannot distinguish 

chromosome cleavage in G1, followed by replication of the broken chromosome, from 

independent cleavage of sister chromatids in G2.  In the prior study of spontaneous LOH 

events on chromosome IV, there were four GC patterns consistent with single-chromatid 

breakage in G2 (St. Charles and Petes, 2013), and it is noteworthy that two of these G2 
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patterns were detected among the DSB-induced events examined here.  The 

observance of a G2 initiation pattern in a context where we know that both 

chromosomes/chromatids were broken suggests that many, if not most, of the ~25% of 

spontaneous events attributed to initiation in G2 may also have been G1-initiated events.  

Given that the sister chromatid is strongly preferred over the homolog as the repair 

template (Kadyk and Hartwell, 1992; Zhao et al., 2017), G2-initiated events may rarely, if 

ever, give rise to LOH. 

The total GC tract length within the sectored colonies, which corresponds to the 

region spanned when CO and NCO products are jointly considered, ranged from 7.3 to 

32.3 kb, with a median length of 12.9 kb (Figure 17).  This length is very similar to the 

previous estimate of 14.8 kb for spontaneous, G1-initiated GC tracts (St. Charles and 

Petes, 2013).  For 90 spontaneous events with a GC pattern consistent with initiation in 

G1, 7 contained a single 4:0 tract, 45 had a simple hybrid 4:0/3:1 or 3:1/4:0/3:1 tract, and 

38 had a more complex GC pattern.  Although the sample size of DSB-induced events is 

much smaller in the current analysis, 14/17 DSB-associated tracts with the G1-initiation 

pattern were classified as complex.  This proportion is much larger than reported for 

spontaneous events (p=0.003) and may partially reflect the very short distance between 

the targeted DSB and flanking SNP heterozygosities (114 and 218 bp, respectively, on 

the left and right sides of the DSB).  Not surprisingly, the perceived complexity was 

reduced when the CO and NCO events within a given sectored colony were analyzed 

separately (Figure 19). 

Current models of DSB repair make specific predictions about where hetDNA 

should be located relative to the initiating break (see Figure 14).  We previously mapped 

hetDNA in the NCO and CO products obtained following repair of a linearized plasmid 
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(Mitchel et al., 2010), as well as in DSB-induced NCO events generated in an ectopic, 

chromosomal assay (Guo et al., 2017).  In both systems, experiments were done in the 

absence of the Mlh1 MMR protein in order to preserve mismatches that define the 

extent/position of hetDNA.  hetDNA tracts associated with CO events in the plasmid-

based assay were located on each side of the initiating break (bidirectional tracts) as 

predicted by the classic model of DSB repair.  Each CO product contained hetDNA on 

one side of the initiating DSB, and the hetDNA tracts in the CO products were on 

opposite sides of the break (Mitchel et al., 2010).  In an MMR-proficient background, the 

repair of such bidirectional hetDNA is expected to produce a bidirectional GC tract that 

spans the DSB in the reciprocal repair products (Figure 14).  Among the COs examined 

here, however, only 11/19 contained a bidirectional GC tract (Figure 19A).  We suggest 

that the reduction in CO-associated, bidirectional GC tracts in the allelic assay relative to 

bidirectional hetDNA tracts observed in the plasmid assay reflects either restoration-type 

repair and/or the segregation of unrepaired hetDNA.  In either case, the data suggest 

that hetDNA tracts on opposite sides of the initiating break are independently repaired, 

which is consistent with previous data (Weng and Nickoloff, 1998).  If the unidirectional 

GC tracts are solely the result of repair, then the estimated frequency of restoration is 

~20%. 

For NCO events examined previously in the plasmid and ectopic assays, all 

hetDNA was confined to the broken molecule, suggesting little, if any production of 

NCOs via HJ cleavage (Guo et al., 2017; Mitchel et al., 2010).  Furthermore, 80-90% of 

hetDNA in the repaired allele was confined to a single side of the initiating DSB, 

consistent with most repair occurring via the SDSA pathway.  When the MMR machinery 

is intact, NCOs that arise via the SDSA pathway are expected to have a GC tract on only 
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one side of the initiating DSB, and this has been observed in plasmid-based assays 

(Mitchel et al., 2010; Sweetser et al., 1994).  Although NCO events produced by HJ 

cleavage or dissolution are associated with distinctive hetDNA positions, they are 

expected to be identical in terms of GC tracts.  GC tracts are thus generally less 

informative with regard to the underlying molecular mechanism than are hetDNA tracts 

(see Figure 14). 

Based on our prior analysis of hetDNA and GC tracts in a plasmid-based assay 

(Mitchel et al., 2010), we anticipated that most allelic NCOs in the LOH assay would 

reflect SDSA and hence would have a GC tract on only one side of the initiating DSB.  

Among the NCO events with GC tracts, however, 50% (9/18) had a GC tract on each 

side of the DSB (Figure 19B).  In an earlier report, at least 75% of allelic GC tracts 

spanned the initiating DSB (Palmer et al., 2003).  If one assumes that SDSA is the 

predominant NCO mechanism, one explanation for the frequent bidirectional GC tracts is 

correction of hetDNA created by strand invasion prior to disassembly of the D-loop 

intermediate (Figure 20B; (Weng and Nickoloff, 1998).  In the absence of MMR the 

footprint of the hetDNA created by strand invasion will be permanently lost upon D-loop 

collapse.  To examine this possibility, we determined the positions of DSB-induced 

hetDNA and GC tracts in an ectopic assay by performing experiments in absence and 

presence of Mlh1, respectively.  Whereas only 13% of hetDNA tracts were bidirectional 

in the absence of MMR, 37% of the GC tracts in the ectopic assay were bidirectional in 

the presence of MMR.  This shift is consistent with the MMR-dependent preservation of 

a transient hetDNA footprint that is formed on the invading side of a DSB during SDSA.  

Despite the differences in the ectopic and allelic assays, the proportion of bidirectional 

GC tracts in the ectopic (44/119) and allelic (9/18) systems were similar (p=0.31 by 
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Fisher Exact) when experiments were done an MMR-proficient background.  An 

alternative explanation for more bidirectional events in the presence than in the absence 

of MMR is that the MMR system alters the mechanism of DSB repair so that there are 

proportionally more events that reflect two-end engagement of the donor.  The reason 

for the agreement between hetDNA and GC tract positions in the plasmid-based assay 

(Mitchel et al., 2010) is unclear, but may be related to the very small length of substrate 

homology (~800 bp).  The stability of the initiating D-loop is likely related to the extent of 

hetDNA formed upon strand invasion, and this is limited in the plasmid assay.  A more 

unstable D-loop may, in turn, be dismantled before hetDNA repair can occur. 

In the LOH assay it should be noted that the proportions of gene conversion 

tracts on one versus both sides of the initiating DSB were indistinguishable for NCO and 

CO events (Figure 19).  In addition, the median sizes of GC tracts associated with CO 

and NCO events were the same (10.8 and 9.7 kb, respectively).  These similarities may 

be coincidental, but also are suggestive of a common mechanism/intermediate.  This 

raises the possibility that NCOs as well as COs are generated via HJ cleavage in the 

LOH system.  It is possible, for example, that the SDSA mechanism only becomes a 

significant contributor to NCOs when homology between the recombination substrates is 

limited, as in an ectopic or plasmid-based assay.  This could occur, for example, if D-

loop stability is inversely related to the length of hetDNA that forms during the initiating 

strand invasion event.  hetDNA formation will be limited by the extent of homology 

present in the plasmid-based and ectopic assays, whereas there is no limitation in the 

allelic, LOH assay.  Indeed, in the ectopic assay where NCO-associated hetDNA was 

examined, the available homology was 4.3 kb (Guo et al., 2017), which is only one-half 

the median length of NCO-associated GC tracts in the LOH assay.  Determining whether 
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the mechanism of NCO production is related to the extent of available homology will 

require an examination of hetDNA relative to the initiating break in the LOH assay. 

For both the CO and NCO events analyzed in the LOH assay, a significant fraction of 

events was more complex than predicted by current DSB repair models.  This 

complexity included the interspersion of restoration/unrepaired tracts and GC tracts 

(~25% of CO and NCO events) and the occurrence of symmetric GC/restoration tracts 

(~20% of CO events).  The former could reflect patchy MMR and/or template switching. 

Additionally, hetDNA complexity has been observed in studies of meiotic recombination 

(Martini et al., 2011).  Overall, however, the molecular analyses of mitotic and meiotic 

products of recombination are generally consistent with current DSB repair models.  

Given the high conservation of recombination mechanisms, the results reported here are 

likely relevant to LOH in mammalian cells, which is an important contributor to tumor-

suppressor loss and cancer development. 
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Chapter 4. Heteroduplex DNA Patterns Associated With 
Spontaneous Mitotic Crossovers in Yeast Suggest Most 
Initiate With a Double-strand Break 

4.1 Summary 

Mitotic recombination can result in loss of heterozygosity and gross chromosomal 

rearrangements, both of which shape genome structure and are associated with human 

disease.  Although double-strand breaks (DSBs) are a potent initiator of mitotic 

recombination, whether the major initiating lesion for spontaneous events is the 

breakage of both DNA strands or only a single strand remains unclear.  The interaction 

of DNA strands between a broken molecule and its repair template produces 

heteroduplex DNA (hetDNA) that is predicted to differ depending on whether one or both 

DNA strands are broken.  In the current study, a crossover-specific chromosomal assay 

was used to compare hetDNA profiles associated with DSB-induced versus 

spontaneous recombination events in yeast.  We confirmed the predicted hetDNA 

pattern among DSB-induced crossovers: a switch in hetDNA position from one product 

to the other at the position of the DSB.  There was a high level of additional complexity, 

however, suggestive of frequent gap expansion, migration of strand-exchange junctions, 

and template switching during the gap-filling steps of recombination.  hetDNA patterns in 

spontaneous crossovers isolated in either a wild-type background or in a background 

with elevated levels of reactive oxygen species (tsa1Δ mutant) were similar to those 

associated with the DSB-induced events.  The similar molecular structures of DSB-

induced and spontaneous crossovers suggest that DSBs are the major instigator of 

spontaneous mitotic recombination in yeast. 
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4.2 Introduction  

DNA is constantly assaulted by endogenous damaging agents and maintenance 

of its integrity is essential for the stable inheritance of genetic material.  Double-strand 

breaks (DSBs), which disrupt both DNA strands, are especially toxic lesions whose 

repair can result in local sequence changes as well as structural alternations.  DSBs can 

be repaired by homologous recombination (HR), which utilizes an intact duplex as a 

repair template and is considered an error-free repair mechanism.  Alternatively, DSBs 

can be repaired by the nonhomologous end joining pathway (NHEJ), which directly 

processes and ligates the broken ends and is error prone relative to HR (Symington and 

Gautier, 2011). Single-strand breaks (SSBs), such as nicks and gaps, affect only one 

strand of the DNA duplex and are natural intermediates during lagging-strand replication 

and DNA excision-repair pathways, as well as during the topoisomerase-mediated relief 

of DNA torsional stress.  SSBs are orders of magnitude more abundant than DSBs, 

arising at an estimated frequency of 104 per cell per day (Caldecott, 2008). 

Spontaneous recombination repairs random DNA strand breaks that occur during 

normal cellular metabolism and growth, and DSBs are widely assumed to be the major 

initiator.  This assumption partially reflects the facts that Spo11- and HO-generated 

DSBs in Saccharomyces cerevisiae are physiological triggers for meiotic recombination 

and mitotic mating-type switching, respectively (Haber, 2012; Keeney, 2008).  In 

addition, DSBs stimulate the integration of transforming DNA (Orr-Weaver et al., 1981) 

and targeted HO or I-SceI DSBs efficiently induce chromosomal HR (Haber, 2000).  

Before being supplanted by current DSB-centric HR models (Szostak et al., 1983), 

however, the early Holliday and Meselson-Radding models proposed that recombination 

is initiated by a nick (Holliday, 1964; Meselson and Radding, 1975; Radding, 1982).  
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There is no doubt that induced DSBs are repaired by HR, and there have been parallel 

attempts to assess the recombination potential of targeted nicks. Experimental support 

for nick-stimulated HR in yeast was generated using sequence-specific nicks introduced 

by gene II of bacteriophage f1 (Galli and Schiestl, 1998; Strathern et al., 1991), and in 

mammalian cells using RAG mutant proteins that produce nicks rather than DSBs.  (Lee 

et al., 2004).  In addition, single-strand gaps have been shown to trigger immunoglobulin 

gene conversion in the chicken DT40 B cell line (Nakahara et al., 2009).  Because SSBs 

can be converted into DSBs during replication, however, whether nicks/gap are the 

direct trigger of HR or whether they must first be converted into a DSB is an unresolved 

issue.  In the specific context of replication, however, a recombination-based template 

switch to the sister chromatid is an important, error-free gap-filling mechanism for 

bypassing replication-blocking lesions (Ma et al., 2013; Michel et al., 2007).  Finally, it 

has been argued that lesions other than DSBs (presumably SSBs) are the major initiator 

of spontaneous mitotic HR in yeast.  Specifically, a class of rad52 mutants was identified 

that cannot repair ionizing radiation-induced damage and yet are proficient for 

spontaneous HR (Lettier et al., 2006).  There recently has been renewed interest in the 

recombinogenic potential of SSBs in genome editing because these lesions are not 

substrates for error-prone NHEJ, rendering them less mutagenic than DSBs (Davis and 

Maizels, 2014; Ramirez et al., 2012; Vriend et al., 2016).  Indeed, recent studies using 

yeast and mammalian cells have demonstrated that SSBs generated by I-SceI, I-AniI or 

CRISPR/CAS9D10A nickase variant can be directly repaired using single-stranded DNA 

(Davis and Maizels, 2011; Katz et al., 2014; Vriend et al., 2016). 

In aerobic cells, oxygen metabolism produces reactive oxygen species (ROS) 

that are a significant source of spontaneous DNA lesions (Cox, 2001).  To counteract the 
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deleterious effects of ROS, cells have evolved multiple ROS-scavenging mechanisms.  

The yeast TSA1 gene and its human counterpart, for example, encode a key 

peroxiredoxin that scavenges endogenously produced hydrogen peroxide (Park et al., 

2000).  In yeast, deletion of TSA1 is associated with elevated mutagenesis as well as 

genome rearrangements (Huang et al., 2003; Wong et al., 2004).  Furthermore, TSA1 

loss is synthetic lethal with that of genes whose products are required for mitotic 

recombination (Huang and Kolodner, 2005; Pan et al., 2006), emphasizing the critical 

importance of HR in the repair of oxidative damage-induced DNA strand breaks.  The 

precise nature of the damage that triggers ROS-initiated HR is not known, although 

hydrogen peroxide has been estimated to produce three orders of magnitude more 

SSBs than DSBs (Bradley and Kohn, 1979).  In addition, whether the pathological DNA 

strand breaks that initiate spontaneous HR are the same in cells with proficient versus 

defective in ROS-scavenging ability is not known. 

Given the physiological prevalence of SSBs in vivo, determining whether they are 

direct initiators of most spontaneous HR remains an important and unresolved question.  

In the current study, we used a novel approach that monitors strand-exchange 

intermediates to address this issue.  Heteroduplex DNA (hetDNA) is a key recombination 

intermediate formed by the pairing of single strands from different duplexes, and its 

disposition in recombination products is expected to differ depending on whether an 

event initiates with a DSB or an SSB.  Using a chromosomal system that specifically 

detects crossover (CO) outcomes following repair of a defined DSB, we confirmed the 

predicted hetDNA pattern.  The presence of a similar hetDNA pattern among 

spontaneous COs isolated in either a wild-type or a tsa1Δ background is consistent with 

DSBs as the major type of strand break that initiates spontaneous mitotic HR in yeast. 
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4.3 Materials and Methods 

4.3.1 Yeast Strain Constructions 

A complete strain list is presented in Table 6. All haploid strains were derived 

from MC42-2d (=SJR3659) and HLK1042-1c (=SJR3782), both of which are RAD5 

CAN1 derivatives of W303 (rad5-535 leu2-3,112 his3-11,15 ura3-1 ade2-1 trp1-1 can1-

100 (Thomas and Rothstein, 1989a) constructed by transformation (Craven et al., 2002).  

Two types of strains were used in this study. The first was used to detect DSB-induced 

CO events and contained three components: an I-SceI-cleavable, 5ʹ-truncated lys2 allele 

(kanMX-lys2Δ5ʹ::ade2,I-SceI) at the endogenous LYS2 locus on chromosome II; a 3ʹ-

truncated lys2 gene containing a mutated, non-cleavable I-SceI site (can1::lys2Δ3ʹ-

98%,I-SceInc) located at the CAN1 locus on chromosome V; and a galactose-inducible 

I-SceI gene replacing the endogenous HIS3 gene (his3Δ::hph-pGAL-I-SceI) on 

chromosome XV.  The second type of strain lacked the galactose-inducible I-SceI gene 

and contained only the 5ʹ- and 3ʹ-truncated lys2 alleles, allowing detection of 

spontaneous CO events. 

The kanMX-lys2Δ5ʹ::ade2,I-SceI allele (hereafter referred to as lys2Δ5ʹ) was 

constructed by modifying the intact lys2 allele of strain SJR3714 (Guo et al., 2017). In 

SJR3714, an I-SceI recognition site was inserted ~ 400 bp from the start codon of LYS2.  

We first increased the potential homology between recombination substrates so that it 

extended ~2 kb upstream of the I-SceI cut site.  This was done by inserting a segment 

containing nt 7-1710 of the ADE2 gene (amplified from pRS402; Brachmann et al., 1998) 

immediately upstream of the I-SceI cut site using the delitto perfetto method (Storici and 

Resnick, 2006).  The endogenous LYS2 promoter and the first 100 bp of the LYS2 

reading frame were then replaced with the kanamycin-resistance marker from pFA6a-
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kanMX6 (Longtine et al., 1998), resulting in haploid strain SJR4533. 

The 4.5 kb lys2Δ3ʹ-98%,ade2,I-SceInc allele (hereafter referred to as lys2Δ3ʹ) 

was synthesized by Life Technologies and contained 82 silent SNPs at approximately 

50-bp intervals.  The synthesized lys2Δ3ʹ allele was truncated at nt position 2428 of the 

LYS2 open reading frame and included the endogenous LYS2 promoter as well as the 

ADE2 insertion and a noncleavable I-SceI cut site (I-SceInc) at the same position as in 

the lys2Δ5ʹ allele.  A PvuII-digested fragment containing the lys2Δ3ʹ allele was cloned 

into MscI-digested pSR797 to generate pSR1132, which has the lys2Δ3ʹ allele inserted 

in CAN1 sequence.  pSR797 contains nt 20-1141 of the CAN1 open reading frame (Guo 

et al., 2017).  Because the lys2Δ5ʹ allele contained most of the ADE2 sequence, 

intermediate strain SJR4277 was created by replacing the endogenous ADE2 gene of 

SJR3782 with a loxP-TRP1-loxP cassette from plasmid pSR954 [kanamycin-resistance 

marker of pUG6 (Guldener et al., 1996) replaced with TRP1 from pFA6-TRP1 (Longtine 

et al., 1998)].  AflII/XcmI-digested pSR1132 was then used to transform SJR4277, 

yielding SJR4468.  Strain SJR4304, a SJR3714 derivative containing a galactose-

inducible I-SceI gene (amplified from pGSHU; Storici et al., 2003) and an MLH1 deletion 

(mlh1Δ::loxP-TRP1-loxP), was then mated with SJR4468 to generate strain SJR4469 

that contained the lys2Δ3ʹ allele, galactose-regulated I-SceI and deletions of ADE2 and 

MLH1.  

Haploid strains with all three components for the CO-specific systems (SJR4608) 

or with only the lys2Δ5ʹ and lys2Δ3ʹ alleles (SJR4534, SJR4536, and SJR4606) were 

created by mating SJR4469 and SJR4533.  A TSA1 deletion was created by one-step 

replacement of one copy of TSA1 in diploid strain SJR4614 with a tsa1Δ::loxP-URA3Kl-

loxP PCR fragment (from pUG72; Gueldener et al., 2002), generating SJR4627.  
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SJR4614, which was created by mating SJR4536 and SJR4606, contained the lys2Δ5ʹ 

and lys2Δ3ʹ alleles and was heterozygous at the MLH1 locus.  The diploid SJR4627 was 

sporulated and dissected to obtain the tsa1Δ mlh1Δ haploid strains SJR4672 (MLH1) 

and SJR4674 (mlh1Δ) for detection of spontaneous COs. 

4.3.2 Media and Growth Conditions 

All growth was at 30°C.  Except for experiments involving galactose induction, 

cells were grown nonselectively in YEPD (1% Bacto-yeast extract, 2% peptone, 2% 

dextrose; 1.5% agar for plates) supplemented with 500 µg/ml adenine hemisulfate.  For 

galactose induction of I-SceI, cells were pre-grown in YEPR (1% Bacto-yeast extract, 

2% peptone, 2% raffinose) prior to addition of an appropriate amount of galactose. 

Unless otherwise noted, selective growth was on synthetic complete (SC) medium 

lacking lysine and containing 2% dextrose as a carbon source. 

4.3.3 I-SceI Induction and Recovery of DSB-induced COs 

Prior to galactose induction of I-SceI, individual YEPR liquid cultures were 

inoculated with 2-day old yeast colonies (SJR4608) and grown overnight.  Following 

overnight expansion, individual cultures were diluted to an optical density (O.D.) of 0.2 

with fresh YEPR liquid medium and split into two parallel cultures.  To ensure 

experiments were performed in exponentially growing cultures, the diluted cultures were 

re-grown to an O.D. of 0.8-1 before galactose addition (final concentration of 0.1%) to 

one of each culture pair.  As previously determined, galactose induction with 0.1% 

galactose for 45 minutes generally resulted in cleavage of only one sister chromatid in 

exponentially growing cells (Guo et al., 2017).  Following exposure to galactose, cells 

from each culture pair were diluted appropriately and plated on dextrose-containing SC-

lys plates.  After three days of growth, randomly selected Lys+ colonies were directly 
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inoculated into SC-lys medium in 96-well microtiter plates.  Genomic DNA was extracted 

after ~24-hour growth and used for PCR amplification for hetDNA analysis (see below).  

The hetDNA profiles obtained were based on 166 independent colonies from two 

independent inductions. 

4.3.4 Spontaneous CO Rates and Recovery of Spontaneous COs 

To compare spontaneous CO rates between TSA1 (SJR4606) and tsa1Δ 

(SJR4672) strains, individual YEPD cultures were inoculated with approximately 5000 

cells from independent colonies. Cultures were grown at 30°C until saturated. 

Appropriate dilutions of saturated cultures were plated on YEPD to determine the total 

number of viable cells and on SC-lys with dextrose to determine the number of Lys+ 

colonies. Spontaneous CO rates were calculated using the method of the median (Lea 

and Coulson 1949) and the associated 95% confidence intervals were determined as 

previously described (Spell and Jinks-Robertson, 2004).  Spontaneous CO rates in WT 

and tsa1Δ were determined based on three independent experiments, with 12 

independent cultures per experiment. 

Spontaneous COs from TSA1 (SJR4534) and tsa1Δ (SJR4674) strains were 

collected for hetDNA analyses in the absence of MLH1.  hetDNA profiles were obtained 

from Lys+ colonies from two independent experiments.  For each experiment, YEPD 

cultures inoculated with independent colonies were expanded overnight to saturation.  

Because spontaneous lesions are infrequent and arise randomly during normal growth, 

cells were plated as follows to ensure recovery of independent spontaneous events and 

preservation of the hetDNA footprint within Lys+ colonies.  First, cells were diluted and 

spotted on a nonselective agar plate using a prong with a hundred flat-tipped pins such 

that approximately 105 cells/pin were transferred.  Each spot corresponding to a mini 
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culture, allowing parallel, high-throughput identification of spontaneous COs.  Only a 

small number of cells was initially transferred to nonselective medium to prevent seeding 

of pre-existing HR events.  The absence of Lys+ recombinants was confirmed by 

simultaneous spotting of directly onto selective medium.  Cells on the nonselective 

medium were grown overnight to allow accumulation of spontaneous HR events and 

then were replica-plated to selective SC-lys medium. After replica plating, spontaneous 

CO events occurring during non-selective growth were identified as Lys+ colonies. 

4.3.4 hetDNA Analysis 

hetDNA profiles were determined using SMRT sequencing as previously 

described (Guo et al., 2017) with some modifications.  To obtain a complete hetDNA 

profile for each event, each CO product (~4 kb) was amplified as a single fragment from 

genomic DNA extracted from unpurified Lys+ colonies.  Briefly, using high fidelity 

Phusion polymerase (New England Biolabs), each CO product was separately amplified 

using barcoded primers.  Unique 16-nt PacBio barcodes were anchored to “universal” 

forward and reverse primer pairs specific for the LYS2 and lys2Δ5ʹΔ3ʹ products. The list 

of PacBio barcodes is available at https://github.com/PacificBiosciences/Bioinformatics-

Training/blob/master/barcoding/pacbio_384_barcodes.fasta.  Each barcoded primer pair 

used to amplify the LYS2 product was linked to forward (5ʹ 

CTTTTTACGCCCACAACAAGAACC) and reverse (5ʹ 

GCTTGGGAGTTGGGAATTGAAGTT) universal sequences.  The forward and reverse 

universal sequences for amplification of the lys2Δ5ʹΔ3ʹ product were 5ʹ-

ACGAGCTCGAATTCATCGATGATA and 5ʹ-TCACTTTTGCCCTGGAACTTAGTG, 

respectively. ImageJ (https://imagej.nih.gov/ij/) was used to determine amplicon 

concentrations and equivalent amounts of individual barcoded amplicons were pooled 
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for SMRT library construction and sequencing.  Barcoded libraries were sequenced 

using at Duke Center for Genomic and Computational Biology using the PacBio RSII 

system. 

Following sequencing, barcoded recombinants were sorted using an in-house 

pipeline previously described (Guo et al., 2015).  The reference sequences of the 

lys2Δ5ʹ and lys2Δ3ʹ substrates used for circular consensus sequence (CCS) read 

alignment and variant calling are in Figure 39.  Because recombinants were isolated in 

mlh1Δ strains, hetDNA was detected as region of mismatched SNPs contributed by the 

two parent alleles (lys2Δ5ʹ and lys2Δ3ʹ).  To ensure accurate hetDNA determination, 

only recombinants with >50 CCS reads were considered.  For each recombinant, distinct 

CCS species were sorted based on identical SNP profiles. Major criteria employed for 

hetDNA calling were i) hetDNA for a barcoded sample was scored only if the sample 

contained two distinct CCS species, and ii) samples with more than two major distinct 

CCS species were regarded as spurious and were eliminated from hetDNA analyses. 

4.4 Results 

4.4.1 Different hetDNA Patterns Are Predicted for DSB- versus Nick/gap-
initiated CO Events 

The goals of the current work were (1) to define hetDNA patterns associated with 

DSB-induced CO events and (2) to use the DSB-associated hetDNA patterns to infer 

whether spontaneous- and ROS-initiated CO events are most often initiated by DSBs or 

by single-strand nicks/gaps.  Figure 21A presents the formation of CO events via the 

classic model of DSB repair, which initiates when the 5ʹ ends of the break are resected 

to generate single-stranded 3ʹ tails that conduct a homology search.  Invasion of a 

homologous duplex by a 3ʹ tail creates a region of heteroduplex DNA (hetDNA) in which 
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the invading strand is paired with the complementary strand and the identical strand is 

displaced as a D-loop.  Extension from the invading 3ʹ tail enlarges the D-loop (or the D-

loop migrates with the extending end), enabling capture of the 3ʹ tail on the other side of 

the DSB to generate a second tract of hetDNA.  Following the filling of gaps that reflect 

the initial 5ʹ-end resection, the hetDNA regions are flanked by two Holliday junctions 

(HJs).  The hetDNA present in this intermediate is defined as “asymmetric” because, at a 

given location, it is present in only one of the interacting substrates.  Following HJ 

resolution by cleavage/ligation reactions, each CO product contains a single hetDNA 

tract and these are on opposing sides of initiating break.  We will refer to this specific 

hetDNA pattern as “two-sided” asymmetric hetDNA.  We previously demonstrated that 

most DSB-initiated crossovers (COs) in a plasmid-chromosome assay have the 

distinctive two-sided hetDNA pattern predicted by resolution of HJ-containing 

intermediates (Mitchel et al., 2010). 

Although the precise pattern of hetDNA associated with nick/gap-initiated COs 

cannot be predicted with certainty, it nevertheless is expected to differ from the two-

sided assymetric pattern predicted for DSB-initiated events (reviewed by Vriend and 

Krawczyk, 2017).  For example, in the early Meselson-Radding model (Meselson and 

Radding, 1975), DNA synthesis from the 3ʹ end of the nick displaces the 5’ end, which 

then invades the donor duplex to form a single tract of hetDNA (one-sided, asymmetric 

hetDNA; Figure 21B).  Following resolution of the resulting HJ, asymmetric hetDNA is 

predicted to be present in only one of the CO products.  When the nick is expanded into 

a single-strand gap by an exonuclease (Figure 21C), each product is expected to have a 

hetDNA tract at exactly the same position (“symmetric” hetDNA) and only one product to 

additionally contain a tract of asymmetric hetDNA.  Although a tract of symmetric 
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hetDNA can be generated in the DSB repair model if an HJ migrates away from the 

initiating break, the very distinctive two-sided hetDNA pattern that flanks the break still 

persists. 

 

   Figure 21. hetDNA patterns predicted for DSB- versus SSN/gap-induced COs. 

Solid red and black lines represent the strands of broken and intact chromosomes, 
respectively.  The vertical black line indicates the position of the initiating break and 
arrowheads indicate 3ʹ ends.  Dotted lines correspond to nascent DNA, with the color 
corresponding to that of the template.  hetDNA is boxed in yellow and HJ cleavage sites 
as blue triangles.  (A) In the classic Szostak et al. (1983) model, 5ʹ to 3ʹ resection of 
each end generates single-strand 3ʹ tails, one of which invades the donor duplex to a D-
loop and a region of hetDNA.  DNA synthesis primed from the invading 3ʹ terminus 
enlarges the D-loop until it anneals to the other side of the DSB (2nd-end capture), 
generating a second hetDNA tract and HJ.  Gaps resulting from the initial 5ʹ-end 
resection are filled prior to random cleavage of the HJs by resolvases.  There is a 
hetDNA tract upstream of the DSB in one CO product and a hetDNA tract downstream 
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of the DSB, which we refer to as two-sided asymmetric hetDNA.  (B) In the Meselson-
Radding model (1975), DNA extension from the 3ʹ end of a nick displaces a 5ʹ flap that 
invades the donor duplex to form a D-loop and a single region of hetDNA.  The D-loop is 
degraded, leading to formation of a single HJ.  Following cleavage of the HJ, there is a 
single, asymmetric hetDNA tract within what was originally donor sequence.  (C) A SSN 
can be expanded into a gap by an exonuclease, with subsequent formation of adjacent 
regions of symmetric and asymmetric hetDNA that are bounded by HJs.  This hetDNA 
pattern persists following HJ resolution. 
 

4.4.2 Mapping hetDNA Using a CO-specific Chromosomal System 

We previously described an ectopic recombination assay that allows 

characterization of hetDNA tracts associated with the repair of an I-SceI generated DSB 

in a mutated lys2 allele (Guo et al., 2017).  In this system, repair of the DSB introduces 4 

bp at the cleavage site, which restores the correct reading frame of the LYS2 gene and 

prevents further cutting by I-SceI.  Because both DNA strands are broken and are 

repaired to prototrophy, both strands (and the associated hetDNA, which is resolved by 

replication) are represented in the resulting Lys+ colony.  In the case of spontaneous 

events, the position of an initiating lesion will be random with respect to the 4 bp required 

to restore prototrophy, and most likely would be acquired as part of hetDNA.  Because 

only the daughter cell that inherits the donor strand of the hetDNA will divide on selective 

medium, the hetDNA signal will be absent in the resulting Lys+ colony.  The loss of the 

hetDNA footprint in spontaneous events would occur regardless of whether 

recombination initiates with a DSB or a single-strand nick/gap.  The only exception 

would be if the initiating lesion were expanded into a double-strand gap that spans the 

donor region required for prototrophy.  To circumvent the limitation imposed by our 

previous and other standard recombination assays, a CO-specific system was 

developed.  The primary question addressed was whether spontaneous COs have 

hetDNA patterns similar to those of DSB-induced events, or whether spontaneous 
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events are distinctly different.  As in prior studies (Guo et al., 2017; Mitchel et al., 2010), 

recombinants were isolated in an MMR-deficient, mlh1Δ background in order to preserve 

the associated hetDNA footprint. 

In the CO-specific system, only the reciprocal exchange of strands flanking the 

initiating event are required for prototrophy, and there no accompanying constraints on 

either the position or the extent of associated hetDNA.  As illustrated in Figure 22, this 

system is comprised of truncated lys2 alleles that share ~4.1 kb of total homology and 

are on different chromosomes.  One recombination substrate was at the LYS2 locus on 

chromosome II; it was truncated at its the 5ʹ end (lys2Δ5ʹ allele) and contained an in-

frame I-SceI cut site.  The repair template was on chromosome V and was truncated at 

its 3ʹ end (lys2Δ3ʹ).  The donor allele additionally contained an I-SceI cut site inactivated 

by a 6-bp insertion, thereby maintaining the correct reading frame of the gene.  The 

lys2Δ3ʹ allele additionally contained 82 single nucleotide polymorphisms (SNPs) 

engineered at ~ 50 bp intervals (Figure 23A and Figure 39) to allow hetDNA detection.  

A CO event in this system produces a selectable, full-length allele and a mutant, doubly 

truncated allele.  Because the alleles are on different chromosomes in a haploid strain, 

co-segregation of the reciprocal translocation products is required for colony growth and 

both products thus can be analyzed.  Finally, the strain contained a galactose inducible 

I-SceI gene to introduce a defined DSB, or no I-SceI to allow spontaneous COs to occur. 

For hetDNA analysis, genomic DNA was isolated directly from selected Lys+ colonies 

and individual recombination products were barcoded during subsequent PCR 

amplification.  For high throughput analysis, barcoded products were pooled and 

sequenced en masse using single-molecule real-time (SMRT) technology (Guo et al., 

2015; see Methods for details).  After sorting sequence reads by barcodes, the presence 



 

 108 

of both donor and recipient SNPs was diagnostic of hetDNA in the corresponding 

recombination product. 

 

Figure 22. Crossover-specific assay for hetDNA mapping. 

The recipient lys2Δ5ʹ allele (white box) on chromosome II contains an in-frame I-SceI cut 
site (arrowheads indicate corresponding nicks).  The lys2Δ3ʹ allele (black box) on 
chromosome V is also in frame, but contains an I-SceI cut site inactivated by a 6-bp 
insertion (boxed).  The nearest flanking SNPs (bold font) are 8 bp from each 3ʹ end of 
the I-SceI generated DSB.  Only a CO event can reconstitute a full-length LYS2 allele 
and both recombination products must segregate together for Lys+ colony formation.  
hetDNA flanking the initiating DSB is indicated as gray boxes, and was monitored in 
each product by SMRT sequencing.  The product-specific primers for PCR amplification 
are indicated by black and gray arrows. 
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4.4.3 DSB-initiated Chromosomal COs With Two-sided hetDNA 

Prior to characterizing hetDNA patterns associated with spontaneous COs, we 

first examined hetDNA patterns associated with DSB-initiated COs.  In the idealized 

DSB repair model, an asymmetric hetDNA tract is formed when each of the 3ʹ tails 

created by resection interacts with the donor repair template (Figure 21A).  The 

reciprocal products of 166 I-SceI-induced COs were sequenced and 61 had the 

predicted hetDNA in both products (two-sided hetDNA), indicative of donor engagement 

on both sides of the DSB.  Thirty-eight COs had hetDNA formed by the 3ʹ tails that was 

limited to one side of the DSB (one-sided hetDNA), 60 lacked hetDNA but frequently 

contained long gene conversion tracts, and seven unexpectedly had hetDNA only in the 

donor sequence.  The latter two classes are uninformative in terms of overall hetDNA 

patterns and will not be further considered. 

The CO events containing two-sided hetDNA are shown in Figure 23; white 

rectangles/squares correspond to SNPs in the broken, recipient molecule, black to donor 

SNPs and gray to regions of hetDNA.  The hetDNA tracts in the reciprocal products of 

each CO event are aligned horizontally (stacked profiles are presented in Figure 40), 

with their vertical order reflecting the length of hetDNA upstream of the DSB in the 

doubly-truncated product on the left.  Strikingly, in all of the COs with two-sided hetDNA, 

the tract upstream of the DSB was always in the lys2Δ5ʹΔ3ʹ product.  If the HJs in the 

predicted DSB-repair intermediate are fully ligated and cleavage is random, the relative 

positions of the hetDNA in the CO products should also be random.  If, however, the HJs 

are not ligated and resolution is nick-directed (this applies also to a single HJ), then as 

observed, hetDNA is expected to be upstream of the DSB in the doubly-truncated CO 

product, and downstream of the break in the full-length product (Figure 41).  We note 
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that this specific pattern would also be generated if the CO occurred at the break site, 

but such a scenario is not accommodated in current recombination models. 
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Figure 23. DSB-induced COs with two-sided hetDNA. 

(A) The lys2Δ5ʹ and lys2Δ3ʹ alleles are shown as white and black boxes, respectively.  
The SNPs associated with each allele are shown; the DSB is centrally located in the 
lys2Δ5 allele.  In an idealized DSB-associated CO, the broken white allele gains 
information from the black allele, generating a single asymmetric hetDNA tract (gray 
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boxes) in each product on opposing sides of the DSB.  There is no alteration of the 
donor black allele.  (B) Each line represents the products of independent CO events, 
with the lys2Δ5ʹΔ3ʹ and LYS2 alleles on the left and right sides, respectively.  In all 
events, hetDNA was upstream of the DSB in the lys2Δ5ʹΔ3ʹ allele and downstream of 
the DSB in the LYS2 allele.  The three events marked with an asterisk had terminal 
symmetric hetDNA consistent with migration of one HJ away from the initiating break 
(see Figure 24B).  “n” is the number of events with the two-sided hetDNA pattern. 
 

One feature of CO events that was evident in our previous analysis of NCO 

events in a similar system was the loss of break-proximal recipient SNPs, which 

produced a tract of apparent gene conversion next to the DSB.  These conversion 

events were of two types: those that removed a single SNP and those that removed a 

tract of contiguous SNPs.  We previously demonstrated that single-SNP removal reflects 

the exonuclease activity of Pol δ and suggested that multiple-SNP removal reflects gap 

expansion, which occurs when the 3ʹ as well as the 5ʹ end of a break is degraded 

(Figure 24A; Guo et al., 2017).  Among the COs with two-sided hetDNA, gap expansion 

was equally likely on the left (10/61) and right sides (12/61) of the DSB.  Simultaneous 

degradation of both 3ʹ overhangs was rare (2/61) and consistent with independent 

degradation of the ends.  In the previous analysis of NCO events, the removal of a single 

upstream, promoter-proximal SNP occurred 97% of the time, while downstream single-

SNP loss occurred in only 47% of NCOs (Guo et al., 2017).  After eliminating gap 

expansion events involving multiple SNPs from the CO data, the efficiencies of single-

SNP loss were reversed: 49% (25/51) and 94% (46/49) for the upstream and 

downstream SNPs, respectively.  During construction of the CO-only system, the 

orientation of the I-SceI cut site was inverted, which switches the identities of the most 

proximal SNPs on each side of the DSB.  The reversal in the single-SNP loss 

frequencies thus aligns with the flanking SNP identities and the resulting terminal 
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mismatch created by strand invasion/annealing.  This suggests that the efficiency 

difference in break-proximal SNP removal primarily reflects mismatch and/or context 

specificity of the Pol δ exonuclease activity (Guo et al., 2017). 

Among the 61 COs with two-sided hetDNA, 25% (31/122; hetDNA tracts on each 

side of the break are considered independent) of tracts were interrupted by interspersed 

gene conversion and/or restoration.  There were 26 restoration and 11 gene conversion 

events, which corresponds to a bias towards restoration (p=0.03 by Chi-square).  

Because experiments were done in the absence of the Mlh1 protein, 

restoration/conversion tracts presumably reflect mismatch removal that is independent of 

the canonical mismatch-repair system.  As noted previously, hetDNA tracts reflect the 

pairing of strands from donor and recipient duplexes, but they are expected to only be 

present in segments that correspond to the originally broken molecule.  Approximately 

20% (23/122) of the donor sequences, however, contained tracts of hetDNA and/or gene 

conversion.  The simplest, but rarest (3/23) of these alterations corresponded to 

terminal, symmetric hetDNA located at the break-distal end of an asymmetric tract 

(marked with asterisks in Figure 23).  These can most simply arise from migration of an 

HJ away from the initiating break, which converts asymmetric to symmetric hetDNA 

(Figure 24B).  More often, the donor contained a region of interstitial symmetric hetDNA 

(19/23) or gene conversion (6/23). These hetDNA/conversion tracts can be explained by 

a template switch from the donor to the intact sister of the broken chromatid during 3ʹ-

end extension.  As illustrated in Figure 24C, this results in an interstitial rather than 

terminal hetDNA tract; repair of the hetDNA would, in some cases, yield in an interstitial 

gene conversion tract in the repair template. 
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Figure 24. Mechanisms explaining complexities associated with two-sided hetDNA 

Red and black lines represent broken recipient and intact donor sequences, 
respectively.  Yellow boxes correspond to hetDNA and blue-filled triangles to sites of HJ 
cleavage.  In the final products, the position of the initiating DSB is indicated.  (A) Gap 
expansion results from degradation of a 3ʹ end of a DSB and produces a gene 
conversion tract adjacent to the DSB.  (B) Branch migration of one HJ away from the 
DSB creates a tract of terminal symmetric hetDNA.  (C) Spontaneous ejection of an 
extending end from the black donor can be followed by invasion of a different duplex.  A 
temporary template switch to the sister chromatid followed by a final switch back to the 
black allele will produce an interstitial tract of symmetric hetDNA.  If hetDNA is repaired, 
an interstitial conversion tract can result. 

 

4.4.4 DSB-initiated COs With One-sided hetDNA in the Recipient 

Of the 166 reciprocal COs analyzed, 38 had hetDNA present on only one side of 

the initiating break (Figure 25A-C; see Figure 42 for the stacked profiles).  Of these one-
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sided tracts, 15 were on the left side of the DSB and 23 were on the right side (p=0.26 

by Chi-square).  Possible explanations for most (35/38) of the one-sided tracts are (1) 

very short hetDNA that did not extend far enough to include a SNP, (2) a hetDNA tract 

that was repaired as an undetectable restoration event, or (3) the migration of the 

invading-end HJ back to the break site after second-end capture.  If such branch 

migration occurs prior to extension of the captured end, the hetDNA on the invading end 

is erased (Figure 26A).  It is interesting to note that approximately half of the events with 

one-sided hetDNA had a long gene conversion tract on the other side of the break.  This 

could reflect conversion-type repair on the other side of DSB or extensive gap 

expansion. 

In the remaining three events that had hetDNA tract on only one side of the DSB, 

it was displaced from the break and was accompanied by a hetDNA tract adjacent to the 

break in the corresponding donor (Figure 25C). This pattern would result if branch 

migration of one HJ extends past the original break site so that both junctions are on the 

same side of the DSB when resolved (Figure 26B).  When these events are viewed as 

stacked as opposed to side-by-side (see Figure 42), there is a discrete switch from 

hetDNA in the recipient to hetDNA in the donor, consistent with such branch migration. 

 



 

 116 

 

Figure 25. DSB-induced COs with one-sided hetDNA. 

Each line represents the products of independent CO events, with the lys2Δ5ʹΔ3ʹ allele 
on the left and the LYS2 allele on the right.  (A) CO events with hetDNA is limited to the 
left side of the DSB.  (B) CO events with hetDNA only on the right side of the DSB.  (C) 
COs with transition of asymmetric hetDNA from one product to the other, as expected for 
DSB initiation.  The transition is displaced from the DSB, however, which can occur if the 
branch migration results in both HJs being located on the same side of the break (see 
Figure 26B).  “n” is the number of events with the relevant hetDNA pattern. 
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Figure 26. Mechanisms that produce hetDNA on only one side of an initiating DSB. 

Red and black lines represent broken recipient and intact donor sequences, 
respectively.  Yellow boxes correspond to hetDNA and blue-filled triangles to sites of HJ 
cleavage.  In the final products, the position of the initiating DSB is indicated.  (A) 
Migration of an HJ back to the DSB site prior to second-end extension removes the 
hetDNA created by the initial strand invasion.  HJ migration prior to DNA extension from 
the captured second end erases the initial hetDNA formed by the invading end.  It should 
be noted that if HJ migration occurs back to the DSB site after the second is extended, 
the two-sided hetDNA pattern is maintained.  (B) Migration of one of the HJs past the 
site of the DSB after the second end is extended places both asymmetric hetDNA tracts 
on the same side of the break.  The transition between the hetDNA tracts remains, but is 
displaced from break site. 
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repair template.  At least one tract results from strand invasion; the second tract can 

reflect either an annealing reaction (D-loop capture) or another strand-invasion event.  

As noted above, hetDNA tracts in our analysis were frequently modified by presumptive 

mismatch correction, branch migration and/or template switching.  We thus define the 

hetDNA length on each side of the initiating break as the most break-distal transition 

from heteroduplex to homoduplex DNA, or between donor and recipient sequence.  

Because many tracts extended to the border of homology, median rather than mean 

tract lengths were calculated.  We also included data from all CO events that contained 

hetDNA, regardless of hetDNA position(s).  On the upstream  and downstream sides of 

the initiating break, the median hetDNA lengths were similar: 1940 bp upstream and 

1800 bp, respectively.  The median total hetDNA length per CO event was 2990 bp, 

which is less than the sum of the median hetDNA lengths on both sides (3740 bp).  This 

likely reflects the inclusion of events that contained hetDNA on only one side of the DSB. 

4.4.6 hetDNA Profiles in Spontaneous CO Events 

Spontaneous recombination in the CO-specific system used here to study DSB-

induced events is rare (rate = 2 x 10-8), which poses a challenge for detecting and 

analyzing associated hetDNA.  In typical recombination experiments, cells are grown in 

rich liquid medium and spontaneous recombinants are identified by selective plating.  

Because recombination occurs during non-selective growth, however, most of the 

corresponding cells will have divided, thereby destroying the associated hetDNA 

footprint.  To circumvent this problem, we spotted small numbers of Lys- yeast cells onto 

rich medium and allowed expansion into a dense patch that was then replica-plated onto 

selective medium.  Each Lys+ colony that appeared within a patch contained the progeny 
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of the cell in which the recombination event occurred, and entire colonies were analyzed 

using the same sequencing procedure as used for I-SceI-induced recombinants. 

We sequenced 132 spontaneous CO events, of which 77 contained hetDNA; the 

remaining 55 had only gene conversion tracts.  This distribution is very similar to that 

observed among the DSB-induced COs (106/166 with hetDNA; p=0.34).  Of the 77 COs 

containing hetDNA, 48 had hetDNA tracts in both products.  These profiles are shown in 

Figure 27, where reciprocal products are stacked to emphasize relative hetDNA 

positions.  Forty-two had the hetDNA pattern predicted of a DSB-induced CO: a 

transition of asymmetric hetDNA in one CO product to asymmetric hetDNA in the other, 

sometimes with an intervening region of gene conversion that likely represents gap 

expansion (Figure 27A-B).  This proportion (42/77) is indistinguishable from the 

proportion of DSB-induced events with the canonical two-sided hetDNA relative to the 

initiating break (61/106; p=0.76).  This striking similarity suggests that most spontaneous 

COs initiated with a DSB. 

Among the spontaneous COs with the hetDNA pattern predicted of a DSB-

initiated event, we deduced which substrate was broken and where the break occurred.  

In Figure 27, the lys2Δ5ʹ and lys2Δ3ʹ alleles are indicated as black and white rectangles, 

respectively, and hetDNA tracts are gray.  The minor substrate color in the products is 

assumed to correspond to the broken molecule, and the major color to the repair 

template.  As shown for idealized “expected” COs, the hetDNA transition point reflects 

the position of the initiating break (vertical red lines).  If there was a region of gene 

conversion between the asymmetric hetDNA tracts, the break position was arbitrarily 

placed at the center of the conversion tract.  Using these criteria, there was no initiation 

bias in the two alleles: 15 events initiated in the lys2Δ5ʹ allele and 27 in the lys2Δ3ʹ allele 
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(p=0.09; panels A and B, respectively).  Although the putative break sites occurred 

across the full length of both substrates, they were strongly skewed to the 3ʹ half of the 

lys2Δ3ʹ allele (22/27 events; p=0.002). 

 

Figure 27. Spontaneous COs in which each product contains hetDNA 

White, black, and gray boxes represent the broken allele, the donor repair template and 
hetDNA, respectively.  Potential initiation sites are marked with vertical red lines.  (A) 
The expected positions of hetDNA tracts when an initiating DSB (red vertical arrow) 
occurs in the lys2Δ5ʹ allele.  The observed COs with the corresponding hetDNA pattern 
are aligned based on the presumptive initiation site.  (B) The expected hetDNA positions 
if the DSB occurs in the lys2Δ3ʹ allele are shown, along with observed CO events that 
have the corresponding hetDNA profile.  (C) COs exhibiting a hetDNA pattern consistent 
with HR initiation by a single-strand nick.  (D) COs containing a hetDNA pattern 
consistent with HR initiation by a single-strand gap.  “n” is the number of events with the 
relevant hetDNA pattern. 
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In addition to the spontaneous CO events that contained a hetDNA pattern 

consistent with initiation via a DSB, there were four events with the hetDNA pattern 

expected of initiation via a single-strand nick (Figure 27C).  In these events, there was a 

single asymmetric hetDNA tract adjacent to the CO position (see Figure 21B).  There 

also were two events with the hetDNA pattern predicted by recombination initiating with 

a single-strand gap (Figure 27D).  In these COs, there was an asymmetric hetDNA tract 

extending from a symmetric tract at the presumptive CO point (see Figure 21C).  For 

both of the alternative initiation types, it should be noted that similar hetDNA patterns 

were evident among those COs that were induced by I-SceI.  Finally, the remaining 29 

events had hetDNA patterns that did not fit those predicted by the canonical 

recombination models, with most (21/29) having hetDNA in only one of the CO products.  

The profiles of these 29 events plus events containing no hetDNA are in Figure 44. 

As with DSB-initiated COs, we estimated the median length of hetDNA tracts in 

those spontaneous CO events that contained hetDNA.  For this analysis, the distance 

between the two most end-proximal transitions from heteroduplex to homoduplex DNA, 

or between donor and recipient sequence, were used.  The median hetDNA length 

among the 77 events with hetDNA was 2060 bp.  This is ~30% shorter that the length 

associated with the repair of a centrally located DSB (2990 bp; p=0.0026 by Mann 

Whitney U-test), which likely reflects the variability in initiation sites. 

4.4.7 hetDNA Tracts in ROS-associated CO Events  

TSA1 encodes a key peroxiredoxin that scavenges hydrogen peroxide (H2O2; 

(Park et al., 2000), and its loss elevates genome instability (Huang and Kolodner, 2005; 

Huang et al., 2003).  Relative to wild-type (WT) cells, there was a 14-fold increase in rate 



 

 122 

of Lys+ colonies in the CO-specific assay upon disruption of TSA1.  This indicates that 

>90% of COs isolated in a tsa1Δ background are due to elevated ROS and the resultant 

DNA strand breaks.  The hetDNA profiles of 119 COs isolated in the tsa1Δ were 

examined and 57 of these contained hetDNA.  Similar to the spontaneous hetDNA 

profile in WT, most COs that contained hetDNA in both products had the asymmetric 

pattern consistent with initiation via a DSB (25/33; Figure 28).  The substrate that 

presumably contained the DSB was different, however.  In WT most events appeared to 

initiate in the lys2Δ3ʹ allele (27/42), while most (16/25) in the tsa1Δ strain initiated in the 

lys2Δ5ʹ allele (p=0.042).  As in the WT background, the presumptive site of the initiating 

DSB was distributed across the two substrates.  There additionally were four events 

containing a hetDNA pattern consistent with a single-strand nick and four consistent with 

a single-strand gap as the primary initiating event.  Finally, there were 62 and 24 events 

with either no detectable hetDNA or uninformative hetDNA, respectively (Figure 45).  

The median hetDNA length associated with COs in the tsa1Δ background was 3590 bp, 

which is 70% longer than that in the WT background (p=0.0050 by Mann-Whitney U-

test). 
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Figure 28. hetDNA profiles of spontaneous COs in a tsa1Δ  background. 

White, black, and gray boxes represent the broken allele, the donor repair template and 
hetDNA, respectively.  Potential initiation sites are marked with vertical red lines.  (A) 
The expected positions of hetDNA tracts when an initiating DSB (red vertical arrow) 
occurs in the lys2Δ5ʹ allele.  The observed COs with the corresponding hetDNA pattern 
are aligned based on the presumptive initiation site.  (B) The expected hetDNA positions 
when a DSB occurs in the lys2Δ3ʹ allele are shown, along with observed CO events that 
have this pattern.  (C) COs exhibiting a hetDNA pattern consistent with HR initiation by a 
single-strand nick.  (D) COs containing a hetDNA pattern consistent with HR initiation by 
a single-strand gap.  “n” is the number of events with the relevant hetDNA pattern. 

B.  DSB in lys2Δ3’ 

D.  Single-strand gap (n=4) 

A.  DSB in lys2Δ5’ 
expected expected 

observed (n=16) observed (n=9) 

lys2Δ5’ 
lys2Δ3’ 

Δ5’Δ3’ 
LYS2 

C.  Single-strand nick (n=4) 
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4.5 Discussion 

In this study, we report high-resolution mapping of hetDNA in CO events 

associated with a defined DSB and with spontaneous events in ROS scavenging-

proficient and -deficient yeast strains.  Specifically, an ectopic chromosomal system was 

developed to map hetDNA associated with a defined DSB generated by I-SceI; the same 

system allowed a comparative analysis of hetDNA associated with spontaneous events.  

Major advantages of this system include the known location and nature of the initiating 

DSB, as well as the placement of highly dense SNPs (1 SNP/50 bp) within the 

recombination substrates.  Experiments were done in an MMR-deficient background to 

preserve mismatches, allowing accurate determination of hetDNA position and extent.  

In the discussion that follows, we first discuss DSB-associated hetDNA features that 

agree with, as well as deviate from, the current DSB repair model and compare these to 

hetDNA profiles in other studies.  In particular, deviations from the simple predictions of 

the DSB repair model necessitate additional steps during HR such as HJ branch 

migration, MMR-independent mismatch correction, and gap expansion.  In addition, 

hetDNA patterns associated with spontaneous CO are most consistent with DSBs as the 

major initiating lesions.  

The DSB repair model makes specific predictions regarding the positions of 

hetDNA in CO outcomes: a single asymmetric hetDNA tract in each product located on 

opposing sides of the DSB (Figure 21A; Szostak et al., 1983).  In agreement with this 

model, about two-thirds of the DSB-induced COs exhibited the expected two-sided, 

asymmetric hetDNA pattern.  Notably, all COs with two-sided asymmetric hetDNA had 

the upstream hetDNA tract in the lys2Δ5ʹΔ3ʹ allele, while the other downstream hetDNA 

was in the LYS2 allele.  This specific hetDNA pattern implies that most, if not all HJs, 
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were cleaved prior to maturation into fully ligated HJs, and that resolution of HJs into 

COs is conducted by an HJ resolvase(s) capable of nick-directed cleavage.  In budding 

yeast, HJ resolvase candidates include the structure-selective nucleases Mus81-Mms4 

and Yen1 (Schwartz and Heyer, 2011).  The favored cleavage substrates for Mus81-

Mms4 in vitro are nicked HJs or branched structures with a gap of <4 nt adjacent to the 

branch point (Bastin-Shanower et al., 2003; Ehmsen and Heyer, 2008; Osman et al., 

2003; Schwartz et al., 2012).  Yen1, however, has been shown to have negligible 

cleavage on nicked HJs and to preferentially cleave fully ligated HJs (Schwartz and 

Heyer 2011).  Therefore, the overwhelmingly biased cleavage pattern of HJs associated 

with DSB-induced COs detected here suggests that Mus81-Mms4 is likely the primary 

HJ resolvase, and is consistent with previous studies suggesting that Yen1 serves as a 

back-up resolvase whose activity is only required in mus81Δ cells (Schwartz and Heyer, 

2011; Wyatt and West, 2014).  We note that COs detected in the current system are 

generated through ectopic recombination.  Previously, Rad1-Rad10 was shown to 

promote CO formation during ectopic recombination, but not during allelic recombination 

(Mazon et al., 2012).  It was proposed that the endonuclease activity of Rad1-Rad10 is 

necessary in two contexts during ectopic recombination.  First, Rad1-Rad10 may be 

required to remove an unpaired 3ʹ tail that is generated at the captured (second) end of 

the DSB if DNA synthesis from the invading end extends beyond the shared homology 

(Welz-Voegele and Jinks-Robertson, 2008; Mitchel et al., 2010; Mazon et al., 2012).  

Second, there may be a requirement for Rad1-Rad10 to cleave a captured D-loop when 

there is an adjacent gap DNA due to 5ʹ-end resection that extends beyond the homology 

border, a structure not compatible with Mus81 or Yen1 cleavage activity.  This generates 

a single HJ that can then be cleaved by either Mus81 or Yen1 (Mazon et al. 2012).  
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Among the COs detected here, more than half have hetDNA that covers most of the 

homology (see below), suggesting many events have DNA synthesis that extends 

beyond the shared homology and require the above mentioned Rad1-Rad10 activity.  

Because Rad1-Rad10 acts upstream of Mus81 and Yen1 (Mazon et al., 2012), the 

involvement of Rad1-Rad10 in ectopic recombination should not alter the non-random 

hetDNA pattern observed among COs.  The current system could be used to confirm the 

requirement of Rad1-Rad10 for hetDNA tracts that extend to the homology border and to 

further delineate the in vivo roles of Mus81-Mms4 and Yen1 in cleaving HJs. 

In our previous study that defined DSB-induced CO and NCO gene conversion 

tracts resulting from allelic recombination in MMR-proficient cells, the median conversion 

tract lengths associated with COs (~10.8 kb) and NCOs (~9.7 kb) were comparable 

(Hum and Jinks-Robertson, 2017).  Given that gene conversion results from correction 

of mismatches that are present within heteroduplex (Holliday, 1964; Petes et al., 1991), 

the measured gene conversion tract lengths presumably reflect hetDNA tract lengths. In 

the current CO-specific ectopic system, the median total hetDNA length was only ~3 kb, 

which is much shorter than gene conversion tracts in the allelic system.  As was 

mentioned above, since more than half of the ectopic COs had hetDNA that extended to 

within ~100 bp of the border of the homology, the tracts would likely be much longer in 

the presence of more homology.  The difference between gene conversion versus 

hetDNA tract lengths associated with COs detected in allelic versus ectopic systems is 

thus likely due to the limited homology in the ectopic system.  Although the current 

ectopic recombination system only recovered CO events, we recently reported that the 

length of hetDNA associated with synthesis-dependent strand annealing (SDSA)-type 

NCOs was ~1.1 kb (Guo et al., 2017).  Because only NCOs that formed hetDNA 
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downstream of the DSB site were analyzed, Figure 9 compares the downstream hetDNA 

in CO versus NCOs events.  Though there was similar homology downstream of the 

DSB in the two ectopic systems, COs were associated with longer hetDNA than NCOs 

(p=0.0002, Mann-Whitney Test).  The significant hetDNA length difference between COs 

and NCOs observed in the ectopic, but not in the allelic, system is consistent with our 

previous suggestion that COs are limited more by homology length than are NCOs in 

ectopic systems (Jinks-Robertson et al., 1993; Guo et al., 2017).  A unifying hypothesis 

is that during ectopic recombination, second-end capture that precedes the HJ formation 

necessary for generating COs may be precluded by limited substrate size while a similar 

limitation is absent in allelic recombination. 
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Figure 29. Distribution of hetDNA associated with COs and SDSA-type NCOs. 

The distances of SNPs from the DSB (position 0; negative numbers are for upstream 
distances) are shown on the x-axis and the percentage of repair events that extend a 
given distance are on the y-axis.  hetDNA length distributions on each side of the DSB 
for CO events (blue lines) are from the current data.  The NCO length distribution (red 
line) was determined only on the downstream side of the DSB and is from prior data 
(Guo et al, 2017). 
 

Prior mitotic (Yin et al., 2017) and meiotic (Martini et al., 2011) studies that 

mapped hetDNA described considerable complexities that are inexplicable by the 

current DSB repair models.  In agreement with these reports, many of our DSB-induced 

COs exhibited complexities that would necessitate gap expansion, branch migration, 

template switching, and MMR-independent mismatch correction.  Notably, one-third of 

the DSB-induced COs contained hetDNA tracts limited to only one side of the DSB (one-

0% 

10% 

20% 

30% 

40% 

50% 

60% 

70% 

80% 

90% 

100% 

-2200 -1800 -1400 -1000 -600 -200 200 600 1000 1400 1800 2200 

hetDNA length (bp) 

DSB 

P
er

ce
nt

ag
e 

of
 e

ve
nt

s 
 

 NCO = 1140bp (downstream) 
 CO = 1940 bp (upstream),  
          1800 bp (downstream) 



 

 129 

sided hetDNA).  This class was likely due to migration of the invading-end HJ back to the 

break site after second-end capture (see Figure 25 and Figure 41).  Such an event, if 

mapped in MMR-proficient cells, would appear as a single gene conversion tract located 

on only one side of the DSB.  Previously, we observed frequent CO events with just one 

gene conversion tract (unidirectional), which we attributed to frequent restoration-type 

repair (estimated ~20% of hetDNA undergoes restoration-type repair; Hum and Jinks-

Robertson, 2017).  Branch migration-mediated erasure of invading-end associated 

hetDNA may have contributed to some of the previously detected unidirectional 

conversion tracts.  In addition, 36% of the DSB-associated COs with one-sided hetDNA 

tracts and about 14% of the DSB-induced COs with two-sided hetDNA were associated 

with extensive gap expansion.  While such gap expansion has been suggested in 

analyses of spontaneous COs (Yin et al., 2017; Martini et al., 2011) or when mitotic 

repair is precluded (Zierhut and Diffley, 2008), the known position of the DSB in the 

current system confirms that gap expansion does occur and that processing of 3ʹ 

recessed ends occurs in vivo even when a repair template is available.  It should be 

noted that a comparable fraction of NCO events (~20%) generated by the SDSA 

pathway also experienced 3ʹ end loss (Guo et al., 2017), indicating that gap expansion is 

not unique to a specific HR subpathway.  Overall, the MMR mismatch-correction activity 

can obscure strand exchange intermediates, making hetDNA mapping much more 

informative than mapping gene conversion tracts. Knowing the exact position of the 

initiating DSB is critical in terms of informing the underlying HR mechanisms by hetDNA 

analysis. 

A prior study examined gene conversion tracts associated with DSB-induced and 

spontaneous events in a plasmid-borne assay with much shorter substrates (Sweetser 
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et al., 1994).  A strength of the current work is the direct comparison of hetDNA profiles 

in events induced by a defined chromosomal DSB and those arising spontaneously.  

More than half of the spontaneous COs recovered from WT (55%) and tsa1Δ (67%) cells 

showed the distinctive DSB-associated two-sided asymmetric hetDNA tracts. The 

striking resemblance of hetDNA profiles associated with spontaneous COs to those of 

DSB-induced COs implies that DSBs are the major initiator of spontaneous COs. Such 

DSBs could be directly caused by endogenous DNA damage or when replication forks 

collapse at single-strand nicks. We also note that predicted SSB- (nicks and gaps) 

initiated hetDNA patterns occurred among spontaneous COs recovered from WT (8%) 

and tsa1Δ (17%) strains, but hetDNA consistent with initiation by a SSB also was 

present in DSB-induced COs (for example, event #4 in Figure 42). While we cannot 

determine with absolute certainty whether these spontaneous events were indeed 

nick/gap-initiated, various nickase variants such as I-SceI, I-AniI, CRISPR/Cas9D10A have 

been used to show that site-directed single-strand nicks can effectively initiate HR (Katz 

et al., 2014, Davis and Maizels, 2011, Vriend et al., 2016). These experiments, however, 

were primarily done in the context of single-strand nick repair using single-stranded 

oligos (Davis and Maizels, 2011, Davis and Maizels, 2014, Davis and Maizels, 2016, and 

Vriend et al., 2016). One major distinction between our system and others is that repair 

used information located on a chromosome rather than single-stranded oligos. It remains 

possible that naturally occurring nicks only trigger HR following conversion to a DSB. In 

support of this idea, Davis and Maizels showed that RAD51 loading at nicks is inhibitory 

to HR-mediated repair of nicks in mammals (Davis and Maizels, 2016). 

COs from both ROS scavenging-proficient and -deficient strains appeared to be 

initiated primarily by DSBs, but there were differences in terms of initiation sites and the 
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resulting hetDNA length. While the tsa1Δ mutant showed no obvious DSB initiation 

hotspot, DSB sites in WT background were biased toward the 3ʹ end of one allele. The 

exact cause of the bias is not known, but it raises the possibility that the type(s) of 

endogenous DSBs in WT and tsa1Δ cells may differ. With an elevated ROS level, tsa1Δ 

cells likely sustain DSBs arising from closely clustered abasic sites, oxidative damaged 

bases, and SSBs (Sharma et al., 2016), which would be expected to be located 

throughout the recombination substrates. In WT cells, endogenous DSBs may have 

been primarily generated during DNA transactions such as DNA replication or 

transcription (Saleh-Gohari et al., 2005). Another notable difference between WT and 

tsa1Δ cells was hetDNA length. The median hetDNA length for spontaneous COs in 

tsa1Δ was comparable to that measured for DSB-induced COs, but was significantly 

longer than hetDNA associated with spontaneous COs isolated from WT cells. One 

possible explanation for the difference in hetDNA length is simply the position of the 

DSB initiation site. As more than half of the DSBs arising in WT appeared to initiate 

close to the 3ʹ end of one recombination substrate, there may be asymmetry in terms of 

homology present on each end of a DSB (limited homology near the 3ʹ proximal end), 

thereby constraining the size of the initial D-loop and reducing the overall length of 

hetDNA. 

In conclusion, the direct comparison of hetDNA profiles between DSB-induced 

and spontaneous COs further support the notion that DSBs are the primary physiological 

contributor to spontaneous HR events. Because the HR mechanism is well conserved 

through evolution, findings from this work will be broadly relevant to higher eukaryotes. 



 

 132 

4.6 Acknowledgements 

We thank lab members for helpful discussions throughout the course of this 

work, and Tom Petes for comments on the manuscript.  Y.F.H. was supported by a 

graduate fellowship from the American Heart Association (15PRE25510022) and S.J.R. 

was supported by grants from the National Institutes of Health (1R01-GM038464 and 

1R35-GM118077).



 

 133 

Chapter 5. Conclusion and Future Directions  
In yeast and mammals, HR is critical for repairing DNA strand breaks to maintain 

genome stability. The focus of this dissertation was i) to characterize the repair 

outcomes and molecular structures of recombination intermediates associated with a 

defined DSB, and ii) to perform comparative analysis of DSB-induced and spontaneous 

HR events. Briefly, the work presented in Chapter 2 demonstrated that the high-fidelity 

replicative DNA polymerase δ is the main extender in both phases of DNA synthesis 

during the SDSA subpathway of HR and that both end resection and DNA synthesis 

regulate generation of normal hetDNA profiles. A systematic characterization of gene 

conversion tracts associated with DSB-induced CO and NCO outcomes in an allelic 

recombination system was presented in Chapter 3. Main implications from this work 

include i) the median gene conversion tract lengths measured for CO and NCOs from 

allelic recombination were not significantly different, ii) gene conversion profiles for DSB-

induced and spontaneous HR events were comparable, suggesting that spontaneous 

HR events detected in this system were triggered by a DSB intermediate, and iii) MMR 

can correct mismatches that arise in hetDNA formed during the early step of strand 

invasion. In Chapter 4, a novel ectopic recombination system was developed for high-

resolution mapping of hetDNA for a direct comparison of hetDNA profiles associated 

with DSB-induced and spontaneous HR events. Results are most consistent with HR 

initiation by DSBs, and high-resolution DSB-induced hetDNA profiles coupled with the 

known position of a DSB provided additional insight into potential molecular steps 

leading to complexities observed in hetDNA profiles. Specifically, complex hetDNA 

patterns are consistent with branch migration, gap expansion, and template switching 

during DNA synthesis. While results from this thesis have extended our knowledge of 
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the underlying mechanisms of HR-mediated repair of a DSB and provided in vivo 

evidence to support that DSBs are the main endogenous lesion initiating spontaneous 

HR, they also inspire hypotheses that remain to be tested.   

5.1 Effect of Substrate Size on The Outcomes in Ectopic Recombination 
versus Allelic Recombination 

One major distinction between allelic versus ectopic recombination is the 

homology between substrate. While allelic substrates share homology throughout the 

length of the homologous chromosomes, ectopic substrates are shorter and are 

surrounded by heterologous sequences. Over the course of this thesis work, as different 

recombination assays were employed in Chapters 2-4 for characterization of gene 

conversion and hetDNA tracts, it became apparent that there is a correlation between 

longer substrates and higher CO proportions, which is especially pronounced in ectopic 

systems. In Chapter 2, we reported that genetic backgrounds with reduced end resection 

or reduced processivity of DNA extension are correlated with a reduced CO proportion 

(~5%- 15% range in Guo et al., 2017) in an ectopic assay with ~ 4 kb ectopic substrates.  

However, a prior study using an allelic assay reported that in a WT background, COs 

constituted ~40 % of the repair outcomes, which is significantly different from that 

detected in our ectopic assay (Yim et al., 2014). One possible explanation that was 

raised in Guo et al. (2017) was that the limited homology resulting from short 

homologous substrates or reduced resection reduces the size/stability of the initial D-

loop during recombination, which then precludes second-end capture and the formation 

of the HJs required for CO events. Additionally, COs detected in our ectopic assay had 

longer hetDNA than that measured for NCOs (Guo et al. 2017; unpublished work in 

Chapter 4), while COs and NCOs generated through allelic recombination had 
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comparable median gene conversion tract lengths (Hum and Jinks-Robertson, 2017). 

This further supports the idea that in ectopic assays, COs are limited more by substrate 

size than are NCOs (Inbar et al., 2000; Jinks-Robertson et al., 1993). Because the 

correlation between substrate size and CO proportions was deduced using different 

genetic assays, a direct comparison is difficult. Therefore, it would be interesting to 

formally test if substrate size is indeed a limiting factor for CO formation. One possible 

way to address this question is to place the ectopic 4 kb substrates described in Chapter 

2 at allelic positions in a diploid strain, such that the 4 kb substrates are flanked by 

homology rather than by heterologous sequences. An elevation in CO proportion 

(exceeding the 15% reported in the ectopic assay) in such an allelic setting would 

substantiate previous speculations that COs are limited more by substrate size than are 

NCOs. 

5.2 Nick-directed Cleavage of Holliday Junctions and The Role of Rad1-
Rad10 in Ectopic Recombination 

According to the classic DSBR model, COs are generated from cleavage of 

dHJs. In Chapter 4, most, if not all, COs had a very specific hetDNA pattern, which 

suggested cleavage in a nick-directed manner. Because HJ resolvase Yen1 

preferentially cleaves fully ligated HJs in vitro, we speculated that Mus81, which 

preferably cleaves nicked HJs, is the main HJ resolvase that generated COs in our 

ectopic assay (Schwartz and Heyer, 2011). In agreement with this idea, Yen1 has been 

shown to function as a backup for Mus81 (Schwartz and Heyer, 2011). Unlike Mus81 

whose nick-directed mode of HJ cleavage produces a very specific hetDNA pattern (see 

Figure 41A in Appendix C), Yen1’s random cleavage of HJs can lead to either one of the 

predicted HJ cleavage patterns (Figure 41B). To provide in vivo evidence to delineate 
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the roles of Mus81 and Yen1 in cleaving HJs, one could overexpress Yen1 in a mus81Δ 

strain to see if there is an increase in hetDNA patterns associated with random HJ 

cleavage. If so, this in vivo experiment would confirm that Mus81 is the main HJ 

resolvase that promotes CO generation. If not, results would imply that there is another 

HJ resolvase responsible for creating the distinctive hetDNA pattern observed in the 

assay. Another possible candidate would be Rad1-Rad10, though its direct role in HJ 

cleavage has been debated (West, 1995).   

Another interesting observation described in Chapter 4 is that many of the COs 

had hetDNA tracts extending to the end of the homology border. The long hetDNA tracts 

associated with COs in this ectopic assay suggested most of the COs had over-

replicated heterologous flaps that require the clipping activity of Rad1-Rad10 for 

removal. It has been shown previously that Rad1-Rad10 is required for ectopic, but not 

allelic, recombination (Mazon et al., 2012). If Rad1-Rad10 is indeed required for 

removing the heterologous flaps in our ectopic system, the absence of Rad1-Rad10 in 

the current ectopic assay is expected to lead to the loss of COs with long hetDNA tracts 

as complete repair would be prevented. 

5.3 Consolidated Results from Gene Conversion and hetDNA Profiles 

Prior studies provided experimental support that gene conversion events arise as 

a result of correction of hetDNA in meiosis (Nag et al., 1989; White et al., 1985). These 

results were further substantiated by subsequent reports that preserved and detected 

hetDNA in mitotic MMR-deficient cells (Chen and Jinks-Robertson, 1998). Hence, gene 

conversion tracts are generally assumed to reflect the extent of hetDNA present in 

recombination intermediates. By tracking hetDNA in cells deficient of the mismatch-

processing factor Mlh1, work in our lab demonstrated that SDSA is the primary HR 
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subpathway that generates NCOs during ectopic mitotic HR and that SDSA-type NCOs 

produced a single tract of hetDNA (unidirectional) (Mitchel et al., 2010). However, gene 

conversion tracts, when mapped using an allelic recombination system in MMR-

proficient cells (see Chapter 3), appeared to extend from both sides of a DSB 

(bidirectional), a pattern that is not consistent with the unidirectional hetDNA diagnostic 

of SDSA-type repair. Because a tract of transient hetDNA arises when the invading end 

pairs with the complementary donor strand during SDSA, we examined the role of MMR 

in the formation of bidirectional tracts in WT cells. As described in Chapter 3, when 

hetDNA profiles between WT and mlh1Δ strains were compared, there was a strong bias 

for unidirectional hetDNA in mlh1Δ, but not in WT cells. This suggested that some/most 

of the bidirectional tracts were due to correction of the transient hetDNA formed at the 

invading end by the MMR machinery. In meiosis, however, hetDNA tracts associated 

with NCOs were frequently bidirectional when mapped in the absence of the mismatch 

recognition factor Msh6 (Crown et al., 2014; Martini et al., 2011). Whether this 

discrepancy between different systems is due to a difference in the nature of meiotic 

versus mitotic recombination or the use of different MMR mutants is not known. Future 

experiments can be done to reconcile the differences between these systems. An 

interesting possibility is that different NCO-generating HR subpathways might be used 

during meiotic versus mitotic HR. Alternatively, results may reveal differential regulation 

of NCO formation by different MMR factors. 

5.4 Template Switches Within hetDNA Tracts  

Despite using different allelic or ectopic recombination assays throughout this 

thesis work (Chapters 2-4) to characterize repair outcomes of the DSBR and SDSA 

pathways, we frequently detected complex gene conversion or hetDNA tracts. An 
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interesting class of these complex events had hetDNA patterns that are consistent with 

template switching during the DNA extension steps of HR. Using our high-resolution 

hetDNA tracking assay, ~5% of the SDSA-type NCOs had intervening short patches of 

conversion- or restoration-type repair within their corresponding hetDNA at the annealing 

end (Guo et al., 2017). We previously inferred that such alterations of hetDNA reflected 

MMR-independent mismatch correction or template switching. In addition, ~20% of the 

DSB-associated COs (see Chapter 4) had alternations to the donor sequence, in 

addition to the two tracts of asymmetric hetDNA. The most parsimonious explanation for 

alterations to the donor sequence in COs is template switching during DNA extension as 

these alternations were observed at segments where donor sequences were expected 

to remain unchanged. MMR-independent mismatch correction would not create such 

alternations, as there were no mismatches generated during the gap filling step that 

used the donor sequence as a template. Consistent with our observation, template 

switching has been reported in SDSA during MATα switching (Hicks et al., 2010); such 

template switches constitute ~1% of MATα switching events and are dependent on the 

chromatin remodeler Rdh54, though the exact mechanism is not known (Tsaponina and 

Haber, 2014). Frequent template switching associated with HR challenges the notion 

that HR is a high-fidelity repair pathway and necessitates further investigation to dissect 

the genetic regulation of template switching. 

Template switching during DNA extension during HR is largely dependent on 

polymerase processivity (McVey et al., 2016). Therefore, this raises an interesting 

possibility that the DNA polymerase(s) that extends the 3ʹ terminus of a DSB during the 

recombination-associated DNA synthesis has reduced processivity than during 

replication. Known processivity factors for Pol δ are the sliding clamp PCNA and the 
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nonessential Pol32 subunit of Pol δ (Majka and Burgers, 2004; Burgers and Gerik 1998). 

In vitro reconstitution studies demonstrated that PCNA is necessary for Pol δ synthesis 

initiation in D-loop (Li et al., 2010b), but whether PCNA remains associated with Pol δ 

during the course of DNA synthesis from the invading end is not known. Also not known 

is whether extension of the second (annealing) end by Pol δ similarly requires PCNA. 

Future experiments, especially single molecule fluorescence assays, probing the 

association of DNA polymerase(s) with its processivity factors during DNA synthesis in a 

D-loop would significantly extend the current knowledge on the processivity state of 

replicative polymerases during recombination.  

5.5 Recombinogenic Potential of Single-strand Breaks 

As described in Chapter 4, a large fraction of the spontaneous CO events (in 

both ROS-scavenging proficient and defective backgrounds) showed a hetDNA pattern 

suggestive of DSB initiation. Among COs arising spontaneously in WT cells and those 

triggered by an elevation of ROS levels, we also observed COs with hetDNA patterns 

predictive of SSB initiation (nicks or gaps) even though they constituted only a small 

portion of the total events. It remains possible that nicks and gaps can initiate HR as 

evidenced by recent studies that examined the recombinogenic potential of nicks using 

single-stranded donor oligos (Davis and Maizels, 2011; Katz et al., 2014; Vriend et al., 

2016). While these studies provided evidence for recombination-mediated repair of nicks 

using single-stranded oligos, they do not address the question whether nicks inflicted on 

chromosomes can be repaired using information located on chromosomes. This is a 

fundamental gap of knowledge in the field as SSBs are orders of magnitude more 

abundant than DSBs (Caldecott, 2008). One recent physical study, however, 

demonstrated that UV-induced recombination in G2 non-replicating cells could be 
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attributed to extensive single-stranded gaps that persist in the absence of translesion 

polymerases (Ma et al., 2013). Hence, it is tempting to speculate that persistent gaps, 

rather than those with ligatable ends generated by endonucleases, are an efficient 

initiator of HR. Future experiments will further clarify the recombinogenic potential of 

persistent SSBs and the associated genetic outcomes.
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Appendix A: Chapter 2 
Table 2. Yeast strains used in Chapter 2. 

Strain Relevant Genotype 
SJR3659 MATa leu2-3,112 ura3-1 his3-11,15 ade2-1 RAD5 CAN1 

Strain MC42-2d described in (Craven et al., 2002) 
SJR3782 MATα leu2-3,112 his3-11,15 ura3-1 trp1-1 hom3-10 RAD5 CAN1 

Strain HLK1042-1c described in (Craven et al., 2002) 
SJR3939 Assay (donor + recipient + galactose-inducible I-SceI) in SJR3659 

background 
SJR3956 Assay + mlh1Δ::LEU2 
SJR4226 Assay + mlh1Δ::LEU2 pol32Δ::loxP-hph-loxP 
SJR4234 Assay + mlh1Δ::LEU2 exo1Δ::loxP-hph-loxP 
SJR4269 Assay + mlh1Δ::LEU2 sgs1Δ::nat exo1Δ::loxP-hph-loxP 
SJR4426 Assay + mlh1Δ::LEU2 sgs1Δ::loxP-hph-loxP 
SJR4303 sgs1Δ::nat in SJR 3782 background 
SJR4480 Assay + mlh1Δ::LEU2 mre11Δ::loxP-URA3Kl-loxP 
SJR4481 Assay + mlh1Δ::LEU2 rev3Δ::loxP-nat-loxP 
SJR4509 Assay + exo1Δ::loxP-hph-loxP 
SJR4537 Assay + mlh1Δ::LEU2 mre11Δ::loxP-URA3Kl-loxP exo1Δ::loxP-hph-loxP 
SJR4538 Assay + mlh1Δ::LEU2 mre11Δ::loxP-URA3Kl-loxP sgs1Δ::loxP-hph-loxP 
SJR4483 Assay + mlh1Δ::LEU2 pol2-04 
SJR4274 Donorless strain containing the recipient allele and galactose-inducible I-

SceI 
SJR4275 Donorless + pol32Δ::loxP-hph-loxP 
SJR4444 Donorless + exo1Δ::loxP-hph-loxP 
SJR4445 Donorless + exo1Δ::loxP-hph-loxP sgs1Δ::nat 
SJR4573 Donorless + mre11Δ::loxP-URA3Kl-loxP sgs1Δ::loxP-hph-loxP 
SJR4574 Donorless + mre11Δ::loxP-URA3Kl-loxP exo1Δ::loxP-hph-loxP 
SJR4575 Donorless + sgs1Δ::nat 
SJR4576 Donorless + mre11Δ::loxP-URA3Kl-loxP 

SJR4853 Assay + mlh1Δ::LEU2 rad9Δ::nat 
SJR4854 Assay + mlh1Δ::LEU2 yku70Δ::nat 
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Figure 30. Sequence of the lys2 recombination substrates. 

The region of the recipient allele that is homologous to the donor allele is given; the start codon of LYS2 is in red.  The introduced I-
SceI site is highlighted in yellow, with the region flanked by enzyme-generated nicks underlined.  SNPs introduced into the donor 
allele are above the sequence and are highlighted gray. 

Figure S1 
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Figure 31. hetDNA profiles in mlh1Δ mre11Δ, mlh1Δ exo1Δ, and mlh1Δ sgs1Δ 
strains. 

Vertical lines indicate SNPs; black and white boxes correspond to regions between 
donor and recipient SNPs, respectively; gray boxes correspond to hetDNA; and vertical 
arrows indicate the DSB position.  N, number of recombinants analyzed by SMRT 
sequencing that contained downstream hetDNA tract.
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Figure 32. hetDNA profiles in mlh1Δ mre11Δ sgs1Δ, mlh1Δ mre11Δ exo1Δ, and 

mlh1Δ sgs1Δ exo1Δ strains. 

Vertical lines indicate SNPs; black and white boxes correspond to regions between 
donor and recipient SNPs, respectively; gray boxes correspond to hetDNA; and vertical 
arrows indicate the DSB position.  N, number of recombinants analyzed by SMRT 
sequencing that contained downstream hetDNA tract.
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Figure S3 



 

 145 

 

Figure 33. hetDNA or GC profiles in mlh1Δ pol2-4, WT, pol3-5DVII, and pol2-4 
strains. 

Vertical lines indicate SNPs; black and white boxes correspond to regions between 
donor and recipient SNPs, respectively; gray boxes correspond to hetDNA; and vertical 
arrows indicate the DSB position.  N, number of recombinants analyzed by Sanger 
sequencing that contained downstream tracts.
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Figure S4 
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Figure 34. hetDNA profiles in mlh1Δ ku70Δ and mlh1Δ rad9Δ strains. 

Vertical lines indicate SNPs; black and white boxes correspond to regions between 
donor and recipient SNPs, respectively; gray boxes correspond to hetDNA; and vertical 
arrows indicate the DSB position.  N, number of recombinants analyzed by SMRT 
sequencing that contained downstream hetDNA tracts.
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Appendix B: Chapter 3 

Table 3. Yeast strains used in Chapter 3. 

Strain Relevant genotype Comments/reference 
JSC12-1 
(W3031A) 

MATa RAD5 ade2-1 leu2-3,112 his3-11,15 ura3-1 trp1-1 
can1-100Δ::nat IV1510386::kanMX-can1-100 

Isogenic derivative of W303-1A 

JSC21-1 
(YJM789) 

MATα ade2-1 ura3 gal2 ho:hisG canΔ::NAT 
IV1510386::SUP4-o 

Isogenic derivative of YJM789  

SJR4246 
(W303) 

IV1510386::kanMX IV583526:CORE-UH CORE-UH cassette inserted between the OCA6 
and DOS2 loci of JSC12-1 

SJR4248 
(YJM) 

IV1510386::SUP4-o IV583526:CORE-UH  CORE-UH cassette inserted between the OCA6 
and DOS2 loci of JSC21-1 

SJR4250 
(W303) 

IV1510386::kanMX IV583534:I-SceI  CORE-UH of SJR4246 replaced with 18 bp I-
SceI cut site  

SJR4252 
(YJM) 

IV1510386::SUP4-o IV583534:I-SceInc  CORE-UH of SJR4248 replaced with 22 bp 
mutant (non-cutting, nc) I-SceI site 

SJR4313 
(W303/YJM) 

MATa/MATα IV1510386::kanMX/SUP4-o IV583534:I-
SceI/I-SceInc 

SJR4250 x SJR 4252 

SJR4315 
(W303/YJM) 

MATa/matαΔ::URA3 IV1510386::kanMX/SUP4-o 
IV583534:I-SceI/I-SceInc 

MATα locus of SJR4313 replaced with URA3 to 
prevent sporulation. 

SJR4317 
(W303/YJM) 

MATa/matαΔ::URA3 IV1510386::kanMX/SUP4-o 
IV583534:I-SceI/I-SceInc his3Δ::pGAL-I-SceI-hph/HIS3 

his3-11,15 replaced with a pGAL-I-SceI fusion 
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Table 4. Primers and restriction site polymorphisms used to map GC tracts. 

Primer 
(Fig 35) Primer name Sequence (5' > 3') Restriction Site 

Restriction site presence (+) 
or absence (-) 

W303 YJM 
1 F U567959F CACCAACAGGTGTAGGCTCA NdeI - + 
 R U568803R TTTGCCATGGTTTATCAGGA    

2 F U574454F TCCAATCGTCATTGGTTTGA HinfI - + 
 R D574454R ACTATCGGCGTCTTTGTCCA    

3 F U574954F CGGTATATTGTTTGAAGGCCC AciI 3 sites 2 sites 
 R D576563R   TCATACCTAAGAAGTCGTGAACAT    

4 F U575934F  GCCCATTACTTAAGGCTCATATC PstI - + 
 R D576563R   TCATACCTAAGAAGTCGTGAACAT    

5 F U579186F  TTGAAGAATTGAGGGAGCAA BstNI - + 
 R D579742R  GAACCAAGCTGGAGCATTTC    

6 F U581508F GGCCATTTGGGAGGAATATC AflII - + 
 R D582114R TTTGCGAAAATGAGCAGACA    

7 F OCA6F CGCATCGTACTACAACATCGTATTC BsrG1 + - 
 R DOS2R CATCTTCGATACAAGCTACTTGTTC    

8 F OCA6F CGCATCGTACTACAACATCGTATTC SspI + - 
 R DOS2+576R TGTCGCCCTGTAAAATAGAACA    

9 F U587100F CATGATCATTGTCTGATTGCTG BstAPI +  
 R D587100R GCAAAAATAAGGGTGCAATGA    

10 F U588496F GTCTTGGAGTGCGCAAAAA BciI - + 
 R D588694R TGCTCACGAGCCATTGATAC    

11 F D591116F CAAACTTGCTATGAATGTCAGGTC NarI - + 
 R U592210R  TGTTGGCTTGAGAAACGTCA    

12 F D593108F TCGTCGCAGTAAGCATTGTC AciI 1 site 2 sites 
 R D594201R CGTTCGGTTCTTGTTATTTCG    

13 F D598460F  GGCAAGGTCGATCTACGAAA XcmI - + 
 R D599224R  AGTTACGATCGTCGCTGCTT    

14 F U601761F  GGGCACTACCACCAAAGAAA AciI 2 sites 1 site 
 R D602336R  TATCGCACACTGGTTCTGCT    
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Table 5. Linkage relationships on CO and NCO chromosomes in the same sector 

Sector Primer pairs # P spores # NP spores Linkage 
1R 6 and 11 2 49 NP 
2R 6 and 11 2 40 NP 
3R 2 and 8 0 53 NP 
3W 6 and 8 22 0 P 
4R 2 and 9 0 35 NP 
6R 1 and 6 47 0 P 
7R 1 and 9 24 2 P 
8R1 2 and 9 49 3 P 

 2 and 12 49 3 P 
9R 3 and 8 32 0 P 

10R2 1 and 4 0 33 NP 
 1 and 6 33 0 P 
 1 and 10 30 3 P 

11R 2 and 9 23 4 P 
12R 2 and 8 36 0 P 
13R 2 and 5 16 0 P 

 2 and 9 16 0 P 
14R 6 and 9 45 1 P 
14W 6 and 11 22 2 P 
15R 2 and 6 24 0 P 

 2 and 9 24 0 P 
16R 2 and 10 1 23 NP 
17R 1 and 8 28 0 P 
17W 2 and 11 24 0 P 

 2 and 14 24 0 P 
18R 6 and 11 29 0 P 
19W 1 and 3 46 0 P 
20R 2 and 6 32 0 P 

 2 and 11 32 0 P 
Parental (P) refers to a W303-W303 or YJM-YJM relationship between the amplified 
fragments.  In non-parental (NP) spores, there is a W303-YJM linkage between 
fragments.  Primer pairs used to amplify fragments are given in Table 4 and their 
positions are shown in Figure 35. 
1Fragment produced with primer pair 12 was sequenced to confirm transition point 
2Single SNP at coordinate 575520 is homozygous 
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Figure 35. Primers pairs and restriction sites used to diagnose genetic linkages in 
spores. 

The right arm of chromosome IV is shown, with SGD coordinates indicated.  Primer pairs 
are numbered and are in blue.  The W303- or YJM-specific restriction site within each 
corresponding PCR fragment is in red or black, respectively.  The position of the 
initiating DSB is indicated. 
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Figure 36. GC pattern when there are one versus two broken chromatids. 

Red and black lines correspond to W303- and YJM-specific chromosomal segments, 
respectively; red and black circles represent W303 and YJM centromeres, respectively.  
Vertical arrows indicate the DSB positions.  When only one chromatid is broken (top 
panel) the GC tract is always located on the CO chromatid with the W303 centromere.  
In the abbreviated red/black/blue depiction (blue indicates heterozygosity), there is a 
single transition between heterozygosity and homozygosity in each sector (blue to red 
and blue to black in the red and white sectors, respectively).  When both chromatids are 
broken and repaired, however, the GC tract can be on the NCO, W303 chromatid 
instead of on the CO chromatid (lower panel).  The segregation of the GC-containing, 
NCO chromatid with a CO chromatid leads to two transitions (blue to black to red) in the 
red sector. 
 

 

GC#on##

CO#chroma,d#

GC#on##

NCO#chroma,d#

One$broken$chroma-d$

Two$broken$chroma-ds$

Figure S2. GC pattern when there are one versus two broken chromatids.  Red and black lines correspond to 
W303- and YJM-specific chromosomal segments, respectively; red and black circles represent W303 and YJM 
centromeres, respectively.  Vertical arrows indicate the DSB positions.  When only one chromatid is broken (top panel) 
the GC tract is always located on the CO chromatid with the W303 centromere.  In the abbreviated red/black/blue 
depiction (blue indicates heterozygosity), there is a single transition between heterozygosity and homozygosity in each 
sector (blue to red and blue to black in the red and white sectors, respectively).  When both chromatids are broken and 
repaired, however, the GC tract can be on the NCO, W303 chromatid instead of on the CO chromatid (lower panel).  
The segregation of the GC-containing, NCO chromatid with a CO chromatid leads to two transitions (blue to black to 
red) in the red sector. 
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583534 Coordinate 

Length 0 5 kb 10 kb 15 kb 20 kb 5 kb 10 kb 15 kb 20 kb 

Centromere proximal Centromere distal 

W 
9 R 

W 
10 R 

W 

11 R 

12 R 

W 

8.042 kb 

NCO: - 
CO left: -  
CO right: 8.042 kb 

NCO: 3.299 kb 
CO left: - 
CO right: 3.976 kb 

3.976 kb 3.299 kb 

NCO: 14.046 kb  
CO left: 14.046 kb 
CO right: 9.189 kb  

NCO: - 
CO left: 4.305 kb 
CO right: 3.976 kb 3.976 kb 4.305 kb 

1.831 kb 9.189 kb 

14.046 kb 

3.497 kb 
0.799 kb 

1.850 kb 
5.716 kb 0.283 kb 

13  R 

W 

14  R 
W 

15  R 
W 

16  R 
W 

NCO: 11.549 kb 
CO left: 6.095 kb 
CO right: 1.536 kb 

6.624 kb 

1.831 kb 2.517 kb 1.788 kb 

6.136 kb 

NCO: 6.136 kb 
CO left: - 
CO right: 6.624 kb 

12.373 kb 

0.945 kb 

4.674 kb 

16.102 kb NCO: 0.945 kb 
CO left: - 
CO right: 17.047 kb 

NCO: 7.081 kb 
CO left: 6.136 kb 
CO right: 8.043 kb 

6.095 kb 

6.095 kb 

1.536 kb 3.138 kb 
0.780 kb 

5.454 kb 

1.831 kb 0.945 kb 7.098 kb 

6.136 kb 8.043 kb 

4.305 kb 

3	 8	

4	1	 10	6	

2	 9	

8	2	

2	 9	5	

6	

6	

6	 9	

9	

11	

2	

2	 10	

1  R 
  W 

W 
3  R 

4  R 

W 
2  R 

W 

3.976 kb 

13.006 kb 

0.281 kb 8.749 kb 
NCO: 13.006 kb 
CO left: - 
CO right: 3.976 kb 

11.234 kb 
1.251 kb 0.526 kb 

NCO: 11.234 kb 
CO left: 1.251 kb 
CO right: - 

5.453 kb 

4.305 kb NCO: 9.758 kb 
CO left:  - 
CO right: - 

NCO: 17.047 kb 
CO left: 6.136 kb 
CO right: 6.624 kb 

6.624 kb 

17.047 kb 6.136 kb 

10.423 kb 

583534 Coordinate 

Length 0 5 kb 10 kb 15 kb 20 kb 5 kb 10 kb 15 kb 20 kb 

Centromere proximal Centromere distal 

7 R 
W 

5 R 
W 

6 R 
W 

8 R 
W 

NCO: 1.118 kb 
CO left: 10.330 kb 
CO right: 1.118 kb  

1.118 kb 

10.330 kb 

6.822 kb 

NCO: 9.245 kb  
CO left: - 
CO right: 6.758 kb 

5.081 kb 4.164 kb 6.758 kb 

NCO: 10.464 kb 
CO left:  10.245 kb 
CO right: 6.250 kb 6.250 kb 

9.301 kb 

10.245 kb 

5.096 kb 
1.154 kb 

NCO: 11.790 kb  
CO left: 0.977 kb 
CO right: 11.979 kb 11.979 kb 

2.600 kb 4.730 kb 4.460 kb 

0.977 kb 

2.789 kb 

6	

6	

11	

11	

2	

9	

6	 8	

8	

2	

6	1	

1	 9	

2	 12	9	
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 Figure 37. Chromosomes present in each sectored colony. 

The four chromosomes present within each sectored colony are diagrammed on the left.  
Red and black lines correspond to W303- and YJM-specific chromosomal segments, 
respectively, in CO and NCO products; red and black circles represent W303 and YJM 
centromeres, respectively.  Solid gray vertical lines mark the position of the initiating 
DSB and dotted lines mark transitions between heterozygosity and homozygosity.  Blue 
numbers correspond to primer pairs used to diagnose genetic linkages on the CO and 
NCO chromosomes within specific sectors (see Tables 4 and 5).  On the right, the 
shorthand depiction is presented as in Figure 17, but 4:0 and 3:1 tract lengths are given 
and are presented to scale. 
 
 

 

583534 Coordinate 

Length 0 5 kb 10 kb 15 kb 20 kb 5 kb 10 kb 15 kb 20 kb 

Centromere proximal Centromere distal 

19  R 
W 

20  R 
W 

18  R 
W 

17  R 
W 

12.554 kb 

0.934 kb 

0.342 kb 

6.746 kb 5.979 kb 4.324 kb 2.701 kb 

19.408 kb 

NCO: 17.219 kb 
CO left: 8.337 kb 
CO right: 11.124 kb 

4.346 kb 

8.654 kb 
3.420 kb 2.532 kb 

0.767 kb 
2.769 kb NCO: 9.488 kb 

CO left: 4.346 kb 
CO right: 8.654 kb 

NCO: 1.118 kb 
CO left: - 
CO right: 10.116 kb 

1.118 kb 10.116 kb 

NCO: 12.896 kb 
CO left: 0.934 kb 
CO right: 19.750 kb 

17.219 kb 

6.095 kb 

11.124kb 0.732 kb 
1.510 kb 

6	

1	

1	

2	

2	

8	

11	 14	

11	

3	

6	 11	

Figure S3.  Chromosomes present in each sectored colony.  The four chromosomes present within each 
sectored colony are diagrammed on the left.  Red and black lines correspond to W303- and YJM-specific 
chromosomal segments, respectively, in CO and NCO products; red and black circles represent W303 and YJM 
centromeres, respectively.  Solid gray vertical lines mark the position of the initiating DSB and dotted lines mark 
transitions between heterozygosity and homozygosity.  Blue numbers correspond to primer pairs used to diagnose 
genetic linkages on the CO and NCO chromosomes within specific sectors (see Tables S2 and S3).  On the right, 
the shorthand depiction is presented as in Figure 4, but 4:0 and 3:1 tract lengths are given and are presented to 
scale. 
 



 

 154 

 

  Figure 38. Contribution of MMR to NCO tract directionality in the ectopic system. 

The ectopic system shown in Figure 20A was used to map GC and hetDNA tracts in 
wild-type (adopted from Guo et al., 2017) and mlh1Δ strains, respectively.  Each line 
represents an individual NCO event; white and black boxes represent recipient and 
donor SNPs, respectively, which were spaced at ~50 bp intervals.  Grey boxes indicate 
hetDNA and vertical arrows mark the DSB position.  Following the selection of Lys+ 
recombinants, DNA was isolated from entire colonies without purification in order to 
preserve mismatches present in hetDNA intermediates.  NCO tracts were truncated at 
the 5’ end during PCR-amplification (only 5 upstream SNPs are represented) with 
barcoded primers.  PCR fragments were pooled for SMRT sequencing and individual 
recombinants were then sorted by barcode.  Conversion of first SNP adjacent to the 
DSB (8-nt from each of the I-SceI generated 3’ ends) has been shown to be due to 
proofreading activity of DNA polymerase δ (Guo et al., 2017) and was disregarded when 
determining tract directionality.  For example, a tract with a long conversion tract (black 
box) upstream of DSB and a conversion tract covering only the first SNP downstream of 
DSB is considered a unidirectional tract.
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Appendix C: Chapter 4 
Table 6. Yeast strains used in Chapter 4. 

 

Strain Relevant genotypea Comments/reference 
SJR3659 MATa RAD5 leu2-3,112 his3-11,15 ura3-1 trp1-1 ade2-1 CAN1 Strain MC42-2d in Craven et al. 

2002 
SJR3714 MATa lys2::I-SceI Guo et al. 2017  
SJR3782 MATα RAD5 leu2-3,112 his3-11,15 ura3-1 trp1-1 ade2-1 CAN1 hom3-10 Strain HLK1042-1c in Craven et al. 

2002 
SJR4015 MATa lys2::CORE  SJR3714 with CORE cassette 

inserted into LYS2  
SJR4277 MATα ade2Δ::loxP-TRP1-loxP SJR3782 ade2Δ 
SJR4304 MATa his3Δ::pGAL-I-SceI mlh1Δ::loxP-TRP1-loxP hisG-lys2::I-SceI 

can1::lys2Δ3ʹ-98%,I-SceInc-URA3-hisG 
SJR3714 mlh1Δ with pGAL-I-SceI 
and CO-NCO substrates 

SJR4468 MATα ade2Δ::loxP-TRP1-loxP can1::lys2Δ3ʹ-98%,ade2,I-SceInc SJR4277 transformed with AflII-
XcmI digested pSR1132 

SJR4469 MATα HOM3 ade2Δ::loxP-TRP1-loxP mlh1Δ::loxP-TRP1-loxP 
his3Δ::pGAL-I-SceI can1::lys2Δ3’-98%,ade2,I-SceInc HOM3 

Spore from SJR4304 x SJR4468  

SJR4533 MATa kanMX-lys2Δ5ʹ::ade2,I-SceI Derivative of SJR4015 with the 
lys2Δ5ʹ allele 

SJR4534 MATα ade2Δ::loxP-TRP1-loxP mlh1Δ::loxP-TRP1-loxP kanMX-
lys2Δ5ʹ::ade2,I-SceI can1::lys2Δ3ʹ-98%,ade2,I-SceInc 

Spore from SJR4533 x SJR4469  

SJR4536 MATa ade2Δ::loxP-TRP1-loxP mlh1Δ::loxP-TRP1-loxP kanMX-
lys2Δ5ʹ::ade2,I-SceI can1::lys2Δ3ʹ-98%,ade2,I-SceInc 

Spore from SJR4533 x SJR4469  

SJR4606 MATα ade2Δ::loxP-TRP1-loxP kanMX-lys2Δ5ʹ::ade2,I-SceI can1::lys2Δ3ʹ-
98%,ade2,I-SceInc 

Spore from SJR4533 x SJR4469  

SJR4608 MATα ade2Δ::loxP-TRP1-loxP mlh1Δ::loxP-TRP1-loxP his3Δ::pGAL-I-SceI 
kanMX-lys2Δ5ʹ::ade2,I-SceI can1::lys2Δ3ʹ-98%,ade2,I-SceInc  

Spore from SJR4533 x SJR4469  
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SJR4614 MATa/MATα ade2Δ::loxP-TRP1-loxP/ade2Δ::loxP-TRP1-loxP 
MLH1/mlh1Δ::loxP-TRP1-loxP kanMX-lys2Δ5ʹ::ade2,I-SceI/kanMX-
lys2Δ5ʹ::ade2,I-SceI can1::lys2Δ3ʹ-98%,ade2,I-SceInc/can1::lys2Δ3ʹ-
98%,ade2,I-SceInc 

Diploid SJR4536 x SJR4606 

SJR4627 MATa/MATα ade2Δ::loxP-TRP1-loxP/ade2Δ::loxP-TRP1-loxP 
MLH1/mlh1Δ::loxP-TRP1-loxP kanMX-lys2Δ5ʹ::ade2,I-SceI/kanMX-
lys2Δ5ʹ::ade2,I-SceI can1::lys2Δ3ʹ-98%,ade2,I-SceInc/can1::lys2Δ3ʹ-
98%,ade2,I-SceInc TSA1/tsa1Δ::loxP-URA3kl-loxP 

Diploid SJR4614 with heterozygous 
TSA1 deletion 
 

SJR4672 MATα ade2Δ::loxP-TRP1-loxP MLH1 kanMX-lys2Δ5ʹ::ade2,I-SceI 
can1::lys2Δ3ʹ-98%,ade2,I-SceInc tsa1Δ::loxP-URA3kl-loxP  

Spore from SJR4627  

SJR4674 MATα ade2Δ::loxP-TRP1-loxP mlh1Δ::loxP-TRP1-loxP kanMX-
lys2Δ5ʹ::ade2,I-SceI can1::lys2Δ3ʹ-98%,ade2,I-SceIn  tsa1Δ::loxP-URA3kl-
loxP 

Spore from SJR4627 
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  Figure 39. SNPs in the CO-specific recombination substrates. 

The region of the lys2Δ5ʹ allele that is homologous to the lys2Δ3ʹ allele is shown.  The segment introduced from the ADE2 
gene is highlighted in blue; the introduced I-SceI site is highlighted in yellow, with the region flanked by enzyme-generated nicks 
underlined.  In the lys2Δ3ʹ allele, an additional 6 nt (CCATAA) was added following the underlined region in order to maintain the 
reading frame while preventing I-SceI cleavage.  SNPs introduced into the donor allele are above the sequence and are highlighted 
gray. 

  G             C  T 
AAGCTACATATTCGTTACAGCTACCTCAGCTCGATGTGCCTCATGATAGTTTTTCTAACAAATACGCTGTCGCTTTGAGTGTATGGGCTGCATTGATATATAGAGTAACCGGTGACGATGATATTGTTCTTTATATTGCG 
          T   T                                                                                                                      C 
AATAACAAAATCTTAAGATTCAATATTCAACCAACGTGGTCATTTAATGAGCTGTATTCTACAATTAACAATGAGTTGAACAAGCTCAATTCTATTGAGGCCAATTTTTCCTTTGACGAGCTAGCTGAAAAAATTCAAAGTT 
 A                 C                       C 
GCCAAGATCTGGAAAGGACCCCTTCTAGAACAGTTGGTATATTAGGAGGGGGACAATTGGGACGTATGATTGTTGAGGCAGCAAACAGGCTCAACATTAAGACGGTAATACTAGATGCTGAAAATTCTCCTGCCAAAC 
          C               T                   G  
AAATAAGCAACTCCAATGACCACGTTAATGGCTCCTTTTCCAATCCTCTTGATATCGAAAAACTAGCTGAAAAATGTGATGTGCTAACGATTGAGATTGAGCATGTTGATGTTCCTACACTAAAGAATCTTCAAGTAAAAC 
            T        T       
ATCCCAAATTAAAAATTTACCCTTCTCCAGAAACAATCAGATTGATACAAGACAAATATATTCAAAAAGAGCATTTAATCAAAAATGGTATAGCAGTTACCCAAAGTGTTCCTGTGGAACAAGCCAGTGAGACGTCCCTAT 
         T                   C         A 
TGAATGTTGGAAGAGATTTGGGTTTTCCATTCGTCTTGAAGTCGAGGACTTTGGCATACGATGGAAGAGGTAACTTCGTTGTAAAGAATAAGGAAATGATTCCGGAAGCTTTGGAAGTACTGAAGGATCGTCCTTTGTA 
           C                  C                     C 
CGCCGAAAAATGGGCACCATTTACTAAAGAATTAGCAGTCATGATTGTGAGATCTGTTAACGGTTTAGTGTTTTCTTACCCAATTGTAGAGACTATCCACAAGGACAATATTTGTGACTTATGTTATGCGCCTGCTAGAG 
     A            G              A 
TTCCGGACTCCGTTCAACTTAAGGCGAAGTTGTTGGCAGAAAATGCAATCAAATCTTTTCCCGGTTGTGGTATATTTGGTGTGGAAATGTTCTATTTAGAAACAGGGGAATTGCTTATTAACGAAATTGCCCCAAGGCCT 
                 C            C 
CACAACTCTGGACATTATACCATTGATGCTTGCGTCACTTCTCAATTTGAAGCTCATTTGAGATCAATATTGGATTTGCCAATGCCAAAGAATTTCACATCTTTCTCCACCATTACAACGAACGCCATTATGCTAAATGTT 
    T                C                     G  
CTTGGAGACAAACATACAAAAGATAAAGAGCTAGAAACTTGCGAAAGAGCATTGGCGACTCCAGGTTCCTCAGTGTACTTATATGGAAAAGAGTCTAGACCTAACAGAAAAGTAGGTCACATAAATATTATTGCCTCCA 
       A               C             T 
GTATGGCGGAATGTGAACAAAGGCTGAACTACATTACAGGTAGAACTGATATTCCAATCAAAATCTCTGTCGCTCAAAAGTTGGACTTGGAAGCAATGGTCAAACCATTGGTTGGAATCATCATGGGATCAGACTCTGA 
                 G        C            G 
CTTGCCGGTAATGTCTGCCGCATGTGCGGTTTTAAAAGATTTTGGCGTTCCATTTGAAGTGACAATAGTCTCTGCTCATAGAACTCCACATAGGATGTCAGCATATGCTATTTCCGCAAGCAAGCGTGGAATTAAAACA 
                     C                  C 
ATTATCGCTGGAGCTGGTGGGGCTGCTCACTTGCCAGGTATGGTGGCTGCAATGACACCACTTCCTGTCATCGGTGTGCCCGTAAAAGGTTCTTGTCTAGATGGAGTAGATTCTTTACATTCAATTGTGCAAATGCCT 
   C                      T           C 
AGAGGTGTTCCAGTAGCTACCGTCGCTATTAATAATAGTACGAACGCTGCGCTGTTGGCTGTCAGACTGCTTGGCGCTTATGATTCAAGTTATACAACGAAAATGGAACAGTTTTTATTAAAGCAAGAAGAAGAAGTTC 
            C     T            A                 G 
TTGTCAAAGCACAAAAGTTAGAAACTGTCGGTTACGAAGCTTATCTAGAAAACCCTAGGGATAACAGGGTAATATTGTTCCGTTTGGCCTTTTTGGAAAACCAAGATTTCAAATTAGACGAGTTCAAGCATCATTTAGTG 
                  C                        G            C   
GACTTTGCTTTGAATTTGGATACCAGTAATAATGCGCATGTTTTGAACTTAATTTATAACAGCTTACTGTATTCGAATGAAAGAGTAACCATTGTTGCGGACCAATTTACTCAATATTTGACTGCTGCGCTAAGCGATCCA 
              A                       T            G 
TCCAATTGCATAACTAAAATCTCTCTGATCACCGCATCATCCAAGGATAGTTTACCTGATCCAACTAAGAACTTGGGCTGGTGCGATTTCGTGGGGTGTATTCACGACATTTTCCAGGACAATGCTGAAGCCTTCCCAG 
                  T        C       
AGAGAACCTGTGTTGTGGAGACTCCAACACTAAATTCCGACAAGTCCCGTTCTTTCACTTATCGCGACATCAACCGCACTTCTAACATAGTTGCCCATTATTTGATTAAAACAGGTATCAAAAGAGGTGATGTAGTGATG 
     T                 G                        G 
ATCTATTCTTCTAGGGGTGTGGATTTGATGGTATGTGTGATGGGTGTCTTGAAAGCCGGCGCAACCTTTTCAGTTATCGACCCTGCATATCCCCCAGCCAGACAAACCATTTACTTAGGTGTTGCTAAACCACGTGGGT 
      C                A                   G  
TGATTGTTATTAGAGCTGCTGGACAATTGGATCAACTAGTAGAAGATTACATCAATGATGAATTGGAGATTGTTTCAAGAATCAATTCCATCGCTATTCAAGAAAATGGTACCATTGAAGGTGGCAAATTGGACAATGGC 
      T                T                    C 
GAGGATGTTTTGGCTCCATATGATCACTACAAAGACACCAGAACAGGTGTTGTAGTTGGACCAGATTCCAACCCAACCCTATCTTTCACATCTGGTTCCGAAGGTATTCCTAAGGGTGTTCTTGGTAGACATTTTTCCTT 
                    C         G       
GGCTTATTATTTCAATTGGATGTCCAAAAGGTTCAACTTAACAGAAAATGATAAATTCACAATGCTGAGCGGTATTGCACATGATCCAATTCAAAGAGATATGTTTACACCATTATTTTTAGGTGCCCAATTGTATGTCCC 
              G                     C           T 
TACTCAAGATGATATTGGTACACCGGGCCGTTTAGCGGAATGGATGAGTAAGTATGGTTGCACAGTTACCCATTTAACACCTGCCATGGGTCAATTACTTACTGCCCAAGCTACTACACCATTCCCTAAGTTACATCAT 
          T                   T                       C 
GCGTTCTTTGTGGGTGACATTTTAACAAAACGTGATTGTCTGAGGTTACAAACCTTGGCAGAAAATTGCCGTATTGTTAATATGTACGGTACCACTGAAACACAGCGTGCAGTTTCTTATTTCGAAGTTAAATCAAAAAA 
       G                C                     C 
TGACGATCCAAACTTTTTGAAAAAATTGAAAGATGTCATGCCTGCTGGTAAAGGTATGTTGAACGTTCAGCTACTAGTTGTTAACAGGAACGATCGTACTCAAATATGTGGTATTGGCGAAATAGGTGAGATTTATGTTC 
          A               C  
GTGCAGGTGGTTTGGCCGAAGGTTATAGAGGATTACCAGAATTGAATAAAGAAAAATTTGTGAACAACTGGTTTGTTGAAAAAGATCACTGGAATTATTTGGATAAGGATAATGGTGAACCTTGGAGACAATTCTGGTT 
               T            A                 T 
AGGTCCAAGAGATAGATTGTACAGAACGGGTGATTTAGGTCGTTATCTACCAAACGGTGACTGTGAATGTTGCGGTAGGGCTGATGATCAAGTTAAAATTCGTGGGTTCAGAATCGAATTAGGAGAAATAGATACGCA 
                   T           A               T 
CATTTCCCAACATCCATTGGTAAGAGAAAACATTACTTTAGTTCGCAAAAATGCCGACAATGAGCCAACATTGATCACATTTATGGTCCCAAGATTTGACAAGCCAGATGACTTGTCTAAGTTCCAAAGTGATGTTCCAA 
                   G         G             T 
AGGAGGTTGAAACTGACCCTATAGTTAAGGGCTTAATCGGTTACCATCTTTTATCCAAGGACATCAGGACTTTCTTAAAGAAAAGATTGGCTAGCTATGCTATGCCTTCCTTGATTGTGGTTATGGATAAACTACCAT 
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Figure 40. Stacked DSB-associated two-sided hetDNA. 

The lys2Δ5ʹΔ3ʹ and LYS2 alleles for each CO event in Figure 23 are shown stacked 
rather than side-by-side to allow visualization of hetDNA and gene conversion 
transitions.  The lys2Δ5ʹΔ3ʹ is at the top or each pair of products and the LYS2 allele at 
the bottom.  Events are aligned vertically based on the upstream hetDNA length so that 
their order is as in Figure 23.  The gap indicates the position of the initiating DSB. 
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 Figure 41. hetDNA position nick-directed and random HJ cleavage. 

Red and black lines represent the lys2Δ5ʹ and lys2Δ3ʹ alleles, respectively.  Arrowheads 
mark the 3ʹ ends of DNA strands and yellow boxes the hetDNA.  Black and gray 
triangles indicated sites of HJ cleavage.  (A) Nick-directed HJ cleavage (cleavage of the 
strand with the same polarity as the nicked strand; black triangles) occurs before HJs 
are fully ligated.  Such cleavage generates CO products with hetDNA always upstream 
of the DSB in the lys2Δ5ʹΔ3ʹ allele and always downstream of the DSB in the LYS2 
allele.  The same pattern is produced regardless of which broken end invades the repair 
template.  (B) Random cleavage occurs when the HJs are fully ligated, and alternative 
cleavage sites that produce CO products are represented by the black and gray 
triangles.  Cleavage at the positions of the black triangles produces the same hetDNA 
pattern as nick-directed cleavage, while cleavage at the positions of the white triangles 
reverses the hetDNA positions relative to the DSB. 
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 Figure 42. Stacked DSB-associated one-sided hetDNA. 

The lys2Δ5ʹΔ3ʹ and LYS2 alleles for each CO event in Figure 25 are shown stacked 
rather than side-by-side, and are in the same order as in Figure 25.  The lys2Δ5ʹΔ3ʹ is at 
the top of each pair of products and the LYS2 allele at the bottom.  The gap indicates the 
position of the initiating DSB.  “n” is the number of events with the relevant hetDNA 
pattern. 
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B.  One-sided hetDNA with displaced transition (n=3) 
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Figure 43. DSB-initiated COs with hetDNA confined to the donor allele or no 

hetDNA. 

CO products for each event are stacked; the lys2Δ5ʹΔ3ʹ allele is on the top and the LYS2 
allele on the bottom of each pair.  (A) hetDNA was confined to the donor allele.  (B) 
hetDNA was absent in both CO products, and gene conversion tracts were present.  “n” 
is the number of events with the relevant hetDNA pattern.

A.  Donor-only hetDNA (n=7) 

B.  No hetDNA (n=60) 
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Figure 44. Spontaneous COs lacking hetDNA or with indeterminate hetDNA. 

All events were isolated in a wild-type (TSA1) background.  CO products for each event 
are stacked; the lys2Δ5ʹΔ3ʹ allele is on the top and the LYS2 allele on the bottom of each 
pair.  (A) CO products with no detectable hetDNA.  (B) CO events with hetDNA confined 
to only one allele.  (C) CO events with hetDNA in both alleles, but with a “patchy” pattern 
that did not match that predicted for a DSB/nick/gap-induced CO (see Figure 21). 

A.		No	hetDNA	!"#$$%	

B. hetDNA in one product (n=21) 

C. Patchy hetDNA pattern (n=8) 
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Figure 45. Spontaneous tsa1Δ  COs lacking hetDNA or with indeterminate hetDNA. 

All events were isolated in a tsa1Δ background.  CO products for each event are 
stacked; the lys2Δ5ʹΔ3ʹ allele is on the top and the LYS2 allele on the bottom of each 
pair.  (A) CO products with no detectable hetDNA.  (B) CO events with hetDNA confined 
to only one allele.  (C) CO events with hetDNA in both alleles, but with a “patchy” pattern 
that did not match that predicted for a DSB/nick/gap-induced CO (see Figure 21). 
 

A.		No	hetDNA	(n=62)	

B. hetDNA in one product  (n=14) C. Patchy hetDNA pattern (n=10) 
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