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Abstract

The Rad51/RecA family of recombinases perform a critical function in typical repair of dou-
ble-strand breaks (DSBs): strand invasion of a resected DSB end into a homologous dou-
ble-stranded DNA (dsDNA) template sequence to initiate repair. However, repair of a DSB
using single stranded DNA (ssDNA) as a template, a common method of CRISPR/Cas9-
mediated gene editing, is Rad51-independent. We have analyzed the genetic requirements
for these Rad51-independent events in Saccharomyces cerevisiae by creating a DSB with
the site-specific HO endonuclease and repairing the DSB with 80-nt single-stranded oligo-
nucleotides (ssODNSs), and confirmed these results by Cas9-mediated DSBs in combination
with a bacterial retron system that produces ssDNA templates in vivo. We show that single
strand template repair (SSTR), is dependent on Rad52, Rad59, Srs2 and the Mre11-
Rad50-Xrs2 (MRX) complex, but unlike other Rad51-independent recombination events,
independent of Rdh54. We show that Rad59 acts to alleviate the inhibition of Rad51 on
Rad52’s strand annealing activity both in SSTR and in single strand annealing (SSA). Gene
editing is Rad51-dependent when double-stranded oligonucleotides of the same size and
sequence are introduced as templates. The assimilation of mismatches during gene editing
is dependent on the activity of Msh2, which acts very differently on the 3’ side of the ssODN
which can anneal directly to the resected DSB end compared to the 5’ end. In addition DNA
polymerase Pold’s 3’ to 5’ proofreading activity frequently excises a mismatch very close to
the 3’ end of the template. We further report that SSTR is accompanied by as much as a
600-fold increase in mutations in regions adjacent to the sequences directly undergoing
repair. These DNA polymerase {-dependent mutations may compromise the accuracy of
gene editing.

Author summary

DNA double strand breaks (DSBs) are one of the most lethal types of damage that can be
inflicted on a chromosome and failure to repair such lesions can result in chromosome
instability, commonly associated with human cancer. A knowledge of DNA repair
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mechanisms is also critical in the exploitation of gene therapy, a process that includes
intentionally breaking the DNA to modify the genetic sequence. Here we compared two
site-specific methods to create DSBs (HO endonuclease and CRISPR/Cas9) in budding
yeast, to modify several DNA targets by single-strand DNA template repair (SSTR). We
show that gene editing uses a DSB repair pathway that is independent of the canonical
repair protein Rad51 and distinct from previously studied Rad51-independent pathways
in its requirements for several other known recombination proteins. We show both in
gene editing and in single-strand annealing that Rad59 acts to suppress the modulation of
Rad52’s strand annealing activity by Rad51. We also determined how mismatches in the
template are incorporated into the genome, and that this assimilation reflects different
aspects of Msh2-mediated mismatch repair as well as Pold-mediated proofreading. These
insights provide insight into the mechanisms of DSB repair by this important gene-edit-
ing pathway.

Introduction

DSBs are repaired through one of two pathways: homologous recombination (HR) or nonho-
mologous end joining (NHE]). Both classical NHE] and microhomology-mediated end joining
(MME]) involve DNA ligase-mediated joining of the broken chromosome ends, which usually
results in small insertions or deletions (indels) at the junction [1,2,3,4,5,6]. HR is a less muta-
genic form of DSB repair, as it makes use of a homologous sequence as a donor template for
repair. The template can be located on a sister chromatid, a homologous chromosome, or at
an ectopic site. The majority of HR events are dependent on a core group of proteins, includ-
ing the Rad51 strand-exchange protein that is responsible for homology recognition and initi-
ating strand invasion into a double-stranded DNA (dsDNA) template [7]. In budding yeast,
Rad51 interacts with and is assisted by several key recombination proteins, including the medi-
ator Rad52 and the Rad51 paralogs, Rad55 and Rad57, as well as the chromatin remodeler,
Rad54 [8,9,10,11,12,13]. Rad52 also plays a critical role in later steps of DSB repair, facilitating
second-end capture of the DNA polymerase-extended repair intermediate [14].

However, some DSB repair events, though still requiring Rad52, are Rad51-independent.
The best studied mechanism is single-strand annealing (SSA), where homologous sequences
flanking a DSB are rendered single-stranded by 5’ to 3’ exonucleases and then annealed, creat-
ing genomic deletions [15,16,17,18]. SSA requires the Rad52 paralog Rad59, especially when
the size of the flanking homologous regions is small [19]. A second Rad51-independent mech-
anism involves break-induced replication (BIR) [20,21]. Rad51-independent BIR is also inde-
pendent of Rad54, Rad55, and Rad57; however, Rad59 and a paralog of Rad54 called Rdh54/
Tid1 assume important roles. Rad51-independent BIR also requires the Mrel1-Rad50-Xrs2
complex, whereas Rad51-mediated events and SSA are merely delayed by the absence of these
proteins [18]. A third Rad51-independent pathway, another form of BIR, operates to maintain
telomeres in the absence of telomerase (known as Type II events). Here too, Rad59 and the
MRX complex, as well as Rad52, are necessary, whereas the Type I Rad51-dependent telomere
maintenance pathway does not require either Rad59 or MRX [22,23,24]. Both Rad51-depen-
dent and Rad51-independent forms of telomere maintenance require the nonessential DNA
polymerase & subunit, Pol32, as do other BIR events [25] Similarly, DSB repair by intramolecu-
lar gene conversion involving short (33-bp) regions of homology is inhibited by Rad51 and is
dependent on the MRX complex, Rad59, and Rdh54 [26]. Rad51-independent BIR pathways
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are also dependent on the Srs2 helicase that antagonizes loading of Rad51 onto resected DSB
ends [21,27].

Use of the RNA-guided CRISPR/Cas9 endonuclease has revolutionized gene editing in
eukaryotic systems ranging from yeast to mammals [28,29,30]. Guided endonucleases are pro-
grammed to create site-specific DSBs that can be repaired by providing a homologous template
[31,32]. One approach that has been shown to be an efficient method of gene editing in a vari-
ety of eukaryotic systems is to introduce short single-stranded oligodeoxynucleotides (ssODN)
as a donor template [33,34,35,36].

Here we have examined the genetic requirements for single strand template repair (SSTR)
in budding yeast, using two different systems: 1) an inducible HO endonuclease and an
80-nucleotide (nt) ssODN as a template for DSB repair, and 2) an optimized bacterial retron
system to produce ssDNA templates in vivo with a targeted Cas9-mediated DSB. We confirm
that in budding yeast, as in other eukaryotes, SSTR is a Rad51-independent mechanism, but
show that this pathway is distinct from the previously-described Rad51-independent recombi-
nation pathways. SSTR depends on Rad52, Rad59, and Srs2 proteins, as well as the MRX com-
plex, but is independent of Rdh54/Tid1. Surprisingly, deleting Rad51 suppresses the rad59A
defect. We show a similar suppression of rad59A by rad51A in SSA. We conclude that Rad59
prevents Rad51 from inhibiting Rad52-mediated strand annealing. In contrast, this novel form
of repair is specific to ssDNA, as dsDNA templates of the same size and sequence use a canoni-
cal Rad51-dependent process.

By analyzing the fate of mismatches between the ssODN and the target DNA, we show that
the mismatches at the 5’ and 3’ ends of the template are differently incorporated into the gene-
edited product. We show that both the MSH2 mismatch repair (MMR) protein and the 3’ to 5’
exonuclease activity of DNA Pold play important roles in resolving heteroduplex DNA.
Finally, we demonstrate that SSTR is accompanied by as much as a 600-fold increase in muta-
tions in the 1-kb region adjacent to the site of gene editing. These mutations are dependent on
the error-prone DNA polymerase  that fills in single-stranded regions generated during DSB
repair.

Results
Single stranded template repair is Rad51-independent

Gene editing using ssODNss in yeast is limited both by the efficiency of DSB initiation and by
the efficiency of transformation to introduce the ssDNA template. As a model for DSB-
induced gene editing, we used a galactose-inducible HO endonuclease to create a site-specific
DNA break at the MATo locus of chromosome 3, coupled with the introduction of the ssDNA
template by transformation. In this strain, both HML and HMR donors have been deleted, so
that a DSB that can only be repaired via NHE] unless an ectopic donor is provided [1]. When
HO is continually expressed, imprecise NHE] repair occurs in approximately 2 x 10~ cells,
distinguishable by indels in the cleavage site that prevent further HO activity. Repair by
homologous recombination can be accomplished by introducing an 80-nt ssODN as a repair
template. Cells were transformed with an ssODN template and then plated onto media con-
taining galactose, which rapidly induces an HO-mediated DSB [37]. The template contains
37-nt of perfect homology to each end of the DSB, surrounding a 6-nt Xhol restriction site (Fig
1A). SSTR leads to the disruption of the HO cleavage site by the insertion of the Xhol site,
whose presence can be confirmed by an Xhol digest of a PCR product spanning the region (S1
Fig). In WT cells, we achieve an editing efficiency of 75-90% among in DSB survivors, with
the remaining survivors repaired via NHE]; these indels are eliminated by mutants such as
mrel 1A, rad50A, and yku70A that are known to be required for NHE] (Fig 1B). However,
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Fig 1. SSTR is a novel form of Rad51-independent DSB repair. A) A DSB was created at the MATa locus via induction of a galactose-inducible HO
endonuclease. A ssODN with 37-nt homology on either side of an Xhol site (yellow) provides a template for SSTR, resulting in the insertion of an Xhol
restriction site into the MAT locus. B) Viability determined by plate counts from galactose-containing media (induction media) over YEPD (non-induction
media). Proportion of SSTR (red) and NHEJ (blue) events in various mutants involved in DSB repair are determined via PCR of the MAT locus, followed by
an Xhol digest (S1 Fig). C) Effect of double mutants on SSTR. D) Genetic requirements to repair an HO-mediated DSB with an 80-bp dsDNA repair template.
D-E) Viability tests to determine strains ability to undergo DSB repair with designate 80-nt ssDNA or 80-bp dsDNA template. Viability was determined as
described in B F) Viability comparison of ssODN to dsDNA. Significance determined using a t-test with Welch’s correction, * p < 0.01, ** p < 0.001,

comparing mutant’s to WT. Error bars refer to standard error of the mean. WT and rad51A n = 9, all other mutants n = 3 for SSTR, n = 3 for all dsDNA
assays.

https://doi.org/10.1371/journal.pgen.1008689.9001

survival in this assay is quite low, with an average survival rate of 2.8% (S2 Fig); this low effi-
ciency reflects limitations in transforming ssODN, as shown below.

We applied this assay to determine which recombination factors are required for SSTR.
Consistent with previous results in both budding yeast and metazoans [35,36,38,39], SSTR
proved to be Rad51-independent (Fig 1B). Furthermore, SSTR was significantly inhibited
when Rad51 was overexpressed from an ADHI promoter on a multicopy 2y plasmid. SSTR
proved to be independent of the Rad51 paralog, Rad55, and the Rad54 translocase/chromatin
remodeler, both of which are required for most DSB repair events that involve dsDNA tem-
plates. Also, the Shu complex, which contains Rad51 paralogs and has been shown to promote
error-free HR, was also dispensable for SSTR [40]. As expected, SSTR was dependent on the
single strand annealing protein Rad52, with essentially all rad52A survivors resulting from
NHE] events. There was also a significant reduction of SSTR in the absence of the Rad52
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paralog Rad59, as well as less profound reduction in a strain lacking the helicase Sgs1, although
sgs1A did not prove to be statistically significant in this assay (Fig 1B). However, since this
assay compares a large number of mutants, we used a strict statistical p-value of 0.01 and sgsIA
has a p-value of 0.014 when looking at the total cell viability. If we compare only SSTR events,
sgs1A has a p-value of 0.02 compared to WT, still not meeting our cut-off for statistical
significance.

In previous studies of Rad51-independent recombination, excluding SSA which is also
Rad51-independent, both Rdh54 and the MRX complex were required [21,26]. For SSTR,
while MRX is required, Rdh54 is not, distinguishing SSTR from previously studied Rad51-in-
dependent pathways. SSTR is also independent of Pol32. It is also notable that while the MRX
complex is required, Sae2 —~which often functions in conjunction with MRX in regulating end-
resection but not in DSB end-tethering or other functions [41, 42, 43]-is not. A sae2A strain is
still capable of both SSTR and NHE].

SSTR also requires the Srs2 helicase (Fig 1B). One major function of the Srs2 helicase is to
act as an anti-recombination factor by stripping Rad51 from the ssDNA tails formed after
resection [44,45]; thus, srs2A might mimic the inhibition of SSTR that is seen when Rad51 is
overexpressed. Indeed, deleting RAD51 suppressed srs2A’s defect in SSTR (Fig 1C). Moreover,
deleting RDH54 suppressed the defect in srs2A. Although these results might suggest that
Rdh54 acts in the same pathway as Rad51, we do not believe this to be the case since their dele-
tions behave differently in other genetic combinations (see below).

We also examined the role of several genes that are involved in the 5 to 3’ resection of DSB
ends: the Exol exonuclease and the Sgs1-Rmil-Top3-Dna2 helicase/endonuclease complex
[46,47]. Deleting either Sgs1 or Exol had no significant effect on the efficiency of Xhol inser-
tion, and neither did the sgsIA exolA double mutant (Fig 1C). These results suggest that the
MRX complex can provide sufficient end resection to allow SSTR involving the homologous
37 nt of the ssODN donor. Deleting the Fun30 SWI/SNF chromatin remodeler has also been
shown to strongly retard 5’ to 3’ resection of DSB ends [48,49,50], but we found a significant
increase in SSTR. We note that in previous research using human cancer lines, SSTR was
dependent on proteins in the Fanconi anemia (FA) pathway [51]. The helicase function of
Mphl is the only homolog of the FA pathway found in yeast, but Mph1 does not appear to
play a role in SSTR in our system (Fig 1B).

Since our SSTR assays employ templates containing only 37-nt of homology on either side
of the DSB, we wanted to know if this noncanonical repair pathway is specific to ssDNA, or
might also apply to repair with dsDNA templates with the same limited homology. We
annealed complementary 80-nt ssDNA oligonucleotides to create a dSDNA template with free
ends that had 37-bp of perfect homology flanking each side of a 6-bp Xhol restriction site.
After duplexing, the pool of dsDNA template was treated with S1 nuclease to degrade any
remaining non-duplexed ssDNA. We transformed the template into cells using the same pro-
tocol used with the ssDNA templates (Fig 1D). With this short dsDNA template, the repair
process shifted to a Rad51-dependent event, now also requiring Rad54 and Rad55, but still
dependent on the MRX complex, Srs2 and Rad59 (Fig 1D). DSTR is also dependent on Rdh54,
whereas most DSB Rad51-dependent repair events are not [52, 53, 54]. Double-stranded tem-
plate repair (DSTR) proved to be more than five times as efficient as SSTR (Fig 1E). It is impor-
tant to note that when the duplexed ssODNs were not S1-treated so that the template pool still
contained un-annealed ssDNA, the process is Rad51-independent. A residual amount of
ssDNA after S1 treatment may explain why we don’t see a stronger dependence on Rad51 in
this assay.
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Rad59 regulates Rad52-mediated strand annealing

Given that Rad59 has an important role in SSTR, we further examined the genetic interaction
between Rad51 and Rad59. Previous biochemical studies had [55] had suggested that Rad59
might mediate the ability of the Rad52 protein to facilitate single-strand annealing, which is
the first step in SSTR (Fig 1A), specifically by modulating the inhibitory effect of Rad51 on
Rad52’s strand annealing activity. Indeed, deleting Rad51 suppressed the inhibition of SSTR
by rad59A and increased the rate of SSTR significantly higher than observed in WT cell or in
the absence of Rad51 (Fig 2A). We then examined a separation-of-function mutation of
Rad52, rad52-R70A, that is proficient for loading of Rad51 onto ssDNA but fails to carry out
strand annealing [56]. SSTR is severely impaired in a rad52-R70A mutant, similar to rad59A’s
phenotype (Fig 1B; Fig 2A). However, deletion of Rad51 did not suppress rad52-R70A, sup-
porting the conclusion that Rad59 affects Rad51’s modulation of Rad52-mediated strand
annealing activity. Since deletion of RAD51 in a rad59A or a rdh54A background had a marked
increase on the cells ability to undergo SSTR, we also asked if rad59A rdh54A might show a
similar increase in SSTR. However, rad59A is not suppressed by rdh54A (Fig 2A).
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To confirm that Rad59 affects the strand-annealing function of Rad52, we turned to a well-
characterized SSA system, in which a DSB promotes formation of a deletion between flanking
repeated sequences [57]. Previous studies have shown that Rad59 is important in SSA, espe-
cially when the length of the flanking homologous repeats is short, below a few hundred base-
pairs [19]. We used an HO-induced DSB within a leu2 gene, which is repaired by SSA with a
direct “U2” repeat (1.3 kb) located 5 kb away (Fig 2B), resulting in a chromosomal deletion of
the sequences located between the two repeats, as well as one of the partial copies of the leu2
gene. Like SSTR, SSA is severely impaired in a rad52-R70A mutant (Fig 2C; S2 Fig). Deletion
of Rad59 reduced the efficiency of SSA of the 1.3-kb repeats to approximately 30% (Fig 2D).
Deletion of Rad51 by itself only has a mild negative effect on SSA, but deletion of Rad51 par-
tially suppressed the SSA deficiency of rad59A (Fig 2D). As with SSTR, this suppression was
not observed in either rad52-R70A rad51A or rad52-R70A rad59A, again suggesting that
Rad59 specifically plays a role in the modulation by Rad51 of Rad52-mediated strand anneal-
ing; however we did not see the same large increase in the rad51A rad59A that we do in SSTR,
suggesting that Rad59 might have an additional role in SSTR initiated by the HO-endonucle-
ase or when there is limited homology in the donor sequence.

Pol{ is responsible for target-adjacent mutagenesis

Previous research has suggested that DSB repair that involves DNA resection is highly muta-
genic because ssDNA regions created during resection must be filled in once HR has com-
pleted [58,59,60]. Gap-filling, either by DNA polymerase § or by translesion DNA
polymerases such as Pol{ have been shown to be responsible for mutation rates 1000-fold over
background spontaneous mutation rates in canonical DSB repair [61,62]. Since SSTR is a form
of HR and likely involves extensive end-resection and gap-filling, it seemed possible that there
are significant off-target effects that have not previously been considered. To examine this pos-
sibility, the yeast URA3 gene within an MX cassette was inserted 200 bp centromere-proximal
to the HO cleavage site, such that the URA3 sequences themselves are approximately 400 bp
beyond the 37 nt of homology shared between the DSB end and the ssODN template. These
cells were then targeted in the same Xhol insertion assay previously described (Fig 3A). SSTR
survivors were collected and then replica-plated onto 5-fluroorotic acid media (FOA), which
selects for ura3 mutants [63]. Compared to the spontaneous mutation rate of URA3 mutations
(3.5x1077), determined by fluctuation analysis [64], there was an almost 600-fold increase in
ura3 mutants after gene editing events (Fig 3B). However, this increased mutagenesis is con-
fined to a region close to the area of the DSB, as the rate of mutagenesis drops significantly as
the URA3 marker was inserted further upstream. For a site that is approximately 650 bp
upstream of the DSB, there was an approximate 50-fold increase in mutagenesis, whereas at
2.2 kb there was only an 8-fold increase. There was a nearly 200-fold increase in ura3 muta-
tions when the URA3 marker is located 550 bp downstream of the DSB. We could not investi-
gate the effects of moving the ura3 marker further downstream of the DSB given that Taf2, an
essential gene, is located 3’ of the HO cleavage site. There is a statistically significant difference
between integrating URA3 upstream and downstream of the HO cleavage site. It is possible
that this difference is simply due to the increased distance, however, it raises the possibility the
two sides of the DSB engage different repair machinery, discussed below.

The source of the frequent ura3 mutations appears to be dependent on the error-prone
DNA polymerase Pol, as deleting either the Revl or Rev3 components of Pol(, resulted in
very few ura3 mutants (Fig 3C). However, neither deletion of Rev1l nor Rev3 affects cell
viability, indicating that other, less mutagenic mechanisms can be used for gap-filling in the
absence of Pol{ (S3 Fig). When using dsDNA of the same size and sequence, we found an
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approximately 100-fold increase in target-adjacent mutagenesis (Fig 3C). These mutagenic
events are still dependent on the activities PolC. These data suggest that adjacent off-target
effects of gene editing pose a danger that should be ruled out in selecting gene-editing events.

Additional genetic requirements of SSTR depend on template design

To test if changing the design of the ssODN donor altered the genetic requirements of SSTR,
we used a ssODN similar to that described in Fig 1A, except that the 37 nt of homology on
each side of the Xhol site were each targeted to sequences that are 500 bp from the DSB; thus,
successful gene editing via the 80-nt ssODN creates a 1-kb deletion flanking the Xhol site (Fig
4A). Successful SSTR should then only occur after extensive 5 to 3’ resection of the DSB ends.
Repair efficiency, as measured by viability, using this donor template was significantly lower
than the ssODN that simply incorporated an Xhol restriction site (approximately 1% com-
pared to 3%) (54 Fig).

The core recombination requirements of SSTR for this configuration were the same as
those seen with the simple Xhol insertion, as gene editing was independent of Rad51, Rad54,
Rad55, Rdh54, and Sae2, but still dependent on Rad52, Rad59, Srs2, and the MRX complex
(Fig 4B). As before, srs2A was suppressed by both rad51A and rdh54A, and there were still sub-
stantial increases in rad51A rad59A and rad51A rdh54A compared to wildtype or rad51A (Fig
4B and 4C). Moreover, using an ssODN that creates a large deletion imposes additional
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requirements. For the ssODN to pair with a resected DSB end, there must be extensive 5" to 3’
resection. While deleting either the Sgs1 or Exol individually had no significant impact, the
double mutant sgsIA exolA abolished SSTR (Fig 4C). This result stands in contrast to the lack
of effect of the double mutant in the simple incorporation of the Xhol site and emphasizes the
need for long-range 5 to 3’ resection (Fig 1C). The effect of blocking long-range resection in
sgs1A exolA was not mimicked by deleting Fun30, whereas in previous studies examining 5’ to
3’ resection of DSB ends fun30A significantly slowed resection similar to sgsIA exoIA [48, 49,
50]. Previously, deleting Fun30 was shown to protect double-stranded DNA fragments used in
“ends-out” transformation [48], but in the present scenario, the transformed DNA is single-
stranded. Whether Fun30 also affects the stability of ssODN’s is not clear.

Another requirement in the deletion assay is for Rad1, and presumably Rad10, which
together act as a 3’ flap endonuclease that can remove the 3’-ended 500-nt nonhomologous tail
that would be created by annealing the ssODN to its complementary strand [16, 65] (Fig 4A).
Radl is not needed in the simple Xhol insertion assay (Fig 1B).
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Genetic requirements of SSTR are identical using Cas9

Although it was convenient to survey many mutations using the highly efficient and easily
inducible HO endonuclease, we confirmed that the same genetic requirements apply when a
DSB is created by CRISPR/Cas9. To overcome the low efficiency of transforming ssODNs into
yeast and to better screen Cas9-mediated gene editing events, we turned to a modified version
of the CRISPEY system to produce ssDNA templates in vivo [66]. This system utilizes a yeast-
optimized E. coli retron system, Ec86, to generate designer ssDNA sequences in vivo. Retrons
are natural DNA elements encoding for a reverse transcriptase (RT) that acts on a specific con-
sensus sequence to generate single stranded DNA products [67,68,69]. These ssDNA products
are covalently tethered to their template RNA by the RT, however after reverse transcription
the RNA template is degraded [70,71]. The CRISPEY system utilizes a chimeric RNA of Ec86
joined to the gRNA scaffolding of Cas9 at the 3’ end [66]. By integrating a yeast-optimized
galactose-inducible Cas9 and retron (RT) onto chromosome 15, and using a CEN/ARS plas-
mid containing a gRNA linked to the retron donor template (Figs 5A and S6), we were able to
achieve high efficiency of Cas9-mediated gene editing at two different chromosomal locations,
within the MAT locus near the HO cleavage site, and at a 5-bp insertion in the lys5 locus (Fig
5A and 5B). Compared to the <3% of cells that properly inserted the Xhol site at MAT with an
HO-induced DSB and a transformed ssODN template, the retron system yielded efficiencies
of >20%. At lys5, successful SSTR via an 80-nt retron-generated ssDNA donor carrying the
wild type LYS5 sequence results in Lys* recombinants that are easily recovered at a rate of
34%, compared to the <1% of lysine prototrophic events in cells with the same Cas9-induced
DSB, but in the absence of the retron donor to provide an ssDNA repair template (Fig 5B and
5C; S5 Fig).

To test whether the genetic components of SSTR were the same with a Cas9-induced DSB,
we introduced gene deletions in this strain background. The requirements were generally the
same as for HO-induced SSTR events, being independent of Rad51, Rad55, and Fun30, but
still dependent on Rad52, Rad59, Srs2, and the MRX complex (Figs 5C and S5). With the ret-
ron system and Cas9 endonuclease, the double mutants rad51A rad59A and rad51A rdh54A do
not show the same significant increase in SSTR above WT levels as we observed with the HO-
endonuclease. This difference could be explained by several different reasons. First, the 3" end
of the retron ssDNA is covalently linked to the gRNA, so the template itself may limit access to
the repair machinery from the 3’ end of the template. In addition, the tethering of the template
to Cas9 could change the dynamics of the homology search [72]. There could be other differ-
ences as well, as Cas9 may stay bound to DNA after cleavage, although how long it remains
bound in vivo is not clear [73, 74].

Mismatch repair acts differently at the 5’ and 3’ ends of the ssODN

How SSTR occurs is still not fully understood. One question concerns the fate of the ssDNA
template strand itself. Another concerns the fate of mismatches between the template strand
and the complementary single-stranded DSB end. We used the same ssODN described in Fig
1, but now using ssODNs that contained mismatches in the donor sequence. One donor had 4
mismatches 5’ to the Xhol site, while the second had 4 heterologies on the 3’ side, spaced every
9-nt (Fig 6A). We note that mismatch position 1 is only 2-nt away from the end of the ssODN.
We observed that there was a significant decrease in gene editing with 4 mismatches on either
the 5 or the 3’ side, compared to the fully homologous template, although the effect was more
pronounced on the 3’ side (Fig 6B). This difference may reflect the fact that the initial anneal-
ing steps in SSTR can only happen on the side 3’ to the Xhol site and may be quite different
from the capture of the second end.
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**p <0.001, *** p < 0.0001. Error bars refer to the standard error of the mean. n = 3. rad59A compared to rad59A
rad51A p = 0.009.

https://doi.org/10.1371/journal.pgen.1008689.g005

In studies of SSA and DSB-mediated gene conversion, the inhibitory effects of a small per-
centage of mismatches could be overcome by deleting Sgs1 or components of the mismatch
repair system [75,76]. Here, however, deleting Sgs1 did not suppress the effect of the four mis-
matches. In fact, with mismatches on the 3’ side of the Xhol site, the majority of survivors in
sgs1A were NHE] events. Deleting Sgsl1 also consistently reduced SSTR in the fully homolo-
gous case, though not statistically significantly in any one assay (Figs 1 and 4).

Deleting the mismatch repair gene, MSH2, did not suppress the reduced level of SSTR in
the templates carrying 4 mismatches (Fig 6B), but there was a notable change in the inheri-
tance of these mismatches (Fig 6C). We analyzed the DNA sequences of 23 SSTR events in
both wild type and msh2A strains for each of the ssODNs carrying mismatches (Fig 6C). In
wild type strains, a majority of Xhol insertions were accompanied by co-inheritance of 3 of the
4 mismatches. However, in an msh2A strain, the majority of SSTR events using the 5’
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https://doi.org/10.1371/journal.pgen.1008689.g006

mismatch ssODN template showed heteroduplex tracts, as evidenced by the presence of both
the chromosomal and mutant alleles at these sites when DNA from single transformant colonies
were sequenced. On the 3’ side, msh2A eliminated the great majority of events in which the
mutations in the ssODN were inherited into the gene-edited product. These results extend the
conclusions reached by Harmsen et al. studying SSTR in mammalian cells, where the absence
of mismatch repair largely prevented incorporation of heterologies on the 3’ half of the ssODN,
while not preventing their assimilation in the 5 half [77]. In their studies of mammalian cells, it
was not possible to detect the presence of unrepaired heteroduplex DNA, as we show in Fig 6.
We noted that mismatches located 2-nt from either end of the ssODN were only rarely
assimilated into the gene-edited product (Fig 6C). In our recent study of break-induced repli-
cation (BIR), we discovered that heteroduplex DNA created by strand invasion was corrected
(i.e. mutations were assimilated into the BIR product) in a strongly polar fashion from the 3’
invading end [78]. Moreover, these corrections of the heteroduplex were orchestrated by the 3’
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to 5" exonuclease (proofreading) activity of DNA polymerase 8, which removed up to 40 nt
from the invading end and replaced them by copying the template. Incorporations of the mis-
matched base from the template was almost completely abrogated by eliminating the proof-
reading activity of DNA polymerase & (pol3-01). Here, using the Xhol insertion ssODN with 4
mismatches on one side or the other, we found that the overall-incorporation of mismatches
was unaffected by proofreading-defective mutations in Pole (pol2-4) or Pold (pol3-01), with
one notable exception: the mutation 2-nt from the 3’ end of the template was incorporated at a
very high level in pol3-01 mutants (Fig 6D). These data suggest that Pol3 can be loaded not
only onto the 3" end of the chromosomal DSB, where it initiates copying of the rest of the
ssODN template, but can also be recruited by the 3> DNA end of the ssODN itself and then
chew back the 3’ end. It is possible that Pold might also extend this end of the ssODN template
and raises the possibility that the ssODN itself could be incorporated into the gene-edited
product in some cases. The pol3-01 mutation did not affect the assimilation of the most termi-
nal mismatch on the 5" end of the ssODN (Fig 6D).

Effect of modifying the 5’ and 3’ ends of the ssODN

Work by Harmsen ef al. in mammalian cells also showed that blocking the ends of the template
strand reduced SSTR, suggesting that the ssDNA strand itself might be more than a simple
template that anneals with a DSB end and is then copied by a DNA polymerase [77]. If the
ssODN might be assimilated into the product, then blocking access to either 5’ or 3’ end of the
template might affect its usage. We used the Xhol insertion ssODN with complete homology
to the chromosomal site, except that these templates were chemically modified with either an
inverted thymine at the 5" end, or an inverted dideoxy-thymine on the 3’ end. These chemical
modifications should prevent ligation of the ssODN into chromosomal DNA, since the termi-
nal thymines can’t pair with the resected chromosomal DNA, and should block extension of
the 3’ end by Pold unless the block is excised. There was no significant difference between
either modified and unmodified donor templates in wildtype cells or in a pol3-01 strain. An
alternative way that a modified 3’ end nucleotide might be removed would be through the use
of the Rad1-Rad10 flap endonuclease. Indeed, we found a modest reduction in SSTR with the
3’ block in a radIA strain when compared to wildtype cells (Fig 6E). These results indicate that
the template might sometimes be ligated into the repaired product, or that the inverted thy-
mine causes increased rejection of the ssODN as a suitable repair template.

We propose a model for SSTR where edits templated by the 5’ and the 3’ are incorporated
through different mechanisms. Incorporation of mismatches on the 3’ end of the Xhol site
should occur only during the time that the resected DSB end has paired with the donor, to
prime DNA polymerase to copy the template strand (Fig 7). On the 5 side, however, the initial
copying of the template and its subsequent annealing to the second DSB end should obligately
produce heteroduplex DNA that will be resolved by mismatch repair to be fully mutant or
fully wild type, dependent on the activity of Msh2 (Fig 7). We suggest that the failure to incor-
porate edits located close to the 5" end into the final product might occur if the DNA polymer-
ase copying the template dissociates before it has copied the last several nucleotides, so this site
is not incorporated as heteroduplex DNA involving the second DSB end; alternatively, there
could be a Msh2- and DNA polymerase proofreading-independent mechanism that corrects
the heteroduplex in favor of the chromosomal sequence (Fig 7).

Discussion

Although CRISPR/Cas9 has made it possible to generate specific changes to the genome in
many organisms, budding yeast still serves as an important resource to determine the
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https://doi.org/10.1371/journal.pgen.1008689.9007

mechanism of gene editing, and thus to optimize experimental design. We show that gene edit-
ing using ssODN templates utilizes a novel pathway of DSB repair that is independent of the
canonical DSB repair proteins Rad51, Rad54, Rad55 and Rdh54/Tid1, but still depends on
Rad52, Rad59, Srs2, and the MRX/MRN complex. When the ssODN templates are designed to
create a large deletion, Rad1-Rad10 flap endonuclease and the long-range resection machinery
also become essential. We have confirmed that the genetic requirements of SSTR are generally
the same in HO-mediated SSTR as with Cas9-mediated events. Moreover, the mechanism of
SSTR is specific to ssDNA templates, as gene editing using a dsDNA template of the same size
and sequence (with 37 bp homology to each DSB end) switches to a Rad51-dependent mecha-
nism that is nevertheless distinct from that involving gene conversion between long regions of
homology, most notably by its requirement for Rdh54 and for the MRX complex. Although
Rad51-independent BIR events require Pol32, it also is not necessary in SSTR, possibly because
of the length of new DNA synthesis can be accomplished without additional processivity fac-
tors. The role of Sgs1 remains to be investigated.
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We have also determined an important role of the Rad52 paralog Rad59, which apparently
acts to alleviate the inhibition of Rad51 on Rad52’s ability to anneal ssDNA tails. Previous
studies have shown that Rad51 impairs Rad52’s ability to anneal DNA strands, but this can be
overcome by Rad59 [54]. In both SSTR and SSA, deleting Rad51 suppresses rad59A. We note
that suppression of rad59A by rad51A is quite a different relationship than is seen in spontane-
ous recombination between chromosomal regions, where rad51A rad59A is much more severe
than rad59A or rad51A alone [78]. In some of our assays the efficiency of SSTR is significantly
greater for rad51A rad59A than for rad51A alone; this result suggests that Rad59 may impair
SSTR in other ways than simply modulating Rad51. Rad59 interacts directly with Rad52 and
may form heteromeric rings [79, 80]; possibly without Rad59, Rad52’s annealing activity is
intrinsically greater. We note that Rad59 is also important in DSTR with very short homology,
while its role in DSB repair involving chromosomal regions with much longer homology is not
critical [21]. There are two distinct strand-annealing steps in SSTR: the initial annealing
between the resected end of the DSB and the 3’ end of the ssODN template, followed by sec-
ond-end capture in which the newly copied strand anneals to the other resected end of the
DSB. In DSTR, Rad51 is apparently needed for the initial invasion of the resected end into the
dsDNA template, but there would still be a second-end capture process where Rad59 might be
critical when the homology is very short (in our experiments, only 37 nt). Similarly, the Srs2
helicase is essential for SSTR (and DSTR). The role of Srs2 as an anti-recombinase to displace
Rad51 appears to accounts for its importance, as rad51A suppresses srs2A.

We do not yet understand the role of RDH54. In other contexts, HO endonuclease-induced
Rad51-independent recombination, involving either intrachromosomal plasmid recombina-
tion or interchromosomal BIR events, requires Rdh54 [26]; but in SSTR and DSTR, Rdh54 is
not required. Recent studies have suggested that a major role for Rdh54 is in controlling the
size of a strand invasion D-loop [52]. However, in SSTR there is no D-loop but only an
annealed structure between the 3’ end of the ssODN and the resected DSB end. How such
strand invasions occur in Rad51-indpendent events remains unknown, but apparently Rdh54
is important in facilitating this event. Why rdh54A suppresses srs2A in SSTR also remains
unclear. Without Srs2, more Rad51 will be loaded onto the ssDNA end of the DSB, and poten-
tially also on the ssODN, and stabilization of the Rad51 filament structure when the regions
are short may depend on Rdh54. Rdh54 also plays a novel role in interchromosomal template
switching during DSB repair, where a partially copied strand of DNA jumps from one template
to another [54,81]. These secondary jumps are impaired in rdh54A but simple gene conversion
events, copying one ectopic template, are not. Possibly the dissociation of the newly copied
first strand in SSTR from its short template (Fig 7) requires this template-jumping activity.

SSTR shares some features with other HR pathways that involve short regions of homology
[22, 26], such as the need for the MRX complex. In DSB repair events that involve longer
(>200 bp) homology, deleting components of MRX delays but does not diminish HO-induced
DSB repair [82]; yet with short substrates MRX plays a central role, both for SSTR and DSTR.
Yeast MRX has been implicated in many early steps in DSB repair [83]; it is required for most
NHE] events, can bridge DSB ends, promote short 3’-ended ssDNA ends by 3’ to 5 resection
from a nick, promote the loading of DSB-associated cohesin, and more. How it is implicated
in SSTR and DSTR is not yet clear. Whatever steps require MRX, they do not need Sae2.

As expected, the presence of mismatches in the ssDNA template reduces the efficiency of
SSTR. However, the degree of inhibition for the level of heterology we used- 4 mismatches in
a 37-nt region (~11% divergence)-was only about 4-fold, quite different from the greater than
the 700-fold reduction seen between dsDNA inverted repeat substrates with similar levels of
heterology, but where recombination is blocked only when both Rad51 and Rad59 are deleted
[84,85]. Moreover, we were surprised that the effect of these heterologies was not suppressed
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by deleting either Msh2 or the helicase Sgsl, as previous studies have shown that recombina-
tion between divergent sequences-both gene conversions between dsDNA sequences and
SSA-is markedly improved by deleting Sgs1 and components of mismatch repair [72,73]. For
Sgsl, the 11% level of heterology is greater than that studied in SSA (3%) yet comparable to
spontaneous inverted repeats (9%), but it is possible that Sgs1 cannot respond to such a level of
divergence. However, we note that the ability of Sgs1 and Msh2/Msh6 to discourage recombi-
nation of heterologous sequences is much greater when the DSB end contains a nonhomolo-
gous tail versus ends that do not have such sequences (as in the cases studied here) [75].
Alternatively, Sgs1 may play a specific role in SSTR that has not yet been revealed.

Incorporation of mismatches templated by the ssODN into the genome occurs in an
Msh2-dependent manner. SSTR provides an unambiguous way to distinguish between the initial
strand annealing event with the one DSB end that is complementary to the ssODN and the subse-
quent events that lead to second end capture and the completion of DSB repair. Confronted with
4 mismatches in the ssODN on either side of the DSB, the cell efficiently incorporates these het-
erologies into the gene-edited product, but by two distinctly different processes. The initial anneal-
ing of the resected end with the template produces a heteroduplex DNA that should be short-
lived, until DNA polymerase extends the 3" end and the newly copied strand dissociates and
anneals with the second resected end. Only during this short-lived annealing step can mismatch
repair transfer the heterology to the strand that will be incorporated into the final gene-edited
product (Fig 7). We have previously shown that similar events occur rapidly during an HO-
induced gene conversion (MAT switching) and depend on mismatch repair machinery [86].

Although most heterologies in the ssODN are readily incorporated, a mismatch very close
to the 3’ end of the ssODN is usually not incorporated, unless the 3’ to 5 proofreading activity
of DNA Polymerase 3 is eliminated. We demonstrated a similar type of proofreading in BIR,
where the 3’ strand invading into a duplex DNA donor is resected [54]. By the same token, 3’
to 5’ resection of the DSB end will assure that a heterology close to that end (close to the Xhol
site) could be incorporated without the need for Msh2.

Once the annealed end is extended, copying the 5 side of the ssODN, all of the heterologies
on that side will be copied; but when this newly-copied strand anneals with the second DSB
end, there will be an obligate heteroduplex. Hence, on this side, in the absence of Msh2, we
recover sectored colonies. The failure to incorporate the 5°-most heterology may reflect disso-
ciation of the newly copied strand before it reaches the end of the template.

These considerations lead us to the model of SSTR shown in Fig 7. After a DSB, the cell ini-
tiates end resection, forming ssDNA tails. This process may require MRX proteins to create 3’-
ended tails. In the absence of this complex it is possible that neither Exol nor Sgs1-Rmil--
Top3-Dna2 can act soon enough to permit use of the ssDNA template before its degradation;
however, MRX is required even when ssDNA templates are generated by the retron system,
which presumably has the capacity to create ssDNA continually while under induction. Strand
annealing depends on Rad52 and on the action of Rad59 to thwart a Rad51-mediated inhibi-
tion of Rad52’s annealing activity. Pold is also engaged in its proofreading mode to remove
heterologies near either the 3’ end of the DSB or the template. In SSTR, the degree of resection
of the ssODN is quite limited, as only a marker 2-nt from the end is affected by this “chewing
back”. When strand invasion occurs during BIR, the 3’ to 5’ excision can extend up to about 40
bases [54]. Once the first end is annealed and extended, the newly synthesized DNA must dis-
sociate and anneal to the second end of the DSB, thus bridging both sides of the break and cre-
ating heteroduplex DNA that is subject to mismatch repair. The final filling-in of resected
ssDNA regions appears to be carried out by the translesion polymerase Pol{ or other redun-
dant polymerases. When SSTR is used to create a large deletion, long-range resection is
required and the Rad1-Rad10 flap endonuclease becomes essential.
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Finally, we have also determined that SSTR is a highly mutagenic event. Until now, the off
target-effects of gene editing have primarily been thought of as a result of non-specific cutting
of the endonuclease. Here we found that filling-in of the gaps created by long-range resection
machinery following the DSB is a highly mutagenic process, dependent on DNA PolC. It is
therefore highly possible that regions adjacent to targeted DSBs have been mutated during
SSTR. Gene-edited products should be screened for these potential mutations.

Methods
Parental strain

JKM179 (hoA MATo. hmlA::ADE1 hmrA:ADEI adel-100 leu2-3,112 lys5 trp1:hisG' ura3-52
ade3::GAL::HO) was used as the parental strain in these experiments. This strain lacks the
HML and HMR donor sequences that would allow repair of a DSB at MAT by gene conversion,
and thus all repair occurs through NHE] or via the provided ssODN or dsODN. ORFs were
deleted by replacing the target gene with a prototrophic or an antibioitic-resistance marker via
the high-efficiency transformation procedure of S. cerevisiae with PCR fragments [87]. A list of
all strains used is provided in S1 Table. Point mutations in Rad52 (R70A mutation), POL2 and
POL3 were made via CRISPR-Cas9 with an ssODN template. gRNAs were ligated into a BplI
digested site in a backbone that contains a constitutively active Cas9 and either an HPH or
LEU2-marker (bRA89 and bRA9O0, respectively) [88]. Plasmids were verfieid by sanger
sequencing (GENEWIZ) and transformed as previously described [88]. Plasmids and Cas9
donor sequences are found in S2 and S3 Tables.

Retron plasmid construction

PZS165, a yeast centromeric plasmid marked with ura3 for the galactose inducible expression
of the retron-guide chimeric RNA with a flanking HH-HDV ribozyme [66] obtained from
Addgene. gBlocks were designed that contained a gRNA and donor sequence and were cloned
into the NotI-digested pZS165 backbone using the NEBuilder HiFi DNA Assembly Cloning
kit. Integration was verified by sequencing (GENEWIZ).

SSTR viability using HO endonuclease

Strains were grown overnight in selective media, and were then diluted into 50 mL of YEPD
and grown for 3 hours. Cells were then pelleted, washed with dH,0, and resuspended in 0.1M
LiAc. After pelleting, 25 uL of 100 uM ssODN, 25 uL of TE, 25 yL of 2 mM salmon sperm
DNA, 240 L of 50% PEG, and 36 yL of 1M LiAc was added to the pellet and vortexed. Reac-
tions were incubated at 30°C for 30 minutes, followed by a 20-min incubation at 42°C. Cells
were then diluted 1000-fold and plated onto YEPD and YEP-Galactose (YEP-Gal) media.
YEPD plates were grown at 30°C for 2 days, and YEP-Gal plates were incubated at 30°C for 3
days. Colonies were then counted to obtain average viability. SSTR vs NHE] events were deter-
mined by pooling survivors and amplifying the MAT locus via PCR. Following amplification,
PCR products were digested with the Xhol nuclease and quantified via gel electrophoresis.
Data are found in S1 Table.

SSTR viability using Cas9/Retron system

Cas9 and the Ec86 retron were integrated into his3 on chromosome 15 into strain JKM179
that had ade3::GAL::HO deleted by restoring ADE3. After the plasmid containing the gRNA
and Ec86 donor sequence was introduced, strains were resuspended in dH,O and plated onto
uracil drop-out media or uracil drop-out media containing galactose (URA-Gal). URA plates
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were incubated at 30°C for 3 days, and URA-Gal plates were incubated at 30°C for 4 days.
After incubation, plates were counted to obtain viability. URA-Gal plates were then replica
plated to lysine drop-out media to obtain SSTR levels. Data are included in S1 Table.

Single strand annealing analysis

SSA assays between partial LEU2 gene repeats was previously described (Vaze et al., 2002). To
determine the viability, cells were grown overnight in YEP raffinose medium (1% yeast extract,
2% peptone, 2% raffinose), and ~100 cells were plated onto YEPD and YEP-galactose plates.
Colonies were counted 3-5 days after plating. The proportion of viable cells was estimated by
dividing the number of colony-forming units on YEP-galactose plates by that on YEPD plates.
For Southern blot analysis, DNA was isolated, digested with Kpnl, and separated on 0.8% aga-
rose gels. A LEU2 sequence was used as a probe to monitor SSA product formation, and ACT1
probe was used as the loading control. Repair efficiency was measured as the percentage of
normalized pixel intensity of the band corresponding to SSA at 6 hr in a mutant to the normal-
ized pixel intensity of band corresponding to SSA at 6 hr in WT cells. Statistical comparison of
repair efficiency between different mutants was performed using Welch’s unpaired t-test.

DNA sequence analysis

Using primers flanking the region of interest, PCR was used to amplify DNA from surviving
colonies. Primers to analyze events at MAT and lys5 are listed in S2 Table. A full list of PCR
primers is available upon request. PCR products were purified and Sanger-sequenced by GEN-
EWIZ. The sequences were analyzed using Serial Cloner 2-6-1.

Statistical analysis

All statistical analysis was performed using GraphPad Prism 8 software.

Supporting information

S1 Fig. SSTR can be determined by PCR and restriction digest with Xhol. The percentage
of SSTR after the experiment described in Fig 1 was determined by PCR across the MAT locus
using primers DG_253 and DG_254 (S2 Table), followed by Xhol restriction digest. NHE]
events will result in a non-digested product of 1,674 bp, while SSTR results in two bands at
1,347 bp and 327 bp. The intensity of the bands was quantified as shown by Gel Doc Imager.
Trial 1 and 2 were performed on different days with different sets of media, but with identical
protocols.

(PDF)

S2 Fig. SSA can be detected via Southern blot. Representative southern blots showing DSB
repair products by SSA in WT and rad52A strains.
(PDF)

S3 Fig. Deletions of translesion polymerases do not affect SSTR efficiency. Cell viability fol-
lowing and HO-induced DSB with transformed ssODN with 37-nt of perfect homology and a
6-nt Xhol restriction site. n = 3. Error bars refer to standard error of the mean.

(PDF)

S4 Fig. Efficiency of SSTR is different depend on ssODN template design. Cell viability fol-
lowing a DSB with transformed 80-nt ssODNs that create a 6-bp insertion versus a 1-kb dele-
tion marked by a 6-bp insertion. Viability determined by colony counts of galactose-induction
media over colony counts of YEPD non-induction media. Significance determined using a
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paired t-test, * p < 0.01. Xhol insertion n = 19 (averaged across all assays), 1 kb deletion n = 8.
Error bars refer to standard error of the mean.
(PDF)

S5 Fig. 2-part Cas9-Retron system allows genomic manipulation. Galactose-inducible, yeast
optimized spCas9 was introduced into the trp1 locus along with a galactose-inducible, yeast
optimized retron, Ec86 (RT). Upon galactose-induction apo-Cas9 and the retron are tran-
scribed. The blue region of the ssDonor (single-stranded donor) is the donor sequence to
repair the DSB break, while the red region refers to a 34-bp consensus region that the retron
binds to on the mRNA transcript to initiate reverse transcription, and the yellow region repre-
sents the termination sequence. The ssDonor and the gRNA are constitutively active. Galac-
tose-induction results in A) and irreparable DSB since no donor is encoded, or B) repair of
Cas9 cleavage via the reverse transcribed retron system.

(PDF)

S6 Fig. Cas9-Retron system show similar genetic requirements as HO at MAT. Upon galac-
tose-induction, a Cas9-mediated DSB is created at MATa, which can be repaired through a
retron-genereated ssDNA template, resulting in insertion of the Xhol restriction site. Colonies
for each mutant were plated onto URA drop-out media with dextrose (non-induction) and
URA drop-out media with galactose induction media. Plates were counted and the % Viability
determined by average count of induction survivors over average count on non-induction
media. Significance was determined using two-tailed t-tests compared to WT, using the two-
stage Benjamini, Krieger, and Yekutieli false discovery rate approach [89], * p < 0.01, **

p <0.001, *** p < 0.0001. Error bars refer to the standard error of the mean. n = 3.

(PDF)

S1 Table. Strains used in these experiments.
(DOCX)

$2 Table. Oligonucleotides used in these experiments.
(DOCX)

S3 Table. Plasmids used in these experiments.
(DOCX)

S1 Dataset. All of the data concerning the efficiency of SSTR in various mutant back-
grounds are presented in the accompanying dataset.
(XLSX)

Author Contributions

Conceptualization: Danielle N. Gallagher, Grzegorz Ira, James E. Haber.
Data curation: Danielle N. Gallagher.

Formal analysis: Grzegorz Ira, James E. Haber.

Funding acquisition: Danielle N. Gallagher, Grzegorz Ira, James E. Haber.

Investigation: Danielle N. Gallagher, Nhung Pham, Annie M. Tsai, Nicolas V. Janto, Jihyun
Choi.

Project administration: Grzegorz Ira, James E. Haber.

Supervision: Danielle N. Gallagher, Grzegorz Ira, James E. Haber.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008689 October 15, 2020 19/24


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008689.s005
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008689.s006
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008689.s007
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008689.s008
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008689.s009
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008689.s010
https://doi.org/10.1371/journal.pgen.1008689

PLOS GENETICS

Single-strand template repair in budding yeast

Validation: Nhung Pham, Grzegorz Ira.

Writing - original draft: Danielle N. Gallagher.

Writing - review & editing: Grzegorz Ira, James E. Haber.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Moore JK, Haber JE. Cell cycle and genetic requirements of two pathways of nonhomologous end-join-
ing repair of double-strand breaks in Saccharomyces cerevisiae. Mol Cell Biol. 1996; 16(5):2164-2173.
https://doi.org/10.1128/mcb.16.5.2164 PMID: 8628283

Boulton SJ, Jackson SP. Saccharomyces cerevisiae Ku70 potentiates illegitimate DNA double-strand
break repair and serves as a barrier to error-prone DNA repair pathways. EMBO J. 1996; 15(18):
5093-5103. PMID: 8890183

Lemos BR, Kaplan AC, Bae JE, Ferrazzoli AE, Kuo J, et al. CRISPR/Cas9 cleavages in budding yeast
reveal templated insertions and strand-specific insertion/deletion profiles. Proc Natl Acad Sci USA.
2018; 115(9) E2040-E2047 https://doi.org/10.1073/pnas.1716855115 PMID: 29440496

Ma JL, Kim EM, Haber JE. Yeast Mre11 and Rad1 proteins define a Ku-independent mechanism to
repair double-strand breaks lacking overlapping end sequences. Mol Cell Biol. 2003; 23(23): 8820—
8828. https://doi.org/10.1128/mcb.23.23.8820-8828.2003 PMID: 14612421

McVey M, Lee SE. MMEJ repair of double strand breaks (director’s cut): deleted sequences and alter-
native endings. Trends Genet. 2008; 24(11): 529-538. https://doi.org/10.1016/j.tig.2008.08.007 PMID:
18809224

Waters CA, Strande NT, Pryor JM, Strom CN, Mieczkowski P, Burkhalter MD, et al. The fidelity of the
ligation step determines how ends are resolved during non-homologous end joining. Nat Commun.
2014; 5:4286. https://doi.org/10.1038/ncomms5286 PMID: 24989324

Haber JE. A life investigating pathways that repair broken chromosomes. Annu Rev Genet. 2016; 50:
1-28. https://doi.org/10.1146/annurev-genet-120215-035043 PMID: 27732795

Clever B, Interthal H, Schmuckli-Maurer J, King J, Sigrist M, Heyer WD. Recombinational repair in
yeast: functional interactions between Rad51 and Rad54 proteins. EMBO J. 1997; 16(9): 2535-2544.
https://doi.org/10.1093/emboj/16.9.2535 PMID: 9171366

Hays SL, Firmenich AA, Berg P. Complex formation in yeast double-strand break repair: participation of
Rad51, Rad52, Rad55, and Rad57 proteins. Proc Natl Acad Sci USA. 1995; 92(15): 6925-6929.
https://doi.org/10.1073/pnas.92.15.6925 PMID: 7624345

Jiang H, Xie Y, Houston P, Stemke-Hale K, Mortensen UH, Rothstein R, et al. Direct association
between the yeast Rad51 and Rad54 recombination proteins. J Biol Chem. 1996; 271(52): 33181—
33186. https://doi.org/10.1074/jbc.271.52.33181 PMID: 8969173

Mazin AV, Bornarth CJ, Solinger JA, Heyer WD, Kowalczykowski SC. Rad54 protein is targeted to pair-
ing loci by the Rad51 nucleoprotein filament. Mol Cell. 2000; 6(3): 583-592. https://doi.org/10.1016/
s$1097-2765(00)00057-5 PMID: 11030338

Petukhova G, Stratton S, Sung P. Catalysis of homologous DNA pairing by yeast Rad51 and Rad54
proteins. Nature. 1998; 393(6680): 91-94. hitps://doi.org/10.1038/30037 PMID: 9590697

Sung P. Yeast Rad55 and Rad57 proteins form a heterodimer that functions with replication protein A to
promote DNA strand exchange by Rad51 recombinase. Genes Dev. 1997; 11(9): 1111-1121. hitps://
doi.org/10.1101/gad.11.9.1111 PMID: 9159392

Lao JP, Oh SD, Shinohara M, Shinohara A, Hunter N. Rad52 promotes postinvasion steps of meiotic
double-strand-break repair. Mol Cell. 2008; 29(4): 517-524. hitps://doi.org/10.1016/j.molcel.2007.12.
014 PMID: 18313389

Ozenberger BA, Roeder GS. A unique pathway of double-strand break repair operates in tandemly
repeated genes. Mol Cell Biol. 1991; 11(3): 1222-1231. https://doi.org/10.1128/mcb.11.3.1222 PMID:
1996088

Fishman-Lobell J, Haber JE. Removal of nonhomologous DNA ends in double-strand break recombina-
tion: the role of the yeast ultraviolet repair gene RAD1. Science. 1992; 258(5081): 480—484. https://doi.
org/10.1126/science.1411547 PMID: 1411547

McDonald JP, Rothstein R. Unrepaired heteroduplex DNA in Saccharomyces cerevisiae is decreased
in Rad1 Rad52-independent recombination. Genetics. 1994; 137(2): 393—405. PMID: 8070653

Ivanov EL, Sugawara N, Fishman-Lobell J, Haber JE. Genetic requirements for the single-strand
annealing pathway of double-strand break repair in Saccharomyces cerevisiae. Genetics. 1996; 142
(3): 693-704. PMID: 8849880

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008689 October 15, 2020 20/24


https://doi.org/10.1128/mcb.16.5.2164
http://www.ncbi.nlm.nih.gov/pubmed/8628283
http://www.ncbi.nlm.nih.gov/pubmed/8890183
https://doi.org/10.1073/pnas.1716855115
http://www.ncbi.nlm.nih.gov/pubmed/29440496
https://doi.org/10.1128/mcb.23.23.8820-8828.2003
http://www.ncbi.nlm.nih.gov/pubmed/14612421
https://doi.org/10.1016/j.tig.2008.08.007
http://www.ncbi.nlm.nih.gov/pubmed/18809224
https://doi.org/10.1038/ncomms5286
http://www.ncbi.nlm.nih.gov/pubmed/24989324
https://doi.org/10.1146/annurev-genet-120215-035043
http://www.ncbi.nlm.nih.gov/pubmed/27732795
https://doi.org/10.1093/emboj/16.9.2535
http://www.ncbi.nlm.nih.gov/pubmed/9171366
https://doi.org/10.1073/pnas.92.15.6925
http://www.ncbi.nlm.nih.gov/pubmed/7624345
https://doi.org/10.1074/jbc.271.52.33181
http://www.ncbi.nlm.nih.gov/pubmed/8969173
https://doi.org/10.1016/s1097-2765%2800%2900057-5
https://doi.org/10.1016/s1097-2765%2800%2900057-5
http://www.ncbi.nlm.nih.gov/pubmed/11030338
https://doi.org/10.1038/30037
http://www.ncbi.nlm.nih.gov/pubmed/9590697
https://doi.org/10.1101/gad.11.9.1111
https://doi.org/10.1101/gad.11.9.1111
http://www.ncbi.nlm.nih.gov/pubmed/9159392
https://doi.org/10.1016/j.molcel.2007.12.014
https://doi.org/10.1016/j.molcel.2007.12.014
http://www.ncbi.nlm.nih.gov/pubmed/18313389
https://doi.org/10.1128/mcb.11.3.1222
http://www.ncbi.nlm.nih.gov/pubmed/1996088
https://doi.org/10.1126/science.1411547
https://doi.org/10.1126/science.1411547
http://www.ncbi.nlm.nih.gov/pubmed/1411547
http://www.ncbi.nlm.nih.gov/pubmed/8070653
http://www.ncbi.nlm.nih.gov/pubmed/8849880
https://doi.org/10.1371/journal.pgen.1008689

PLOS GENETICS

Single-strand template repair in budding yeast

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Sugawara N, Ira G, Haber JE. DNA length dependence of the single-strand annealing pathway and the
role of Saccharomyces cerevisiae RAD59 in double-strand break repair. Mol Cell Biol. 2000; 20(14):
5300-5309. https://doi.org/10.1128/mcb.20.14.5300-5309.2000 PMID: 10866686

Malkova A, Ross L, Dawson D, Hoekstra MF, Haber JE. Meiotic recombination initiated by a double-
strand break in rad50 delta yeast cells otherwise unable to initiate meiotic recombination. Genetics.
1996; 143(2): 741-754. PMID: 8725223

Signon L, Malkova A, Naylor ML, Klein H, Haber JE. Genetic requirements for RAD51- and RAD54-
independent break-induced replication repair of a chromosomal double-strand break. Mol Cell Biol.
2001; 21(6): 2048-2056. https://doi.org/10.1128/MCB.21.6.2048-2056.2001 PMID: 11238940

Le S, Moore JK, Haber JE, Greider CW. Rad50 and Rad51 define two pathways that collaborate to
maintain telomeres in the absence of telomerase. Genetics. 1999; 152(1): 143—152. PMID: 10224249

Teng SC, Chang J, McCowan B, Zakian VA. Telomerase-independent lengthening of yeast telomeres
occurs by an abrupt Rad50p-dependent Rif-inhibited recombinational process. Mol Cell. 2000; 6(4):
947-952. https://doi.org/10.1016/s1097-2765(05)00094-8 PMID: 11090632

Chen Q, ljpma A, Greider CW. Two survivor pathways that allow growth in the absence of telomerase
are generated by distinct telomere recombination events. Mol Cell Biol. 2001; 21(5): 1819-1827.
https://doi.org/10.1128/MCB.21.5.1819-1827.2001 PMID: 11238918

Lydeard JR, Jain S, Yamaguchi M, Haber JE. Break-induced replication and terlomerase-independent
telomere maintenance require Pol32. Nature. 2007; 448(7155): 820-823. https://doi.org/10.1038/
nature06047 PMID: 17671506

Ira G, Haber JE. Characterization of RAD51-independent break-induced replication that acts preferen-
tially with short homologous sequences. Mol Cell Biol. 2002; 22(18): 6384—6392. https://doi.org/10.
1128/mcb.22.18.6384-6392.2002 PMID: 12192038

Sasanuma H, Furihata Y, Shinohara M, Shinohara A. Remodeling of the Rad51 DNA strand-exchange
protein by the Srs2 helicase. Genetics. 2013; 194(4): 859-872. https://doi.org/10.1534/genetics.113.
150615 PMID: 23770697

Shen B, Zhang J, Wu H, Wang J, Ma K, Li Z, et al. Generation of gene-modified mice via Cas9/RNA-
mediated gene targeting. Cell Res. 2013; 23(5): 720-723. https://doi.org/10.1038/cr.2013.46 PMID:
23545779

Mali P, Yang L, Esvelt KM, Aach J, Guell M, DiCarlo JE, et al. RNA-guided human genome engineering
via Cas9. Science. 2013; 339(6121): 823—-826. https://doi.org/10.1126/science.1232033 PMID:
23287722

DiCarlo JE, Norville JE, Mali P, Rios X, Aach J, Church GM. Genome engineering in Saccharomyces
cerevisiae using CRISPR-Cas systems. Nucleic Acids Res. 2013; 41(7): 4336—4343. hitps://doi.org/
10.1093/nar/gkt135 PMID: 23460208

Gallagher DN, Haber JE. Repair of a site-specific DNA cleavage: old-school lessons for Cas9-mediated
gene editing. ACS Chem Biol. 2018; 13(2): 397—405. https://doi.org/10.1021/acschembio.7b00760
PMID: 29083855

Knott GJ, Doudna JA. CRISPR-Cas guides the future of genetic engineering. Science. 2018; 361
(6405): 866—869. https://doi.org/10.1126/science.aat5011 PMID: 30166482

Storici F, Snipe JR, Chan GK, Gordenin DA, Resnick MA. Conservative repair of a chromosomal single-
strand DNA through two steps of annealing. Mol Cell Biol. 2006; 26(20): 7654—7657. https://doi.org/10.
1128/MCB.00672-06 PMID: 16908537

Davis L, Maizels N. Two distinct pathways support gene correction by single-stranded donors at DNA
nicks. Cell Rep. 2016; 17(7): 1872—1881. https://doi.org/10.1016/j.celrep.2016.10.049 PMID:
27829157

Paix A, Folkmann A, Seydoux G. Precision genome editing using CRISPR-Cas9 and linear repair tem-
plates in C. elegans. Methods. 2017; 15: 86—93. https://doi.org/10.1016/j.ymeth.2017.03.023 PMID:
28392263

Bothmer A, Phadke T, Barrera LA, Margulies CM, Lee CS, Buquicchio F, et al. Characterization of the
interplay between DNA repair and CRISPR/Cas9-induced DNA lesions at an endogenous locus. Nat
Commun. 2017; 8: 13905 https://doi.org/10.1038/ncomms13905 PMID: 28067217

Hicks WM, Yamaguchi M, Haber JE. Real-time analysis of double-strand DNA break repair by homolo-
gous recombination. Proc Natl Acad Sci USA. 2011; 108(8): 3108—3115. https://doi.org/10.1073/pnas.
1019660108 PMID: 21292986

Davis L, Maizels N. Homology-directed repair of DNA nicks via pathways distinct from canonical dou-
ble-strand break repair. Proc Natl Acad Sci USA. 2014; 111(10): 924-932. http://doi.org/10.1073/pnas.
1400236111 PMID: 24556991

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008689 October 15, 2020 21/24


https://doi.org/10.1128/mcb.20.14.5300-5309.2000
http://www.ncbi.nlm.nih.gov/pubmed/10866686
http://www.ncbi.nlm.nih.gov/pubmed/8725223
https://doi.org/10.1128/MCB.21.6.2048-2056.2001
http://www.ncbi.nlm.nih.gov/pubmed/11238940
http://www.ncbi.nlm.nih.gov/pubmed/10224249
https://doi.org/10.1016/s1097-2765%2805%2900094-8
http://www.ncbi.nlm.nih.gov/pubmed/11090632
https://doi.org/10.1128/MCB.21.5.1819-1827.2001
http://www.ncbi.nlm.nih.gov/pubmed/11238918
https://doi.org/10.1038/nature06047
https://doi.org/10.1038/nature06047
http://www.ncbi.nlm.nih.gov/pubmed/17671506
https://doi.org/10.1128/mcb.22.18.6384-6392.2002
https://doi.org/10.1128/mcb.22.18.6384-6392.2002
http://www.ncbi.nlm.nih.gov/pubmed/12192038
https://doi.org/10.1534/genetics.113.150615
https://doi.org/10.1534/genetics.113.150615
http://www.ncbi.nlm.nih.gov/pubmed/23770697
https://doi.org/10.1038/cr.2013.46
http://www.ncbi.nlm.nih.gov/pubmed/23545779
https://doi.org/10.1126/science.1232033
http://www.ncbi.nlm.nih.gov/pubmed/23287722
https://doi.org/10.1093/nar/gkt135
https://doi.org/10.1093/nar/gkt135
http://www.ncbi.nlm.nih.gov/pubmed/23460208
https://doi.org/10.1021/acschembio.7b00760
http://www.ncbi.nlm.nih.gov/pubmed/29083855
https://doi.org/10.1126/science.aat5011
http://www.ncbi.nlm.nih.gov/pubmed/30166482
https://doi.org/10.1128/MCB.00672-06
https://doi.org/10.1128/MCB.00672-06
http://www.ncbi.nlm.nih.gov/pubmed/16908537
https://doi.org/10.1016/j.celrep.2016.10.049
http://www.ncbi.nlm.nih.gov/pubmed/27829157
https://doi.org/10.1016/j.ymeth.2017.03.023
http://www.ncbi.nlm.nih.gov/pubmed/28392263
https://doi.org/10.1038/ncomms13905
http://www.ncbi.nlm.nih.gov/pubmed/28067217
https://doi.org/10.1073/pnas.1019660108
https://doi.org/10.1073/pnas.1019660108
http://www.ncbi.nlm.nih.gov/pubmed/21292986
http://doi.org/10.1073/pnas.1400236111
http://doi.org/10.1073/pnas.1400236111
http://www.ncbi.nlm.nih.gov/pubmed/24556991
https://doi.org/10.1371/journal.pgen.1008689

PLOS GENETICS

Single-strand template repair in budding yeast

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Keskin H, Shen Y, Huang F, Patel M, Yang T, Ashley K, et al. Transcript-RNA-templated DNA recombi-
nation and repair. Nature. 2014; 515(7527): 436—439. https://doi.org/10.1038/nature 13682 PMID:
25186730

Godin S, Wier A, Kabbinavar F, Bratton-Palmer DS, Ghodke H, Van Houten B, et al. The Shu complex
interacts with Rad51 through the Rad51 paralogues Rad55-Rad57 to mediate error-free recominbation.
Nucleic Acids Res. 2013; 41(8): 4525—-34 https://doi.org/10.1093/nar/gkt138 PMID: 23460207

Symington LS. Mechanism and regulation of DNA end resection in eukaryotes. Crit Rev Biochem Mol
Biol. 2016; 51(3): 195-212. https://doi.org/10.3109/10409238.2016.1172552 PMID: 27098756

Ferrari M, Dibitetto D, De Gregorio G, Eapen VV, Rawal CC, Lazzro F, et al. Functional interplay
between the 53BP1-ortholog Rad9 and the Mre11 complex regulates resection, end-tethering and
repair of a double strand break. PLoS Genet. 2015; 11(1) https://doi.org/10.1371/journal.pgen.
1004928 PMID: 25569305

Cassani C, Gobbini E, Vertemara J, Wang W, Marsella A, Sung P, et al. Structurally distinct Mre11
domains mediate MRX functions in resection, end-tethering and DNA damage resistance. Nucleic
Acids Res. 2018; 46(6): 2990-3008 https://doi.org/10.1093/nar/gky086 PMID: 29420790

KrejciL, Van Komen S, Li Y, Villemain J, Reddy MS, Klein H, et al. DNA helicase Srs2 disrupts the
Rad51 presynaptic filament. Nature. 2003; 423(6937): 305—-309. https://doi.org/10.1038/nature01577
PMID: 12748644

Veaute X, Jeusset J, Soustelle C, Kowalczykowski SC, Le Cam E, Fabre F. The Srs2 helicase prevents
recombination by disrupting Rad51 nucleoprotein filaments. Nature. 2003; 423(6937): 309-312.
https://doi.org/10.1038/nature01585 PMID: 12748645

Mimitou EP & Symington LS. Sae2, Exo1 and Sgs1 collaborate in DNA double-strand break processing.
Nature. 2008; 455(7214): 770-774. https://doi.org/10.1038/nature07312 PMID: 18806779

Zhu Z, Chung WH, Shim EY, Lee SE, Ira G. Sgs1 helicase and two nucleases Dna2 and Exo1 resect
DNA double-strand break ends. Cell. 2008; 134(6): 981-994. https://doi.org/10.1016/j.cell.2008.08.037
PMID: 18805091

Chen X, Cui D, Papusha A, Zhang X, Chu CD, Tang J, et al. The Fun30 nucleosome remodeler pro-
motes resection of DNA double-strand break ends. Nature. 2012; 484(7417): 576-580. https://doi.org/
10.1038/nature11355 PMID: 22960743

Costelloe T, Louge R, Tomimatsu N, Mukherjee B, Martini E, Khadaroo B, et al. The yeast Fun30 and
human SMARCAD1 chromatin remodelers promote DNA end resection. Nature. 2012; 489(7417):
581-584. https://doi.org/10.1038/nature11353 PMID: 22960744

Eapen VV, Sugawara N, Tsabar M, Wu WH, Haber JE. The Saccharomyces cerevisiae chromatin
remodeler Fun30 regulates DNA end resection and checkpoint deactivation. Mol Cell Biol. 2012; 32
(22): 4727-4740. https://doi.org/10.1128/MCB.00566-12 PMID: 23007155

Richardson CD, Kazane KR, Feng SJ, Zelin E, Bray NL, Schafer AJ, et al. CRISPR-Cas9 genome edit-
ing in human cells occurs via the Fanconi anemia pathway. Nat Genet. 2018; 50(8): 1132—1139.
https://doi.org/10.1038/s41588-018-0174-0 PMID: 30054595 http://doi.org/10.1038/s41588-018-0174-
0

Piazza A, Shah SS, Wright WD, Gore SK, Koszul R, Heyer WD. Dynamic Processing of Displacement
Loops during Recombinational DNA Repair. Mol Cell. 2019; 73(6):1255-1266.e4. https://doi.org/10.
1016/j.molcel.2019.01.005 PMID: 30737186

Tsaponina O, Haber JE. Frequent Interchromosomal Template Switches during Gene Conversionin S.
cerevisiae. Mol Cell. 2014; 55(4):615-625. https://doi.org/10.1016/j.molcel.2014.06.025 PMID:
25066232

Anand R, Beach A, Li K, Haber JE. Rad51-mediated double-strand break repair and mismatch correc-
tion of divergent substrates. Nature. 2017; 544(7650): 377—-380. https://doi.org/10.1038/nature22046
PMID: 28405019

Wu 'Y, Kantake N, Sugiyama T, Kowalczykowski SC. Rad51 protein controls Rad52-mediated DNA
annealing. J Biol Chem. 2008; 283(21): 14883-14892. https://doi.org/10.1074/jbc.M801097200 PMID:
18337252

Shi |, Hallwyl SC, Seong C, Mortensen U, Rothstein R, Sung P. Role of the Rad52 amino-terminal DNA
binding activity in DNA strand capture in homologous recombination. J Biol Chem. 2009; 284(48):
33275-33284. https://doi.org/10.1074/jbc.M109.057752 PMID: 19812039

Vaze MB, Pellicioli A, Lee SE, Ira G, Liberi G, Arbel-Eden A, et al. Recovery from checkpoint-mediated
arrest after repair of a double-strand break requires Srs2 helicase. Mol Cell. 2002; 10(2); 373-385.
https://doi.org/10.1016/s1097-2765(02)00593-2 PMID: 12191482

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008689 October 15, 2020 22/24


https://doi.org/10.1038/nature13682
http://www.ncbi.nlm.nih.gov/pubmed/25186730
https://doi.org/10.1093/nar/gkt138
http://www.ncbi.nlm.nih.gov/pubmed/23460207
https://doi.org/10.3109/10409238.2016.1172552
http://www.ncbi.nlm.nih.gov/pubmed/27098756
https://doi.org/10.1371/journal.pgen.1004928
https://doi.org/10.1371/journal.pgen.1004928
http://www.ncbi.nlm.nih.gov/pubmed/25569305
https://doi.org/10.1093/nar/gky086
http://www.ncbi.nlm.nih.gov/pubmed/29420790
https://doi.org/10.1038/nature01577
http://www.ncbi.nlm.nih.gov/pubmed/12748644
https://doi.org/10.1038/nature01585
http://www.ncbi.nlm.nih.gov/pubmed/12748645
https://doi.org/10.1038/nature07312
http://www.ncbi.nlm.nih.gov/pubmed/18806779
https://doi.org/10.1016/j.cell.2008.08.037
http://www.ncbi.nlm.nih.gov/pubmed/18805091
https://doi.org/10.1038/nature11355
https://doi.org/10.1038/nature11355
http://www.ncbi.nlm.nih.gov/pubmed/22960743
https://doi.org/10.1038/nature11353
http://www.ncbi.nlm.nih.gov/pubmed/22960744
https://doi.org/10.1128/MCB.00566-12
http://www.ncbi.nlm.nih.gov/pubmed/23007155
https://doi.org/10.1038/s41588-018-0174-0
http://www.ncbi.nlm.nih.gov/pubmed/30054595
http://doi.org/10.1038/s41588-018-0174-0
http://doi.org/10.1038/s41588-018-0174-0
https://doi.org/10.1016/j.molcel.2019.01.005
https://doi.org/10.1016/j.molcel.2019.01.005
http://www.ncbi.nlm.nih.gov/pubmed/30737186
https://doi.org/10.1016/j.molcel.2014.06.025
http://www.ncbi.nlm.nih.gov/pubmed/25066232
https://doi.org/10.1038/nature22046
http://www.ncbi.nlm.nih.gov/pubmed/28405019
https://doi.org/10.1074/jbc.M801097200
http://www.ncbi.nlm.nih.gov/pubmed/18337252
https://doi.org/10.1074/jbc.M109.057752
http://www.ncbi.nlm.nih.gov/pubmed/19812039
https://doi.org/10.1016/s1097-2765(02)00593-2
http://www.ncbi.nlm.nih.gov/pubmed/12191482
https://doi.org/10.1371/journal.pgen.1008689

PLOS GENETICS

Single-strand template repair in budding yeast

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Rattray AJ, Shafer BK, McGill CB, Strathern JN. The roles of REV3 and RAD57 in double-strand-break-
repair-induced mutagenesis of Saccharomyces cerevisiae. Genetics. 2002; 162(3): 1063—1077. PMID:
12454056

Sinha S, Li F, Villarreal D, Shim JH, Yoon S, Myung K, et al. Microhomology-mediated end joining
induces hypermutagenesis at breakpoint junctions. PLOS Genet. 2017; 13(4): e1006714. https://doi.
org/10.1371/journal.pgen.1006714 PMID: 28419093

Lee K, JiJH, Yoon K, Che J, Seol JH, Lee SE, et al. Microhomology selection for microhomology medi-
ated end joining in Saccharomyces cerevisiae. Genes. 2019; 10(4): E284. https://doi.org/10.3390/
genes10040284 PMID: 30965655

Holbeck SL, Strathern JN. A role for Rev3 in mutagenesis during double-strand break repair in Saccha-
romyces cerevisiae. Genetics. 1997; 147(3): 1017—1024. PMID: 9383049

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

Boeke JD, Trueheart J, Natsoulis G, Fink GR. 5-fluoroorotic acid as a selective agent in yeast molecular
genetics. Methods Enzymol. 1987; 154: 164—175. https://doi.org/10.1016/0076-6879(87)54076-9
PMID: 3323810

Gillet-Markowska A, Louvel G and Fischer G. bz-rates: a web-tool to estimate mutation rates from fluc-
tuation analysis. G3, 2015; 5(11): 2323-2327. https://doi.org/10.1534/g3.115.019836 PMID: 26338660

Bardwell AJ, Bardwell L, Tomkinson AE, Friedberg EC. Specific cleavage of model recombination and
repair intermediates by the yeast Rad1-Rad10 DNA endonuclease. Science. 1994; 265(5181): 2082—
2085. https://doi.org/10.1126/science.8091230 PMID: 8091230

Sharon E, Chen SA, Khosla NM, Smith JD, Pritchard JK, Fraser HB. Functional genetic variants
revealed by massively parallel precise genome editing. Cell. 2018; 175(2): 544—557. https://doi.org/10.
1016/j.cell.2018.08.057 PMID: 30245013

Hsu MY, Inouye M & Inouye S. Retron for the 67-base multicopy single-stranded DNA from Escherichia
coli: a potential transposable element encoding both reverse transcriptase and Dam methylase func-
tions. Proc. Natl. Acad. Sci. USA. 1990; 87(23): 9454-9458. https://doi.org/10.1073/pnas.87.23.9454
PMID: 1701261

Hsu MY, Eagle SG, Inouye M, Inouye S. Cell-free synthesis of the branched RNA-linked msDNA from
retron-Ec67 of Escherichia coli. J Biol Chem. 1992; 267(20): 13823—-13829. PMID: 1378431

Shimamoto T, Hsu MY, Inouye S, Inouye M. Reverse transcriptases from bacterial retrons require spe-
cific secondary structures at the 5’-end of the template for the cDNA priming reaction. J Biol Chem.
1993; 268(4): 2684—2692. PMID: 7679101

Miyata S, Ohshima A, Inouye S, Inouye M. In vivo production of a stable single-stranded cDNA in Sac-
charomyces cerevisiae by means of a bacterial retron. Proc. Natl. Acad. Sci. USA. 1192; 89(13): 5735—
5739. https://doi.org/10.1073/pnas.89.13.5735 PMID: 1378616

Mirochnitchenko O, Inouye S, and Inouye M. Production of single- stranded DNA in mammalian cells by
means of a bacterial retron. J Biol Chem. 1994: 269(4): 2380-2383. PMID: 7507924

Roy K, Smith J, Vonesch S, Lin G, Szu Tu C, Lederer AR, et al. Multiplexed precision genome editing
with trackable genomic barcodes in yeast. Nat Biotechnol. 2018; 36: 512-520. https://doi.org/10.1038/
nbt.4137 PMID: 29734294

Nickoloff JA, Chen EY, Heffron F. A 24-base-pair DNA sequence from the MAT locus stimulates inter-
genic recombination in yeast. Proc Natl Acad Sci USA. 1986; 83(20): 7831-7835. https://doi.org/10.
1073/pnas.83.20.7831 PMID: 3020559

Shibata M, Nishimasu H, Kodera N, Hirano S, Ando T, Uchihashi T, et al. Real-space and real-time
dynamics of CRISPR-Cas9 visualized by high-speed atomic force microscopy. Nat Commun. 2017; 8
(1): 1430. https://doi.org/10.1038/s41467-017-01466-8 PMID: 29127285

Spell RM, Jinks-Robertson S. Examination of the roles of Sgs1 and Srs2 helicase in the enforcement of
recombination fidelity in Saccharomyces cerevisiae. Genetics. 2004; 168(4): 1855—1865. https://doi.
org/10.1534/genetics.104.032771 PMID: 15611162

Sugawara N, Goldfarb T, Studamire B, Alani E, Haber JE. Heteroduplex rejection during single-strand
annealing requires Sgs1 helicase and mismatch repair proteins Msh2 and Msh6 but not Pms1. Proc
Natl Acad Sci USA. 2004; 101(25): 9315-9320. https://doi.org/10.1073/pnas.0305749101 PMID:
15199178

Harmsen T, Klaasen S, van de Vrugt H, Te Riele H. DNA mismatch repair and oligonucleotide end-pro-
tection promote base-pair substitution distal from a CRISPR/Cas9-induced DNA break. Nucleic Acids
Res. 2018; 46(6): 2945-2955. https://doi.org/10.1093/nar/gky076 PMID: 29447381

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008689 October 15, 2020 23/24


http://www.ncbi.nlm.nih.gov/pubmed/12454056
https://doi.org/10.1371/journal.pgen.1006714
https://doi.org/10.1371/journal.pgen.1006714
http://www.ncbi.nlm.nih.gov/pubmed/28419093
https://doi.org/10.3390/genes10040284
https://doi.org/10.3390/genes10040284
http://www.ncbi.nlm.nih.gov/pubmed/30965655
http://www.ncbi.nlm.nih.gov/pubmed/9383049
https://doi.org/10.1126/science.1191125
http://www.ncbi.nlm.nih.gov/pubmed/20595613
https://doi.org/10.1016/0076-6879%2887%2954076-9
http://www.ncbi.nlm.nih.gov/pubmed/3323810
https://doi.org/10.1534/g3.115.019836
http://www.ncbi.nlm.nih.gov/pubmed/26338660
https://doi.org/10.1126/science.8091230
http://www.ncbi.nlm.nih.gov/pubmed/8091230
https://doi.org/10.1016/j.cell.2018.08.057
https://doi.org/10.1016/j.cell.2018.08.057
http://www.ncbi.nlm.nih.gov/pubmed/30245013
https://doi.org/10.1073/pnas.87.23.9454
http://www.ncbi.nlm.nih.gov/pubmed/1701261
http://www.ncbi.nlm.nih.gov/pubmed/1378431
http://www.ncbi.nlm.nih.gov/pubmed/7679101
https://doi.org/10.1073/pnas.89.13.5735
http://www.ncbi.nlm.nih.gov/pubmed/1378616
http://www.ncbi.nlm.nih.gov/pubmed/7507924
https://doi.org/10.1038/nbt.4137
https://doi.org/10.1038/nbt.4137
http://www.ncbi.nlm.nih.gov/pubmed/29734294
https://doi.org/10.1073/pnas.83.20.7831
https://doi.org/10.1073/pnas.83.20.7831
http://www.ncbi.nlm.nih.gov/pubmed/3020559
https://doi.org/10.1038/s41467-017-01466-8
http://www.ncbi.nlm.nih.gov/pubmed/29127285
https://doi.org/10.1534/genetics.104.032771
https://doi.org/10.1534/genetics.104.032771
http://www.ncbi.nlm.nih.gov/pubmed/15611162
https://doi.org/10.1073/pnas.0305749101
http://www.ncbi.nlm.nih.gov/pubmed/15199178
https://doi.org/10.1093/nar/gky076
http://www.ncbi.nlm.nih.gov/pubmed/29447381
https://doi.org/10.1371/journal.pgen.1008689

PLOS GENETICS

Single-strand template repair in budding yeast

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Bai Y, Symington LS. A Rad52 homolog is required for RAD51-independent mitotic recombination in
Saccharomyces cerevisiae. Genes Dev. 1996; 10(16): 2025—-2037. https://doi.org/10.1101/gad.10.16.
2025 PMID: 8769646

Davis AP, Symington LS. The Rad52-Rad59 complex interacts with Rad51 and replication protein A.
DNA Repair. 2003; 2(10): 1127—-1134. hitps://doi.org/10.1016/s1568-7864(03)00121-6 PMID:
13679150

Cortes-Ledesma F, Malagon F, Aguilera A. A novel yeast mutation, rad52-L89F, causes a specific
defect in Rad51-independent recombination that correlates with a reduced ability of Rad520L89F to
interact with Rad59. Genetics. 2004; 168(1): 553-557. https://doi.org/10.1534/genetics.104.030551
PMID: 15454565

Anand RP, Tsaponina O, Greenwell PW, Lee CS, Du W, Petes TD, et al. Chromosome rearrangements
via template switching between diverged repeated sequences. Genes Dev. 2014; 28(21): 2394-2406.
https://doi.org/10.1101/gad.250258.114 PMID: 25367035

Ivanov EL, Korolev VG, Fabre F. XRS2, a DNA repair gene of Saccharomyces cerevisiae, is needed for
meitotic recombination. Genetics. 1992; 132(3): 651-664. PMID: 1468624

Gobbini E, Cassani C, Vertemara J, Wang W, Mambretti F, Casari E, et al. The MRX complex regulates
Exo1 resection activity by altering DNA end structure. EMBO J. 2018; 37(16): €98588 https://doi.org/
10.15252/embj.201798588 PMID: 29925516

Chen W, Jinks-Robertson S. The role of the mismatch repair machinery in regulating mitotic and meiotic
recombination between diverged sequences in yeast. Genetics. 1999; 151(4): 1299-1313. PMID:
10101158

Spell RM, Jinks-Robertson S. Role of mismatch repair in the fidelity of RAD51- and RAD59-dependent
recombination in Saccharomyces cerevisiae. Genetics. 2003; 165(4):1733-1744. PMID: 14704162

Haber JE, Ray BL, Kolb JM, White Cl. Rapid kinetics of mismatch repair of heteroduplex DNA that is
formed during recombination in yeast. Proc Natl Acad Sci USA. 1993; 90(8): 3363—3367. https://doi.
org/10.1073/pnas.90.8.3363 PMID: 8475081

Rothstein RJ. One-step gene disruption in yeast. Methods Enzymol. 1983; 101: 202—211. hitps://doi.
org/10.1016/0076-6879(83)01015-0 PMID: 6310324

Anand R, Memisoglu G, Haber JE. Cas9-mediated gene editing in Saccharomyces cerevisiae. Protoc
Exch. 2017; http://doi.org/10.1038/protex.2017.021a

Benjamini Yoav, Hochberg Yosef. Controlling the false discovery rate: a practical and powerful
approach to multiple testing. Journal of the Royal Statistical Society, Series B. 1995; 5(1) 289-300

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008689 October 15, 2020 24/24


https://doi.org/10.1101/gad.10.16.2025
https://doi.org/10.1101/gad.10.16.2025
http://www.ncbi.nlm.nih.gov/pubmed/8769646
https://doi.org/10.1016/s1568-7864%2803%2900121-6
http://www.ncbi.nlm.nih.gov/pubmed/13679150
https://doi.org/10.1534/genetics.104.030551
http://www.ncbi.nlm.nih.gov/pubmed/15454565
https://doi.org/10.1101/gad.250258.114
http://www.ncbi.nlm.nih.gov/pubmed/25367035
http://www.ncbi.nlm.nih.gov/pubmed/1468624
https://doi.org/10.15252/embj.201798588
https://doi.org/10.15252/embj.201798588
http://www.ncbi.nlm.nih.gov/pubmed/29925516
http://www.ncbi.nlm.nih.gov/pubmed/10101158
http://www.ncbi.nlm.nih.gov/pubmed/14704162
https://doi.org/10.1073/pnas.90.8.3363
https://doi.org/10.1073/pnas.90.8.3363
http://www.ncbi.nlm.nih.gov/pubmed/8475081
https://doi.org/10.1016/0076-6879%2883%2901015-0
https://doi.org/10.1016/0076-6879%2883%2901015-0
http://www.ncbi.nlm.nih.gov/pubmed/6310324
http://doi.org/10.1038/protex.2017.021a
https://doi.org/10.1371/journal.pgen.1008689

