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Summary

DNA double-strand breaks (DSBs) are dangerous lesions threatening genomic stability. Fidelity of 

DSB repair is best achieved by recombination with a homologous template sequence. In yeast, 

transcript RNA was shown to template DSB repair of DNA. However, molecular pathways of 

RNA-driven repair processes remain obscure. Utilizing assays of RNA-DNA recombination with 

and without an induced DSB in yeast DNA, we characterize three forms of RNA-mediated 

genomic modifications, RNA- and cDNA-templated DSB repair (R-TDR and c-TDR) using an 

RNA transcript or a DNA copy of the RNA transcript for DSB repair, respectively; and a new 

mechanism of RNA-templated DNA modification (R-TDM) induced by spontaneous or mutagen-

induced breaks. While c-TDR requires reverse transcriptase, translesion DNA polymerase ζ plays 

a major role in R-TDR and it is essential for R-TDM. This study characterizes mechanisms of 
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RNA-DNA recombination, uncovering a role of Pol ζ in transferring genetic information from 

transcript RNA to DNA.

eTOC Blurb

Still much is unknown about the roles of RNA in DNA repair and modification. Meers et al. 

characterize three genetic mechanisms by which RNA can directly or indirectly transfer genetic 

information to DNA in yeast cells, and uncover that direct RNA-templated DNA recombination is 

aided by translesion DNA Polymerase ζ.
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Introduction

The preservation of genomic integrity is a delicate balancing act between faithful repair of 

DNA damage guided by endogenous repair systems and erroneous mishaps of these repair 

pathways. DNA double-stranded breaks (DSBs) are among the most dangerous types of 

DNA lesions leading to mutations, chromosome rearrangements and/or inhibiting cells 

ability to divide (Chatterjee and Walker, 2017). DSBs are repaired by two main pathways 
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including non-homologous end joining (NHEJ) and homologous recombination (HR). NHEJ 

proceeds by ligating the broken DNA ends together at the expense of frequent addition or 

deletion of genetic information at the DSB site (Chang et al., 2017). HR involves the 

exchange of genetic information from a homologous DNA template sequence to the site of 

DSB (Jasin and Rothstein, 2013; Piazza and Heyer, 2019). However, genetic information is 

also transiently deposited in the form of RNA. The transfer of genetic information from 

RNA to DNA is generally considered to be a specialized process exploited by mobile genetic 

elements and viruses (Goodier, 2016). We have previously shown that RNA can directly 

template repair of a DSB in an HR-dependent (RAD52-dependent) process, and that this 

process is inhibited by ribonuclease (RNase) H1 and H2, which function to degrade RNA-

DNA hybrids. (Keskin et al., 2016; Keskin et al., 2014; Mazina et al., 2017; Meers et al., 

2016). However, it was suggested that up to 8 % of the yeast genome is susceptible to RNA-

DNA hybrid formation (Wahba et al., 2016). The formation of these hybrid sites is 

stimulated by various mutants often associated with RNA metabolism (Garcia-Muse and 

Aguilera, 2019) and/or transcription level, suggesting that many highly transcribed genomic 

loci are prone to RNA-DNA recombination events. In addition, mobile genetic elements can 

reverse transcribe transcript RNA to cDNA-intermediates used in DSB repair (Keskin et al., 

2014; Meers et al., 2016; Morrish et al., 2002). However, little is known about the molecular 

mechanisms which support RNA-templated DSB repair and DNA modification, and which 

polymerase enzyme(s) can use RNA as a template to transfer genetic information to DNA in 
vivo. Here we uncover a major role of translesion DNA polymerase ζ in using RNA as a 

donor in RNA-DNA recombination. Overall, we characterized three mechanisms by which 

RNA can indirectly or directly template the repair of a DSB or modify genomic DNA in the 

absence of an induced DSB. We term these mechanisms cDNA-templated DSB repair (c-

TDR), RNA-templated DSB repair (R-TDR), and RNA-templated DNA modification (R-

TDM), respectively.

Results

Constitutive expression of the RNA donor promotes DSB repair by template RNA in cis

To better characterize the mechanism regulating RNA-templated DSB repair (R-TDR), we 

modified the assay that we previously developed to study DSB repair by transcript RNA in 

cis in haploid yeast cells (Keskin et al., 2016). The assay is based on induction of a DSB in 

an inactive auxotrophic marker gene (his3) located on chromosomal DNA, and detection of 

precise repair of the DSB mediated by a homologous transcript messenger RNA, which is 

the antisense RNA of the same his3 gene. To drive transcription of the non-coding antisense 

his3 RNA, which serves as homologous template for DSB repair, we replaced the galactose 

inducible promoter pGAL1 with the constitutive translation elongation factor EF-1α 
promoter (pTEF) (Figure 1A) to make strains CM-278, 279 (Table S1). In this way, we 

hypothesized that the template RNA will be actively transcribed at the time of DSB 

induction, more accurately representing a DSB in an actively transcribed gene. In brief, the 

genetic assay comprises a his3 gene interrupted by an artificial intron in the antisense 

orientation containing a homothallic switching (HO) endonuclease site and is driven by 

either the inducible pGAL1 or the constitutive pTEF promoter from the antisense orientation 

(Figure 1A). Galactose induction of the HO endonuclease gene expressed by a pGAL1 
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promoter and located on chromosome III results in a DSB inside the artificial intron within 

the his3 gene (Figure 1A). If the spliced antisense transcript RNA driven by either the 

pGAL1 or pTEF promoter is used to template repair of the DSB by removing the artificial 

intron from its own his3 DNA (in cis), a functional HIS3 gene is formed producing histidine 

prototrophic (His+) colonies.

Yeast cells can either directly use the antisense RNA as template for repair of the DSB in 

his3, or indirectly by converting the antisense his3 RNA into a complementary DNA 

(cDNA) and use this as donor for DSB repair. Suppression of antisense transcription by 

deletion of its promoter or deletion of the 5’-splice site inside the intronic sequence prevents 

formation of His+ colonies generated by either direct or indirect RNA repair of the DSB in 

his3 (Keskin et al., 2014; Michelini et al., 2018). Because RNase H1 and H2 quickly 

degrade RNA/DNA hybrids required for DSB repair by RNA, cells expressing these 

enzymes repair the his3 DSB predominately by converting the spliced antisense transcript 

into a complementary DNA (cDNA) donor for HR (Keskin et al., 2014). The cDNA-

templated DSB repair (c-TDR) process was shown to depend on the activity of the yeast 

retrotransposon Ty because deletion of the SPT3 gene, a positive regulator of Ty 

transcription, abolished c-TDR (Keskin et al., 2014) (Figure 1B). When we expressed the 

his3 antisense donor from the constitutive promoter pTEF in wild-type RNase H cells, we 

found that the frequency of His+ colonies dropped over a factor of ten when compared to 

reproduced results of the inducible pGAL1 system (Figure 1B). This is likely due to lower 

expression level of his3 RNA as illustrated by qRT-PCR results from pTEF vs. pGAL1 
(Figure S1A). Markedly, RNase H1 and H2-null cells (rnh1 rnh201) in the pTEF system 

show an increased frequency of His+ colonies that is over a factor of one thousand relative to 

wild-type RNase H cells. Such high frequency is comparable to that obtained in the pGAL1 
system (Figure 1B). Upon deletion of SPT3 in RNase H-null cells (rnh1 rnh201 spt3), in 

which R-TDR is the predominant mechanism of DSB repair, the frequency of His+ colonies 

remain strikingly high in the pTEF system compared to reproduced results from the pGAL1 
system (Figure 1B). Differently from what was observed in wild-type RNase H cells, we 

found that the frequency of His+ colonies does not diminish, but even increases (over a 

factor of three) when the antisense RNA is driven by pTEF vs. pGAL1 in rnh1 rnh201 spt3 
cells (Figure 1B). This opposing trend of His+ frequencies is not attributed to increased 

levels of antisense his3 RNA in rnh1 rnh201 spt3 cells because transcription levels of his3 
remain higher with pGAL1 vs. pTEF in these mutant cells (Figure S1A). Transformation 

with DNA oligonucleotides (HIS3.F and HIS3.R, Table S2) designed to repair the DSB in 

the his3 gene in a homology-driven manner showed only slight (less than 2-fold) increase of 

His+ cells in the pTEF vs. pGAL1 system (rnh1 rnh201 spt3) suggesting a possible increase 

in DNA breakage in the pTEF system (Figure S1B). These results suggest that continuous 

transcription of the antisense donor RNA from the constitutive promoter pTEF facilitates 

recombination of the broken DNA ends with the RNA template in cis, increasing the 

frequency of R-TDR. In contrast, high induction of transcription from pGAL1 promoter 

stimulates production of cDNA-intermediates to repair DSBs via c-TDR.
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R-TDR requires Rad52 and is independent of NHEJ proteins

Previous results using the inducible antisense his3 RNA expressed under pGAL1 showed 

that R-TDR requires the activity of the recombination enzyme Rad52 to promote inverse 

strand exchange between DNA and RNA. In contrast, the frequency of R-TDR increased in 

rad51-null or rad59-null cells, likely because these mutants suppress competition for DSB 

repair by the intact sister chromatid (Keskin et al., 2014; Mazina et al., 2017). Here, using 

the constitutive his3 RNA expressed under pTEF, we found a factor of hundred decrease in 

the frequency of R-TDR in spt3-null cells in the absence of RAD52 lacking rnh1 rnh201, 

while knock out of RAD51 or RAD59 showed no effect. Differently, c-TDR requires all 

these recombination proteins in the constitutive system (Figure 2A). Recent studies have 

suggested a possible role of RNA facilitating NHEJ (Chakraborty et al., 2016). In the cis 
assay with pTEF (Figure 1A), we found that elimination of NHEJ components (KU70 or 

DNL4) markedly enhanced the frequency of His+ colonies by c-TDR and R-TDR, as seen in 

single ku70 or dnl4 mutants and NHEJ mutants generated in a rnh1 rnh201 spt3 background, 

but dramatically decreased cell viability following DSB induction (Figure 2B). NHEJ 

mutants in a rnh1 rnh201 spt3 background show a factor of 2.2 and 1.8 increase with the 

ku70 or dnl4-null mutant, respectively. This suggests that loss of NHEJ stimulates R-TDR. 

In addition, when comparisons are made between NHEJ mutants containing or lacking SPT3 
in a rnh1 rnh201 background, a factor of 10 decrease is seen in spt3-null strains. This would 

suggest that loss of NHEJ stimulates both c-TDR and R-TDR. We also observed similar 

effects with the loss of the NHEJ DNA polymerase 4 (POL4) (see Figure 4A). RAD50 
variants R520H T853I and R520H T853I D575G discovered in a random mutagenesis 

screen to identify mutants with enhanced RNA-templated DSB repair ability showed similar 

reduced survival and increased frequency of R-TDR (Figure 2C). This is in line with 

inhibition of the NHEJ pathway. These results suggest that while it is possible that RNA 

facilitates NHEJ, NHEJ enzymes are not needed for R-TDR. This confirms that transcript 

RNA can work as a template for DSB repair in cis via an HR mechanism.

3’ non-homologous tail removal by Rad1–10 and Msh2–3 is dispensable for R-TDR

To further characterize molecular components of R-TDR, we investigated the role of DNA 

clippases, which are important players in DSB repair by HR (Ivanov and Haber, 1995; 

Lyndaker and Alani, 2009). We discovered that loss of RAD1–10 strongly decreases the 

frequency of c-TDR but not R-TDR (Figure 2D). In wild-type RNase H cells, the frequency 

of His+ colonies dramatically decreased upon knockout of RAD1 or RAD10. While in rnh1 
rnh201 spt3 cells, in which repair is directly templated by transcript-RNA (R-TDR), knock 

out of RAD1–10 shows only minor reduction in His+ frequency. This suggests that the 

RAD1–10 clippase is important for c-TDR but only has a minor impact on R-TDR (Figure 

2D), possibly to remove the intronic 3′-DNA tail. Therefore, loss of either RAD1–10 or 

SPT3 (Keskin et al., 2014) allows separation of R-TDR from c-TDR, as both inhibit c-TDR. 

Similar to DSB repair by his3 cDNA, DSB repair by a his3 linear DNA molecule generated 

by PCR was strongly reduced in rad1-null cells (Figure S2). These results show that RAD1–
10 is important for DSB repair by a homologous DNA template provided in trans likely to 

remove 3′ tails of cDNA or PCR product that are not used in the HR repair process 

(Lyndaker and Alani, 2009). In line with the above results, we found that knock out of 

MSH2 or MSH3 mismatch repair (MMR) genes, which are reported to act in the recognition 
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of 3′ tails and recruitment of RAD1–10 (Lyndaker and Alani, 2009; Sugawara et al., 1997), 

decreased the frequency of His+ colonies in wild-type RNase H cells by a factor of ten. This 

reduction in the frequency of His+ colonies was not seen for knock out of MSH6 (Figure 

2E), which functions in MMR but is not involved in 3′ tail removal (Paques and Haber, 

1997). Markedly different results were obtained when these MMR genes were deleted in the 

rnh1 rnh201 and rnh1 rnh201 spt3 background. Knock out of MSH3 or MSH6 in a rnh1 
rnh201 background reduced the His+ frequency by a factor of two, while deletion of MSH2 
reduced the frequency over a factor of nine (Figure 2E). However, in rnh1 rnh201 spt3 
background, only MSH2 and MSH6 deletion reduced the frequency of His+ colonies, while 

MSH3 deletion had no effect on R-DTR. Interestingly, the msh6-null mutation specifically 

reduced the frequency of R-TDR, possibly suggesting a mutagenic role of R-TDR. We 

conclude that MSH3 is important solely in c-TDR, likely with support for MSH2 and their 

role in removal of 3′ tails. However, MSH2 and MSH6 may play a role in the removal of 

mismatch bases possibly following reverse transcription.

R-TDR is independent of the Ty retrotransposon

To determine whether R-TDR requires the presence of the Ty retrotransposon for DNA 

repair synthesis by Ty reverse transcriptase (RT) on the RNA template, we cloned the cis 
system described in (Figure 1A), containing an I-SceI endonuclease cut site in place of the 

HO cut site, onto a yeast centromeric plasmid (HKb-67). We then engineered a 

Saccharomyces paradoxus strain lacking endogenous Ty activity (Garfinkel et al., 2005) (Ty-

less, DG-2204, Table S1) with an integrated copy of the I-SceI endonuclease gene under the 

pGAL1 promoter. In this strain (HK-692, 696), we constructed the rnh1, rnh201, or rnh1 
rnh201 null mutation(s). As a control, the same genetic engineering was done in a S. 
cerevisiae strain containing active Ty (FRO-767), in which we also constructed the knockout 

mutants rnh1, rnh201, or rnh1 rnh201, as well as spt3 and rnh1 rnh201 spt3 (Table S1). We 

then introduced the HKb-67 plasmid into these S. paradoxus and S. cerevisiae strains. The 

presence or absence of the Ty RT protein in the wild-type S. cerevisiae and S. paradoxus 
strains (HK-809, 812 and HK-815, 817) (Table S1) was confirmed by Western blot analysis 

(Figure S3A). S. cerevisiae and S. paradoxus cells of all the above genotypes containing the 

cis system on plasmid HKb-67 were plated on galactose medium to induce the DSB in his3. 

We then examined the frequency of His+ colonies formed for these strains. Results obtained 

for all S. cerevisiae strains containing the plasmid-cis system with I-SceI endonuclease were 

in line with published data (Keskin et al., 2014) and data shown in Figure 1B. S. paradoxus 
Ty-less wild-type, rnh1 or rnh201 strains behaved similarly to the corresponding S. 
cerevisiae strains containing the spt3-null allele (Figure 3A). We were unable to detect any 

His+ colony in these strains, demonstrating that c-TDR does not occur in Ty-less strains. On 

the contrary, His+ colonies were detected in the S. paradoxus strain containing rnh1 rnh201 
mutations. This is similar to the S. cerevisiae rnh1 rnh201 spt3 strain (Figure 3A). 

Transformation with DNA oligonucleotides (HIS3.F and HIS3.R, Table S2) designed to 

repair the DSB in the his3 gene showed no significant difference for rnh1 rnh201 cells 

compared to all other genotypes of S. paradoxus cells (Figure S3B and Table S10), 

demonstrating that the I-SceI DSB stimulates HR to similar extent in these cells. These 

results prove that while c-TDR requires Ty, the Ty retrotransposon is not required for R-

TDR, and R-TDR must proceed with DNA polymerase.
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To further validate the role of the Ty retrotransposon in c-TDR and not in R-TDR, we 

overexpressed a Ty1 element from the pGAL1 promoter and introduced it in our strains 

either on a plasmid (pGTyClaI) or by integrating it into the yeast genome. We hypothesized 

that the overexpression of Ty would increase repair by cDNA but not RNA. We confirmed 

Ty overexpression by Western blot (Figure S3C). Indeed, overexpression of Ty from 

pGTyClaI in the pGAL1 (Figure S3D) or pTEF (Figure S3E) system, and from the 

integrated Ty in the pTEF system (Figure 3B) strongly increased levels of c-TDR but had no 

impact on DSB repair by DNA oligos (Figure S3F). This suggests specificity of Ty RT to 

convert RNA into cDNA in our DSB repair assay but not to amplify the sequence of DNA 

oligos. Moreover, we observed that the overexpression of Ty did not promote R-TDR 

because it did not result in increased His+ frequency in a rnh1 rnh201 rad1 background that 

is deficient in repair by cDNA (Figure 3B). While c-TDR was inhibited over a factor of 

twenty-five by loss of rad1 in wild-type cells when Ty was overexpressed, only less than a 

factor of two decrease of the His+ frequency was observed in rnh1 rnh201 rad1 cells 

overexpressing Ty (Figure 3B). This shows that even overexpression of Ty RT in a c-TDR 

inhibited background like rad1-null cannot stimulate R-TDR, and suggests that R-TDR 

proceeds without the aid of a bona fide RT. Overall, these results demonstrate that c-TDR is 

Ty RT-driven, while R-TDR does not proceed using a bona fide RT like Ty RT, and likely 

proceeds with a DNA polymerase.

DNA polymerase ζ promotes RNA-templated DSB repair

We next sought to determine which DNA polymerase(s) is responsible for R-TDR. DNA 

polymerase δ plays a major role in DSB repair by HR (McVey et al., 2016). Primer 

extension experiments showed that DNA Pol δ contains some RT activity but has low 

processivity on RNA templates (Storici et al., 2007). In yeast, there are four specialized 

polymerases that are associated with replication of damaged DNA: Pol4, η, ζ and 

deoxycytidyl transferase encoded by the REV1 gene, which forms a complex with Pol ζ 
subunits (Kawasaki and Sugino, 2001) (Nelson et al., 1996). Pol4 works in NHEJ (McVey et 

al., 2016), while the translesion polymerases η, ζ and Rev1 can bypass a variety of unnatural 

or modified nucleotides, including ribonucleotide tracts in DNA (Lazzaro et al., 2012; 

Makarova and Burgers, 2015; Su et al., 2019). RAD5 has recently been shown to recruit 

DNA Pol ζ to repair ssDNA gaps at stressed DNA replication forks (Gallo et al., 2019). 

Here we investigated the role of these specialized polymerases in R-TDR. Genetic 

disruptions showed that elimination of the translesion DNA polymerase ζ pathway (rev3, 

rev1 or rad5-null mutation) drops the frequency of R-TDR by a factor of 2.5 in a rnh1 
rnh201 rad1 background, in which c-TDR is strongly impaired (Figure 4A). Loss of Pol η 
(rad30-null) shows no impact on R-TDR in the rnh1 rnh201 rad1 background (Figure 4A). 

Surprisingly, elimination of pol32, an accessory subunit of Pol δ and ζ showed only minor 

decrease in His+ frequency in the same genetic background. In line with results shown in 

(Figure 2B), knock out of the NHEJ-associated Pol4 (pol4-null) elevated the frequency of R-

TDR by a factor of five (Figure 4A). Complementary results are seen in NHEJ mutants 

lacking rev3 with a factor of 2.8 to 5.8 decrease in dnl4 and ku70 mutants, respectively 

(Figure 4B). In addition to results impairing c-TDR in a rnh1 rnh201 rad1 background, we 

tested the impact of Pol ζ mutants in a rnh1 rnh201 spt3 background. Similarly, we find that 

loss of Pol ζ results in a significant decrease in the frequency of His+ colonies (Figure 4C). 
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These findings support a predominant role of Pol ζ in R-TDR. To examine whether Pol ζ 
catalytic activity was responsible for R-TDR, we constructed a low fidelity mutant of the 

catalytic subunit rev3 L979F (Stone et al., 2009). The low fidelity mutant of Pol ζ showed a 

minor decrease in the frequency of repair as compared to wild-type Pol ζ (Figure 4D). To 

examine whether overexpression of the wild-type catalytic subunit of Pol ζ, REV3, would 

increase the frequency of R-TDR, we integrated a copy of the REV3 gene under the 

galactose inducible promoter pGAL1 at the CAN1 locus in rnh1 rnh201 cells (Table S1). 

Indeed, overexpression of REV3 gene resulted in a modest but significant increase in the 

frequency of His+ colonies (Figure 4E). These data show that overexpression of the catalytic 

subunit of Pol ζ promotes R-TDR. Overall, our results support a dominant function of Pol ζ 
in R-TDR.

Rad52-independent RNA-DNA recombination in the absence of an induced DSB

Upon replacement of the inducible pGAL1 with the constitutive pTEF promoter, we 

unexpectedly detected abundant formation of His+ colonies in the rnh1 rnh201, rnh1 rnh201 
spt3 and rnh1 rnh201 rad1 backgrounds without induction of the DSB (Figure 5A).His+ 

colonies were detected by growing cells in glucose containing medium, suppressing 

activation of the HO endonuclease driven by the pGAL1 promoter. This observation was not 

the result of leaky HO endonuclease expression in glucose medium as knock out of the HO 
endonuclease gene did not reduce the frequency of His+ colonies in similar conditions 

(Figure 5B). We termed this mechanism RNA-templated DNA modification (R-TDM). In 

addition, this repair is dependent on the RNA template as loss of either the antisense 

promoter or removal of the intronic branch site strongly reduces the frequency of His+ 

colonies (Figures 5B and S4). We hypothesized that formation of an RNA-DNA hybrid 

between the antisense his3 transcript and the his3 DNA gene may recruit MMR, nucleotide 

excision repair (NER) or base excision repair (BER) nucleases resulting in cleavage within 

the his3 locus, and recombination by RNA. We investigated the role of previously reported 

nucleases (MLH1 and RAD1) involved in processing of R-loops (Freudenreich, 2018; 

Sollier et al., 2014; Su and Freudenreich, 2017), along with other nucleases involved in 

DNA repair and found no difference in the frequency of His+ colonies (Figure 5C).

We then examined the impact of two DNA damaging agents in their ability to stimulate R-

TDM at the his3 locus, bleomycin, which generates DSB (Moseley, 1989), and methyl-

methanesulfonate (MMS), which results in base alkylation damage that can be processed to 

single or double-stranded breaks (Ma et al., 2008). While bleomycin was not found to 

stimulate R-TDM, possibly due to rare DSB formation mainly outside of the his3 locus, 

treatment with MMS showed significant increase in the frequency of His+ colonies (Figure 

5D). Importantly, these His+ colonies were not due to mutations of his3, e.g. generating new 

splice sites in the sense orientation, allowing splicing from the sense transcript to produce 

the His+ phenotype while the DNA retained the intron. In fact, all His+ clones examined had 

precisely lost the intron (20/20) in the DNA and 19/20 had perfect His+ sequence. One 

sample (1/20) had a G to C transversion (typical of MMS mutagenesis) resulting in V79L 

mutation but also had precisely removed the intron. These results support a role of either 

spontaneous breaks or breaks that are occurring during the repair of DNA damage as triggers 

for R-TDM.
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Like R-TDR, R-TDM is independent of cDNA-mediated repair because loss of SPT3 or 

RAD1 does not decrease the His+ frequency in the absence of the induced DSB in his3 
(Figures 5B and 5C). Additionally, overexpression of Ty in strains lacking the HO gene (ho-

null) did not result in increased frequency of His+ colonies both in the wild-type and rnh1 
rnh201 backgrounds (Figure 5E). We hypothesized that the R-TDM mechanism, which is 

independent of a DSB, requires formation of an RNA-DNA hybrid (R-loops) during 

transcription (Rondon and Aguilera, 2019). Rad52 is strongly required for R-TDR by 

promoting formation of RNA-DNA heteroduplex in an inverse RNA-strand exchange 

reaction by forming an active complex with dsDNA in the proximity of the DNA DSB 

(Mazina et al., 2017). In contrast, to promote R-loop formation, Rad52 needs to form an 

active complex with RNA and to promote formation of RNA-DNA heteroduplex in intact 

dsDNA without breaks. We tested the ability of Rad52 to stimulate R-loop formation in vitro 
and found that while Rad52 can promote D-loop formation with DNA, it cannot promote R-

loop formation with RNA (Figure 6). In line with the biochemical data, loss of rad52 was 

inconsequential to the frequency of R-TDM in the yeast cells (Figure 5B). Surprisingly, we 

found that elimination of rad59 but not rad51 resulted in decrease but not elimination of R-

TDM (Figure 5B). These results demonstrate that in the absence of an induced DSB, 

transcript RNA has the capacity to recombine with homologous DNA sequences and 

mediate DNA modifications even without the catalytic support of a recombination protein. 

The data also uncover a novel mechanism of Rad52-independent recombination in yeast.

DNA polymerase ζ is essential for RNA-DNA recombination in the absence of an induced 
DSB

While Ty RT is not required for R-TDM, as shown by knockout of SPT3 or overexpression 

of Ty (Figure 5B and 5E), Pol ζ is essential. Knockout of the REV3 gene strongly reduces 

the frequency of His+ colonies in rnh1 rnh201 spt3 cells grown in galactose (Figures 4A). In 

line with R-TDR results, loss of the DNA Pol ζ translesion synthesis pathways (rev1, rev3 
or rad5-null) strongly reduces the frequency of R-TDM (Figure 5F). Furthermore, the low 

fidelity DNA synthesis derivative rev3-L979F strongly diminishes the frequency of His+ 

colonies in rnh1 rnh201 cells grown in glucose with no DSB induction (Figure 5F). 

Sequencing of the HIS3 locus from several His+ colonies isolated from wild-type REV3 
found 53/54 with correct HIS3 sequence. In contrast, only 40/54 in the rev3-L979F mutant 

had correct HIS3 sequence (Table S8) showing a significant increase in the frequency of 

mutation (P-value 0.004 obtained using Mann-Whitney U-test). This result supports a 

synthesis role by Pol z in R-TDM. Lastly, overexpression of the REV3 gene coding for the 

catalytic subunit of Pol ζ results in an increase (a factor of two) in the frequency of His+ 

colonies in rnh1 rnh201 cells lacking the HO gene (ho-null) (Figure 5G). Overall, these 

findings demonstrate an essential function of Pol z in R-TDM, and point to Pol ζ being the 

RT in both R-TDM and R-TDR.

Discussion

Mechanism of RNA-templated DSB repair (R-TDR) driven by Pol ζ

Understanding the potential of RNA to recombine with DNA has been difficult given RNA 

sequence resemblance to the DNA sequence from which it is generated. However, large 
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scale RNA-mediated genome rearrangements have been observed in ciliates (Burns et al., 

2016; Nowacki et al., 2008). In addition, it has been proposed that RNA-templated 

mechanisms may drive somatic hypermutation (Steele, 2017). We previously demonstrated 

that RNA is recombinogenic in the absence of RNase H1 and H2 and is aided by Rad52 

through RNA-DNA annealing or an inverse RNA strand exchange with homologous dsDNA 

ends (Keskin et al., 2014; Mazina et al., 2017). In addition, this process does not require 

extensive end resection (Mazina et al., 2017). Here we expanded on this model to find 

limited dependence on Rad1–10, Msh2–3 clippases suggesting R-TDR can proceed with 

limited 3′-nonhomologous tail removal. We hypothesize that extensive resection is favored 

in c-TDR facilitating recombination between the broken DNA ends and the cDNA molecule. 

In contrast, during R-TDR, extensive resection is not needed as the donor RNA is already 

localized to the DSB site and can efficiently form RNA:DNA heteroduplex even at blunt 

ended DNA structures by Rad52 in an inverse RNA strand exchange (Mazina et al., 2017). 

Removal of the 3′ flap generated in the artificial intron could be attributed to limited tail 

excision by the 3’-to-5’ proofreading activity of DNA polymerase δ (Paques and Haber, 

1997). We exploit this difference in the preference for more extensive end clipping for c-

TDR vs. limited end clipping in R-TDR to distinguish between these repair pathways. This 

is in conjunction with spt3-null mutants, which inhibits transcription of endogenous Ty 

elements. Recently, Rad52 was shown to also limit resection in budding yeast (Yan et al., 

2019), which may aid in R-TDR. Surprisingly, we found little effect of rad59-null or rad51-

null mutants in R-TDR when the antisense RNA is driven by the pTEF promoter. This is 

contrary to our previous work exploiting the galactose inducible donor system showing a 

stimulation in the frequency of R-TDR in the absence of either rad51 or rad59 (Keskin et al., 

2014; Mazina et al., 2017). We propose that loss of either rad51 or rad59 inhibits 

competition with sister chromatid recombination. However, this competition may be less 

favorable for the sister chromatid in the pTEF constitutive system, as the donor RNA is 

already actively transcribed at the time the DSB is induced. In contrast to effects seen in HR 

mutants, NHEJ mutants show a dramatically increased frequency of R-TDR events but a 

marked loss of cell viability following DSB induction.

Remarkably, we discovered a unique role of translesion DNA polymerase ζ in mediating R-

TDR. The current understanding of DNA translesion synthesis pathways in yeast suggests 

that replication stalling results in ubiquitination of the PCNA clamp loader, switching 

replicative polymerases to translesion polymerases (Pol η, ζ) and bypass of the damaged 

DNA (Martin and Wood, 2019; Plosky and Woodgate, 2004). We find reductions in the 

frequency of R-TDR in the absence of translesion polymerases, predominantly DNA Pol ζ 
in rnh1 rnh201 rad1 and rnh1 rnh201 spt3 backgrounds, in which c-TDR is inactive. 

Recombination-associated DNA synthesis is largely considered to proceed with the high 

fidelity replicative polymerase δ (Holmes and Haber, 1999; Li et al., 2009; Maloisel et al., 

2008) but lagging strand DNA polymerase α and translesion DNA polymerases are also 

associated with DSB repair (Hirano and Sugimoto, 2006; Holmes and Haber, 1999; Rattray 

et al., 2002; Sneeden et al., 2013). Earlier work has shown that yeast replicative polymerases 

(δ and α) contain minimal RT activity (Storici et al., 2007), in addition to documented RT 

activity of human Pol η (Su et al., 2019) and yeast Pol ζ in the bypass of multiple embedded 

ribonucleotides in DNA (Lazzaro et al., 2012). Beyond the role of yeast Pol ζ in the bypass 
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of multiple embedded ribonucleotides, we provide in vivo data suggesting Pol ζ can reverse 

transcribe transcript RNA at sites of DNA damage. However, the fidelity of DNA 

polymerase ζ is known to be significantly lower than that of replicative polymerases with a 

preference for base substitutions (Zhong et al., 2006). Interestingly, this supports our results 

showing that MSH6 is important for R-TDR, possibly in the repair of mismatches generated 

by DNA Pol ζ, but not c-TDR, which is Pol ζ-independent. This may suggest a high 

mutagenic nature of R-TDR, possibly in part explaining the higher mutation rate seen in 

transcribed regions (Jinks-Robertson and Bhagwat, 2014). We propose that during R-TDR, 

DNA polymerase δ encounters donor RNA annealed to the 3′ end of the DSB and this 

results in polymerase switching to DNA Pol ζ providing increased RT capabilities driving 

repair of the DSB aided directly by an RNA template (Figure 7A).

Mechanism of RNA-mediated DNA modification (R-TDM)

In addition to the ability of RNA to transfer information back to DNA following a DSB, we 

found that RNA can transfer genetic information back to DNA in the absence of RNase H1 

and H2 without the induction of a DSB. This process of R-TDM is independent of the major 

HR protein in yeast, Rad52, highlighting a unique form of recombination in yeast. Rad52-

independent mitotic recombination events have previously been observed in budding yeast 

with gene conversion events partially dependent on Rad59 (Coic et al., 2008; Haber and 

Hearn, 1985). R-TDM may explain these Rad52-independent mitotic gene conversion 

events. We hypothesize that in the absence of RNase H1 and H2, R-loops form with the 

transcript RNA and can recombine with DNA in a Rad52-independent manner (Figure 7B). 

This RNA-DNA recombination in the absence of an induced DSB is strongly dependent on 

DNA Pol ζ translesion synthesis pathway (REV1, REV3 and RAD5). We found no role of 

nucleases involved in cleavage of R-loops structures (RAD1, MSH2, RAD2 or MLH1) (Su 

and Freudenreich, 2017). Results following MMS treatment suggest that either spontaneous 

nicks/DSBs or breaks occurring during the repair of DNA damage may trigger initiation of 

R-TDM. In addition, reports have suggested a possible role of R-loops in the initiation of 

origin-independent replication events in E. coli (Wimberly et al., 2013), yeast (Stuckey et al., 

2015) and human mitochondria (Posse et al., 2019). It is possible that the donor RNA or 

fragments of the donor RNA may be incorporated during DNA synthesis leading to RNA-

mediated DNA modification events similar to oligonucleotide incorporation during 

replication (Rodriguez et al., 2012), but different from the inclusion of ribonucleotides by 

DNA polymerases during DNA synthesis (Nava et al., 2020). Altogether, our findings that 

active transcription from the pTEF constitutive system in a RNase H-defective background 

promotes R-TDR and R-TDM highlight the intriguing possibility that loci susceptible to 

RNA/DNA hybrid or R-loop formation, because of local elevated transcription levels (El 

Hage et al., 2014; Wahba et al., 2016) or other genetic or environmental factors (Figure 5D) 

(Chan et al., 2014; Garcia-Muse and Aguilera, 2019), may be genomic areas prone to both 

R-TDR or R-TDM.

Mechanism of cDNA-templated DSB repair (c-TDR)

Mobile genetic elements and their impact on genome diversification are areas of intense 

investigation (Feschotte and Pritham, 2007). However, information on how these mobile 

elements affect genome stability is scarce. Reports have demonstrated cDNA-mediated DSB 
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repair events in yeast, mice and human cells (Derr et al., 1991; Keskin et al., 2014; Melamed 

et al., 1992; Ono et al., 2015; Onozawa et al., 2014). Others have shown a role of cDNA 

recombination events as drivers of copy number variations in human neuronal cells, leading 

to the hypothesis of a “recording” and “playback” of preferred gene variants (Lee et al., 

2018). Previous reports have demonstrated strong requirements for RAD52 in cDNA-

mediated recombination between Ty elements in yeast but found that RAD1 was not 

important for this process (Nevo-Caspi and Kupiec, 1996). This is contrary to our results 

showing a strong dependence on RAD1–10 for cDNA-templated HR between genomic his3 
and HIS3 cDNA. We also find a strong dependence on MSH2–3 for cDNA-templated DSB 

repair but not MSH6. This likely highlights a requirement for removal of nonhomologous 

ends during HR. Furthermore, we found that increased expression of the template RNA from 

the pGAL1 system stimulated the frequency of c-TDR, uncovering a role of elevated 

transcriptional level coupled with cDNA synthesis by Ty retrotransposon in c-TDR. In 

addition, we show also overexpression of Ty1 stimulates DSB repair at the his3 locus via c-

TDR. However, it is unknown how this his3 RNA is captured and reverse transcribed by Ty. 

This may resemble events during early embryogenesis when genome-wide demethylation 

and derepression of retroelements occurs (Reik et al., 2001; Surani, 2001), during which 

retroelement and cDNA insertions at CRISPR/Cas9 editing site in mice embryos are 

observed (Jeon et al., 2019). Studies of Ty RT have indicated Ty1 RT transferring from 

normal Ty1 template ends to various tRNA templates (Mules et al., 1998). This has also 

been reported for non-LTR retroelements like those of LINE-1 elements in humans to poly-

A tracts (Dombroski et al., 1994; Esnault et al., 2000). Therefore, c-TDR may require 

removal of much longer non-homologous tails than R-TDR, possibly explaining its stronger 

dependence on the activity of RAD1–10 and MSH2–3 (Figure 7C). It would be interesting 

to understand the mechanism and rules which govern cDNA amplification of genomic 

transcripts, and their role on genome in/stability.

Limitations

While the findings of this study rely on the removal of RNase H1 and H2 to detect both R-

TDM and R-TDR, these processes may also occur in genetic loci prone to RNA/DNA hybrid 

formation, as described above, and are likely underrepresented in this study because the 

genetic assay employed requires a recombination event between a spliced antisense 

transcript RNA and DNA. Intronic sequences have been shown to prevent R-loops formation 

in highly expressed genes in both humans and yeast (Bonnet et al., 2017). Moreover, 

recombination between the his3 sense transcript RNA containing the inverted intron, or the 

unspliced his3 antisense transcript and the his3 DNA can also occur but cannot be detected 

in our genetic assay. While transcript RNA from the antisense transcript RNA is initiating 

DSB repair in wild-type cells of our cis system, the repair process is likely not fast enough to 

be completed before RNase H1 and H2 start cleaving the RNA annealed to the broken DNA 

ends. Our inability to detect DSB repair by transcript RNA in wild-type cells of our cis 
system is not due to lack of such repair mechanism when RNase H1 and H2 are functional, 

but possibly to some limitations of the experimental system we adopted. Thus, we believe 

that our results underestimate the ability of RNA to recombine with DNA.
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Continuous advancement in technology for genome engineering may help unravel the 

relationship between RNA and DNA in genome stability. By exploiting the efficient and 

modular clustered regularly interspaced short palindromic repeats (CRISPR) and the 

CRISPR-associated protein 9 (Cas9) system (Makarova et al., 2020), it will be possible to 

develop novel genetic designs that can help to better understand the properties of R-TDR, R-

TDM and c-TDR. Our work demonstrates that constitutive transcription before DSB 

induction significantly enhances R-TDR in rnh1 rnh201 spt3 cells. In addition, we find that 

R-TDR and R-TDM may be a mutagenic process driven by Pol ζ, and hypothesize that 

small bits of information like single nucleotide polymorphisms may transfer from RNA to 

DNA. New site-specific DNA/RNA editing, and mutagenesis techniques will be of great 

interest for exploring this possibility. Overall, we show that RNA molecules can modify a 

genomic DNA sequence at a homologous genomic locus in yeast DNA through a variety of 

different mechanisms interacting with multiple DNA repair pathways. Our findings illustrate 

a powerful role of RNA in directly (R-TDR and R-TDM) and indirectly (c-TDR) templating 

genomic modifications as a driver of genome in/stability.

STAR★Methods

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Francesca Storici (storici@gatech.edu).

Materials Availability—All unique/stable reagents generated in this study are available 

from the Lead Contact.

Data and Code Availability—Customized shell scripts for variant calling are available 

on GitHub at https://github.com/agombolay/Variant-Calling. The DNA-seq dataset generated 

during the current study is available in NCBI’s Sequence Read Archive via BioProject 

“PRJNA656525”. All data generated in this study are available from the Lead Contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Strain Construction—The yeast strains used in this work are listed in Table S1 and 

derive from FRO-767 (Storici et al., 2007). This strain contains the site-specific homothallic 

switching endonuclease in the middle of the LEU2 gene on chromosome III under the 

galactose inducible promoter (pGAL1). We developed an experiment yeast system 

consisting of a his3 gene located on chromosome III containing in artificial intron in the 

antisense orientation with an homothallic switching endonuclease driven by expression of 

either pGAL1 (Keskin et al., 2014) or the constitutive translational elongation factor EF-1α 
pTEF promoter. The native HIS3 promoter drives transcription from the sense orientation 

but does not result in functional His3 protein as the artificial intron inserted in the antisense 

orientation cannot be splicing in the sense orientation. The yeast cells are auxotrophic for 

histidine (His−) and do not grow on media without histidine. Following galactose induction 

of the homothallic switching endonuclease and subsequent double-stranded break (DSB) 

inside of the artificial intron, if the full length antisense his3 transcript is used for repair of 

the DSB (in cis), this will result in functional HIS3 gene and protein and growth on media 
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lacking histidine. Accurate repair of functional HIS3 by ligation of the broken ends at the 

exon-exon junction via non-homologous end joining (NHEJ) is inefficient in this system 

(<0.1 out of 107 viable cells) (data not shown). Strains CM-278, CM-279, CM-280, 

CM-281, CM-282, CM-283, CM-284, CM-286 were derived from YS-526, YS-527, 

YS-528, YS-529, YS-530, YS-531 as detailed in Table S1, by single-step replacement of the 

Kluyveromyces lactis URA3 (KlURA3) marker gene with the promoter of TEF1 EF-1α 
amplified with short flanking homologies from plasmid p414-TEF-Cas9 (DiCarlo et al., 

2013). Deletion mutants derived from CM-278, CM-279, CM-280, CM-281, CM-282, 

CM-283, CM-284, CM-286 were performed by single-step replacement of the opening 

reading frame of the gene of choice with either the kanMX4, hygMX4, natMX4 and/or 

KlURA3 unless otherwise indicated and confirmed by PCR. All site-specific modifications 

or insertions were confirmed by PCR and sequenced. Saccharomyces paradoxus strains 

derive from DG-2204, kindly provided by Dr. David Garfinkel (Garfinkel et al., 2005). 

HK-692, HK-696 were constructed by the delitto perfetto method (Storici et al., 2001) by 

inserting a GSKU (GAL1-I-SceI KanMx4 KlURA3) cassette with long homology arms to 

the LEU2 locus, disrupting leu2. The KanMx4 and klURA3 markers of the GSKU cassette 

were then removed leaving Gal-I-SceI inserted in the leu2 locus. Deletion mutants derived 

from HK-692 and HK696 were made as described previously by single-step replacement of 

the open reading frame of RNH1 and/or RNH201. YCp50pK-Gal-his3-AI-ISce-I was 

constructed by PCR amplification of Gal-his3-AI-ISce-I from genomic DNA (HK-654) with 

primers adding EcoRI and MluI restriction sites at the ends and subsequent cloning of the 

EcoRI and MluI-digested PCR product into YCp50pK. The construct was verified by 

sequencing. YCp50pK-Gal-his3-AI-ISce-I plasmid was used to detect RNA-templated DSB 

repair events in S. paradoxus and S. cerevisiae strains in experiments shown in Figure 4B. S. 
cerevisiae FRO-767 strain was used to insert Gal-I-SceI after pop-out of a GSKU cassette at 

the leu2 locus, as described above for S. paradoxus strains. Strains HK-687 and HK-688 

were generated. Successive replacement of HIS3 ORF with TRP1 generated strains HK-699 

and HK-701, in which all deletion mutants were constructed by replacement of chosen 

opening reading frames with either the kanMX4, hygMX4 and/or natMX4 marker gene. 

Integrated Ty overexpression strains were constructed via the delitto perfetto approach. The 

CORE cassette was inserted into the CAN1 locus (CM-1099 and CM-1100) and removed by 

PCR amplified fragments containing either pGAL1 from BDG102 plasmid or pGAL1-Ty1 
from pGTyClaI plasmid, which were kindly provided by Dr. David Garfinkel (Garfinkel et 

al., 1988), to construct CM-1093, CM-1095, CM-1099 and CM1100, respectively. Deletion 

mutants derived from these strains were constructed by replacement of the open reading 

frame of the gene of choice with either the kanMX4, hygMX4, natMX4 and/or KlURA3. 

The rad50 mutants were created by the delitto perfetto method by insertion of a CORE 

cassette into rad50 to generate CM-1352, and successive CORE replacement with a PCR 

product containing the R520H and T853I mutations or the R520H, T853I and D575G 

mutations to generate CM-1370 and CM-1372 respectively. The constructs were confirmed 

by sequence analysis. The rev3 L979F mutant was also created by the delitto perfetto 
method by insertion of a CORE cassette into the REV3 gene to generate CM-1165 and 

CM-1166. The CORE cassette was replaced with the sequence of a dsDNA oligonucleotide 

containing the L979F mutation. The constructs were verified by sequencing. The pGAL1-
REV3 integration strains were constructed by replacement of opening reading frame of rnh1 
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with natMX4 and rnh201 with hygMX4 generating CM-1173 and CM-1175. The CORE 

cassette was then replaced with pGAL1-REV3 and confirmed by PCR and sequencing.

Media preparation—Synthetic dropout, rich YPD (1 % yeast extract, 2 % peptone, 2 % 

dextrose) and YPGal (1 % yeast extract, 2 % peptone, 2 % galactose) solid and liquid media 

have been prepared according to standard protocols. Liquid YPLac (1 % yeast extract, 2 % 

peptone, 2.7 % (v/v) lactic acid)

METHOD DETAILS

Fluctuation Assay—Quantitative fluctuation assay in liquid culture was performed to 

determine DNA repair frequencies as indicated by histidine prototrophic growth. Selected 

strains were grown in flasks of 50 mL YPLac liquid medium for 24h at 30 °C. The density 

of the cultures was determined by counting cells using a hemocytometer and various 

concentrations of cells were plated depending on the genotype. In general, per each 

fluctuation assay, 103 cells per sample were plated to YPD solid medium to determine cell 

survival before DSB induction, grown for 2 days at 30 °C and counted. 105–6 cells per 

sample were plated to YPGal medium to determine survival after DSB induction, grown for 

2–3 days at 30 °C and counted. In strains lacking rnh1 rnh201, 107–8 cells were plated to His
− medium to determine the number of initial His+ cells before DSB induction, grown for 2 

days at 30 °C and counted. 107–8 cells were plated to YPGal, grown for 2 days at 30 °C and 

subsequently replica plated to medium lacking histidine, grown for 2–4 days at 30°C and 

counted to determine the number of His+ colonies. The frequency of RNA-mediated repair 

was calculated by dividing the number of His+ colonies on His− medium by the number of 

colonies on YPGal medium and normalized to 106 or 107 viable cells. The survival was 

calculated by dividing the number of colonies grown on YPGal medium by the number of 

cells plated on the same medium.

For experiments using either empty vector (BDG102) or Ty overexpression vector 

(pGTyClaI), fluctuation assays were performed as described above but cells were grown in 

50 mL Ura−Lac medium instead of YPLac medium to maintain plasmid selection. Cells 

were then plated to Ura− medium instead of YPD to determine survival, and on Ura− Gal 

medium to induce the DSB. 107 or 108 cells plates on Ura−Gal were replica plated to His− 

medium to determine the repair frequency. The frequency of His+ colonies was calculated by 

dividing the number of His+ colonies on His− medium by the number of colonies on Ura− 

Gal medium and normalizing to 107 viable cells. The survival was calculated by dividing the 

number of colonies on SC-Ura− Gal medium by the number of cells plated on the same 

medium.

Experiments using the Ty-less strains were conducted with a plasmid carrying his3 cassette 

for the cis assay (YCp50pK-Gal-his3-AI-I-SceI). The strains were transformed with 

YCp50pK-Gal-his3-AI-I-SceI and transformant cells were selected on Ura− medium. 

Transformant strains were grown in flasks of 50 mL YPLac liquid medium for 24h at 30 °C. 

The density of the cultures was determined by counting cells using a hemocytometer and 

various concentrations of cells were plated depending on genotype. 103 cells were plated to 

YPD and Ura− media and grown for 2 days at 30 °C to determine survival and plasmid 
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stability. 104 cells were plated to YPGal medium and grown for 2 days at 30 °C to determine 

survival frequency following DSB. 107 cells were plated to YPGal and grown for 2 days at 

30 °C and replica plated to His− medium to determine the frequency of RNA-mediated DSB 

repair events. The frequency of RNA-mediated repair was calculated by dividing the number 

of His+ colonies grown on His− medium by the number of colonies on YPGal medium and 

normalizing to 107 viable cells. The survival was calculated by dividing the number of 

colonies on YPGal medium by the number of cells plated on the same medium.

To determine the frequency of RNA-mediated DNA modification events without a DSB, 

experiments were conducted by either deleting the homothallic switching (HO) 

endonuclease gene or were grown in glucose to repress HO transcription. Results from 

deletion or repression of HO were found to be similar. Cells were grown in flasks of 50 mL 

YPLac liquid medium for 24h at 30 °C. The density of the cultures was determined by 

counting cells using a hemocytometer and 107 cells were plated to His− medium. The 

frequency of RNA-mediated repair was calculated by dividing the number of His+ colonies 

grown on His− medium by the number of colonies on YPD medium and normalizing to 107 

viable cells.

Mutagenesis Screen—An ethyl methanesulfonate (EMS) random mutagenesis screen 

was carried out in rnh1 rnh201 spt3 cells of YS-486 and YS-487 containing the galactose 

inducible RNA-templated DSB repair genetic assay. Cells were treated with 1 % EMS, 

counted and plated to YPD. Individual colonies were transferred to 96-well microtiter plate 

with 200μL of water and then transferred to YPD, YPGal and His− medium with non-

mutagenized rnh1 rnh201 spt3 cells as a control. Cells were grown for 2 days at 30 °C. The 

YPGal plate was then replica plated to His− medium. Isolates showing a higher frequency of 

His+ papillae were isolated and used in a fluctuation assay to determine the frequency of 

DSB repair by RNA. Genomic DNA was extracted from mutants showing a higher 

frequency of His+ colonies relative to the non-mutagenized strain using the QIAGEN 

Genomic DNA Buffer Set. Next generation sequencing libraries were prepared using the 

Nextera XT DNA Library Preparation Kit. The library in which we found the RAD50 
mutations was termed CM10. HiSeq 2500 with Rapid Run mode supporting paired-end (2 × 

100 cycle) sequencing was performed and sequenced reads were trimmed based on quality 

with Trim Galore (Martin, 2011). The reads were then aligned to the reference yeast genome 

(sacCer3) using Bowtie2 (Langmead and Salzberg, 2012). Based on the aligned reads, 

variants were called using GATK (Van der Auwera et al., 2013). Variants were filtered based 

on quality (>= 30) and depth of coverage (>= 25). Variants present in both the control 

(sample NOT treated with EMS) and all cases (samples treated with EMS) were excluded 

from the analysis. Variants with mutations in genes associated with DNA repair (e.g. rad50 
R520H T853I) were independently constructed by delitto perfetto method in strain CM-280 

and CM-282. Frequencies of variants were calculated by fluctuation assay described above. 

rad50 D575G is the result of error during PCR amplification during construction of rnh1 
rnh201 rad50 R520H T853I mutants.

Mutagen Assay—To determine if chemical mutagens (Bleomycin or Methyl-

methanesulfonate) could stimulate R-TDM, cells were inoculated into 200 mL YPD liquid 
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medium for 4h at 30 °C. 50 mL of cells were transferred to individual tubes and chemical 

mutagens were added at respective concentrations and grown for 18h at 30 °C. Cells were 

plated to His− and YPD medium to determine survival and the frequency of His+ colonies 

formed.

Oligonucleotide and PCR product transformations—Transformation by 

oligonucleotides (1 nmol) was performed as described (Storici et al., 2007). For experiments 

presented in Figures S1B and S3D oligonucleotides HIS3.F and HIS3.R (Table S2) were 

used; only oligo HIS3.F for used for experiments presented in Figure S3A. Induction of the 

homothallic switching endonuclease DSB was done by incubating cells in 2 % galactose 

medium for 3 h and plating cells to His− medium to determine repair frequencies. 6 μg of 

PCR product with homology to HIS3, generated using primers HIS3.205F and HIS3.205R, 

were used in transformation experiments presented in Figure S2.

Western Blot Analysis—Whole cell protein extracts were isolated by collecting 5 × 108 

– 1 × 109 cells per sample. The S. paradoxus and S. cerevisiae cultures were grown in YPD 

media to OD600 0.5, whereas for overexpression experiments containing S. cerevisiae cells 

expressing Ty under the pGAL1 promoter cells were grown in YPLac medium overnight to 

OD600 0.3. Then, galactose at 2 % (v/w) final concentration was added to the medium and 

cells were shacked in the incubator at 30 °C for 6h (Keskin et al., 2014). After harvesting by 

centrifugation, cells were washed with PBS (Corning, 21–040-CV) and kept at −80 °C until 

processing. Cells were resuspended in lysis buffer [25 mM TRIS pH 7.5, 100 mM NaCl, 1 

mM DTT, 10 mM EDTA, 1X protease inhibitor cocktail (Roche, 11836170001) 0.05 % 

NP-40 (Thermo, 28324)] on ice and ~100 μl glass beads were added before bead beating 

using the Genie disruptor machine (1 minute shaking, 1 minute rest, 5 times in cold room). 

The supernatant was carefully removed, centrifuged and the concentrations determined by 

Bradford reagent (Biorad, 500–0006) and BSA standards (Biorad, 500–0207) and a 

spectrophotometer. Successively, 5 μg protein extract was loaded on a 12 % TRIS-glycine 

SDS PAGE gel. After running, the gel was blotted on an Amersham nitrocellulose 

membrane (GE, 10600003) overnight at 4 °C. The membrane was blocked with 5 % milk 

and TRIS buffered saline with tween for 1h at room temperature, then either Actin 

(ab170325) or B8 antibodies (Garfinkel et al., 1991) were added in 1:3000 dilution in 5 % 

milk + TBST and incubated overnight at 4 °C. The membrane was washed 3 times for 10 

minutes with TBST and respective secondary antibodies (Thermo, 31460, 31430) were 

added in 1:5000 dilution in 5 % milk + TBST and incubated at room temperature for 1h. The 

membranes were washed again 3 times and developed using ECL Western Blotting solution 

(Thermo, 32106) according to the manufacturer’s instructions.

RNA isolation and Gene Expression measurements—Total RNA was isolated 

using the Hot Phenol method (Xue et al., 2004). Approximately 3 × 108 – 5 × 108 cells were 

collected by centrifugation and washed once with ice cold PBS and stored at −80 TBST °C 

overnight. Cells were then resuspended in 500 μl TES solution (10 mM TRIS-HCl, pH 7.5, 

10 mM EDTA, 0.5 % SDS) and 500 μl acid phenol (VWR, 0981.400ML) was added. 

Samples were vortexed vigorously and incubated at 65 °C for 1h with brief vortexing every 

15 minutes. Cells were chilled on ice for 5 minutes, then centrifuged for 5 minutes at full 
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speed on a tabletop centrifuge. The upper aqueous supernatants were transferred to clean 

RNase free tubes (Fisher, AM12450) and extracted twice by 500 μl chloroform. Total RNA 

was precipitated at −80 °C by sodium acetate (3M, 1/10 volume) and ethanol (2.5 volume), 

and washed by pre-chilled 70 % ethanol. RNA pellets were resuspended in RNase free water 

and purified using RNeasy mini kit (Qiagen, 74104) according to the manufacturer’s 

instructions. This was followed by DNase treatment using the Turbo DNA-free kit (Fisher, 

AM1907) according to the manufacturer’s instructions. RNA concentrations were 

determined using a Nanodrop 1000 machine and 1 μg of total RNA was used to reverse 

transcribe to cDNA using the iScript cDNA synthesis kit (Biorad, 1708891) according to the 

manufacturer’s instructions. The final product was diluted 10 times to 200 μl and 2 μl of this 

product was used as template for each qPCR reaction. Quantitative real time measurements 

were performed according to the manufacturer’s recommendations using the 96-well Step 

One Plus Real Time PCR system (Fisher, 4376600), SYBR select master mix (Fisher, 

4472918) and the primers HIS3Q.1, HIS3Q.3 for his3 and ACT1Q.F, ACT1Q.R for ACT1 
shown in Table S2. Relative fold changes were determined by normalizing to the actin levels 

of non-induced pTEF system samples for each background. At least two duplicate 

measurements were performed for at least two biological repeats and error bars show the 

standard deviation for each sample (Banyai et al., 2016).

In-vitro D-loop and R-loop assay—ScRad52 (450 nM) was incubated with a 48-mer 

32P-labeled ssDNA (no. 211; 3 μM, nt) or a 48-mer RNA (no. 501; 3 μM, nt) of identical 

sequence in buffer containing 25 mM TRIS·acetate (pH 7.5), 2 mM DTT, 0.2 mM 

magnesium acetate, 20 mM KCl (added with the protein stock) and 100 μg/ml BSA for 15 

min at 37 °C. D/R-loop formation was initiated by addition of supercoiled pUC19 dsDNA 

(67.2 μM, nt). Aliquots (10 μl) were withdrawn at indicated time points and deproteinized by 

incubation in 1 % SDS, 1.6 mg/ml proteinase K, 6 % glycerol and 0.01 % bromophenol blue 

for 15 min at 37 °C. Samples were analyzed by electrophoresis in 1 % agarose-TAE (40 mM 

TRIS·acetate, pH 8.0 and 1 mM EDTA) gels. The gels were dried on Amersham Hybond-N+ 

membranes, and then visualized and quantified using a Typhoon FLA 7000 Phosphor 

Imager (GE Healthcare). The yield was expressed as a percentage of the total plasmid DNA.

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphs and statistical analysis were made using GraphPad Prism 8.0.2 (Graphpad Software, 

La Jolla, CA). The results are each expressed as a median and 95 % confidence limits (in 

parentheses), or alternatively mean with range (in parentheses) when the median is 0. 

Statistically significant differences between the His+ frequencies were calculated using the 

nonparametric two-tailed Mann-Whitney U-test (Sokal and Rohlf, 2012). Significance of 

comparisons is indicated in figures and supplementary data as *, P < 0.05; **, P < 0.01, and 

***, P < 0.001. Statistical analysis of rev3 L979F mutants were performed using a one-tailed 

Mann-Whitney U-test taking the total number of mutations from each isolate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• DNA polymerase ζ promotes RNA-templated DNA repair and modification

• cDNA, unlike RNA-templated DNA repair, requires end-clipping function

• RNA-mediated DNA modification proceeds in the absence of recombination 

genes

• Mismatch repair facilitates accurate repair with template RNA
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Figure 1. DSB Repair by RNA in cis is Facilitated by Constitutive Expression of the Template 
RNA
(A) Scheme of the genetic system used to detect R-TDR in yeast cells. The system contains 

a his3 gene interrupted by an artificial intron (AI, in green) in the antisense orientation under 

either the galactose inducible promoter (pGAL1) or the constitutive translation elongation 

factor promoter (pTEF). Following transcription and splicing in the antisense orientation, the 

antisense transcript-RNA (in red) is used to guide removal of intronic sequence coded in 

DNA following a DSB inside the intronic sequence. This results in functional HIS3 gene and 

yeast cell growth on medium lacking histidine. The DSB is generated by a galactose 

inducible HO endonuclease present on chromosome III.

(B) Fluctuation assay showing frequency of His+ colonies per 106 or 107 viable cells 

following DSB induction in wild-type RNase H or RNase H-null cells. The donor antisense 

RNA is either expressed from the constitutive pTEF or the inducible pGAL1 promoter. Cell 

genotypes are indicated. Colors of bars indicate interpreted pathway of repair cDNA (blue), 

cDNA/RNA (pink) and RNA (red). Individual frequencies are plotted. Bars represent 

median with 95 % confidence interval. The median is shown above each bar and survival 

following DSB induction is shown in parentheses; N=6. P-values are shown in Table S3.
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Figure 2. R-TDR requires Rad52 but not NHEJ proteins
Bar graphs of His+ frequencies. Colors of bars indicate interpreted pathway of repair, cDNA 

(blue), cDNA/RNA (pink) and RNA (red). The genotype of the samples is indicated under 

each bar. Median or mean for each genotype is shown above each bar and survival following 

DSB is shown in parentheses. P-values are shown in Table S4. (A) Fluctuation assay 

showing frequency of His+ colonies per 106 or 107 viable cells following DSB induction in 

different HR mutants. Individual frequencies are plotted. Bars represent mean with range 

(WT, rad59, rad52, rad51) or median with 95 % confidence interval (rnh1 rnh201, rnh1 
rnh201 rad59, rnh1 rnh201 rad52, rnh1 rnh201 rad51, rnh1 rnh201 spt3, rnh1 rnh201 spt3 
rad59, rnh1 rnh201 spt3 rad52, rnh1 rnh201 spt3 rad51). N=6–10.

(B) Fluctuation assay showing frequency of His+ colonies per 106 or 107 viable cells 

following DSB induction in NHEJ mutants. Individual frequencies are plotted. Bars 

represent mean with range (WT, ku70, dnl4) or median with 95 % confidence interval (rnh1 
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rnh201, rnh1 rnh201 ku70, rnh1 rnh201 dnl4, rnh1 rnh201 spt3, rnh1 rnh201 spt3 dnl4, rnh1 
rnh201 spt3 ku70). N=6–26.

(C) Fluctuation assay showing frequency of His+ colonies per 107 viable cells following 

DSB induction in rad50 mutants. Individual frequencies are plotted. Bars represent median 

with 95 % confidence interval. N=6. P-values rnh1 rnh201 - rnh1 rnh201 rad50 R520H 
T853I (0.0022**), rnh1 rnh201 - rnh1 rnh201 rad50 R520H T853I D575G (0.0022**).

(D) Fluctuation assay showing frequency of His+ colonies per 106 or 107 viable cells 

following DSB induction in clippase mutants. Individual frequencies are plotted. Bars 

represent mean with range (WT, rad1, rad10) or median with 95 % confidence interval (rnh1 
rnh201, rnh1 rnh201 rad1, rnh1 rnh201 rad10, rnh1 rnh201 spt3, rnh1 rnh201 spt3 rad1, 
rnh1 rnh201 spt3 rad10). N=6–12.

(E) Fluctuation assay showing frequency of His+ colonies per 106 or 107 viable cells 

following DSB induction in mismatch repair mutants. Individual frequencies are plotted. 

Bars represent mean with range (WT, msh2, msh3, msh6) or median with 95 % confidence 

interval (rnh1 rnh201, rnh1 rnh201 msh2, rnh1 rnh201 msh3, rnh1 rnh201 msh6, rnh1 
rnh201 spt3, rnh1 rnh201 spt3 msh2, rnh1 rnh201 msh3, rnh1 rnh201 msh6). N=6–18.
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Figure 3. c-TDR is driven by the Ty RT
Bar graphs of His+ frequencies. The genotype of the samples is indicated under each bar. 

Colors of bars indicate interpreted pathway of repair, cDNA (blue), cDNA/RNA (pink) and 

RNA (red). Median or mean of each genotype described above is shown above each bar and 

survival following DSB is shown in parentheses. P-values are shown in Table S5.

(A) Fluctuation assay of His+ colonies per 107 or 108 viable cells following DSB induction 

comparing frequencies in S. cerevisiae and S. paradoxus (Ty-less) cells. Individual 

frequencies are plotted. Bars represent median with 95 % confidence interval on a log scale. 

N=6–36.

(B) Fluctuation assay showing frequency of His+ colonies per 106 or 107 viable cells 

following DSB induction in cells containing integrated pGAL1-Ty. Individual frequencies 

are plotted. Bars represent mean with range (WT pGAL1, WT pGAL1-Ty, rad1 pGAL1, 
rad1 pGAL1-Ty) or median with 95 % confidence interval (rnh1 rnh201 pGAL1, rnh1 
rnh201 pGAL1-Ty, rnh1 rnh201 rad1 pGAL1, rnh1 rnh201 rad1 pGAL1-Ty). N=6.
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Figure 4. DNA polymerase ζ promotes RNA-DNA recombination triggered by a DSB
Bar graphs of His+ frequencies. The genotype of the samples is indicated under each bar. 

Colors of bars indicate interpreted pathway of repair, cDNA/RNA (pink) and RNA (red). 

Median or mean of each genotype described above is shown above each bar and survival 

following DSB is shown in parentheses. P-values are shown in Table S6.

(A) Fluctuation assay showing frequency of His+ colonies per 107 viable cells following 

DSB induction in yeast non-essential DNA polymerase mutants. Individual frequencies are 

plotted. Bars represent median with 95 % confidence interval. N=6–18.

(B) Fluctuation assay showing frequency of His+ colonies per 107 viable cells following 

DSB induction in NHEJ and Pol Zeta mutants. Individual frequencies are plotted. Bars 

represent median with 95 % confidence interval. N=6. P-values rnh1 rnh201 dnl4 – rnh1 

rnh201 dnl4 rev3 (0.0022**), rnh1 rnh201 ku70 – rnh1 rnh201 ku70 rev3 (0.0043**).
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(C) Fluctuation assay showing frequency of His+ colonies per 107 viable cells following 

DSB induction in Pol Zeta mutants. Individual frequencies are plotted. Bars represent 

median with 95 % confidence interval. N=6–12.

(D) Fluctuation assay showing frequency of His+ colonies per 107 viable cells following 

DSB induction in rev3 L979F low fidelity mutant. Individual frequencies are plotted. Bars 

represent median with 95 % confidence interval. N=6. P-values rnh1 rnh201 - rnh1 rnh201 
rev3 (0.0022), rnh1 rnh201 - rnh1 rnh201 rev3 L979F (0.0152).

(E) Fluctuation assay showing frequency of His+ colonies per 107 viable cells following 

DSB induction in cells overexpressing REV3. Individual frequencies are plotted. Bars 

represent median with 95% confidence interval. N=6. P-values rnh1 rnh201 pGAL1 - rnh1 
rnh201 pGAL1-REV3 (0.0260).
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Figure 5. R-TDM requires DNA polymerase ζ
(A) Representative plates showing single colony isolates of rnh1 rnh201, rnh1 rnh201 rad1, 

rnh1 rnh201 spt3 and rnh1 rnh201 spt3 rev3 mutant strains on YPD medium (no DSB 

induction) that were replica-plated onto His− medium.

(B-G) Bar graphs of His+ frequencies. Bars represent median with 95 % confidence interval. 

The genotype of the samples is indicated under each bar. Colors of bars indicate interpreted 

pathway of repair cDNA (blue), cDNA/RNA (pink) and RNA (red). The median is shown 

above each bar and survival shown in parentheses. P-values are shown in Table S7.

(B) Fluctuation assay showing frequency of His+ colonies per 107 viable cells with no DSB 

induction for cells of different recombination mutants. Individual frequencies are plotted. 

N=4–16.
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(C) Fluctuation assay showing frequency of His+ colonies per 107 viable cells with no DSB 

induction for cells of NER, BER and mismatch repair mutants. Individual frequencies are 

plotted. N=4–16.

(D) Fluctuation assay showing frequency of His+ colonies per 107 viable cells without DSB 

induction following mutagen treatment. Individual frequencies are plotted. N=9 P-values No 

treatment – bleomycin (0.0096**), No treatment – MMS (<0.0001***).

(E) Fluctuation assay showing frequency of His+ colonies per 106 or 107 viable cells with 

and without DSB induction in strains overexpressing the Ty transposon. Individual 

frequencies are plotted. N=6.

(F) Fluctuation assay showing frequency of His+ colonies per 107 viable cells with no DSB 

induction for cells of non-essential DNA polymerase mutants. Individual frequencies are 

plotted. N=4–8. Mutations generated in L979F mutation is shown in Table S8.

(G) Fluctuation assay showing frequency of His+ colonies per 107 viable cells with no DSB 

induction for cells overexpressing REV3. Individual frequencies are plotted. N=6 P-value 

rnh1 rnh201 ho pGAL1-rnh1 rnh201 ho pGAL1-REV3 (0.0260).
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Figure 6. ScRad52 promotes D-loop but not R-loop formation.
(A) The reaction schemes. A red asterisk denotes the 32P label.

(B) The kinetics of D- and R-loop formation. An example of three repeats is shown. 

ScRad52 protein (450 nM) was preincubated with a 48-mer 32P- labeled ssDNA (no. 211; 3 

μM, nt) or with a 48-mer RNA of identical sequence (no. 501; 3 μM, nt) for 15 min at 37 °C, 

and D-loop formation was initiated by addition of homologous pUC19 dsDNA (67.2 μM, 

nt). The reaction products at indicated time points were analyzed by electrophoresis in a 1 % 

agarose gel. In the reaction marked by “60sp”, ScRad52 was replaced with storage buffer, 

and the reaction was carried out for 60 min at 37 °C.

(C) Data from B represented as a graph. Error bars indicate the standard error of the mean 

(SEM). N=3
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Figure 7. Model of RNA-templated DSB repair (R-TDR), RNA-templated DNA modification (R-
TDM) and cDNA-templated DSB repair (c-TDR)
(A) In R-TDR, transcript-RNA anneals back to DNA following DSB aided by Rad52. 

Following removal of intronic 3′ tail via exonuclease or clipping function, RNA is then used 

as a template for DSB repair synthesis, aided by DNA Pol ζ. Msh2–6 are required for R-

TDR, possibly to remove mismatches introduced by Pol ζ.

(B) In R-TDM, transcript-RNA forms an R-loop structure without the need of Rad52. Likely 

a spontaneous break, or a break induced by DNA damage provides a 3′ tail for DNA 

synthesis. RNA is used as a template by DNA Pol ζ to guide removal of the intronic 

sequence in DNA.

(C) In c-TDR, spliced antisense his3 RNA is reverse transcribed by Ty RT and used as a 

templated to facilitate repair of DSB inside of the his3 locus from which the RNA was 

generated. This process requires Rad52 for annealing, and Rad1–10 along with Msh2–3 in 

the removal of non-homologous DNA tails.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Beta-Actin Abcam ab170325

B8 Garfinkel et al., 1991 NA

Goat anti-Mouse IgG Thermo Fisher 31430

Goat anti-Rabbit IgG Thermo Fisher 31460

Bacterial and Virus Strains

XL-1 Blue Supercompetent cells Agilent 50125053

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

PBS Corning 21-040-CV

1x protease inhibitor cocktail Roche 11836170001

0.05% NP-40 Thermo Fisher 28324

Bradford reagent Biorad 500–0006

BSA standards Biorad 500–0207

Amersham nitrocellulose membrane GE 10600003

ECL Western Blotting solution Thermo Fisher 32106

Acid Phenol VWR 0981.400ML

Qiagen DNA Buffer Set Qiagen 19060

Nextera XT DNA Library Preparation Kit Illumina FC-131-1024

RNeasy mini kit Qiagen 74104

Turbo DNA-free kit Thermo Fisher AM1907

iScript cDNA synthesis kit Biorad 1708891

Methyl-methanesulfonate Alfa Aesar 66-27-3

Bleomycin Alfa Aesar 10814–234

Critical Commercial Assays

Deposited Data

DNA-seq reads for sample CM10 NCBI SRA BioProject PRJNA656525

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

Saccharomyces cerevisiae; Saccharomyces paradoxus; 
Individual genotypes see Table S1

Oligonucleotides

Oligonucleotides, see Table S2

Recombinant DNA

p414-TEF-Cas9 DiCarlo et al., 2013 43802

pBDG102 Garfinkel et al., 1988 NA

pGTyClaI Garfinkel et al., 1988 NA

Software and Algorithms
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REAGENT or RESOURCE SOURCE IDENTIFIER

GraphPad Prism 8.0.2 GraphPad https://www.graphpad.com/scientific-software/prism/

StepOne Software v2.1 Thermo Fisher https://www.thermofisher.com/us/en/home/technical-
resources/software-downloads/StepOne-and-
StepOnePlus-Real-Time-PCR-System.html

Trim Galore 0.3.7 Babraham Institute https://www.bioinformatics.babraham.ac.uk/projects/
trim_galore/

Bowtie2 2.3.2 Johns Hopkins University http://bowtie-bio.sourceforge.net/bowtie2/index.shtml

GATK 2.7
java -jar GenomeAnalysisTK.jar -T HaplotypeCaller -
ploidy 1 -R sacCer3.fa -I BAM -ERC GVCF -o VCF
https://github.com/agombolay/Variant-Calling

Broad Institute https://gatk.broadinstitute.org/hc/en-us

Other

96-well Step One Plus Real Time PCR system Thermo Fisher 4376600
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