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Supplementary Figure 1. Break-Ins method for analysis of templated insertions 

a, Schematic showing different types of sequence variation at DSB.   

b, Flowchart showing the computational pipeline for detecting different types of sequence 

variation at DSB.  

c, An example of cross-sample contamination indicated by index hopping during amplicon 

sequencing by MiSeq.  Three examples show reads that have Illumina indexes specific for the 

DNA sample from a wild-type no DSB control but carry insertions. These reads can be eliminated 

by analysis of secondary home indexes. Number of false insertion reads in wild-type compared to 

same insertion reads in dna2D pif1-m2 is shown on the right.  

d, Comparison of read hopping identified based on MiSeq amplicon sequencing with and without 

home indexes.  

e, Number of hopped reads without home index in single sequencing run. Source data are provided 

as a Source Data file. 
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Supplementary Figure 2. Comparison of Sanger sequencing and Break-Ins analysis 

a, Frequency and types of DNA inserted at DSBs in wild-type or dna2D pif1-m2, (n – number of 

NHEJ products tested is shown in Supplementary Data 1). Sanger sequencing data are taken from 

previous publication23.  

b, Comparison of Break-Ins analysis done with two different primer sets. Scheme showing primer 

position with respect to DSB ends and number of insertions identified by both or just one set of 

primers (left panel). Original primer set is shown in Figure 1b. Most of the unique insertions are 

represented by low read number (right panel). 

c, Analysis of features of DNA inserted from nuclear genome at DSBs in dna2D pif1-m2. P values 

were calculated using one-sided permutation test. Proximity is defined as sequence within 1 kb 

from ARS or telomere and within 0.2 kb from tRNA or R-loop. 

d, Distribution of donor DNA per chromosome.  

e, Analysis of microhomology and DSB ends trimming at insertion junctions in dna2D pif1-m2. 

Source data are provided as a Source Data file. 
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Supplementary Figure 3. Analysis of templated insertions in mutants affecting DNA repair 

and aging 

a, Frequency and types of DNA inserted at DSBs in rad51D and pol32D (n - number of NHEJ 

products analyzed is shown in Table S1). 

b, Frequency of DNA inserted at DSBs in lig4D and pol4D (n - number of cells plated is shown in 

Table S1).  

c, Analysis of microhomology and DSB ends trimming at insertion junctions in 16 days wild-type 

stationary phase cells.  

d, Insertion size analysis originating from mtDNA, Ty DNA, and nuclear genome. 

e, Analysis of features of DNA inserted from nuclear genome at DSBs in wild-type stationary 

phase cells. Insertions observed in all days (3, 8, 16) were combined for this analysis. Insertions 

coming from Ty retrotransposons, mtDNA, rDNA, MATa or 2µ plasmid were excluded from these 

analyses. P values were calculated using one-sided permutation test. Proximity is defined as 

sequence within 1 kb from ARS or telomere and within 0.2 kb from tRNA or R-loop. 

f, Frequency and types of DNA inserted at DSBs in sch9D at 8 days in stationary phase (n- number 

of NHEJ products analyzed in shown in Supplementary Data 1). Viability of wild-type and sch9D 

cells at 8 days in stationary phase is shown on the right. Source data are provided as a Source Data 

file. 
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Supplementary Figure 4. Analysis of mtDNA and Ty1 sequences inserted at DSB 

a, Analysis of sequences inserted at DSB from mtDNA in wild-type and nuc1D during stationary 

phase. A scheme of mtDNA genome, including positions of replication origin (ORI) and major 

ORFs, is shown. 

b, Analysis of sequences inserted at DSB from mtDNA in wild-type and nuc1D in aged cells.  

c, Analysis of sequences inserted at DSB from Ty1 in wild-type and nuc1D during stationary phase. 

d, Transposition frequency in wild-type and nuc1D mutant in stationary phase cells, (mean ± SD; 

n=3; n represents biological repeats.). 

e, Analysis of lifespan of wild-type and three independent nuc1D mutant cells. Average lifespan 

in each strain is shown in parentheses. Source data are provided as a Source Data file. 
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 5 

Supplementary Figure 5. Analysis of indel junctions at repaired DSBs in old mother cells 

a, NHEJ efficiency during replicative aging.  Mean values are plotted, error bars represent SD;  

n=5 for young cells and 6 for old cells. n represents biological repeats. P values determined using 

unpaired two-tailed Welch's t-test. 

b,  Analysis of top indel junctions among DSB repair products in growing young and old cells. 

Source data are provided as a Source Data file. 
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Supplementary Figure 6. Analysis of nuclear TRP1-mtDNA 

a, Schematic of mtDNA marked with TRP1 and circular TRP1-mtDNA transferred to nucleus. 

DNA was digested with the PstI restriction enzyme that cuts once 3’ to the TRP1 reporter inserted 

within mtDNA but not anywhere within the mtDNA itself. Southern blot analysis with a TRP1-

specific probe is expected to show two fragments if mtDNA-TRP1 were linear and one fragment 

if it were circular. 

b, Southern blot analysis of nuclear TRP1-mtDNA digested with PstI in wild-type and nuc1D cells. 

DNA probe location is indicated in a. 15 independent TRP1-mtDNA for each were analyzed. A 

single band was observed in all cases. 

c, Southern blot analysis of a single colony carrying stable nuclear TRP1-mtDNA. Chromosomes 

were separated by CHEF and gel was stained with EtBr (left). Southern blot analysis of this gel 

with TRP1 probe. Source data are provided as a Source Data file. 
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 7 

Supplementary Figure 7. Analysis of Kap123 in transfer of mtDNA to nucleus 

a, Frequency and types of DNA inserted at DSBs in wild-type, nuc1D, kap123D and 

nuc1D kap123D at 8 days in stationary phase (P values were determined using two-tailed c2 test. 

n - number of NHEJ products analyzed in shown in Table S1). 

b, Frequency of Trp+ colonies carrying nuclear TRP1-mtDNA in wild-type and indicated mutant 

cells, (mean ± SD; n=11 for wild type, 6 for nuc1D, 3 for kap123D or nuc1D kap123D mutant. n 

represents biological repeats.; P values were determined using unpaired two-tailed Welch's t-test).  

Source data are provided as a Source Data file. 

 

  

 

 



Supplementary Table 1. List of strains used in this study.  

Strain 
name 

Parental 
strain 

Genotype Source 

JKM139  DELho hml::ADE1 MATa hmr::ADE1 ade1 leu2-3,112 lys5 
trp1::hisG ura3-52 ade3::GAL10::HO 

[1] 

yYY363 JKM139 nuc1::klTRP1 this study 
yYY661 JKM139 nuc1-H138A this study 
yYY337 JKM139 sch9::klTRP1 this study 
yWH475 JKM139 dna2::kanMX pif1-m2 [2] 

yYY387 JKM139 pol32::natMX this study 
yYY466 JKM139 rad51::kanMX this study 
yYY399 JKM139 lig4::klTRP1 this study 
yYY400 JKM139 pol4::klTRP1 this study 
yYY704 JKM139 kap123::kanMX this study 

yYY705 JKM139 nuc1::klTRP1 kap123::kanMX this study 

yYY339 JKM139 spt3::klTRP1 this study 

yYY587 JKM139 nuc1::kanMX spt3::klTRP1 this study 

PTY44  MATα ura3-52 lys2 leu2-3,112 trp1-Δ1 [ρ+, TRP1] [3] 

yYY583 PTY44 nuc1::kanMX this study 
yYY660 PTY44 nuc1-H138A this study, 

constructed using 
pCORE-UH 

yYY706 PTY44 kap123::kanMX this study 
yYY707 PTY44 nuc1::pCORE-UH kap123::kanMX this study 
yYY664 PTY44 MATa ura3-52 lys2 leu2-3,112 trp1-Δ1 [ρ+, TRP1] this study, 

constructed using 
HO plasmid to 
switch mating 
type 

yYY671 yYY664 nuc1::pCORE-UH this study 
PTY44/ 
YY664 

PTY44 MATa/Mata ura3-52/ ura3-52  lys2/lys2 leu2-3,112/ leu2-
3,112  trp1-Δ1/ trp1-Δ1 [ρ+, TRP1] 

this study, 
constructed by 
mating PTY44 
and yYY664 

yYY671/
YY583 

yYY583 MATa/Mata ura3-52/ ura3-52  lys2/lys2 leu2-3,112/ leu2-
3,112  trp1-Δ1/ trp1-Δ1 [ρ+, TRP1] nuc1::kanMX/ 
nuc1::pCORE-UH 

this study, 
constructed by 
mating yYY671 
and yYY583 

DG1657  MATa ura3-167 his3Δ-200 trp1-hisG leu2-hisG Ty1-
270his3-AI Ty1-588neo Ty1-146[tyb1::lacZ] 

[4] 

yJL67 DG1657 nuc1::klTRP1 this study 

 

 

 



Supplementary Table 2. List of DNA oligos used in this study.  

Name Sequence(5’ to 3’) Comments 
A. Primers for amplification of the MATa locus for Break-In sequencing 

mata-xxx-F1 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGxxxGCATAGTCGGGTTT
TTCTTTTAGTTTCAGC 

To amplify the MATa locus 
for Break-In sequencing. 
11/18 bp from HO cut site 
(Fig. 1b). xxx reprentents 
home index. 

mata-xxx-R1 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGxxxCAACCACTCTACA
AAACCAAAACCAGGGT 

mata-xxx-F3 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGxxxTGAGATCTAAATAA
ATTCGTTTTCAATGAT 

To amplify the MATa locus 
for Break-In sequencing. 
48/48 from HO cut site 
(Supplementary Figure 2b). 
xxx reprentents home index. 

mata-xxx-R3 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGxxxCGTCACCACGTAC
TTCAGCATAATTATTCG 

B. Primers for amplification of DNA probes used for Southern blot 

TRP1-Fw GACTGACGCCAGAAAATGTTGG Supplementary Figure 6 
TRP1-Rw CAAGAATCGGGTCATTGTAGCG Supplementary Figure 6 
Typeak fw CGCAGTATCCATCATCAGTTG Fig. 5c probe A 
Typeak rv AAGTGTTATACAAGAAGGTGAGTTC Fig. 5c probe A 
mtDNA F1 CACCACTAATTGAAAACCTGTCTG Fig. 4d 
mtDNA R2 AACCGTACGTGCGACTTTCATC Fig. 4d 
ACT1-fw TCTTCCCATCTATCGTCGGTAGAC Fig. 4d, 5c loading control 
ACT1 rv GGTCAATACCGGCAGATTCC Fig. 4d, 5c loading control 
TRA1 fw GTCCTAATACGACTTTTCAAATTGTCCTTTATGTCCGTCA Fig. 4d, 5c loading control 
TRA1 rv ATACTTGTAAGCACTCTTCCTGTAGTGAATATCACTTTTG Fig. 4d, 5c loading control 
TOM1 fw CTTCAAAATTGAAGATCATG Fig. 4d, 5c loading control 
TOM1 rv CGATTGATTGAGCGATGATG Fig. 4d, 5c loading control 

C. Primers for making point mutants 

Nuc1-pCORE-Fw CTTATCCACCTACCCAGAAACCTAATAGTAATATTCAATCTCACTCTTTC
TTCGTACGCTGCAGGTCGAC 

 

Nuc1-pCORE-Rw GCTGTTGGTGCTTCTGCAACAATCAATTTAAAAAAGTGCGTTGGAACAG
CCCGCGCGTTGGCCGATTCAT 

 

Nuc1-F5 ATGTGCAGTAGGATACTCTTGT  
Nuc1-R5 AAGTTCTAGCCCAGTACTTCTC  

D. Primers for amplification of the 84-1000 bp fragments for transformation/insertion analysis (Fig. 4f) 

Lambda-84-Fw AACACGGTGGGCTCAGAGAATCC  
Lambda-84-Rw TGTTAGGATGACACTGTACTGACCGT  
Lambda-100-Fw AACATGGGCACGCTGGAGAC  
Lambda-100-Rw TGTTCGCGGTATCAGGACGACCAATA  
Lambda-150-Fw AACATGCTGATTAAGGCAGAGGCTGC  
Lambda-150-Rw TGTTCGGGCGGCTTCAAGCGCAA  
Lambda-200-Fw AACAGGCGTTTCCGTTCTTCTTC  
Lambda-200-Rw TGTTTACGGATACTCGCACCGAA  
Lambda-300-Fw AACAGGACAAAAATGCGCAGCA  
Lambda-300-Rw TGTTCGTCAGCAGGGCAGCATGAG  
Lambda-400-Fw2 AACAGTGCTACCCGAACACGGC  
Lambda-400-Rw2 TGTTCGCTGAGCACATCCCACGCC  
Lambda-500-Fw2 AACAACGACGGCACGAACGG  
Lambda-500-Rw2 TGTTGCATTCATTCAGTGTTTCCTGCC  
Lambda-1k-Fw AACAGGCTTCGCTCACTGTTCAGG  
Lambda-1k-Rw TGTTCCCTTTCGTTTTCATCCAGTC  

E. Primers for amplification of the 24-84 bp fragments for transformation/insertion analysis (Fig. 4f) 

M13-X-24-Fw AACACTGGTAAACAAGGGTTAACA  
M13-X-24-Rw TGTTAACCCTTGTTTACCAGTGTT  
M13-X-34-Fw AACATTATCGAACACTGGTAAACAAGGGTTAACA  
M13-X-34-Rw TGTTAACCCTTGTTTACCAGTGTTCGATAATGTT  
M13-X-44-Fw AACAATTTTGAACATTATCGAACACTGGTAAACAAGGGTTAACA  
M13-X-44-Rw TGTTAACCCTTGTTTACCAGTGTTCGATAATGTTCAAAATTGTT  



M13-X-54-Fw AACAGCCTCTAACAATTTTGAACATTATCGAACACTGGTAAACAAGGGT
TAACA 

 

M13-X-54-Rw TGTTAACCCTTGTTTACCAGTGTTCGATAATGTTCAAAATTGTTAGAGGC
TGTT 

 

M13-X-64-Fw AACATTTTGCAACAGCCTCTAACAATTTTGAACATTATCGAACACTGGTA
AACAAGGGTTAACA 

 

M13-X-64-Rw TGTTAACCCTTGTTTACCAGTGTTCGATAATGTTCAAAATTGTTAGAGGC
TGTTGCAAAATGTT 

 

M13-X-74-Fw AACAGCAAAAAACATTTTGCAACAGCCTCTAACAATTTTGAACATTATC
GAACACTGGTAAACAAGGGTTAACA 

 

M13-X-74-Rw TGTTAACCCTTGTTTACCAGTGTTCGATAATGTTCAAAATTGTTAGAGGC
TGTTGCAAAATGTTTTTTGCTGTT 
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