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ABSTRACT

Break-induced replication (BIR) proceeds via a mi-
grating D-loop for hundreds of kilobases and is
highly mutagenic. Previous studies identified long
single-stranded (ss) nascent DNA that accumulates
during leading strand synthesis to be a target for
DNA damage and a primary source of BIR-induced
mutagenesis. Here, we describe a new important
source of mutagenic ssDNA formed during BIR:
the ssDNA template for leading strand BIR synthe-
sis formed during D-loop migration. Specifically, we
demonstrate that this D-loop bottom template strand
(D-BTS) is susceptible to APOBEC3A (A3A)-induced
DNA lesions leading to mutations associated with
BIR. Also, we demonstrate that BIR-associated ss-
DNA promotes an additional type of genetic instabil-
ity: replication slippage between microhomologies
stimulated by inverted DNA repeats. Based on our
results we propose that these events are stimulated
by both known sources of ssDNA formed during BIR,
nascent DNA formed by leading strand synthesis,
and the D-BTS that we describe here. Together we
report a new source of mutagenesis during BIR that
may also be shared by other homologous recombi-
nation pathways driven by D-loop repair synthesis.

INTRODUCTION

For much of the cell cycle, DNA remains double-stranded.
However, during some processes of DNA metabolism,
single-stranded DNA (ssDNA) becomes transiently ex-
posed. Examples of such processes include S-phase replica-
tion, homologous recombination, transcription and DNA
resection at uncapped telomeres or double strand breaks
(DSBs) (reviewed in (1)). While lesions in the context of

double-stranded DNA (dsDNA) can often be excised and
repaired using the opposite strand as a template (reviewed
in (2)), exposed ssDNA is vulnerable to a variety of dam-
ages, and is more limited in its capacity for error-free repair
of DNA lesions. Moreover, with the exception of direct re-
versal, repair of lesions in ssDNA often leads to mutations
(1).

Hypermutability of ssDNA has been observed in the
presence of damaging agents that preferentially target
ssDNA. Such ssDNA damages include base-alterations
inflicted by alkylating agents (e.g. methyl methanesul-
fonate (MMS)) (3–5), oxidative damage (6,7), and cyti-
dine deamination induced by cytidine deaminases such as
AID/APOBEC enzymes (5,8–15). Damages inflicted in ss-
DNA often lead to the formation of mutation clusters
(groups of closely spaced mutations) that are formed in re-
gions of exposed ssDNA (1,4,5,11,14,16–21). These muta-
tion clusters are also often strand-coordinated (comprised
of the same mutant base present in the same DNA strand)
(1,4,5,8,17,22). Thus, mutation clusters observed in yeast
model systems and in human cancers have served as mark-
ers of persistent ssDNA (1,4,5,8–10,12,14,16,18,22–25). In
addition, the pattern of strand coordination in mutation
clusters can inform on the mechanism of ssDNA formation.
For example, ssDNA formed by bidirectional resection of a
DSB usually leads to the formation of clusters with switch-
ing strand coordination (1,5,17,25), while ssDNA formed
in the nascent strand of BIR often leads to non-switching
coordinated mutation clusters (4,17,21).

Another important property of persistent ssDNA is its
ability to stimulate formation of secondary (non-B) DNA
structures. S-phase DNA replication often stalls at sec-
ondary DNA structures formed in the template, and this
leads to genetic instabilities, including mutations and chro-
mosomal rearrangements (26–30). For example, in humans,
G-quadruplexes (G4) that form in ssDNA during tran-
scription were shown to promote recombination in pa-
tients with Bloom syndrome, presumably due to stalling
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of replication at G4 structures (31). Extensive analysis of
cancer genomes revealed significant association between
sequences with the potential to form non-B DNA struc-
tures (Hairpin/cruciform, G4, triplex, etc.) and rearrange-
ment breakpoints (26,28,32,33). Additionally, studies in
yeast demonstrated that inverted DNA repeats (IR) that can
adopt a hairpin (stem-and-loop) structure in ssDNA, stim-
ulate deletions and genomic rearrangements (34–42). Hair-
pin structures may form in ssDNA exposed during lagging
strand synthesis, promoting stalling of the replicative DNA
polymerase at the base of the hairpin, and often leading to
replication slippage that produces deletions (26,34,36,37).
Replication slippage (based on results obtained in various
organisms (26,36,37,43,44)) often proceeds between short
repeats (microhomologies) that are brought into close prox-
imity by formation of the hairpin by IRs. It was proposed
that the frequency of such IR-induced polymerase slippage
at positions of microhomology is directly proportional to
the frequency of hairpin formation, which is tied to the
length and persistence of ssDNA (26,34–37,45).

Aside from S-phase replication, some types of repair
DNA synthesis promote accumulation of ssDNA (1,46–50).
For example, repair of double-strand DNA breaks (DSBs)
through a pathway called break-induced replication (BIR)
is particularly susceptible to accumulation of ssDNA that
is both longer and more persistent than the relatively short-
lived ssDNA exposed during S-phase replication (4,21,51).
BIR is initiated when only one DSB end can find homology
in the genome for strand invasion, resulting in the forma-
tion of a D-loop structure that is typical of all homologous
recombination (HR) (reviewed in (52–55)). Studies of BIR
using the yeast Saccharomyces cerevisiae demonstrated that
BIR, like other types of HR, is preceded by extensive 5’-
to-3’ end resection, exposing a long single-stranded 3’ end
that is then covered by RPA, and later by Rad51 protein
to initiate strand invasion (56–60). BIR synthesis is initi-
ated at the 3’invaded end and proceeds via a migrating D-
loop where branch migration displaces the newly synthe-
sized leading strand. Unlike S-phase DNA synthesis, BIR
is asynchronous, and the leading nascent strand accumu-
lates as a long track of ssDNA behind the migrating D-loop
(51,61). Lagging strand synthesis follows and uses the lead-
ing strand as a template, which leads to conservative inher-
itance of newly synthesized DNA (51,62). The long track
of ssDNA accumulated behind the BIR D-loop was shown
to form long and dense mutation clusters when alkylating
damage was present or APOBEC3A (A3A) was expressed
during BIR (4,21). A3A specifically targets ssDNA, gener-
ating mutations in cytosines preferentially at TCA and TCT
(together referred to as TCW) motifs by converting cytidine
to deoxyuridine (dU) (10,24). The dU lesions produced by
A3A, as well as by other types of APOBEC enzymes, are ex-
cised by the uracil-DNA glycosylase Ung1, producing aba-
sic (AP) sites that can promote mutagenesis via translesion
synthesis or can often be bypassed without generating mu-
tations by “error-free” pathways that likely involve recom-
bination or template switching (11,20–22,63). When Ung1
is absent, all dUs formed by APOBEC persist and promote
formation of C to T mutations by incorporation of adenine
across from dU (3,11). Thus, the most accurate measure-

ment of the length of ssDNA accumulated during BIR is
achieved by assessing the length of mutation clusters gener-
ated in ung1Δ mutants during BIR in the presence of A3A
(21). These clusters can be formed by A3A lesions in ssDNA
produced either by resection preceding BIR or by BIR syn-
thesis. Yet, because both lead to accumulation of clusters
of C to T mutations, the individual contributions of resec-
tion and synthesis to the total amount of persistent ssDNA
during BIR have not yet been determined (21). It also re-
mains unknown whether the long ssDNA track formed dur-
ing BIR can promote the formation of other types of mu-
tations typical to persistent ssDNA, such as deletions of
quasi-palindromic sequences due to polymerase slippage.
Additionally, other structures formed during BIR that can
potentially serve as sources of ssDNA (e.g. the template
strand exposed during D-loop migration), have not yet been
assessed for their mutagenic propensity.

Here, using an inducible BIR system, we further investi-
gated the ssDNA intermediates formed during BIR by ex-
ploiting their vulnerability to A3A-inflicted damage and by
assessing their propensity for replication slippage between
microhomologies promoted by IRs. We determined that IR
sequence placed on the track of BIR undergoes frequent
deletions at microhomologies that flank the IRs. We pro-
pose that these deletions are promoted by hairpins formed
by IRs when they are included into ssDNA formed dur-
ing BIR. As previously reported, leading strand BIR syn-
thesis provides one source of ssDNA that accumulates be-
hind the BIR bubble as a result of asynchrony between lead-
ing and lagging strand synthesis. Also, our data suggest an-
other source of ssDNA that can promote IR-mediated poly-
merase slippage: the template for the leading strand inside
the D-loop (D-loop bottom template strand) that we have
termed here the D-BTS.

In addition, we examined the vulnerability of the D-BTS
to A3A damage and determined that mutagenic ssDNA
is formed within the D-BTS region along the entire track
of BIR. In sum, through two experimental approaches, we
have identified ssDNA within the BIR D-BTS region, where
leading strand synthesis takes place, as a new potent source
of mutagenesis.

MATERIALS AND METHODS

Yeast strain construction and growth conditions

The yeast strains used for all experiments in this study
are isogenic derivatives of AM1003, which contains two
copies of Chromosome III (Chr III): one copy (recipient)
is truncated and contains a recognition site for HO en-
donuclease at the MATa locus, where a DSB can be intro-
duced following HO induction by addition of galactose. An-
other copy of chromosome III (the donor) is full-length and
cannot be cut by HO due to MATα-inc mutation. For a
complete list of all strains constructed for this study, and
those used in this work that were published previously,
see Supplementary Data S1. Construction of AM1003
is fully described in (64) and AM1003 has the follow-
ing genotype: hmlΔ::ADE1/hmlΔ::ADE3 MATa-LEU2-
tel/MATα-inc hmrΔ::HPH FS2Δ::NAT/FS2 leu2/leu2-
3,112 thr4 ura3-52 ade3::GAL::HO ade1 met13
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To construct the strains containing the lys2-InsH re-
porter at three different positions in the donor chromo-
some, we used three derivatives of AM1003 that contained
THR4 inserted at the thr4 position of the MAT�-inc chro-
mosome, and an insertion of LYS2 at the MAT� (replac-
ing MAT�-inc region starting from the position located
249bp centromere-proximal from the border of the X–Y re-
gions of the MAT locus and finishing at the position 5bp
centromere-proximal to the Y�-Z1 border), at 16 kb or at
36 kb positions (see (65) for details).

The strains with insertions of LYS2 at MAT and 16 kb
positions have been described previously (65), while the
strain with LYS2 at 36 kb has been constructed here by
transformation of THR4 AM1003 derivative ((64), see Sup-
plementary Data S1) with a DNA fragment obtained by
amplifying the LYS2 gene from the pLL12 plasmid (66)
using the following primers (5’ to 3’) where lower-case let-
ters indicate homology to the wild-type LYS2 gene sequence
and capital letters indicate homology to the respective po-
sition on Chr III:

Forward primer (FP):
ATCGTAAATACATAGGCTGGGCCATATACACT
AACATGTGTCGTGACCAATGTGCAGCAGATAG
ACTTGCTCATTAAAaattacataaaaaattccggcgg and

reverse primer (RP):
AACTGGAAATGCTTTCCCTTTTGCCCTATCATTA
TTTTCTTTCCGATGTTATGCTTATTATATCTGTG
ATTGATAAGAGAttaagctgctgcggagcttcc

To insert the lys2-InsH reporter at three positions in
the donor chromosome, a pCORE construct (containing
KanMX and URA3 cassettes (67,68)) was inserted into the
LYS2 gene, and then replaced by lys2-InsH sequence de-
scribed in (36). Construction of strains containing the lys2-
A4 reporter cassette is described in (65). Reporter strains
were confirmed by PCR and phenotype at each step of con-
struction. “No DSB” strains were created by plating on
YEP-Gal media and selection of colonies with an alpha-
mating, Ade+ Leu+ phenotype that results from gene con-
version (GC) repair of the DSB at MATa. Strains con-
taining the ura3-29 reporter marked by HPH (that were
later replaced by Bleor) at 16kb and 90kb positions were
originally constructed in (21) and used here to construct
strains expressing A3A and empty vector (EV) plasmids
in UNG1 and ung1Δ backgrounds (see Supplementary
Data S1).

Yeast strains containing rev3::BSD, rad30::KanMX,
HPH::KanMX, KanMX::Bleor, pol4::KanMX or
ung1::BSD disruptions were constructed by transforming
the parent strain with a PCR-amplified blasticidin (BSD)
marker (TEF/BSD from Invitrogen), KanMX marker (69)
or phleomycin-resistant Bleor marker (70). Primers used for
marker amplification contained tail sequences homologous
to the first and last 80 bp of the open reading frame of
each gene to be disrupted (69). Successful disruptions were
confirmed by both PCR and by the phenotypes of transfor-
mants (where possible). Mutants harboring the pol3-Y708A
and pol3-t mutations were constructed by restriction digest
of plasmids p170 (71) and p171 (72) respectively with HpaI
prior to transformation. The pol3-01 mutant was created
by co-transformation of the CRISPR-Cas9 expression
vector bRA89 (73) modified to express sgRNAs targeting

the sequences (5′-3′): TCCTTTGATATCGAGTGTGC
and the following repair template (5′-3′):
CAGCTCCATTGCGTATCATGTCCTTTGCTATCGC
GTGTGCTGGTAGGATTGGCGTCTTTCCGGAAC
CTGAATACGATCCC.

Synthetic dropout (Sc), rich growth media (YEPD – yeast
extract, peptone, and dextrose), YEP-lactate (YEP-Lac)
and YEP-galactose (YEP-Gal) media were prepared sim-
ilar to (74). Expression of APOBEC3A was achieved by
transformation with an A3A-expression vector (pSR355) or
EV control (pSR419) plasmids containing an HPH marker
(22). Selection for correct transformants was done similar
to (21). Yeast cultures were grown at 30◦C for most exper-
iments. Yeast strains harboring the temperature sensitive
pol3-t mutation were grown at 18◦C prior to DSB induc-
tion.

Determining the rate of BIR-associated mutagenesis

Yeast strains from single colonies were grown with agitation
in Sc media lacking leucine for approximately 20 h, diluted
20× with YEP-Lac and grown to logarithmic phase (for
∼16 h). DSBs were induced by addition of galactose to a fi-
nal concentration of 2% (w/v). Due to residual BIR, which
is capable of affecting Lys+ frequency even prior to galac-
tose addition (74), the level of Lys+ during S-phase replica-
tion was determined in no-DSB control strains where HO
recognition sites have been removed (64,65).

“No DSB” control strains were grown under the same
conditions. In experiments including A3A and empty vector
expression, hygromycin (1% w/v) was added to the YEP-
Lac medium. After DSB induction, cultures were incubated
at 30◦C (or 20◦C for low-temperature experiments as spec-
ified in Supplementary Figure S3) for 7h with agitation.

Appropriate amounts of culture were plated at 0h (before
galactose addition) and 7h (after galactose addition) time
points on YEPD and Sc-lysine dropout media (Sc-Lys) (and
on Sc-adenine dropout (Sc-Ade) and Sc-adenine/lysine
dropout (Sc-Ade/Lys) media for POL3 mutant experi-
ments) for strains harboring the lys2-InsH reporter cassette,
or Sc-Ade dropout and Sc-adenine/uracil dropout media
(Sc-Ade/Ura) for strains harboring the ura3-29 reporter
cassette. In experiments using lys2-InsH reporter strains,
DSBs were initiated, DSB repair outcomes were identified,
BIR efficiencies were calculated, and frequencies and rates
of Lys+ reversions were determined as described in (65,75).
For ura3-29 reporter strains containing A3A or empty vec-
tors, experiments were performed, BIR repair outcomes
were identified, BIR efficiencies were calculated, and Ura+

reversion rates were determined similar to (51). Rates and
frequencies are reported as median values and 95% confi-
dence intervals (or ranges for experiments with fewer than
6 biological replicates). Mann–Whitney U test was used to
draw statistical comparisons of mutation rates between dif-
ferent strains. Fisher’s exact test was used to make statistical
comparisons between fractions of different categories of re-
pair outcomes.

To analyze mutation spectra, Lys+ or Ura+ colonies
were selected randomly from 7h plates from experiments
where cells underwent BIR (all colonies were considered
to be independent BIR events due to no additional cell
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divisions before plating and big increase of 7 h over 0 h
mutation frequency). For “No DSB” controls, only one
colony (Lys+) was selected from each independent cul-
ture after plating (similar to (65)). Lys+ mutation spec-
tra were determined by PCR amplification of LYS2 alle-
les using the following primers in Lys+ outcomes (5’ to 3’):
CCATCCACTTCTCATCTGAAAGACC, and AAATGT-
CACTGCAAATTATGCGGAAGAC. The PCR products
were then Sanger sequenced using the following primer
(5’ to 3’): GTTCGTACCCCTCTCGAGAATA. Lys+ out-
comes were confirmed to be heterozygous after completion
of BIR using the following primer pair, where the forward
primer anneals to the spacer region between the repeats of
the InsH quasi-palindrome and is indicative of the presence
of an unaltered lys2-InsH allele (Lys−), while the reverse
primer anneals to the LYS2 sequence outside of the quasi-
palindrome (5’ to 3’): ATCCTGGAAAACGGGAAAGG
and AAATGTCACTGCAAATTATGCGGAAGAC re-
spectively. Outcomes that did not produce a product us-
ing these two primers were considered to be homozy-
gous and excluded from spectra results. Likewise, Ura+

mutation spectra were determined by PCR amplification
of Ura+ outcomes using the following primers (5’ to 3’):
GTGTGCTTCATTGGATGTTCGTAC, and AAAAG-
GCCTCTAGGTTCCTTTGTT. The PCR products were
then Sanger sequenced using the following primer (5’ to
3’): CTGGAGTTAGTTGAAGCATTAGG. Homozygous
substitutions leading to Ura+ reversions that were detected
by Sanger sequencing were excluded from spectra results.
Fisher’s exact test was used to make statistical comparisons
of mutation spectra between different strains for both re-
porter systems.

Determination of transformation efficiency for various
Lys+lys2-InsH deletion outcomes

PCR-amplified products from Lys+ outcomes after BIR
(wild-type LYS2, Type I and Type II imprecise dele-
tions) were obtained using the following primers (5’ to
3’): GAGGGATCCAAATGTTATTTCAACTATCA, and
AAATGTCACTGCAAATTATGCGGAAGAC. Cultures
of strains (Lys−) containing a lys2-A4 reporter cassette
(65) at MAT, 16 kb and 36 kb positions (see Supplemen-
tary Data S1) were grown to saturation, and each reporter
strain was transformed with 1.5 �g of one of the amplified
Lys+lys2-InsH outcomes to replace the lys2-A4 reporter al-
lele. Transformation efficiencies were measured by the fre-
quency of Lys+ transformants (colonies) per 1ml of culture
transformed with 1.5 �g of DNA plated (cell concentra-
tion determined by plating serial dilutions on YEPD) for
each strain and input DNA combination. No DNA control
transformations were also performed to measure the fre-
quency of spontaneous Lys+ reversions of the lys2-A4 cas-
sette.

Analysis of strand-specific mutations by whole-genome se-
quencing

Data from 25 UNG1 and 25 ung1Δ BIR outcomes from
our previous study (21) as well as an additional 37 UNG1
and 20 ung1Δ BIR outcomes, all containing a ura3-29
reporter marked by Bleor marker at the 90 kb posi-
tion in Ori2, were prepared and sequenced as described

in (21). Mutect2 (https://gatk.broadinstitute.org/hc/en-us/
articles/360037593851-Mutect2) was used to call variants
against the AM1003 reference genome containing a ura3-
29 reporter at 90 kb position. Variants with allelic frequen-
cies lower than 0.35 were removed. Homozygous mutations
were determined by allelic frequency of 0.85 or higher. Vari-
ants with allelic frequencies lower than 0.85 were called het-
erozygous. Identical mutations that occurred at the same
chromosomal positions in different biological replicates
were classified as existing prior to BIR induction and were
thus discarded. C to N variants along the BIR track were
appropriated as markers of A3A-induced lesions in the ss-
DNA template for lagging strand synthesis. Likewise, G to
N variants along the BIR track were appropriated as mark-
ers of A3A-induced cytidine deamination in ssDNA of the
template for the leading strand synthesis (D-loop bottom
template strand (D-BTS)). Only C to N and G to N muta-
tions on the right arm of Chr III were counted as represent-
ing BIR-related A3A-induced mutations.

Simulations of randomly distributed G to N mutations
were performed by identifying the cumulative number of
G to N positions across all sequenced samples on all chro-
mosomes (total of 98 mutations) and redistributing them
randomly across a synthetic genome to generate 100 000
unique samplings. From each of these samplings, the num-
ber of G to N mutations that occurred on the right arm
of Chr III was recorded and used to create a frequency
histogram and kernel density estimation. All custom code
used for the variant filtering, simulations and graphing is
available through GitHub (https://github.com/malkovalab/
WGS-A3A-Tools).

Deep sequencing

Strains containing the Ori1 or Ori2 lys2-InsH reporter at the
16kb position (Supplementary Data S1) were used to per-
form BIR-induction experiments as described in (74). For
DNA purification, 5 ml of cell cultures containing ∼3 ×
107cells/ml were collected before (0 h) galactose addition
and 12 h after galactose addition, and genomic DNA was
extracted using the glass bead protocol as described in (21).
The region corresponding to the insertion of insH in LYS2
(∼700 bp-long) was amplified by PCR from these samples
by using the following primers:

Forward primer 1 (5’ to 3’): AAATGTCACTGCAAAT-
TATGCGGAAGAC

Reverse primer 1 (5’ to 3’): TGATAGTTGAAATAA-
CATTTGGATCCCTC

The PCR products were separated by gel electrophoresis
(using 1% agarose). Following electrophoresis, PCR frag-
ments of ∼400–700 bp were excised from the gel and used
for gel extraction using QIAquick Gel Extraction Kit (QI-
AGEN #28704). The gel extracted products were subse-
quently used for a second PCR amplification of a ∼500 bp
region using the following primers:

Forward primer 2 (5’ to 3’): GTTCGTACCCCTCTC-
GAGAATA

Reverse primer 2 (5’ to 3’): CCATCCACTTCTCATCT-
GAAAGACC

The PCR products were purified by using QIAquick
PCR Purification Kit (QIAGEN, #28104). The resulting
DNA samples (∼20 ng/�l) were submitted to GENEWIZ

https://gatk.broadinstitute.org/hc/en-us/articles/360037593851-Mutect2
https://github.com/malkovalab/WGS-A3A-Tools
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for deep sequencing through the Amplicon-EZ sequencing
pipeline (without lllumina® partial adapters).

To analyze the deep sequencing data, reads were first
trimmed (Trimmomatic-0.39). Next, reads with a lc-dust
scores lower than 0.07 were removed (PRINSEQ++, ver-
sion 1.2). Only reads containing an unchanged sequence of
either primer used for the final amplicon (Forward and Re-
verse primers 2) were next selected and trimmed to their 5’
ends. All reads shorter than 220 bp and reads supporting
no-deletion events were discarded. Remaining reads were
sorted and grouped by common sequences. Junction posi-
tions of most common deletion events were manually ver-
ified and used for alignment (tolerance of two errors) of
remaining reads. The custom code used for the analysis is
available through GitHub (https://github.com/malkovalab/
DeepSeqTools).

Determining the frequency of IR-mediated deletions by
droplet digital PCR (ddPCR)

Yeast cells containing the Ori1 or Ori2 lys2-InsH reporters
at the 16 kb position were used to perform BIR-induction
experiments as described in (74,76). 1.5 ml of yeast cultures
with 5 × 107cells/ml were collected by centrifugation 12
h post-BIR induction.

The cells were resuspended in 1 ml Spheroplasting buffer
(0.4 M sorbitol, 0.4 M KCl, 40 mM sodium phosphate
buffer pH 7.2, 0.5 mM MgCl2), then digested by addition
of 5 �l Zymolyase buffer (0.1 g/ml 20 T zymolyase (MP
Biomedicals, #08320921) dissolved in 2% glucose, 50 mM
Tris–HCl, pH 7.5), and incubated at 37◦C for 15 min. After
that, cells were collected by centrifugation at 3000 rpm for
2 min with all liquid removed. Cells were then resuspended
by addition of 500 �l 1× Cut smart buffer (50 mM potas-
sium acetate, 20 mM Tris-acetate, 10 mM magnesium ac-
etate, 100 �g/ml BSA, pH 7.9 at 25◦C). Next, 5 �l 10% SDS
buffer and glass beads (about 300 �l volume) were added to
the resuspended cells and then suspensions were vortexed
for 1 min to break all cells. To remove RNA, 20 �l 10 mg/ml
RNase buffer was added to the mixture, which was then in-
cubated at 37◦C for 30 min. After incubation, 500 �l phe-
nol:chloroform:isoamyl alcohol (25:24:1) (Fisher, #15593-
049) were added to the mixture followed by brief vortex-
ing and centrifugation at 13 000rpm for 15 min. The up-
per layer was transferred to a new tube by careful pipet-
ting. Another round of wash by phenol:chloroform:isoamyl
alcohol (25:24:1) followed by centrifugation was repeated.
The upper layer after centrifugation was transferred to a
new tube and mixed with 50 �l 3M sodium acetate buffer
(PH 5.2) and 500 �l isopropanol. After brief vortexing, the
mixture was kept at room temperature for 20 min and then
centrifuged at 13 000 rpm for 20 min. All liquids were re-
moved without touching the pellet of DNA. Then 500 �l
80% ethanol were added to the tube followed by centrifuga-
tion at 13 000 rpm for 5 min. All liquid was removed, and
pellets were left to air dry for at least 10 min. 50 �l water was
added to dissolve the dried DNA, which was then quanti-
fied by Qubit and stored at –20◦C if not immediately used.

To detect Type I events, 2 �l of undiluted DNA was mixed
with 10 �l 2× ddPCR supermix for probe (no dUTP Bio-
rad 1863023), 7 �l water, and 1 �l of 20× primer sets that

specifically recognize the junction formed in Type I events
(see sequences below). To determine the amount of yeast
genomic DNA, the original DNA solutions were diluted by
serial dilution to ∼0.2 ng/�l, and then 2 �l of the diluted
DNA were mixed with 10�l 2× ddPCR supermix for probe
(no dUTP), 7�l water, and 1 �l of 20× ACT1 primer set (se-
quences are listed below). The PCR mixture and Droplet
generation oil (Biorad, #1863005) were used to generate
droplets using QX200 Droplet Digital PCR (ddPCR) Sys-
tem. PCR reactions for both Type I events and for the ACT1
locus were conducted with the following program: step 1:
95◦C for 10 min; step 2: 94◦C for 30 s (2◦C change per sec-
onds), 60◦C for 2min 30 s (2◦C change per second); step 3,
repeat step 2 for 39 cycles; step 4: 98◦C for 10 min; step 5:
12◦C for 30 min. After PCR, the reactions were analyzed by
QX200 Droplet Digital PCR (ddPCR) System. The Type I
events were analyzed by channel 1 to detect the FAM signal,
while the ACT1 locus was analyzed by channel 2 to detect
the HEX signal. The sequences for the primers sets (ordered
from IDT) and used for the ddPCR analysis were as follows:

Type1 (ratio of primers and probe was 4:1 and the probe
was labeled by FAM):

Forward (5’ to 3’): CTGTGTTTGCCAAATCCATCC
Reverse (5’ to 3’): TCTTATACACAAGTAGCGTCAG
Probe (5’ to 3’): AGGCAGGTATCACCTATG-

GTACTTGGA.
ACT1 (ratio of primers and probe was 4:1 and the probe

was labeled by HEX):
Forward (5’ to 3’): GCCTTCTACGTTTCCATCCA
Reverse (5’ to 3’): GGTAGAGAGAAACCAGCG-

TAAA
Probe (5’ to 3’): TTCCGGTGATGGTGTTACT-

CACGT

RESULTS

BIR promotes deletions between microhomologies flanking
inverted DNA repeats

When IRs are included into single-stranded DNA (ssDNA)
they form secondary DNA structures (hairpins) promot-
ing replication stalling and polymerase slippage at micro-
homologies leading to deletions between them. It is believed
that the frequency of replication slippage-induced deletions
is determined by the frequency of hairpin formation, and
therefore by the persistence of ssDNA (26,34–36). Because
BIR is a source of long, persistent ssDNA (4,21,51), we
asked whether this ssDNA would promote hairpin-induced
deletions at microhomologies flanking IRs placed on the
synthesis track of BIR. To accomplish this, we used our
BIR experimental system in Saccharomyces cerevisiae dis-
omic for chromosome III (64). In this system, a galactose-
inducible HO-endonuclease initiates a DSB at the MATa lo-
cus on a Chromosome III (Chr III) that is truncated by the
insertion of LEU2 and telomere sequence centromere distal
to MAT. BIR is the dominant repair pathway in this system
and is initiated by 5’ to 3’ resection that can proceed for long
distances (up to the centromere) followed by invasion of the
broken chromosome into the homologous region of the full
copy of Chr III (the donor) that contains a MATα-inc al-
lele that cannot be cut by HO-endonuclease (Figure 1A).
Because the length of resection is variable, the exact site of

https://github.com/malkovalab/DeepSeqTools
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Figure 1. BIR promotes deletions between microhomologies flanking inverted DNA repeats. (A) The lys2-InsH reporter before (0 h) and after (7 h) DSB.
Top. BIR is initiated by induction of a DSB by HO endonuclease at MATa located in a truncated (recipient) chromosome (R) of yeast disomic for Chr.
III. Invasion of one broken end of the recipient into the homologous full-length donor (D) chromosome containing MATα-inc establishes BIR synthesis
that can progress approximately 100kb to the end of the chromosome. The lys2-InsH (Lys−) reporter consists of 69bp inverted repeats (yellow) separated
by a 9bp spacer (purple) and is flanked by 9bp direct repeats (red). The construct was inserted at three different positions along the track of BIR synthesis
in the donor chromosome: “MAT” (at MATα-inc), “16kb” centromere distal from MATα-inc, and “36 kb” centromere distal from MATα-inc. Bottom.
Replication slippage during BIR proceeding through the lys2-InsH reporter can result in deletion of InsH producing a functional allele (LYS2*) conferring
a Lys+ phenotype. Positions of primers (FP: forward primer, RP: reverse primer) for confirming deletions by PCR are shown for both LYS2* and lys2-InsH
alleles. (B) Lys+ reversion rates for the strains containing lys2-InsH reporter cassette at the three positions specified in (A) prior to DSB induction (DSB
0hr), following BIR (DSB 7 h), as well as in isogenic strains lacking the HO cut-site (No DSB). Asterisks indicate statistically significant difference (P <

0.005) from Lys+ reversion rates at 0 h (DSB 0 h). Numbers above bars indicate median rates (see Supplementary Data S2 for precise P-values and 95%
CIs). (C) Representative gel image showing PCR-amplified products of the lys2-InsH allele and the LYS2* allele (404 bp) present in a single BIR outcome
(lane 1). PCR products of WT LYS2 (374 bp) (lane 3) and the lys2-InsH construct before BIR (530 bp) (lane 4) are also shown for comparison, along
with a 100-bp DNA ladder (L) in lane 2. Primers used for all PCR products are those shown in (A, bottom) (FP and RP). Analysis of lys2-InsH deletion
products (like LYS2*) was performed by Sanger sequencing.

invasion is not known, but it most often occurs within 3 kb
centromere proximal to the Y region of the MAT locus of
the donor chromosome (64). Strand invasion is followed by
removal of a flap structure formed by the 3’ tail that includes
at least 650 bp of sequence that is non-homologous to the
donor chromosome. This is then followed by the beginning
of DNA synthesis. The major outcome of DSB repair in this
system is two full copies of Chr III, where the newly syn-
thesized DNA is conservatively inherited (51, 62). To assay
whether the propensity for hairpin-induced deletions in ss-

DNA formed by BIR exceeds the level previously observed
in S-phase, we placed a lys2-InsH reversion reporter (InsH
is an IR-containing insertion within the LYS2 gene) (36) on
the track of BIR synthesis at three positions (Figure 1A).
InsH was previously shown to trigger deletions resulting
from replication slippage at microhomologies flanking IRs
(34,36) and intrachromosomal recombination (35) during
S-phase in yeast. The InsH sequence consists of two 69 bp
inverted repeats separated by a 9 bp spacer and is flanked
on both sides by two 9 bp direct repeats originating from the
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LYS2 sequence (Figure 1A). InsH is inserted in the terminal
region of the LYS2 gene (similar to (36)), and the resulting
lys2-InsH reporter construct yields a non-functional alpha
aminoadipate reductase protein, resultng in a Lys− pheno-
type. In-frame deleton of InsH from the lys2-InsH reporter
can yield a functional LYS2 gene (36), thereby allowing us
to assess the deletion frequency (Figure 1A).

We hypothesized that InsH could readily form a hairpin
in the long ssDNA that accumulates behind the BIR migrat-
ing bubble (D-loop) during leading strand synthesis, which
is known to be a major source of mutagenesis during BIR
(4,21,51,61,62). If lagging strand BIR synthesis encounters
a stable hairpin in the nascent template strand, we predicted
a high level of Lys+ reversion following BIR slippage be-
tween the 9 bp direct repeats flanking the IRs following
the hairpin formation in the ssDNA serving as a template
for lagging strand BIR synthesis. To test this, we induced
BIR by addition of galactose to liquid cultures of yeast that
carried the lys2-InsH reporter at MAT (see Materials and
Methods for details), at 16 kb, or at 36 kb from the HO-
site. At all positions, the lys2-InsH reporter was oriented
such that transcription was co-directional with the direc-
tion of BIR synthesis (Figure 1A). The frequency of Lys+

reversions was measured before BIR (by plating yeast cul-
tures on Sc-Lys drop-out media prior to galactose addition)
as well as after BIR (by plating 7 h after DSB induction with
galactose). We observed that the rate of Lys+ reversions (re-
sulting from InsH deletions) at all three positions was signif-
icantly (17-67x) higher after BIR (Figure 1B, DSB 7 h) than
the rate of Lys+ reversions prior to galactose addition (Fig-
ure 1B, DSB 0 h), and 64-4131x higher than controls lack-
ing the HO-cut site (No DSB) and without galactose added
(similar to (65), see Materials and Methods for details) (Fig-
ure 1B, no DSB, Supplementary Data S2). We next assessed
the size of the deletions that produced Lys+ reversions in
7hr DSB outcomes for the 16 kb position reporter by PCR.
We observed (Figure 1C) that Lys+ outcomes typically con-
tained two bands (one corresponding to the donor copy of
lys2-InsH that remained unchanged (530 bp band) and a
second, deletion product, that was shorter than lys2-InsH).
Two distinct classes of the deletion products were observed
by PCR: those that matched the expected size of the LYS2
fragment following the full deletion of the InsH sequence
(374 bp band), and those where the deletion was slightly
less than the full InsH sequence length, creating a longer
PCR product than that observed for the full InsH deletion
(Figure 1C, LYS2*).

The polarity of insH deletions induced by BIR

Previous studies reported the precise excision (deletion) of
InsH that occurred during S-phase DNA replication and
was mediated by replication slippage at the flanking 9 bp
direct repeats of the LYS2 sequence, yielding a wild-type
LYS2 allele (34,36). Because we observed that PCR prod-
ucts from 7 h Lys+ revertants often did not match the wild-
type LYS2 PCR product by size, we asked whether dele-
tions of InsH formed during BIR synthesis are imprecise.
We Sanger sequenced 7hr Lys+ BIR outcomes from the
16 kb lys2-InsH reporter strain and Lys+ isolates from iso-
genic “no DSB” strains for comparison. We observed that

the majority of InsH deletions during BIR were imprecise
and asymmetrical such that the deletion products retained a
part of the InsH quasi-palindrome; the remaining sequence
was either from the left inverted repeat (Type I deletion) or
from the right inverted repeat (Type II deletion) (Figure 2A–
C). The Type II deletion also resulted in a loss of a portion
of the LYS2 gene sequence, yet still produced a Lys+ pheno-
type, despite slower growth of colonies on synthetic media
lacking Lysine (Figure 2A, B, C). All three of the deletion
types observed (Precise, Type I and Type II) produced an in-
frame LYS2 gene sequence (Figure 2A, B) and contained
microhomologies on their breakpoints (9-bp-long for pre-
cise deletions and 6-bp-long for imprecise deletions) (Fig-
ure 2C). Of the Lys+ isolates from the “No DSB” strains
(reflecting deletions resulting from S-phase DNA replica-
tion), there were significantly more precise deletions of InsH
as compared to BIR (Figure 2B), though the majority were
still imprecise Type I deletions. Importantly, all three dele-
tion types (precise, Type I and Type II) were stimulated by
BIR, while Type I occurred most frequently. When we in-
serted lys2-InsH at the same position (16 kb) in inverted
orientation (Ori2) with respect to that of the original strain
(Ori1) (see schematic in Figure 2B), the frequency of BIR-
associated Lys+ reversions was increased 3.3 times as com-
pared to what we observed in Ori1 (Figure 2D), and all of
the Lys+ outcomes (20/20) analyzed by Sanger sequencing)
were Type I (Figure 2B). By direct comparison, Type I fre-
quencies were 5.1× more frequent during BIR with the Ori2
reporter than with the Ori1 reporter, even though in both
orientations Type I deletions were greatly stimulated by BIR
(Figure 2D). We believe that the lack of Type II events
among Ori2 outcomes results from a significant decrease in
the fraction of Type II events (from 33% among Ori1 out-
comes to ∼2% among Ori2 outcomes). This calculation is
based on the 5.1× increase in Type I events (from leading to
lagging strand (Figure 2D)) and therefore on 5.1× decrease
of Type II events (from lagging to leading strand).

We also performed Sanger sequencing of Lys+ BIR out-
comes from Ori1 MAT and 36 kb reporter positions and
found that they produced only Type I imprecise deletions
(Supplementary Figure 1A). To assess whether the ability
for the reporter to produce a Lys+ phenotype may differ
between reporter positions (and could result, for example
from differences in the levels of LYS2 expression between
different reporter locations), we transformed strains with
reporters in different positions with both Type I and Type II
imprecise deletion fragments obtained from the 16kb Ori1
strain. Indeed, we found that only Type I deletion fragments
supported a Lys+ phenotype at MAT and 36 kb positions
(even though with varying efficiency), while both Type I and
Type II fragments did so at 16 kb in the Ori1 strain (Sup-
plementary Figure 1B). Due to the possibility that the se-
lection for Lys+ reversions could be affected by the level of
LYS2 expression for two orientations of the reporter as well,
and also because Lys+ selection precludes identification of
any deletions that inherently do not produce Lys+ outcomes
(e.g. out of frame deletions), we next analyzed non-selected
post-BIR cells by deep sequencing. Specifically, yeast cul-
tures were collected 12 h following DSB induction, at the
point when BIR was expected to complete in the majority of
the cells. The DNA purified from these cells was subjected to
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Figure 2. (A) Sequences of full lys2-InsH reporter and its derivatives following precise (restoring the wild type LYS2 allele) and imprecise (Type I and
Type II) deletions of InsH. Colors correspond to those depicted in Figure 1A from the full-length lys2-InsH. (B) Distribution of various types of InsH
deletions among Lys+ revertants obtained in strains with the lys2-InsH reporter at 16kb in Orientation 1 (Ori1) or Orientation 2 (Ori2). (Upper) Schematic
of lys2-InsH reporter inserted at 16kb in Orientation1 (Ori1) and Orientation 2 (Ori2). (Lower) Schematics of deletion types in Lys+ outcomes with respect
to the hairpin structure formed by the InsH insertion in LYS2 at 16kb in Ori1 and Ori2. These deletion types generate an in-frame LYS2 gene (126, 156 and
171 bp deletions are all divisible by 3). “S-phase”: deletions that occurred in No DSB strains. “BIR”: deletions among Lys+ revertants obtained after
BIR. P-values are shown to indicate statistically significant differences (P < 0.05) measured by Fisher’s exact test for the deletion type fraction during
BIR compared to S-phase. N.S. = no significant difference (P ≥ 0.05). (C) Alignment of lys2-InsH deletion breakpoints for precise, Type I, and Type II
deletions to left and right sides of the full lys2-InsH sequence. Colors correspond to those depicted in A from the full length lys2-InsH allele in the donor
chromosome. Gray highlighted and underlined bases are indicative of breakpoint microhomologies. (D) Left. Lys+ reversion frequencies of the Ori1 and
Ori2 reporters. The data for Ori1 reporter are the same as shown in Figure 1B. Asterisks indicate statistically significant difference (P < 0.0001) from Lys+

reversion rates at 0 h (DSB 0 h). Pound symbol indicates statistically significant difference (P < 0.0001) from Lys+ reversion rate in Ori1 at 7 h (DSB 7 h).
Right. Frequencies of Type I deletions after BIR in Ori1 and Ori2 reporter strains. Frequencies (shown above bars) were calculated by multiplying the
fraction of BIR-associated Type I mutations (in B) by the rates shown in (D). Fold increase of Ori2 Type I over Ori1 Type I is shown inside the bar for Ori2.
(E) Summary of InsH deletion types identified by deep sequencing. The numbers correspond to the types in Supplementary Data S3 and S4. The colored
lines indicate microhomologies at deletion breakpoints: red – Type I-like, blue – Type II-like. Colored sequence indicates microhomologies at breakpoints:
red – Type I deletion, blue – Type II deletion, purple – precise deletion. (F) Frequencies of Type I deletions in the lys2-InsH Ori1 and Ori2 reporters as
determined by ddPCR experiments. Averages ± SD based on the results of three experiments are shown. (G) Schematic of InsH deletion polarities for
observed deletion types. Gray arrows indicate the implied direction of synthesis. The colors of microhomologies are similar to (E).
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PCR amplification and deep sequencing of the lys2-InsH re-
gion followed by identification of reads containing deletions
of InsH. This method allowed us to reveal the main types of
deletions missed in reporter experiments using Lys+ selec-
tion and to identify the most frequent deletion types among
them.

By deep sequencing, we detected Type I (which was the
most frequent following BIR in both Ori1 and Ori2 re-
porters), Type II, and precise deletion types, and we de-
tected several new types not seen in reporter experiments
(Figure 2E, Supplementary Data S3, S4). One of the more
frequent new types that we detected, which we called J1
(type 7 in Figure 2E; Supplementary Data S3, S4), re-
sulted from deletion of 125 nucleotides and contained 5bp-
microhomologies on its boundaries (Figure 2E; Supplemen-
tary Data S3, S4). Because this deletion was not in-frame it
could not produce a Lys+ outcome but appeared to be a
major type due to its relative frequency among the other
deletion classes.

One limitation of the deep sequencing method is that it
cannot yield accurate absolute frequencies of BIR-induced
deletion events due to the requirement for standard PCR
amplification, which can introduce bias among deletion
outcomes and is biased against outcomes without deletions
that contain the hairpin-forming IR and thus do not am-
plify faithfully to calculate their frequency in the cell popu-
lation. To address this limitation, we next used a highly sen-
sitive digital droplet PCR (ddPCR) method to detect the
absolute frequencies of the most abundant deletion types
during BIR. Although the frequencies of Type II and J1
deletions were below the threshold for ddPCR detection,
the Type I deletion was detectable, and we determined that
the frequencies of Type I during BIR were ∼4 × 10−5 in Ori1
and ∼1 × 10−3 in Ori2 (Figure 2F, Supplementary Figure
2). Importantly, the frequencies of Type I for No-DSB con-
trols for both Ori1 and Ori2 were below ddPCR detection
threshold (Supplementary Figure 2), thus confirming that
the Type I frequencies calculated by ddPCR following BIR
were indeed BIR-specific.

Together, we conclude that BIR promotes deletions at
microhomologies flanking IRs. The majority of these dele-
tions have a polarity (with one microhomology located in-
side the inverted repeat and another outside of the repeat
(Figure 2E, G). This type of polarity was previously ob-
served for similar events mediated by Pol� during S-phase
lagging strand synthesis (36). There it was proposed that fol-
lowing hairpin formation, Pol� can copy via displacement
synthesis inside a hairpin but undergoes frequent template
switches from inside to the outside the hairpin (36). It was
also proposed that the polarity of the deletion events reflects
the direction of synthesis (from the microhomology inside
the hairpin towards one outside). Using the same logic for
BIR, we propose that Type I events result from slippage
during lagging strand synthesis in Ori2 and during lead-
ing strand synthesis in Ori1 (Figure 2G, see also Discussion
and the Figure 6B for details). Even though the frequency
of the latter is lower than the frequency of the former, our
data suggest that ssDNA in the template for leading strand
synthesis forms and persists, which was not previously ap-
preciated.

The effect of polymerase mutations on InsH deletions

Pol � was recently confirmed as the main replicative poly-
merase driving both leading and lagging strand synthesis
during BIR (77), which makes it likely that it also mediates
deletions of InsH. Yet, stalling of Pol � during BIR was pro-
posed to recruit translesion polymerase � (Pol � ) to medi-
ate template switching at microhomology (75). Because the
deletions of InsH that we observed during BIR were medi-
ated by microhomology, we sought to determine whether a
similar switch from Pol � to Pol � might also take place in
the process of InsH deletion. We observed that deletion of
REV3, encoding the catalytic subunit of Pol � , had no sig-
nificant effect on the rate of Lys+ reversions of the lys2-InsH
reporter at the 16 kb position during BIR (Figure 3A, Sup-
plementary Data S2). To assess possible redundancy with
Polymerase � (Pol �), another translesion polymerase that
has the capacity to substitute for Pol � at lesions (reviewed in
(78)), we also created rad30Δ (deletion of the gene encoding
the catalytic subunit of Pol �) and rev3Δ rad30Δ mutants.
Neither of these mutations had any significant effect on the
rate of Lys+ reversion of the lys2-InsH reporter after BIR
as compared to the wild-type (Figure 3A, Supplementary
Data S2). In addition, we did not observe any effect follow-
ing the deletion of POL4 (Supplementary Data S2).

Because we did not find any evidence supporting partici-
pation of translesion polymerases in the deletions of InsH,
we next tested the effects of various mutations affecting Pol
�, the main polymerase driving both leading and lagging
strand BIR synthesis (77). Three mutations in POL3, pol3-
t, pol3-Y708A and pol3-01 were selected for this analysis. In
particular, pol3-t (Pol � active site mutation (36,37,79)), was
previously shown to greatly increase deletions at microho-
mologies promoted by inverted repeats in S-phase (36,37).
A second mutation, pol3-Y708A (Pol � nucleotide binding
pocket mutation (71)), was characterized as having a mu-
tator phenotype dependent on Pol � (71,80,81). This muta-
tion was shown to decrease processivity during BIR, lead-
ing to increased half-crossover outcomes with reduced BIR
efficiency (82), but the distance that Pol � carrying the pol3-
Y708A mutation could synthesize during BIR remained un-
known. A third mutation, pol3-01, leads to proofreading de-
ficiency of Pol � (83) and was shown to eliminate frameshifts
and complex events involving template switches during gene
conversion (84). Based on these data and on preceding in-
vestigations (85), the pol3-01 mutant was hypothesized to
create a more processive Pol � during BIR. Therefore, we
hypothesized that if this is true, then a more processive Pol �
might displace secondary structures more easily, and there-
fore affect the frequency of deletions and their spectrum in
our system.

For pol3-Y708A (and for pol3-Y708A rev3Δ) mutants, we
observed that BIR synthesis never reaches the InsH position
(16kb) in our system. This was concluded based on a very
high frequency of CL and HC (defective DSB repair out-
comes) (Figure 3C), which was consistent with previous ob-
servations (82), as well as on a very low level of Lys+ rever-
sions which did not increase following DSB induction (Fig-
ure 3B, Supplementary Data S5). Based on these observa-
tions, we concluded that even Ade+ Leu− colonies that were
observed in this mutant were not completed BIR events, but



Nucleic Acids Research, 2022, Vol. 50, No. 12 6879

Figure 3. The effect of polymerase mutations on InsH deletions. (A) Eliminating Pol � (rad30�) or Pol � (rev3�) does not affect the frequency of Lys+

resulting from deletions in lys2-InsH at 16kb during BIR. “NO GAL” = rates prior to the addition of galactose. “GAL” = Lys+ rates following BIR.
Median values are listed above the bars. N.S. = not significantly different from wild-type (RAD30 REV3) (P≥0.05 determined by Mann-Whitney U
test, see Supplementary Data S5 for P-values and 95% CI). (B) The effects of mutations in POL3, including: pol3-01, pol3-Y708A, and pol3-t on Lys+

reversion rate after BIR induction in strains harboring the lys2-InsH reporter at the 16kb position. Sc-Lys: Lys+ were selected for lysine prototrophy only.
Sc-Ade/Lys: Lys+ were selected for lysine and adenine prototrophy to eliminate chromosome loss and half-crossover outcomes which exhibit adenine
auxotrophy. Asterisks indicate values that were significantly different (P < 0.01) from wild-type (POL3) and N.S. indicates no significant difference (P ≥
0.05) from wild-type (POL3). “<1” indicates that rates were not calculable (see Supplementary Data S5 for frequencies used in rate calculation). Other
details similar to (A). (C) BIR efficiency is reduced (and chromosome loss and half-crossovers increased) in pol3-Y708A and pol3-t mutants as compared to
POL3. BIR efficiency is not affected in pol3-01. Asterisks indicate significant differences in DSB repair outcome fractions from POL3 (P < 0.05) measured
by Fisher’s exact test. Different DSB repair outcomes are illustrated in the schematic (left). (D) lys2-InsH deletion spectra in POL3, pol3-t, and pol3-01
strains. P-values are listed to indicate statistically significant differences (P < 0.05) in the fractions of individual deletion types compared to POL3 measured
by Fisher’s exact test. N.S. = no significant difference (P ≥ 0.05).
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rather aberrant repair outcomes (similar to those described
in (82)), where BIR synthesis was interrupted before reach-
ing the 16kb position.

Next, Lys+ reversion rate in the pol3-01 mutant was not
significantly different from the wild-type POL3 strain (Fig-
ure 3B), nor did this mutation have any effect on BIR
efficiency (Figure 3C). Additionally, the pol3-01 mutant
showed no difference in InsH deletion spectrum as com-
pared to the spectrum of the wild-type POL3 strain (Figure
3D). Combined with Lys+ reversion frequency data for this
mutant, our results do not show any evidence of increased
displacement activity of Pol � in the pol3-01 mutant in our
BIR system.

Finally, we observed that in pol3-t mutants, Lys+ rever-
sion rate during BIR was modestly (1.9×), but significantly
increased as compared to the wild-type POL3 strain, indi-
cating a higher rate of InsH deletion (Figure 3B, left (Sc-
Lys)). As expected, BIR efficiency was also reduced in pol3-
t mutants and the frequency of chromosome loss (CL) and
half-crossover (HC) outcomes was increased, (Figure 3C),
consistent with previous observations (82). When experi-
ments were carried out in the absence of adenine to elimi-
nate CL and HC outcomes (see Figure 3C, schematic), pol3-
t Lys+ reversion rate was more dramatically increased (3.4x)
as compared to wild-type POL3 strains (Figure 3B, right
(Sc-Ade/Lys)). In addition, we observed that pol3-t muta-
tion altered the distribution of deletions, such that precise
deletions were favored, which was different from the spec-
trum observed in wild-type POL3 where Type I imprecise
deletions were predominant (Figure 3D). One possible ex-
planation for this change was that progression of synthesis
by pol3-t is kinetically slower than POL3 and this allows the
formation of longer ssDNA regions allowing the full InsH
hairpin to form more often. However, when BIR was in-
duced in POL3 (wt) strains at 20◦C (which could also slow
down BIR progression), Lys+ reversion rate and the spec-
trum of InsH deletions were similar to what we observed at
30◦C and did not tend towards the rate and spectrum ob-
served in the pol3-t mutant (Supplementary Figure 3, Sup-
plementary Data S2).

ssDNA in the template for BIR leading strand synthesis is
susceptible to APOBEC3A deamination

The high frequency of Type I deletions in Ori1 orientation
of insH during BIR, allowed us to hypothesize that am-
ple ssDNA is exposed in the template for BIR within the
D-loop structure. Therefore, we asked whether this ssDNA
can be detected by its susceptibility to APOBEC-induced
damage. Previously, we expressed APOBEC3A (A3A), a cy-
tosine deaminase that converts cytidine in the context of
ssDNA into deoxyuridine (dU), in yeast cells undergoing
BIR (21). This led to the formation of long mutation clus-
ters on the track of BIR and allowed us to conclude that
long stretches of ssDNA accumulate behind the BIR mi-
grating bubble formed by leading strand BIR synthesis and
by resection of the DSB end. However, in those studies we
never asked whether mutagenic ssDNA can also accumu-
late within the D-loop bottom template strand (D-BTS). To
investigate this, we placed a ura3-29 base substitution re-
porter cassette (86) at the 16kb position centromere-distal

from MATα-inc in the donor chromosome of our disomic
galactose-inducible DSB system (Figure 4A). The ura3-29
reporter contains a T to C transition at position 257 in the
URA3 gene, resulting in a Phe to Ser amino acid change
that yields a Ura− phenotype (86). This mutation can re-
vert to a Ura+ phenotype by a C to T, C to G, or C to A
base substitution (51,86). Importantly, the cytosine in the
mutant position of ura3-29 is located within a TCW mo-
tif recognized by A3A. We placed the ura3-29 reporter in
two orientations with respect to BIR progression. In the first
orientation (Ori1), the TCW motif can become a target for
A3A if ssDNA is formed in the D-BTS. The other orienta-
tion (Ori2) places the reporter cytosine in the nascent strand
(NS) ssDNA that accumulates behind the BIR D-loop as a
result of leading strand synthesis (Figure 4A, schematic). To
express A3A in these reporter strains, we transformed them
with a centromeric plasmid expressing A3A (22,63), and
the same centromeric plasmid without A3A as an empty
vector (EV) control. In the presence of A3A we observed
a 3.2-fold increase in BIR-associated reversion of Ura− to
Ura+ for the Ori1 ura3-29 reporter as compared to BIR-
associated mutagenesis in the EV-harboring strains (Figure
4B, Supplementary Data S6). Because the reporter cyto-
sine in Ori1 is most likely included into the ssDNA during
BIR when it is formed in the D-BTS region (see Figure 4A,
schematic), the observed increase implies that a significant
amount of ssDNA is persisting during BIR in the D-BTS
region. In strains harboring the ura3-29 reporter in Ori2,
we observed a 30-fold increase in Ura+ reversion rate dur-
ing BIR in the presence of A3A as compared to EV (Fig-
ure 4B, Supplementary Data S6), consistent with the high
mutagenicity of the long persistent NS ssDNA that we pre-
viously reported (21). To ensure that the A3A-induced in-
crease seen in Ori1 strains after BIR was not unique to the
16 kb position of the reporter, we repeated the experiment
with the Ori1 ura3-29 reporter cassette at a position 90 kb
centromere-distal from MAT (Figure 4A). We observed a
similar 4.7-fold increase of Ura+ during BIR in the pres-
ence of A3A as compared to EV (Figure 4B, Supplementary
Data S6).

dU lesions in the D-BTS are poor substrates for error-free
repair

Previously, we demonstrated that dU generated by A3A in
the nascent ssDNA of BIR are frequently converted to AP
sites by uracil-DNA glycosylase Ung1, and this conversion
leads to reduction of mutagenesis via an error-free repair
pathway (21). Here, we asked whether dU lesions gener-
ated in the D-BTS (see Figure 4A, schematic) are repaired
through error-free pathways equally often. To this end, we
tested the effect of deleting UNG1 on A3A mutagenesis
during BIR in strains harboring ura3-29 reporter at 16-kb
and 90-kb positions. Like what was previously observed for
90-kb position (21), the rate of Ura+ reversions increased
dramatically (115-fold) in ung1Δ Ori2 strains as compared
to wild-type (UNG1 Ori2) for 16-kb position (Supplemen-
tary Data S6). However, such a dramatic increase was not
observed in ung1Δ Ori1 strains (Supplementary Data S6).
Rather, the 90-kb reporter position produced a rate of Ura+

that was only 4.2× higher in ung1Δ as compared to UNG1,
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Figure 4. ssDNA in the D-BTS is susceptible to mutagenesis induced by APOBEC3A. (A) Top. Yeast disomic BIR system similar to that shown in Figure
1A, but with the ura3-29 (base substitution) reporter inserted at the 16kb and 90kb positions in two orientations (Ori1 and Ori2). Note: strains with ura3-29
at 16kb contained KanMX at 90 kb position instead of Bleor. Prior to BIR (0h), the strain is Ura−. Bottom. schematic showing location of TCT motif
recognized by A3A in the template for the BIR leading strand ssDNA of the Ori1 ura3-29 reporter (ssDNA in D-BTS), and in the ssDNA in the template
for the lagging strand of the Ori2 ura3-29 reporter (ssDNA in nascent strand (NS)). Blue rectangles indicate ssDNA. Cytidine deamination (indicated with
an asterisk) in either of these locations can produce reversion to a Ura+ phenotype if any base other than G is incorporated. (B) Rates (solid bars) of Ura+

reversions before (0 h) and after BIR (7 h), in the presence of a plasmid containing APOBEC3A (A3A) or empty vector (EV) in UNG1 strains with ura3-29
reporter in Ori1 and Ori2 at 16 kb and Ori1 at 90 kb. Median values are listed above each bar. Significant differences (P < 0.005) for the comparisons of
A3A and EV strains following BIR (7 h) are marked with asterisks. Pound symbols indicate significant differences (P < 0.01) for the comparison of A3A-
or EV-containing strains to their respective pre-BIR (0 h) levels. See Supplementary Data S6 for P-values, 95% CIs and details on rate calculation. (C)
Ura+ mutation spectra in Ori1 and Ori2 reporter strains expressing A3A or EV during BIR in the UNG1 (wild type) background. Asterisk indicates data
from (21). P-values are listed to indicate statistically significant differences (P < 0.05) of Ori1 A3A from Ori2 A3A spectra. N.S. = no significant difference.
(D) Frequencies of individual substitution mutations after BIR in the UNG1 (wild type) strain with Ori1 or Ori2 reporters. Ori2 EV spectra data used are
from (21). Frequencies were calculated by multiplying the fraction of each mutation type (in C) by the rates shown in B, and statistics are shown in (B) and
(C).

which suggests that ∼24% of dUs introduced into the D-
BTS led to mutations (as compared to only 5% of dUs that
led to mutations when they were introduced into the ss-
DNA of the newly synthesized leading strand at the same
location (Ori2 90 kb, see in (21)). The data obtained at the
16 kb position support this idea. Specifically, we did not
observe an increase of Ura+ frequency following BIR in

Ori1 ung1Δ strains as compared to the pre-BIR level, even
though an increase was expected based on the observed in-
crease in ung1Δ strains containing ura3-29 in Ori2 (Supple-
mentary Data S6). Also, when we analyzed the mutation
spectra of BIR/A3A Ura+ revertants in UNG1 strains with
the reporter at this (16 kb) position, we observed signifi-
cantly fewer C to G transversions (reflective of translesion
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synthesis across from abasic (AP) sites) than in Ori2 (Figure
4C). Further, our calculations (based on combining results
shown in Figure 4B and C) demonstrated that, while the
frequencies of both C to T and C to G substitutions were
drastically increased following BIR in the presence of A3A
(as compared to EV) in Ori2, only C to T substitutions were
increased in Ori1 (BIR/A3A versus BIR/EV; Figure 4D).
The lack of C to G increase in Ori1 suggests that dU lesions
formed in the D-BTS region during BIR might be converted
into AP sites more rarely by Ung1 as compared to lesions
introduced into a nascent leading BIR strand (21).

We next asked whether A3A-induced damage in the D-
BTS could be a significant contributor to mutagenesis along
the entire track of BIR. To address this question, we per-
formed whole genome sequencing (WGS) analysis for the
outcomes of BIR exposed to A3A in both UNG1 and ung1Δ
strains. For these experiments, we combined previously an-
alyzed BIR outcomes from (21) with outcomes from newly
performed experiments (see Materials and Methods). We
identified all base substitutions on Chr III and called C to
N and G to N (with respect to the Watson strand) substi-
tutions separately (see Supplementary Data S7). Because
the exact site of invasion during BIR could occur anywhere
along the length of resection (which can be up to the cen-
tromere (4,60,21)), we considered mutations called on the
right arm of Chr. III to be part of the BIR repair track,
while mutations called on the left arm were assumed to re-
sult from another source, such as S-phase replication (Fig-
ure 5A). On Chr III, C to N substitutions on the BIR track
indicate mutations incorporated due to A3A damage to the
nascent ssDNA that serves as a template for lagging strand
synthesis. Meanwhile, G to N substitutions likely indicate
mutations incorporated due to A3A damage to the D-BTS
ssDNA. In total, based on sequencing of 62 UNG1 BIR out-
comes, we observed that the outcomes accumulated a total
of 41 G to N mutations on the right arm of chromosome
III (Figure 5B). This is comparatively fewer than the 345 C
to N mutations observed in the same chromosome region
in the same 62 outcomes (Figure 5A, B), consistent with
the higher frequency of A3A-induced Ura+ reversions in
the Ori2 reporter than in the Ori1 reporter of our UNG1
strains (Figure 4B). In the ung1Δ strains, C to N mutations
accumulated massively on the BIR track with 2596 muta-
tions across all 45 outcomes (Figure 5B). This accumula-
tion of C to N mutations is in accordance with the idea that
the majority of A3A-inflicted lesions (dU) are introduced in
the nascent strand (lagging strand template) and that most
of these lesions are channeled into an error-free pathway of
repair by conversion into AP sites mediated by Ung1, as we
previously proposed in (21). By contrast, we observed only
41 G to N mutations on the right arm of chromosome III
in the ung1Δ background among all 45 outcomes analyzed
(Figure 5B). We next compared the number of G to A muta-
tions on the BIR track per outcome between UNG1 (mean
of 0.21 mutations per outcome) and ung1Δ (mean of 0.82
mutations per outcome) backgrounds and found that loss of
UNG1 promoted a significant increase (Figure 5C). In ad-
dition, when we compared the number of G to A mutations
(mean of 0.21 per outcome) and G to C mutations (mean
of 0.35 per outcome) among UNG1 outcomes, there was no
significant difference between the two, supporting that dU

were efficiently converted into AP sites at least at some of
the chromosomal positions (Figure 5D).

>Notably, G to N and C to N mutations were nearly ab-
sent on the left arm of Chr. III in the UNG1 background,
but both were present in the ung1Δ background (Figure
5A), indicating that spontaneous dUs responsible for their
formation did not frequently lead to mutations in the pres-
ence of uracil glycosylase. As a secondary control, we also
identified C to N and G to N mutations across the rest of the
genome (where BIR synthesis did not take place) in our se-
quenced outcomes in both UNG1 and ung1Δ backgrounds.
Particularly in the UNG1 background, these mutations did
not occur at the same frequency as those found on the BIR
track, which represents only about 1% of the yeast genome
(41 mutations observed on the BIR track vs 98 G to N mu-
tations observed across the entirety of the genome (Supple-
mentary Figure S4A; Supplementary Data S7)). Further,
we performed simulations to test whether the number of
G to N mutations that occur cumulatively across all UNG1
background samples subjected to WGS were likely to oc-
cur in the observed frequency at which they exist on the
BIR track region of the genome if redistributed randomly
across the entire genome (Supplementary Figure 4B). From
100 000 simulations, we saw that most instances had 1–2 G
to N mutations on the BIR track and the probability ap-
proached 0 between 7 and 8 G to N mutations. This was
far fewer than the 41 G to N mutations that we observed
in this region among all sequenced UNG1 samples (Supple-
mentary Figure 4B), thus strongly suggesting that these 41
G to N mutations that we report here indeed result from
BIR. In addition, we confirmed that the majority of muta-
tions detected in the UNG1 and ung1Δ outcomes were part
of a TCW motif, a recognition motif for A3A (Supplemen-
tal Figure 4C), as expected. From these results, we conclude
that the ssDNA of the BIR D-loop is susceptible to A3A-
induced damage with each lesion resulting in mutation more
frequently than similar lesion introduced into ssDNA of the
newly synthesized leading strand (Figure 6, see Discussion).

DISCUSSION

Our results demonstrate that ssDNA formed in the D-BTS
region is sufficient to form secondary structures and to incur
DNA damage from agents that specifically target persistent
ssDNA. This conclusion is based on our observations sug-
gesting that the template for leading strand BIR synthesis is
highly vulnerable to A3A damage and also highly suscepti-
ble to microhomology-mediated deletions promoted by in-
verted DNA repeats.

The template for leading strand BIR synthesis is a novel
source of mutagenic ssDNA

APOBEC-induced mutagenesis has been an important
tool for identifying sources of persistent ssDNA in vivo.
Previously, vulnerability to APOBEC-induced mutagene-
sis helped to identify several important sources of mu-
tagenic ssDNA, including the lagging strand of S-phase
DNA synthesis, actively transcribed regions (i.e. tRNA
transcription), as well as uncapped telomeres (11,13–
15,20,22,24,25,63). Our previous work on BIR (4,21)
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Figure 5. (A) A3A-induced mutations at cytosines (C to N: black tick-marks) and guanines (G to A: red, G to C: blue, and G to T: yellow tick-marks)
on Chromosome III (Watson or 5’ to 3’ strand) identified by WGS of BIR outcomes from UNG1 and ung1Δ backgrounds exposed to A3A. Outcomes
numbered in blue or green are from independent experiments (see Supplementary Data S7 for details). (B) Summary of total number of G to N and C
to N mutations on the right arm (BIR track) in BIR outcomes from UNG1 and ung1Δ backgrounds shown in (A). (C) Number of G to A mutations per
outcome on the track of BIR (right arm) in UNG1 and ung1Δ backgrounds. Horizontal lines indicate mean values that are also listed above each plot.
P-value obtained by unpaired t-test is listed above the plot to indicate statistical significance (asterisk) or no statistical significance (N.S.) of difference in
the mutation number. (D) Number of G to N mutations per outcome (G to A or G to C) on the track of BIR (right arm) in the UNG1 background. Mean
values and statistical significance are as in (C).
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Figure 6. (A) Cytidine (C*) in the ssDNA of D-BTS is susceptible to A3A-induced deamination producing dU lesions (U*). The fate of dU lesions follows
one of two possible paths. In the first (left), the Ung1 enzyme is unable to excise the dU base, leaving it in the template where it is encountered by leading
strand synthesis. An A base is placed across from the dU lesion, incorporating it into the nascent strand where it is paired with a T base during lagging
strand synthesis. Ung1 may later repair the template strand dU lesion after BIR has proceeded beyond it, but the mutation will stay in the newly synthesized
strand. In the second path (right), Ung1 is able to access the dU lesion created by A3A and excise it, leaving an AP-site. This AP-site does not (or rarely)
triggers error-free bypass pathways. Instead, a base placed across from the AP site during leading-strand synthesis often results in incorporation of the
wrong base into the nascent strand, resulting in a mutation (M). (B) Schematics of Type I InsH deletion following hairpin formation during leading or
lagging strand synthesis of BIR. Directions of leading and lagging strand synthesis are defined by the known direction of BIR synthesis for BIR in our
system. Microhomologies at InsH deletion breakpoints are indicated in red.

demonstrated that large amounts of stable nascent ssDNA
accumulate during BIR leading strand DNA synthesis and
following DSB resection preceding BIR. We observed that
this ssDNA is susceptible to A3A-inflicted lesions and to
alkylating damage, both leading to formation of mutations
along the track of BIR that are similar to those termed
kataegis that were described in cancer cells (4,5,16). While
the majority of mutagenic ssDNA associated with BIR ac-
cumulates as the template for lagging strand synthesis, our
new data presented here provide the evidence for mutagenic
ssDNA formed in the template for the leading strand as

well. This mutagenic DNA is formed in shorter stretches
(creating isolated mutations rather than mutation clusters)
that correspond to the template regions that become single-
stranded within a D-loop. This conclusion is based on our
analysis of mutation frequencies using the ura3-29 reporter
inserted at 16kb and 90kb positions on the BIR track. It is
also supported by the results of our WGS analysis that iden-
tified mutations that likely resulted from dUs introduced in
the D-BTS through the entire track of BIR.

Our conclusion regarding ssDNA in D-BTS is consis-
tent with the previously published in vitro re-constitution
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of Pol�-driven repair DNA synthesis (87), suggesting that
binding of RPA occurs within the D-loop to the template
ssDNA and stimulates Pol�-driven repair DNA synthesis.
The length of such ssDNA-binding RPA was proposed to
be at least 30bp (required for binding one RPA molecule).
The results of our study suggest that the length of this ss-
DNA may be much longer (at least 130-150 bp), because
deletions of InsH, which provide an estimate of the size
of the hairpin structure formed, were usually longer than
120bp. In addition, the results of our in vivo study allowed
us to conclude that the ssDNA region within a D-loop not
only exists but is likely persistent enough to become a sig-
nificant source of mutagenesis. It is also possible that ss-
DNA in the D-BTS arises most readily when BIR proceeds
slowly or interrupts. Nonetheless, our observation that D-
BTS-associated mutations occur through the entire track of
BIR suggests that instances of mutagenic ssDNA in the D-
BTS arise often, regardless of whether perturbed BIR syn-
thesis is prerequisite.

Previous studies demonstrated that correction of dUs
introduced during replication or transcription usually (in
∼95% of the cases) proceeds via error-free repair (20,63).
That was also the case for dU lesions introduced by
APOBEC in the nascent strand of BIR (21). Here we
demonstrate that dUs formed in the D-BTS are less fre-
quently repaired in an error-free fashion and therefore lead
to mutations more often. This could be caused by lower
uracil glycosylase efficiency in excising of dUs or by lower
efficiency of error-free repair pathways (template switching,
homologous recombination, etc.) recruited for the repair of
AP lesions. Variations in the efficiency of dU correction by
Ung1 between different sources of ssDNA have been previ-
ously reported. For example, dUs introduced by APOBEC
into yeast uncapped telomeres or into the nascent strand of
BIR were almost all converted into AP sites by Ung1 as evi-
denced by the equal numbers of C to T and C to G base sub-
stitutions among repair outcomes and by increase in mu-
tation frequency following elimination of Ung1 (11,21,63).
Conversely, excision of dUs formed during S-phase repli-
cation (primarily in the lagging strand ssDNA) by Ung1
was ∼9% less efficient as compared to dUs excised during
repair synthesis at uncapped telomeres (63). Our data re-
ported here suggest that decreased efficiency of dU exci-
sion contributes to the increased level of mutations result-
ing from dUs in the D-BTS at the 16kb ura3-29 position.
However, because G to A and G to C base substitutions
were observed in equal numbers through the track of BIR,
it appears that Ung1 is capable of excising dUs at many
BIR track locations. More striking, however, is the lack (or
only modest increase) of G to N mutation frequencies in
ung1Δ as compared to UNG1 through the entire track of
BIR. This data suggests that even when dUs in the D-BTS
are converted into AP sites, error-free repair of these AP
sites is not as efficient as was observed for the nascent BIR
strand (Figure 6A versus (21)) or for S-phase lagging strand
synthesis (63). Together, we propose that the transient state
of ssDNA in the D-BTS region does not provide enough
time for conversion of dUs into AP sites or for the chan-
neling of AP sites into error-free repair pathways. An al-
ternative possibility is that it might be difficult for Ung1 or
for proteins participating in error-free repair to access their

substrates inside of the D-loop, and likewise in the D-BTS
region.

Although mutations resulting from D-BTS lesions rarely
formed even small clusters, varying densities of G to A mu-
tations along the entire track of BIR might be indicative
of fluctuating lengths and persistence of ssDNA formed in-
side the D-BTS during BIR. Additional work, particularly
in situations where D-loop migration is challenged by ob-
stacles that lead to stalling, may elucidate factors capable
of altering the amount of ssDNA present or amount of
time that it persists within the D-loop, thereby increasing
its propensity to accumulate damage, mutations, and mu-
tation clusters. Another important observation from our
WGS results was the presence of template strand A3A le-
sions upstream (centromere-proximal) to the HO cut site.
Previously, A3A-induced mutations identified in the region
between the centromere and the HO site were ascribed to
long resection of DSB ends preceding strand invasion and
BIR initiation (4,21). However, all mutations resulting from
resection should occur at cytosines, not guanines. Yet, we
identified several G to N mutations bearing A3A’s prefer-
ential sequence motif on the proposed resection track. We
interpret this as an indication of synthesis in this region that
leads to formation of these mutations caused by ssDNA le-
sions inside the D-BTS. This implies that damage to ssDNA
exposed by long resection might not always be converted
into mutations because the entire ssDNA region is removed
if strand invasion occurs centromere-proximal to them. In
this case, A3A-induced mutations likely result from synthe-
sis initiated distant from the DSB following extensive resec-
tion.

The ssDNA in the D-BTS promotes deletions at microho-
mologies stimulated by inverted DNA repeats

Here we report that BIR stimulates deletions that are pro-
moted by inverted repeats and occur between microhomolo-
gies showing polarity (with one short repeat located inside
of the IR and the other outside (see Figures 2E, G, 6B).
Similar polarity was previously reported for IR-mediated
deletions observed in LYS2 genes during S-phase replica-
tion (36). To explain their mechanism, authors proposed
that deletions are initiated by hairpin formation involving
IRs included into ssDNA regions formed during lagging
strand DNA synthesis. Further, it was proposed that dis-
placement DNA synthesis driven by Pol� enters the du-
plex of the hairpin stem, but is unstable, which leads to fre-
quent template switches from microhomology located in-
side of the hairpin duplex towards microhomology located
outside of the hairpin (36). Based on this model, the po-
larity of deletion breakpoints allowed authors to postulate
the direction of replication that led to deletions. Using the
same logic, we use the polarity of insH deletion breakpoints
that we observed during BIR (Figures 2B, E, G) to deduce
the direction of synthesis producing the deletions. The re-
sult of our analysis indicates that both leading and lagging
strand BIR synthesis promote IR-mediated deletions. This
conclusion can be made based on Type I deletion frequen-
cies following BIR in strains containing InsH in Ori1 and
Ori2 orientations. Type I deletions were ∼5-fold more fre-
quent in Ori2 (where they likely occur during lagging strand
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synthesis) as compared to Ori1 (leading strand synthesis)
(Figures 2D, 6B). This difference is expected as ssDNA in
the template for lagging strand BIR synthesis is expected to
be longer and more stable as compared to the template for
leading strand. Yet, deletions during leading strand synthe-
sis were hundreds of times more frequent as compared to
frequencies observed during S-phase DNA synthesis (Fig-
ure 1B, 2D, no DSB versus 7 h DSB). Similarly, the con-
tribution of both leading and lagging strand BIR synthesis
to the formation of IR-promoted deletions follows from the
spectra of deletions observed by deep sequencing following
BIR in Ori1 and Ori2 strains. In particular, after BIR, dele-
tions of both polarities were observed (Type I-like (“left”
microhomology inside the IR and the “right” microhomol-
ogy outside––shown in red in Figures 2B, E, G, and 6B) and
Type II-like (“right” microhomology inside the IR the “left”
microhomology outside––shown in blue). The presence of
both polarities following BIR in each strain is consistent
with contributions of both leading and lagging strands to
the induction of IR-promoted deletions.

Because Pol � mediates both leading and lagging strand
synthesis during BIR (77), and imprecise deletions were the
predominant outcomes from both leading and lagging BIR
synthesis, it is likely that both cases result from template
switching occurring during displacement synthesis by Pol �
that partially opens hairpin stems and then undergoes slip-
page and switches to microhomology outside of the hairpin.
We did not observe any evidence of translesion polymerase
participation in the process, which also supports this model
where slippage events are entirely mediated by Pol �. The
effect of the pol3-t mutation in this context (including the
increase in the overall frequency of InsH deletions, and in
the fraction of precise deletions among them) might result
from reduced displacement ability of Pol � in the pol3-t mu-
tant leading to more frequent stalling of Pol � at the base of
hairpins. An additional explanation for the high frequency
of imprecise deletions observed during BIR is that they re-
sult from the formation of incomplete hairpins due to a lim-
ited amount of ssDNA exposed during BIR. This could ex-
plain the effects of pol3-t on events attributed to leading
strand synthesis as this mutant might increase the length
of ssDNA in the D-BTS. However, this cannot explain why
BIR lagging strand synthesis does not solely produce pre-
cise deletions when the amount of ssDNA accumulated af-
ter leading strand synthesis should be sufficient for full hair-
pin formation, even in POL3 (wt) strains. In addition, our
failure to recapitulate the effect of pol3-t in POL3 (wild-
type) cells by executing BIR at a lower temperature to slow
down BIR synthesis also makes the second explanation less
likely, even though it is possible that the decreased temper-
ature slows down not only DNA synthesis but also DNA
unwinding. Overall, the first explanation (Pol �-mediated
displacement synthesis as an explanation for imprecise dele-
tions of InsH) appears more likely, even though the latter
explanation could represent another contributing factor. It
is also possible that ssDNA accumulated in the D-BTS re-
gion is less accessible for RPA binding, which could repre-
sent an additional factor provoking more efficient hairpin
formation. Finally, questions remain about whether the ge-
netic requirements for deletions in pol3-t are different from
those in POL3. For example, we cannot exclude that dele-

tions of InsH in pol3-t could be mediated by another poly-
merase (for example by Pol� ).

BIR-associated mutagenic ssDNA: future questions

The observations made in this study prompted us to formu-
late several additional questions.

First, our findings led us to wonder whether D-BTS re-
gions form during other homologous recombination path-
ways (e.g., during gene conversion (GC)) and are also muta-
genic. Because the D-BTS is likely a common feature of GC
and BIR, the mutagenic properties of the D-BTS could be
shared between these two pathways. It would be especially
relevant to investigate this with respect to meiotic recombi-
nation events because many D-loops are formed during ev-
ery meiosis and because mutagenesis associated with meio-
sis could have severe consequences for progeny, potentially
leading to birth defects in humans.

The results obtained in this work might also help in the
interpreting of the mechanisms responsible for the forma-
tion of APOBEC-induced mutation clusters that are de-
tected in various cancers. For example, it was believed that
only non-switching C-coordinated or G-coordinated clus-
ters can be ascribed to BIR (1,17). It is clear from this
study that mutagenesis from both leading and lagging BIR
strands is expected to produce more complex patterns,
such as clusters where most of the mutations are G- or C-
coordinated with rare cases of mutations in the opposing
base (e.g. rare mutation in G in otherwise C-coordinated
clusters and visa versa), similar to what was observed in (17).
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