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Abstract

During meiotic double-strand break (DSB) repair, most DSBs undergo tightly regulated 5′ end resection, generating 3′ single-stranded (ss) DNA
tails, which assemble Rad51 and Dmc1 filaments to facilitate homology search and strand exchange for recombination. However, the occurrence
of local DNA synthesis at the 3′ end of the ssDNA in DSBs concerning the majority crossover and noncrossover processes at the DNA level
and the involvement of DNA polymerase at the recombination site have remained unclear. Here, we investigated meiotic recombination-coupled
DNA synthesis (MRDS) in Saccharomyces cerevisiae through a physical analysis of recombination events, timed incorporation of thymidine
analogs, and super-resolution microscopy imaging. We demonstrate that DNA polymerase δ (Pol δ) is required to extend the initial D-loop
through its end-primed synthesis activity. Importantly, Pol δ-mediated MRDS facilitates post-invasion steps for both double Holliday junction and
noncrossover formations. We infer that MRDS is required for displacement-loop/single-end invasion extension through end-primed synthesis,
ensuring accurate base pairing between the leading and complementary strands. This study highlights the critical role of Pol δ in MRDS and
illustrates the robust regulation of recombination during the post-invasion stages.

Graphical abstract

I

R
g
t
n
c

R
©
T
(
o
p
j

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/53/14/gkaf704/8213824 by C

hung-Ang U
niversity user on 04 August 2025
ntroduction

ecombination is an important feature in meiosis and creates
enetic diversity through an exchange of DNA between ma-
ernal and paternal chromosomes [1]. Additionally, recombi-
ation is essential in chromosome pairing and homologous
hromosome segregation during meiosis [2, 3]. In most eu-
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karyotic organisms, recombination commences with meiosis-
specific DNA double-strand breaks (DSBs), which are initiated
in early prophase by a meiosis-specific transesterase protein,
Spo11, along with its associated proteins [4–6].

Budding yeast studies revealed that strands with 5′ ends
at the DSB sites are then processed by Mre11/Rad50/Xrs2
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plus Sae2 and Exo1–Sgs1 activity to expose 3′ single-stranded
tails that can subsequently function as the leading strand for
recombination-coupled DNA synthesis and D-loop extension
with a homolog duplex DNA [7–11]. DSB end resection typ-
ically results in an average length of ∼800 nucleotides, with
over 90% of DSBs undergoing resection of at least 500 nu-
cleotides [11]. DNA synthesis is required following DSB resec-
tion to repair the generated long 3′ single-stranded DNA ends
[12]. This synthesis facilitates the processing of recombination
intermediates and forms heteroduplex DNA during meiotic
prophase I, a particularly important process between zygotene
and pachytene [10, 13]. RecA homologs, Dmc1 and Rad51,
and their accessory proteins mediate meiotic DSB repair via
recombination through a partner homologous chromosome
template [14, 15]. Rad51 is assisted in this process by ac-
cessory factors (“mediators”) [14–16]. Conversely, Dmc1, the
meiosis-specific homolog of Rad51, performs the strand ex-
change during programmed meiotic recombination [14]. Fur-
ther, Dmc1 has its own set of meiosis-specific mediator factors,
including Mei5–Sae3, Hop2–Mnd1, and Tid1/Rdh54 [17–
20]. In the yeast crossover (CO) pathway, facilitated by the
ZMM proteins (Zip1/Zip2/Zip3/Zip4, Mer3, Msh4/Msh5),
the nascent D-loop is converted into a single-end invasion
(SEI) [and “pre-double Holliday junction (pre-dHJ)”], in
which the leading DSB end has undergone strand exchange
and DNA synthesis with a partner duplex DNA (Fig. 1A) [10,
21–25]. The SEI can then capture the “second” DSB end re-
leased from the quiescence complex on the sister chromatids
and transmit it to the double Holliday junction (dHJ) (Fig.
1A) [21]. Similar strand exchange/DNA synthesis/extension
patterns occur in the noncrossover (NCO) pathway (Fig. 1A)
[24]. However, branch migration mediated by helicase pro-
motes the disassembly of an extended D-loop, followed by
second-end annealing to form the NCO [22–25]. Both Rad52
and replication protein A (RPA) are significantly important in
facilitating the efficient progression of interactions directed to-
wards the CO and NCO formations during the second strand
annealing steps [26, 27].

Saccharomyces cerevisiae DNA Pol δ, which contains three
catalytic subunits (Pol3, Pol31, and Pol32), is involved in syn-
thesizing the DNA lagging strand, in addition to contributing
to leading-strand DNA synthesis in DNA repair and repli-
cation [28]. Similar to yeast Pol δ, the human Pol δ en-
zyme comprises four subunits (POLD1–4), with POLD1 be-
ing the largest (124 kDa). Moreover, POLD1 possesses both
catalytic polymerase activity and a proofreading 3′–5′ exonu-
clease function during DNA replication and recombination
[29, 30]. Previous studies have indicated that Pol δ is the pri-
mary polymerase responsible for high-fidelity DNA synthe-
sis during recombination [31–36]. Roeder et al. investigated
the role of Pol δ during meiosis in S. cerevisiae [31], perform-
ing an extensive screening for meiotic recombination mutants,
which led to the identification of pol3-ct, a variant charac-
terized by a shortened terminal truncation (missing the last
four amino acids, LSKW) in the Pol δ catalytic subunit [31].
Genetic analysis of the pol3-ct mutation demonstrated that
Pol δ is crucial for determining the tract length of the gene
conversion and CO formation in meiosis. They further pro-
posed that Pol δ increases the length of heteroduplex DNA
by facilitating DNA synthesis, which is coupled with the ex-
tended removal of the resected strand, either through strand
displacement or additional 5′ to 3′ resection [31]. Recombi-
nation fundamentally relies on the essential process of end-
primed DNA synthesis within the transient D-loop, which is
critical for initiating the exchange of genetic material between
homologous chromosomes. This process is necessary for gen-
erating the intermediate structures required for recombina-
tion, including the formation of heteroduplex DNA. Conse-
quently, Pol δ may play a key role in extending the D-loop,
particularly through synthesizing the DNA on the 3′ ends of
the leading strand (DNA synthesis tracts) during meiosis (Fig.
1A). Without efficient DNA synthesis, the recombination pro-
cess would be impaired, potentially leading to incomplete or
faulty genetic exchange. Multiple studies have defined meiotic
DSB formation and recombination processes by presenting ev-
idence of strand invasion and extensive branch migration in
the D-loop/SEI structure [22, 25, 37]. However, knowledge of
the specific mechanisms and regulatory proteins involved in
local DNA synthesis at the recombination interaction site of
paired chromosomes in vivo remains limited. Thus, this study
aimed to investigate a major meiotic recombination-coupled
DNA synthesis (MRDS) process concerning recombination-
mediated DSB repair and the arrangement of single-stranded
DNA (ssDNA) on paired chromosomes during prophase.

This study identified the precise roles of DNA polymerases
in the post-invasion stage of meiotic recombination, specifi-
cally focusing on the function of Pol δ during prophase I. Our
results show that Pol δ is crucial for extending the 3′ ssDNA
end that invades the homologous duplex, a step essential for
both CO and NCO formations. We found that Pol δ facil-
itates the maintenance of homologous chromosome interac-
tions during recombination by catalyzing the extension of the
invading strand. In contrast, Pol ε did not possess a significant
role in this process. Using budding yeast, we defined the mech-
anism of MRDS and directly visualized recombination inter-
mediates. Moreover, by incorporating thymidine analogs to
track DNA synthesis during prophase I, we obtained detailed
insights into the dynamics of post-invasion DNA synthesis,
providing further evidence of the role of Pol δ in extending
the invading strand. Additionally, we revealed that an RPA
fraction persists on the outer sides of the chromosome axes
following Pol δ depletion, whereas Zip3 is normally localized
to CO-designated sites. Based on these findings, we suggest
a fundamental mechanism through which local DNA synthe-
sis occurs at DSB sites, implying that a relationship exists be-
tween MRDS and post-invasion steps concerning meiotic CO
and NCO recombination.

Materials and methods

Strains

All yeast strains used in the experiment are S. cerevisiae SK1
derivatives. Detailed information on genotypes is described in
Supplementary Table S1. The insertion of the HIS4LEU2 lo-
cus has been described previously [38, 39].

Synchronous meiosis time course

Synchronous meiosis was executed as described previously
[21, 27, 38–45]. Yeast diploid cells stored at −80◦C were in-
oculated onto YPG agar plates (1% yeast extract, 2% Bacto-
peptone, 2% Bacto-agar, and 3% glycerol) and incubated at
30◦C for 16 h. The grown cells were diluted on YPD agar
plates (1% yeast extract, 2% Bacto-peptone, 2% Bacto-agar,
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Figure 1. DNA Pol δ is required to form dHJs. (A) Consensus model for DNA synthesis and strand annealing in meiotic recombination. In the yeast CO
recombination, a nascent D-loop forms and transforms into a SEI species. In this process, the leading strand in a DSB undergoes strand invasion and
DNA synthesis with a complementary strand from a partner duplex [23, 25]. The SEI can subsequently engage with the second DSB end, which is
released from the sister chromatids, ultimately guiding the end towards the formation of a dHJ [21]. A similar series of events, e.g. strand invasion, DNA
synthesis, and extension, also occurs in the NCO pathway through SDSA [24]. (B) Map of the physical analysis at the HIS4LEU2 locus in chromosome 3
shows the XhoI restriction enzyme sites and probe A position for Southern blot hybridization. XhoI restriction enzyme site polymorphisms distinguish
DNA species between paternal and maternal DNA. Dad, paternal species (4.3 kb); mom, maternal species (5.9 kb); DSBs (3.3 and 3 kb); COs (5.6 and
4.6 kb); NCOs (5.9 and 4.3 kb). The SEIs are differentiated as IS-MM, intersister maternal species (<9.2 kb); IH-MD, interhomolog maternal and paternal
species (<8.9 kb, <7.6 kb, <7.2 kb, and <6.9 kb); IS-DD, intersister paternal species (<7.3 kb). The dHJs are distinguished as IS-MM, intersister maternal
species (11.8 kb); IH-MD, interhomolog maternal and paternal species (10.2 kb); IS-DD, intersister paternal species (8.6 kb), respectively. XhoI and
NgoMIV restriction enzymes were used to distinguish between CO-1 and NCO-1, respectively. (C) Representative two-dimensional (2D) gel image. (D)
Diagram of JMs. The dHJs are indicated by red arrows (IS-dHJ) or blue arrows (IH-dHJs). (E) Two-dimensional gel analysis of JMs in WT, POL3−CM,
POL3−AID

(-IAA), and POL3−AID
(+IAA) cells. The dashed box shows the enlargement of JMs. (F) Quantification of JMs throughout meiosis. Data are

presented as the average ± SD (n = 7 for WT; n = 5 for POL3−CM, POL3−AID
(-IAA), and POL3−AID

(+IAA)). Cells were cultured in the absence (- auxin) or
presence of IAA (+ auxin). The t-dHJs label refers to total dHJs. (G) Average levels of SEIs and dHJs from multiple 2D gel analyses in WT, POL3−CM,
POL3−AID

(-IAA), and POL3−AID
(+IAA) cells. SEIs and dHJs are indicated as a percentage of maximum levels. Data are presented as the average ± SD.

“n” refers to the number of biological replicates in the experiments.
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and 2% dextrose) and incubated at 30◦C for 2 days to ac-
quire single colonies. A single colony was inoculated into 2 ml
of YPD liquid medium and incubated at 30◦C for 24 h with
gentle shaking until saturation. To synchronize cells at the G1-
phase in the cell cycle, saturated cultures were diluted in SPS
medium (0.5% yeast extract, 1% Bacto-peptone, 0.17% yeast
nitrogen base without amino acids, 0.5% ammonium sulfate,
1% potassium acetate, 50 mM potassium hydrogen phthalate,
and adjusted to pH 5.5 using KOH), then incubated at 30◦C
for 17 h with gentle shaking. Meiosis was initiated by transfer-
ring the SPS-cultured cells to an SPM medium (1% potassium
acetate, 0.02% raffinose, and 0.01% antifoam). Then, these
SPM-cultured cells were harvested at 0, 2.5, 3.5, 4, 5, 6, 7, 8,
10, and 24 h. Next, CuSO4 (20 μM) and auxin (2 mM) were
added to the SPM-cultured cells at 3.5 and 4 h post-meiosis in-
duction, respectively, to promote auxin-induced degradation
of Pol ε (Pol2) and Pol δ (Pol3 and Pol31), respectively. To
analyze meiotic division, cells were resuspended with a fixa-
tion solution (40% ethanol and 0.1 M sorbitol) and observed
microscopically using DAPI (4′,6-diamidino-2-phenylindole)
staining.

Physical analysis of recombination

Yeast genomic DNA was prepared using the previously de-
scribed guanidine–phenol extraction method [14, 27, 41–45].
Cells were harvested from the SPM culture and resuspended
in spheroplasting buffer (1 M sorbitol, 50 mM potassium
phosphate, 0.4 mg/ml lyticase, 1% β-mercaptoethanol, and
10 mM EDTA) and incubated at 37◦C to react. Spheroplast
cells were resuspended in guanidine–HCl solution (4.5 M
guanidine–HCl, 0.1 M EDTA, 0.15 M NaCl, 0.05% sodium
lauroyl sarcosinate, and adjusted to pH 8.0 using NaOH) at
65◦C. The lysates were precipitated using ethanol and admin-
istered RNase A [10 mM Tris (pH 8.0), 10 mM EDTA (pH
8.0), and 50 μg/ml RNase A] and proteinase K. Genomic
DNA was extracted using phenol/chloroform/isoamyl alco-
hol (25:24:1) solution and precipitated in ethanol. For one-
dimensional (1D) gel electrophoresis analysis, 2 μg of genomic
DNA was digested with XhoI and/or NgoMIV at 37◦C. Di-
gested genomic DNA was electrophoresed at 2 V/cm in 0.6%
UltraKem LE agarose gel. For two-dimensional (2D) gel elec-
trophoresis analysis at various chromosome loci, 2.5 μg of ge-
nomic DNA was digested with XhoI for the HIS4LEU2 lo-
cus, BgIII for the ARG4 locus, and HindIII for the BUD23,
CYS3, and ERG1 loci. Digested genomic DNA was fraction-
ated by electrophoresis at 1 V/cm in 0.4% SeaKem Gold
agarose. The gels were stained with 0.5 μg/ml ethidium bro-
mide (EtBr), and the gel strips were placed perpendicular and
electrophoresed at 6 V/cm in a 0.8% UltraKem LE agarose
gel. To analyze COs and NCOs using 2D gel electrophoresis,
2 μg of XhoI-digested genomic DNA was electrophoresed at
2 V/cm in 0.6% SeaKem Gold agarose. The gel was stained
using 0.5 μg/ml EtBr in 10 mM Tris (pH 8.0) and sliced
between 7 and 2.5 kb. The gel strips were digested using
BamHI and washed in TBE buffer [89 mM Tris (pH 8.0),
89 mM boric acid, and 2 mM EDTA], then electrophoresed
at 6 V/cm in a 0.7% UltraKem LE agarose gel. The gel was
transferred to a Biodyne membrane (Pall), and α-32P–dCTP
(Revvity, PK-BLU013H)-radiolabeled probes were used to de-
tect DNA species. These DNA species were visualized and
quantified using the Personal Molecular Imager system (Bio-
Rad) with Quantity One software (Bio-Rad).
Spot-test and spore viability

Single colonies of diploid strains were inoculated into 2 ml of
YPD liquid medium and incubated at 30◦C for 24 h. Saturated
cells (OD600 = 1.0) were serially diluted ten-fold in YPD liquid
medium and spotted onto YPD and IAA plates (20 μM CuSO4

and 2 mM auxin). For the spore viability analysis, diploid cells
were cultured in an SPM medium at 30◦C overnight. Each of
the four haploid spores derived from tetrad cells was isolated
on a YPD plate using a micromanipulator device (Singer) and
grown at 30◦C for 2 days. The spore viability was assessed as
the number of surviving spores per tetrad of at least 100 for
reliable evaluation.

Chromosome spreading

Chromosomal spreading preparations for the immunofluores-
cence analysis were performed as previously described [17, 27,
41, 42, 44, 46]. The cells were harvested at each time point
and resuspended in ZK buffer containing Dithiothreitol [50
mM Tris (pH 7.5), 0.5 M KCl, and 25 mM Dithiothreitol].
This suspension was left at room temperature for 2 min. Sub-
sequently, a lyticase (Sigma, L4025-250KU) solution [5% glu-
cose, 50 mM Tris (pH 7.5), and lyticase] was added to lyse the
yeast cell wall, and the mixture was placed in a shaking incu-
bator. The harvested cell pellets were then washed with chilled
MES wash solution [1 M sorbitol, 0.1 M MES, 1 mM EDTA,
and 0.5 mM MgCl2 (pH 6.5)]. Yeast cells were fixed using a
cross-linking solution (3% paraformaldehyde and 3.4% su-
crose) and 1% Lipsol (Scilabware, Py.40023). Afterward, the
lysed cells were spread onto clean slides and left overnight to
ensure thorough drying.

BrdU and EdU incorporation assays

As previously described, S. cerevisiae cannot use bromod-
eoxyuridine (BrdU) in DNA synthesis due to the absence of
a thymidine salvage pathway; however, BrdU can be used
in S. cerevisiae through the additional expressions of Herpes
simplex virus thymidine kinase (HSV-TK) and human equili-
brative nucleoside transporter (hENT1) [10, 47, 48]. Thus,
to construct strains for BrdU incorporation, HSV-TK, and
hENT1 genes in the p306–BrdU–Inc plasmid were amplified
via polymerase chain reaction (PCR) and inserted into the
URA3 locus [48]. To detect newly synthesized DNA in mei-
otic chromosomes after inducing meiosis in SPM, yeast diploid
cells were treated with 200 μg/ml BrdU (#B5002, Sigma) for
1 h (2–3, 3–4, 4–5, and 5–6 h) or 2 h (0–2 h) before cell har-
vesting (Fig. 4A). For 5′-ethynyl-2′-deoxyuridine (EdU) incor-
poration to perform microscopy analyses, cells were treated
with 100 μg/ml EdU (#C10340, Invitrogen) for 2 h. A click-iT
reaction was conducted by adding a reaction cocktail (manu-
facturer’s composition) to each slide at room temperature for
30 min. The chromosomal DNA was spread using a previ-
ously described method [17, 27, 41, 42, 44, 46]. The BrdU- or
EdU-labeled cell spread slides were added to 0.2% Photo-Flo
(Kodak) for 30 s to remove the sucrose coating and washed
in Tris-Buffered Saline (TBS) buffer [25 mM Tris (pH 7.5),
136 mM NaCl, and 3 mM KCl] for 15 min. To perform the
BrdU incorporation microscopy assay, slides were placed in
4 M HCl for 5 min to denature meiotic DNA and washed
in TBS buffer for 15 min. Then, labeled slides were washed
with TBS containing 1% Bovine serum albumin (BSA). Be-
fore primary antibody treatment, slides were blocked by
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Figure 2. DNA Pol δ activity promotes SEI-to-dHJ transition. (A) Analysis of JMs in WT, POL3−CM, POL3−AID
(-IAA), and POL3−AID

(+IAA) cells at various loci
(CYS3, BUD23, ERG1, and ARG4). (B) Ratio of SEI:dHJ plotted as a percentage of the maximum level. Data are presented as the average ± SD (n = 5).
Statistical significance was assessed using an unpaired t-test to compare WT and pol3 mutants with and without IAA treatment in POL3−AID cells. **P
< 0.01; ***P < 0.001; and ns = not significant. (C) Schematic comparing MRDS (+) and MRDS (-) for the SEI-to-dHJ transition. (D) Meiotic division
analysis of pol3 mutants. Error bars represent the average ± SD (n = 7 for all strains). (E) Analysis of meiotic division for pol2 mutants. Error bars
represent the average ± SD (n = 7 for WT from Fig. 2D; n = 4 for POL2−AID

(-IAA) and POL2−AID
(+IAA)). (F) Analysis of the SEIs and dHJs in WT,

POL2−AID
(-IAA), and POL2−AID

(+IAA) cells. WT image from Fig. 1E. (G) Ratio of SEI:dHJ plotted as a percentage of the maximum level. WT data from Fig.
1G. Data are presented as the average ± SD (n = 7 for WT; n = 4 for POL2−AID

(-IAA) and POL2−AID
(+IAA)). Statistical analysis was performed using an

unpaired t-test to compare WT and pol2 mutants. “n” refers to the number of biological replicates. (H) Representative images of CO and NCO analysis
in WT, POL2−AID

(-IAA), and POL2−AID
(+IAA) cells. (I) Quantification of COs and NCOs in indicated strains. “n” refers to the number of biological replicates.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/53/14/gkaf704/8213824 by C

hung-Ang U
niversity user on 04 August 2025



6 Choi et al.

F

D E

G

B CA

H

Figure 3. POL3−CM and POL3−AID cells exhibit meiotic catastrophe and recombination defects. (A) Spore viability analyses for WT, POL3−CM,
POL3−AID

(-IAA), and POL3−AID
(+IAA) cells. The horizontal axis represents the number of viable spores per tetrad, while the vertical axis represents the

percentage of tetrad class. The value of “n” represents the number of spores. (B) Representative cells from WT, POL3−CM, POL3−AID
(-IAA), and

POL3−AID
(+IAA) cells at 24 h after meiosis induction. DAPI-stained images depict the same cells classified into six types: Type I (tetrad cell), Type II (tetrad

cell with broken DNAs), Type III (dyad cell), Type IV (dyad cell with broken DNAs), Type V (monad cell), and Type VI (monad with broken DNAs). Yellow
arrows indicate unsegregated DNA masses. (C) Quantification of cell types. Bar colors indicate Type I (gray), Type II (yellow), Type III (blue), Type IV
(green), Type V (sky blue), and Type VI (brown). The value of “n” represents the number of cells. (D) One-dimensional (1D) gel analysis in WT, POL3−CM,
POL3−AID

(-IAA), and POL3−AID
(+IAA) cells. COs, crossovers; DSBs, double-strand breaks. (E) Quantitative analysis of DSBs in WT, POL3−CM, POL3−AID

(-IAA),
and POL3−AID

(+IAA) cells. Data are presented as the average ± SD (n = 5 for WT; n = 7 for POL3−CM and POL3−AID
(-IAA); n = 6 for POL3−AID

(+IAA)). (F)
Two-dimensional gel analysis of COs and NCOs in WT, POL3−CM, POL3−AID

(-IAA), and POL3−AID
(+IAA) cells. (G) Quantitative analysis of COs and NCOs (8

h for WT and 24 h for pol3 mutants). COs (an upward diagonal line) and NCOs (a downward diagonal line). (H) The ratio of COs and NCOs at the
maximum value. Data are presented as the average ± SD (n = 4). The statistical significance was assessed using an unpaired t-test, comparing WT and
pol3 mutants with and without IAA treatment in POL3−AID. The “n” number in Fig. 3E, G, and H refers to biological replicates; ***P < 0.001.
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incubating in TBS containing 1% BSA in a wet chamber at
room temperature for 30 min. Blocked slides were incubated
in rat monoclonal anti-BrdU (diluted 1:500, Abcam, ab6326)
antibody in a wet chamber at 4◦C overnight. The secondary
antibody fluorescein isothiocyanate-conjugated goat anti-rat
IgG was used (diluted 1:500, Jackson ImmunoResearch, 112-
095-003). Each slide was sealed with a mounting medium con-
taining 1 μg/ml Hoechst 33342, and images were taken using
a Nikon Eclipse Ti fluorescence microscope with a Nikon DS-
Qi2 monochrome camera. The BrdU intensity was measured
using ImageJ software.
Immunofluorescence N-SIM microscopy analysis

After being diluted in blocking buffer, primary antibodies
were applied to the slides and incubated in a wet cham-
ber at 4◦C overnight. The primary antibodies used for im-
munostaining were as follows: mouse monoclonal anti-HA
(diluted 1:200; Santa Cruz, sc-7392), rabbit polyclonal anti-
Rfa1 (1:500; Agrisera, AS07214), rabbit polyclonal anti-
Zip1 (diluted 1:500; custom), rat monoclonal anti-Myc (di-
luted 1:400; Bio rad, MCA1929), and mouse monoclonal
anti-OctA (FLAG) (1:500; Santa Cruz, sc-166355). Subse-
quently, after the slides were immersed in TBST (TBS with
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Figure 4. MRDS tracts by DNA polymerase δ in yeast chromosomal DNA. (A) Time schedule for detecting BrdU incorporation in meiotic chromosomal
DNA. BrdU-labeling and sampling are indicated by open circles and filled circles, respectively. (B) Schematic of BrdU incorporation in DNA replication and
MRDS. (C) Representative image of BrdU negative (absence of HSV-TK and hENT1 genes) and positive (presence of HSV-TK and hENT1 genes) nuclei.
(D) Representative images of chromosomal DNA labeling with BrdU during the replication stage (0−2 and 2−3 h) and the subsequent MRDS stages
(3−4, 4−5, and 5−6 h); scale bar: 2.5 μm. (E) The intensity of the BrdU signal in the meiotic chromosome. Superplots of BrdU intensities show the
average of three independent experiment in triangles. “n” refers to the number of cells measured. (F) The intensity of BrdU signals in WT, POL3−CM,
POL3−AID

(-IAA), and POL3−AID
(+IAA) cells. Relative BrdU intensity was calculated by subtracting the BrdU intensity of spo11-yf from those in SPO11 POL3

and SPO11 pol3 mutants, respectively. a.u., arbitrary unit. “n” refers to the number of biological replicates.
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0.1% Tween-20), secondary antibodies were added after be-
ing diluted in the same manner as above. The secondary an-
tibodies used for immunostaining were as follows: Alexa-
fluor-488-conjugated goat anti-mouse IgG (diluted 1:500;
Jackson ImmunoResearch, 115-545-003), TRITC-conjugated
goat anti-rabbit IgG (diluted 1:500; Jackson ImmunoRe-
search, 111-025-144), and Alexa-fluor-647-conjugated goat
anti-rat IgG (diluted 1:500; Jackson ImmunoResearch, 112-
605-003). Super-resolution images of chromosome spreads
were acquired using an N-SIM microscope (Nikon Ti2-E,
Tokyo, Japan) equipped with a DS-Qi2 monochrome camera
(Nikon). The obtained image stack was reconstructed, and de-
convolution was performed using NIS-Elements software.

Western blot

Yeast cells were resuspended in 0.3 M NaOH at room tem-
perature for 5 min and then centrifuged at 5,000 rpm for
1 min. After discarding the supernatant, pellets were mixed
with sodium dodecyl sulfate sample buffer [60 mM Tris (pH
6.8), 10% glycerol, 2% SDS, and 4% β-mercaptoethanol] and
boiled for 5 min. The following antibodies were used:
mouse monoclonal anti-Myc (diluted 1:5,000; Santa Cruz
Biotechnology, sc-40), mouse monoclonal anti-Pgk1 (diluted
1:10,000; Novex, #459250), and HRP-conjugated goat anti-
mouse IgG (diluted 1:5,000; Jackson ImmunoResearch, 115-
035-003). Pgk1 was used as a loading control.

Cell cycle analysis

SPM cultured cells were resuspended in a fixation solution
(40% ethanol and 0.1 M sorbitol) and then centrifuged at
5,000 rpm for 1 min. Pellets were treated with RNase A solu-
tion [50 mM Tris (pH 7.5) and 100 μg/ml RNase A] at 37◦C
for 1 h. Cells were sonicated for 10 s and then stained using
2 μg/ml propidium iodide (PI). Cell cycle analysis was per-
formed using a BD Accuri™ C6 Plus Flow Cytometer and BD
FACSCalibur™. Histograms of the cell cycle phases were visu-
alized and quantified using BD Accuri C6 software, FlowJo™

v10.8 software, and ModFit LT™.

“SuperPlots” and statistical analysis

The BrdU intensity foci counts of RPA and Zip3 were ana-
lyzed to estimate the functional defects of pol3 mutants us-
ing GraphPad Prism 10 software. The results are represented
using “SuperPlots,” which illustrate the full dataset distribu-
tion and provide statistical analyses to assess the reproducibil-
ity of the findings [49], as shown in Figs 4E, 5C, and 6B, D,
and F. The average intensity values and foci numbers for each
experiment are also presented as scatter plots, including the
mean ± SD. Equal variances were assumed, and unpaired t-
tests were performed to determine statistically significant dif-
ferences between the means of multiple independent experi-
ments or double mutant combinations.

Results

Deactivation of DNA polymerase δ in vivo via
C-terminal tagging and controlled Pol3 degradation

Pol δ exists in S. cerevisiae as a heterotrimeric complex, which
consists of a crucial Pol3 catalytic subunit and two addi-
tional accessory subunits: Pol31 and Pol32 (Supplementary
Fig. S1A) [50]. Moreover, the Pol3 subunit in S. cerevisiae
Pol δ is essential for normal growth [29]. To deplete DNA
Pol3 during the meiotic cell cycle, we introduced a C-
terminal auxin-inducible degron (AID) with a nine-Myc tag,
allowing us to detect the presence of Pol3 (referred to as
POL3−AID) (Supplementary Fig. S1B). The Pol3 depletion in
the POL3−AID strain, which possesses the plant F-box pro-
tein TIR1 that is capable of forming an active E3 ubiquitin
ligase, was clearly detectable after treatment with indoleacetic
acid (IAA) (Supplementary Figs S2A and B) [51, 52]. We then
conducted a comparative analysis using a strain with a Pol3
incorporating a C-terminal nine-Myc tag (POL3−CM). These
pol3 mutants were analyzed in parallel alongside the wild-type
(WT). Both the POL3−CM and POL3−AID cells in the absence
of auxin (designated as POL3−AID

(-IAA)) grew normally but
exhibited sensitivity to DNA damage, as observed in the se-
rial dilution assays on medium containing methyl methane
sulfonate (MMS) and hydroxyurea (HU) (Supplementary
Fig. S2C). The C-terminal tag mutation associated with Pol3
likely affects the processivity of the enzyme by disrupting in-
teractions with Pol31 and Pol32 (Supplementary Fig. S1A)
[51]. However, a mitotic cell growth defect was observed
following AID-induced degradation of Pol3 (designated as
POL3−AID

(+IAA)) (Supplementary Fig. S2C). Furthermore, the
POL3−CM and POL3−AID

(-IAA) cells displayed a replication
delay of ∼20 min before entering the G2 phase, indicating
that the reduced Pol δ activity may impair pre-meiotic repli-
cation (Supplementary Fig. S2D). Notably, adding auxin to
POL3−AID cells at 4 h caused a pre-meiotic replication de-
lay pattern similar to that observed in POL3−AID

(-IAA) cells
(Supplementary Fig. S2C).

DNA polymerase δ is required to promote
post-invasion steps

To understand the role of Pol δ in the DNA events in meiotic
recombination, we monitored recombination intermediates at
the HIS4LEU2 locus on chromosome 3 using a physical anal-
ysis [14, 21, 38]. In WT meiosis, a DSB interacts with a part-
ner and then, after a regulated differentiation, yields either a
CO or a nonexchange NCO [24, 40]. Two successive stable
branched intermediates are known to be included in a CO
formation: The “first” DSB end interacts with its partner to
create a SEI; then, after additional steps, the “second” DSB
end is incorporated to form a dHJ (Fig. 1A) [21, 53, 54]. Both
intermediates occur primarily between homologs rather than
between sisters. For a specific, well-characterized recombina-
tion hotspot, i.e. HIS4LEU2 (Fig. 1B), interhomolog and in-
tersister species have different molecular weights and shapes
(Fig. 1B); thus, these species can be distinguished at both the
SEI and dHJ stages using diagnostic mobilities in native/native
2D gels (Fig. 1C and D).

Both mutants exhibited high SEI levels, comparable to those
observed in the WT. However, the maximum dHJ levels were
significantly reduced from 1.36% in WT cells to 0.21% and
0.20% in POL3−CM and POL3−AID

(-IAA) cells, respectively
(Fig. 1E–G and Supplementary Fig. S3). Furthermore, the ad-
dition of auxin (IAA) to POL3−AID cells resulted in a re-
duction in dHJ levels (0.12%; Fig. 1E–G), similar to the de-
fect observed in POL3−AID

(-IAA) cells. We further analyzed
meiotic recombination at native DSB hotspots: CYS3 locus
(Chr 1), BUD23 locus (Chr 3), ERG1 locus (Chr 7), and
ARG4 locus (Chr 8). Similar to the joint molecule (JM) forma-
tion observed at the HIS4LEU2 hotspot, WT SEI levels and

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
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Figure 5. RPA–ssDNA filaments on the pachytene chromosomes are accumulated in POL3−CM and POL3−AID cells. (A) SIM images of replication
protein A (RPA) and chromosome axis (Rec8) in zygotene and pachytene at 4 h for WT; 5 h for POL3−CM; POL3−AID

(-IAA), and POL3−AID
(+IAA) cells: scale

bar: 2.5 μm. (B) Cartoons of RPA long filaments induced by Pol δ inactivation in pachytene chromosomes. (C) Quantification of RPA foci numbers for WT,
POL3−CM, POL3−AID

(-IAA), POL3−AID
(+IAA), and spo11-yf cells. Superplots of the RPA foci numbers from three biological replicates (n = 40 for each

experiment condition). Error bars indicate the standard deviation. (D) RPA-staining images for WT, POL3−CM, POL3−AID
(-IAA), and POL3−AID

(+IAA) cells.
Yellow lines delineate the outline of RPA. (E) RPA foci size distributions for WT, POL3−CM, POL3−AID

(-IAA), and POL3−AID
(+IAA) cells. (i) The average

numbers of RPA foci are quantified from three biological replicates (n ≥ 500 for each experiment condition). Foci sizes were quantified using NIS
element software. (ii) The heatmap indicates the distribution of the RPA foci sizes in WT, POL3−CM, POL3−AID

(-IAA), and POL3−AID
(+IAA) cells.
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Figure 6. CO-designation and simultaneous SC nucleation occur independently of DNA synthesis. (A) Representative image of pachytene chromosomes
stained for Zip1 and Zip3 in WT, POL3−CM, POL3−AID

(-IAA), and POL3−AID
(+IAA) cells; scale bar: 2.5 μm. (B) Quantification of Zip3 foci in WT, POL3−CM,

POL3−AID
(-IAA), and POL3−AID

(+IAA) cells at the indicated times. Superplots of the numbers of Zip3 foci, with the average of each independent experiment
indicated by a triangle (n = 4). Auxin (2 mM) was added to SPM-cultured cells 4 h after meiosis induction. (C) The Pol δ and Zip3 localization analysis was
conducted by N-SIM microscopy in the pachytene stage (5 h). Yellow arrowheads indicate overlapping Pol δ–Zip3 foci; scale bar: 2.5 μm. (D)
Quantification of Pol δ–Zip3 colocalization in the pachytene stage. The box plot indicates the average foci numbers from four biological replicates. (E)
Representative images of meiotic pachytene showing EdU and Zip3 foci in WT, POL3−CM, POL3−AID

(-IAA), and POL3−AID
(+IAA) cells (4−5 h for WT and

5−6 h for pol3 mutants); scale bar: 2.5 μm. (F) Quantification of EdU foci numbers for WT, POL3−CM, POL3−AID
(-IAA), and POL3−AID

(+IAA) cells (5 h for WT
and 6 h for pol3 mutants; n = 4). “n” refers to the number of biological replicates. (G) Cartoon of CO-associated DNA synthesis in pachytene
chromosomes. (H) Quantification of Zip3–EdU staining (Class I and Class II in (G)) in WT, POL3−CM, POL3−AID

(-IAA), and POL3−AID
(+IAA) cells; 5 h for WT

and 6 h for pol3 mutants (n = 5). “n” refers to the number of biological replicates. Error bars indicate the standard deviation. The values of “n” in Fig.
6B, D, F, and H represent the number of analyzed cells.
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ignificant reductions in dHJs were also detected at the natural
oci in POL3−CM, POL3−AID

(-IAA), and POL3−AID
(+IAA) cells

Fig. 2A and B). Comparable results were observed following
he Pol31 depletion (POL31−AID

(+IAA)), a core subunit in Pol
(Supplementary Figs S4 and S5). Thus, Pol δ-mediated DNA

ynthesis is not essential in SEI formations, but Pol δ activity
ight be directly involved in dHJ formation (Fig. 2C).
Pol ε foci were distributed throughout the nuclei in mei-

tic cells during prophase I (Supplementary Fig. S6A). To de-
ermine whether Pol ε was involved in meiotic DNA synthe-
is, we generated a degron-induced POL2 knockdown allele
y appending AID sequences to its C-terminus (POL2−AID).
he depletion of Pol2 by adding auxin to growth plates

ed to growth defects (Supplementary Fig. S6B). Similar to
OL3−AID cells, POL2−AID cells without auxin treatment (-

AA) were able to undergo pre-meiotic DNA replication with
slight delay and continued through the meiotic cell cycle

n a manner comparable to WT cells (Fig. 2D and E, and
upplementary Fig. S6C). Moreover, following auxin addi-
ion at 3.5 h, DSBs were induced in POL2−AID

(+IAA) cells
nd JM formation progressed similarly to that observed in
OL2−AID

(-IAA) cells (Fig. 2F and G, and Supplementary
igs S6D and S7). Moreover, the CO and NCO products
ormed at comparable levels in WT cells (Fig. 2H and I). These
ndings suggest that Pol ε is not essential for promoting the
ransition from a SEI to a dHJ or NCO formation.

eiotic catastrophe occurs in POL3−CM and
OL3−AID cells

he timing and efficiency of nuclear divisions were monitored
sing DAPI staining. In WT cells, meiosis I (MI) was initiated
5 h after the cells were transferred to sporulation medium,

ollowed by meiosis II (MII) (Fig. 2D). Meanwhile, ∼50% of
he cells had completed one or both divisions (MI ± MII)
t 7 h post-transfer. In contrast, normal nuclear divisions
ailed in the POL3−CM and POL3−AID cells, with 72.2%
nd 55.5% spore viabilities, respectively (Figs 2D and 3A).
onsistent with these reduced spore viabilities, the POL3−CM

nd POL3−AID strains also displayed defects in completing
eiotic divisions and spore formation (Figs 2D and 3A–C).
urthermore, POL3−AID

(+IAA) cells showed prophase I arrest
ith a single undivided nucleus or dyads, leading to an in-
bility to form spores (Fig. 3A). Upon closer examination, a
onsiderable proportion of the asci from both the POL3−CM

nd POL3−AID
(-IAA) cells contained DNA that had not been

roperly packaged into spores (Type II: 15% in POL3−CM;
1.7% in POL3−AID

(-IAA)) (Fig. 3B and C). Moreover, the
mount of unpackaged DNA was generally much higher in the
OL3−AID

(+IAA) cells compared to the POL3−AID
(-IAA) cells.

herefore, we inferred that defective chromosome segregation
s a common characteristic in the POL3−CM and POL3−AID

ells.

OL3−CM and POL3−AID contribute to a
ecombination defect in CO and NCO formations

SBs were first detected 2.5 h after the WT cells were trans-
erred to the SPM medium, peaked at ∼3.5 h (6.9% of
ybridizing DNA), and had disappeared by 8 h. Compar-
tively, the DSBs appeared slightly later in the POL3−CM

nd POL3−AID cells, which can be attributed to delayed pre-
eiotic replication (Fig. 3D and Supplementary Fig. S2D).
SBs in POL3−AID

(+IAA) cells also experienced the same de-
lay after adding auxin. Interestingly, a significant subset of
DSBs exhibited a 2–3 h delay in repair in the POL3−CM

and POL3−AID cells, unlike in the POL3−AID
(+IAA) cells (Fig.

3D and E). Therefore, to improve understanding of the in-
volvement of Pol δ in DSB resection, we performed a 2D
gel analysis to estimate the ssDNA length at the DSB ends.
Notably, the pol3 hypomorph/degron mutants displayed
DSB hyper-resection, resulting in extended ssDNA lengths
(Supplementary Fig. S8).

In the POL3−CM, POL3−AID
(-IAA), and POL3−AID

(+IAA)

cells, the levels of CO formation reached ∼61%, 50%, and
16%, respectively, of the levels observed in the WT cells (Fig.
3F and G). This reduction in CO formation is closely linked
to the decrease in the IH–dHJ formation in pol3 mutant cells.
The specific second-end capture step during dHJ formation
is similar to the annealing process in the synthesis-dependent
strand annealing (SDSA) model, leading to NCO formation
[22, 40, 54, 55]. In WT cells, the NCOs predominantly peak
∼8 h after induced meiosis, comprising ∼7% of the total hy-
bridizing DNA signals at the HIS4LEU2 locus (Fig. 3G and
H). However, NCO formation was significantly affected in the
POL3−CM, POL3−AID

(-IAA), and POL3−AID
(+IAA) cells, with

NCOs reaching only ∼2.7%, 1.9%, and 0.4% of the total hy-
bridizing signals, respectively (Fig. 3G and H). This suggests
that the defects in end-primed synthesis caused by Pol δ inac-
tivation result in a failure to form NCOs at levels comparable
to those in WT cells.

MRDS tracts by DNA polymerase δ in yeast
chromosomal DNA

POL3−CM and POL3−AID cells with normal SEI formation
displayed strong dHJ defects relative to the WT. A possi-
ble explanation for this phenomenon is that Pol δ-mediated
DNA synthesis at the 3′ end of DSBs is essential to pro-
mote dHJ and NCO formations. To support this hypoth-
esis, we analyzed MRDS tract formation by Pol δ, where
meiotic cells were pulse-labeled with BrdU at specific time
points and immediately examined using BrdU immunostain-
ing in surface spread preparations (Fig. 4A–C). The SK1 strain
of S. cerevisiae was genetically modified by introducing two
genes to enhance its ability to incorporate BrdU: HSV-TK and
hENT1 (Supplementary Table S1; “Materials and methods”
section). Meiotic cultures of the WT, POL3−CM, POL3−AID,
and the DSB-defective spo11-Y135F (spo11-yf) cells were ap-
propriately pulsed with BrdU and harvested for analysis. The
spo11-yf culture was used in this study since it had previ-
ously eliminated both DSB formation and meiotic recombi-
nation while maintaining normal S-phase length [56, 57]. In
this study, active DNA replication occurred between 0 and 2
h (Fig. 4D and E, and Supplementary Fig. S9). Correspond-
ingly, during the S-phase pulse periods (0–2 h), the relative
abundance of BrdU signals in the chromosome spreads re-
mained constant across all five analyzed cells (Fig. 4D–F). A
noticeable increase in BrdU intensity was observed in WT
cells during the recombination period (pulses at 3–4, 4–5,
and 5–6 h) (Fig. 4D–F). However, the BrdU signal intensity
was significantly reduced in the POL3−CM, POL3−AID

(-IAA),
and POL3 -AID

(+IAA) cells. Notably, no increase in BrdU in-
tensity was observed in the spo11-yf cells during these re-
combination periods (Fig. 4D–F). The occurrence of MRDS,
usually after 3 h, is likely situated in the zygotene/early
pachytene phases facilitated by active Pol δ; furthermore,

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
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MRDS can be discerned functionally from pre-meiotic
replication.

RPA–ssDNA filaments are accumulated on the
pachytene chromosomes in POL3−CM and POL3−AID

mutants

In the WT cells, at the pachytene stage in meiosis, Rec8 ap-
peared as continuous lines or strongly linear rows of foci
(e.g. Fig. 5A). Further, RPA foci existed along the axes be-
fore synapsis and were visible between the aligned axes and
along the pachytene chromosomes (Fig. 5A and B). The cor-
respondence of these cytological features is further supported
by mammalian spermatogenesis studies of structured illumi-
nation microscopy (SIM), whereby the RPA foci are shown
to appear at the inter-axis bridge between synapsing ho-
mologs, where homologs initiate coalignment [58]. However,
the POL3−CM and POL3−AID cells exhibited spiked RPA–
ssDNA filaments that emerged from the chromosome axes;
most RPA signals with ssDNA appeared towards the out-
side of the chromosome axes in the pachytene and pachytene-
like stages (Fig. 5B and Supplementary Fig. S10). Addition-
ally, these RPA signals were highly accumulated on paired
chromosomes at pachytene in POL3−CM, POL3−AID

(-IAA),
and POL3−AID

(+IAA) cells, implying that DSBs remain unre-
paired in fully formed synaptonemal complexes between the
homologs. This phenotype appears to be caused by the large
amount of RPA remaining bound to the DSB ends at the re-
combination site, likely because POL3−CM and POL3−AID

cells are defective in the post-invasion progression of recom-
bination.

Next, we aimed to investigate the turnover of RPA–
ssDNA foci during meiotic prophase I in WT, POL3−CM,
and POL3−AID cells. Thus, we utilized the spo11-yf strain to
distinguish whether the observed RPA foci resulted from de-
fective meiotic recombination or premeiotic replication (Fig.
5C). We detected an average of 39.4 ± 5.7 RPA foci in the
WT strain at 4 h, which became undetectable after 8 h (Fig.
5C). However, RPA foci were detected starting at 2.5 h in
the spo11-yf cells, similar to WT, and decreased after 3.5 h,
suggesting that RPA marks the pre-meiotic replication site.
RPA foci formation occurred in the POL3−CM and POL3−AID

cells at early prophase, similar to the WT, although a sig-
nificant number of RPA foci persisted for up to 8 h in the
POL3−CM and POL3−AID cells. Notably, the maximum num-
ber of RPA foci observed was 76.7 ± 3.3 in POL3−CM and
92.9 ± 7.7 in POL3−AID (Fig. 5C). Meanwhile, the number
of RPA foci increased drastically in the POL3−AID

(+IAA) cells,
reaching ∼122.7 ± 11.5. This constituted a >3.1-fold increase
compared to the WT levels (Fig. 5C). Moreover, the size of the
RPA foci in the POL3−CM and POL3−AID cells was signifi-
cantly larger than in WT cells, suggesting the accumulation of
extended ssDNA at DSBs (Fig. 5D and E).

CO-designation and simultaneous SC nucleation
occur independently of DNA synthesis

Zip3, a meiosis-specific SUMO ligase, plays a key role in
regulating the number and distribution of COs along mei-
otic chromosomes [40, 59, 60]. Consequently, Zip3 focus pat-
terns are expected to reflect the defects in CO formation that
happen before this downstream step. Subsequently, we ana-
lyzed the Zip3 foci formation in POL3−CM and POL3−AID
cells and observed no significant change (POL3−CM, avg. no.
= 40.6; POL3−AID

(-IAA), avg. no. = 40.3; POL3−AID
(+IAA),

avg. no. = 40.7) compared with the WT (n = 40.6; Fig. 6A
and B). Most directly, Pol δ strongly colocalizes with Zip3,
which promotes CO progression (Fig. 6C and D). Further-
more, the EdU incorporation assay revealed that most MRDSs
are defective in the pachytene chromosomes of POL3−CM,
POL3−AID

(-IAA), and POL3−AID
(+IAA) cells (Fig. 6E–H). Addi-

tionally, the POL3−CM, POL3−AID
(-IAA), and POL3−AID

(+IAA)

cells exhibited frequencies of synaptonemal complex forma-
tion similar to those in WT cells. However, this process was
slightly delayed, as observed by staining spread chromosomes
with antibodies against Zip1 (Supplementary Fig. S11). These
results were consistent with the DNA physical analyses, show-
ing that the DSB-to-SEI transition progressed normally in CO-
fated recombination through the ZMM-dependent pathway,
independent of MRDS.

DNA polymerase δ supports Rad52-mediated
second-end capture

Previous research has highlighted the significance of Rad52
in promoting strand annealing (presented in the Introduc-
tion). In the current study, we observed a substantial im-
pact on dHJ levels following the removal of Pol3. Hence, to
explore the epistatic relationship between Rad52 and Pol3,
both of which play crucial roles in the SEI-to-dHJ transition,
we conducted detailed DNA physical analyses of SEIs and
dHJs. For this study, we created an AID allele of RAD52,
allowing cells to degrade Rad52 upon auxin addition in a
strain with the POL3−CM allele. Depleting Rad52 in both
RAD52−AID and RAD52−AID POL3−CM cells increased DNA
damage sensitivity when cultured on YPD plates containing
MMS (Supplementary Fig. S12). In meiotic recombination,
eliminating Rad52 proteins in the POL3−CM cells had a simi-
lar effect to inactivating Pol δ, further emphasizing the earlier
role of Pol δ in the formation of dHJs and NCOs, before the
involvement of Rad52 (Supplementary Figs S13 and S14).

Discussion

The current study provides strong evidence that DNA Pol δ
directly promotes MRDS and plays a critical role in forming
dHJs and NCOs during meiotic recombination. Our findings
offer new insights into the nature of MRDS in vivo, partic-
ularly regarding the crucial first-end DNA synthesis during
the post-invasion steps. These results significantly advance our
understanding of how DNA synthesis-driven recombination
events are regulated during meiosis, confirming the essential
role of Pol δ in these processes.

DNA polymerase δ primarily extends the invading
strand in D-loops for DNA synthesis

Recombination involves diverse modes of DNA synthesis in
a D-loop, leading to the formation of various recombination
intermediates that DNA polymerases interact with through
distinct sets of proteins [36, 61]. Therefore, any DNA poly-
merase, capable or incapable of displacement synthesis, could
be considered a viable candidate for this form of DNA synthe-
sis. Extensive genetic and biochemical studies have highlighted
the significant involvement of S. cerevisiae and human Pol δ
in recombination [30, 31, 62–72]. Meanwhile, experiments in-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf704#supplementary-data
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olving yeast pol3 thermosensitive alleles have demonstrated
hat Pol δ plays a crucial role in recombinational DNA repair
nd break-induced replication [63, 69]. Moreover, the pol3-ct
utant, which causes a short C-terminal deletion in Pol3, ex-
ibits reduced conversion track lengths and COs during meio-
is [31]. These results suggest that Pol δ plays a crucial role
n meiotic recombination, contributing to both the SDSA and
eiotic CO pathways. Our findings in the thymidine incor-
oration assays also demonstrate that POL3−CM/POL3−AID

r Pol3 depletion leads to an inefficient MRDS tract. Thus,
NA Pol δ likely serves as the primary polymerase responsi-
le for extending the invading strand within a Dmc1-mediated
-loop during meiosis.
Pol ε is a high-fidelity polymerase that may be primarily

esponsible for leading strand replication [36]. In previous
enetic studies conducted in budding yeast, the question of
hether Pol ε is essential for recombination-associated DNA

ynthesis in D-loops has remained ambiguous. Therefore, af-
er applying a similar approach to that used for establishing
he involvement of Pol δ in recombination, no indications
ere discovered, either in this study or previously, to sup-
ort a substantial contribution of Pol ε in the post-invasion
teps of recombination [36, 63, 73, 74]. Nevertheless, addi-
ional evidence supporting Pol ε participation in recombina-
ion has emerged from examining recombination-associated
utations in yeast strains harboring the Pol ε proofreading-
eficient allele pol2-4 [75]. Although the involvement of Pol
in the first-end synthesis during homologous recombination

s improbable, primarily due to the incapacity of Pol ε to per-
orm strand displacement synthesis [35, 36, 73], we cannot
isregard the potential involvement of Pol ε in the second-end
f DSB or gap filling. These findings suggest possibilities of
unctional overlap between both polymerases, or could indi-
ate distinct activities between Pol δ and Pol ε, which may con-
ribute to the intricate and coordinated mechanisms in meiotic
ecombination.

RDS facilitates post-invasion steps in CO and
CO pathways

isplacement synthesis within the D-loop occurs continuously
uring recombination, resembling the leading-strand synthe-
is during DNA replication [36, 37, 76]. In both CO and NCO
vents, strand annealing occurs between an old strand exposed
y 5′ end-resection and a new strand generated through 3′

nd-primed synthesis. Consequently, COs and NCOs can dis-
lay similar heteroduplex patterns (Fig. 7A). We infer that Pol
inactivation, which affects the MRDS-mediated heterodu-

lex DNA tracts, could similarly affect second-end annealing
n recombination outcomes (Fig. 7A). Thus, Pol δ assumes a
entral role in recombination-coupled DNA synthesis, demon-
trating particular proficiency in extending the 3′ end of the in-
ading strand within the D-loop/SEI and performing the first
nd synthesis in both CO and NCO pathways (Fig. 7A). A
pecific basis for the role of MRDS at this stage could be as
ollows: The single-stranded tail of the first DSB end (“lead-
ng strand”) forms a D-loop with a homolog partner DNA,
ndergoes 3′ end-extension through DNA synthesis, and then
ields a pre-dHJ structure distal to the extended D-loop with
ewly synthesized ssDNA, which is now free to capture the
ingle-stranded tail of the second DSB end (“lagging strand”)
Fig. 7A).
During CO-related MRDS, DNA synthesis extends the free
3′ end within the SEI (Fig. 7A). Our physical and cytological
analyses of pol3 alleles, which are defective for MRDS, sug-
gest that these represent a viable model for analyzing the tran-
sition from SEI to dHJ formation. In this model, Pol δ plays
a crucial role in end-primed synthesis within the SEI and fa-
cilitates the long extension of the first DSB end, thereby pro-
gressing the strand annealing necessary for dHJ formation—a
key CO intermediate in meiosis (Fig. 7A). Thus, the absence
of active DNA synthesis at the 3′ end of the SEI leads to low
levels of dHJs, while the SEI levels remain unaffected. This re-
duction in dHJs appears to cause a decrease in CO products.
We further observed a phenomenon in the physical analysis of
pol δ mutants where the relative frequency of CO events was
higher than that of NCO events. A plausible explanation for
this observation could be the formation of three-arm SEIs that
do not undergo DNA synthesis. After the extension of D-loop
branches during DNA synthesis, the nascent strand can be dis-
placed from the D-loop, leading to helicase-mediated branch
migration and the formation of three-arm SEIs [22, 26, 27].
These SEIs could be resolved into half COs through a dHJ
lacking a second DNA strand. Furthermore, these three-arm
SEI structures exhibit similar molecular weight and migration
behaviors as regular SEIs; however, these structures essentially
represent dHJs that can subsequently be resolved as half COs
along with a broken DNA end [26, 27]. Our results suggest
that efficient DNA synthesis at the 3′ end of the first DSB is
likely imperative for proper Watson–Crick pairing, which is
essential for the second-end capture. This pairing is crucial for
ensuring the fidelity of recombination events and preventing
potentially deleterious chromosome segregation.

The extension of DNA synthesis primed by the invading 3′

end has emerged as another critical determinant in success-
ful SDSA [77]. During the process of NCOs via SDSA, sev-
eral developments contribute to the successful annealing of
break ends: strand invasion into homolog template DNA, ul-
timately aiding in the alignment of the homologs; the extent
of DNA synthesis primed by the invading the first 3′ end; D-
loop disassembly, which terminates DNA synthesis and strand
extension [1, 10, 21]. Therefore, proper regulation of D-loop
disassembly is crucial to prevent excessive DNA synthesis
since an imbalance could lead to outcomes with incomplete
repair or aberrant recombination [76]. Our analysis demon-
strates the impact of dysfunctional Pol δ on the SDSA path-
way by highlighting reductions in both NCO and BrdU in-
corporation. These reductions provide valuable insights into
the defect in MRDS, similar to that observed in CO-related
MRDS.

Single-end invasion normally occurs without
extension by DNA synthesis

The SEI can undergo CO-designated recombination through
dHJs after capturing the second DSB ends [21–27]. Hunter
and Kleckner employed a denaturing 2D gel analysis and re-
ported that end-primed synthesis is unnecessary for SEI for-
mation after the first strand invasion [38]. Similarly, our re-
sults showed that in pol3 cells, where DNA synthesis was in-
active, SEIs formed at WT levels, providing direct evidence
that SEIs can still form without DNA synthesis. Additionally,
we observed that SEIs promptly disappeared in the pol δ mu-
tants after failing to form dHJs, similar to those observed in



14 Choi et al.

DNA Pol δ

Branch migration

DNA annealing

DNA synthesis

B
DSB

First-end
release

Strand
invasion

Defective strand
annealing

Homolog

Broken
chromatid

Homolog
search

Strand
annealing

MRDS

dissolved D-loop broken ends

disassembly

CO

DSB nascent D-loop extended D-loop

IH-dHJ

NCO

3′
5′

SDSA

pre-dHJ

ZMM
5′
3′

pre-dHJ

synthesis-
migration

half CO

migration

pre-NCO

migration
'STR'

'STR'

ZM
M

s
'STR'
Inactive MRDS

S
D

S
A

A

'STR'

Figure 7. Roles of DNA Pol δ in meiotic recombination. (A) Proposed model of MRDS. dHJ and NCO formations require Pol δ-mediated DNA synthesis
for the first DSB end extension. For CO formation, the inactivation of Pol δ produces only half the COs through branch migration because the leading
strand that is annealed with the second DSB end is not synthesized. Furthermore, when Pol δ is inactivated, the first DSB end might be disassembled
without DNA synthesis through the Sgs1–Top3–Rmi1 (STR) helicase–decatenase activity, leading to the failure of NCO formation [78]. Therefore, due to
the inactivity of Pol δ, both DSB ends remain unrepaired. (B) MRDS in a meiotic chromosome with a tethered-loop axis complex (TLAC). When DSBs
occur, the first DSB end (the leading strand) in the TLAC is released to search the homolog template and establish interhomolog interactions through
strand invasion. Proteins such as Pol δ, Rad52, and RPA are associated with annealing the lagging strand, and broken chromatids remain when these
proteins are deficient.
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the WT. These data suggest that homolog interactions are es-
tablished during the nascent D-loop formation, which subse-
quently undergoes rapid extension into an SEI, and that active
MRDS in the SEI could be specifically essential for facilitat-
ing the SEI-to-dHJ transition, particularly during CO forma-
tion. The SEI intermediates may also undergo branch migra-
tion but fail to complete recombination without first-end syn-
thesis. Our study proposes that the SEIs observed in the pol3
hypomorph/degron mutants might be displaced and subse-
quently form either a half CO/DSB end or two distinct DSB
ends. Furthermore, considering the abundance and large size
of RPA foci observed after Pol3 depletion, it is likely that the
nascent and extended D-loop (SEIs) could be resolved to resect
DSBs through the helicase–decatenase activity of Sgs1–Top3–
Rmi1 [78]. These DSBs may be unproductive and repaired via
short SDSA or microhomology-mediated end joining [79, 80].
These repair pathways may not require the rapid extension of
the nascent strand, a step that is crucial for the transition from
SEIs to dHJs. Instead, other DNA polymerases, capable of per-
forming the necessary DNA synthesis at a slower pace, may
facilitate the repair of DSBs without the high-speed extension
typically associated with dHJ formation. This hypothesis sug-
gests an alternative repair mechanism that could explain the
SEI turnover observed in the mutants, despite their failure to
transition to dHJ formation.

DNA synthesis involved in D-loop extension is
critical for the strand annealing process in general
recombination modes

The RPA–Rad52 association in S. cerevisiae ensures the
second-end capture process required for SEI-to-dHJ transition
and general annealing steps, suggesting that CO and NCO
completions require the interplay between RPA and Rad52
[27]. Furthermore, Hunter et al. demonstrated that rad52Δ

cells display WT levels of SEIs and the same turnover rate as
WT cells, but with a significant reduction in dHJs [26], resem-
bling the findings observed in our POL3−CM and POL3−AID

analyses. Additionally, RPA initially associates with both the
first and second DSB ends and localizes to CO sites in the
early pachytene phase [27]. Thus, the RPA/DSB ends released
locally from the chromosome axis participate in the post-
invasion steps of Rad52-mediated DNA annealing, thereby
accompanying homolog interaction at meiotic recombination
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ites (Fig. 7B). Furthermore, a significant number of RPA–
sDNA signals have been observed along paired pachytene
hromosomes in rad52 or rfa1 mutants, primarily concen-
rated on the chromosomal axis, which resembles a barbed
hape [27]. Interestingly, a study in human cells also reported
levated levels of RPA-bound ssDNA upon Pol δ knockdown
81]. Moreover, upon the depletion of Pol δ, we detected
igher levels of RPA foci as observed in rad52 or rfa1 mutants
27], indicating the presence of ssDNA in broken chromatids.

An interpretation of the results obtained from super-
esolution microscope imaging and the physical analysis is
hat MRDS modulation is required to promote the post-
nvasion process of both the CO- and NCO-designated path-
ays, which Rad52/RPA could also mediate during meiotic

ecombination. A proposed mechanism for such an effect can
e envisioned in the context of current recombination models.
nly one (the “first”) DSB end interacts with a homolog part-
er chromatid, while the second end remains associated with
ts sister chromatid. After CO-designation, the first end pro-
otes an SEI. The second end remains associated with its sister

hromatid until incorporation into the developing recombina-
ion complex at the SEI-to-dHJ transition. At this transition
tage, Rad52 and RPA play a role at the end of the second DSB,
hich is required for capturing the SEI; thus, Rad52 and RPA

orm a CO-fate dHJ during the post-invasion steps. Further,
ur findings show that Rad52 depletion in pol δ mutants re-
ulted in undetectable dHJs and low CO/NCO event levels.
herefore, MRDS is essential for progressing post-invasion
teps, particularly before strand annealing mediated by RPA
nd Rad52.

onservation of DNA synthesis in meiotic
ecombination

revious findings from an electron microscopic autoradiog-
aphy analysis in adult Drosophila oocytes revealed an ap-
arent correlation between DNA synthesis and the formation
f SC-associated recombination nodules [82]. The Drosophila
CM8 protein, REC, facilitates meiotic recombination at
ultiple sites, enabling the capture of DNA strand ends to

orm dHJs, which can be resolved to yield recombination out-
omes [83]. Moreover, similar patterns of significant DNA
ynthesis were observed in mouse spermatocytes and oocytes
uring zygotene and pachytene stages, with preferential local-
zation along unsynapsed axes and at discrete SC-associated
ositions [84]. These essential roles of DNA synthesis in re-
ombination interactions were further supported by observa-
ions in budding yeast, Arabidopsis, and lily [10, 77, 85–88],
llustrating the highly conserved nature of DNA synthesis dur-
ng recombination and the importance of MRDS as a funda-
ental mechanism for successful recombination events.
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