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Ubiquitin is highly conserved in most eukaryotes and involved
in diverse physiological processes, including cell division, pro-
tein quality control, and protein degradation mediated by the
ubiquitin-proteasome system after heat shock, glucose-starva-
tion, and oxidative stress. However, the role of the ubiquitin
gene UBI4, which contains five consecutive head-to-tail ubi-
quitin repeats, in meiosis has not been investigated. In this
study, we show that the Saccharomyces cerevisiae polyubi-
quitin precursor gene, UBI4, is required to promote synapto-
nemal complex (SC) formation and suppress excess double-
strand break formation. Moreover, the proportion of Zipl
polycomplexes, which indicate abnormal SC formation, in
cells with a mutation in UBH (i.e., ubi4A cells) is higher than
that of wild-type cells, implying that the UBI4 plays an im-
portant role in the early meiotic prophase I. Interestingly, al-
though ubi4A cells rarely form full-length SCs in the pachy-
tene stage of prophase I, the Zip3 foci are still seen, as in
wild-type cells. Moreover, ubi4A cells proficiently form cross-
over and noncrossover products with a slight delay compared
to wild-type cells, suggesting that UBIH4 is dispensable in SC-
coupled recombination. Our findings demonstrate that UBI4
exhibits dual functions that are associated with both positive
and negative roles in SC formation and recombination during
meiosis.
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Introduction

Meiosis is a specialized cell cycle that generates haploid pro-
genitor cells after two rounds of cell division (Petronczki et
al., 2003; Hunter, 2015). During meiosis, genetic recombina-
tion occurs between the parental chromosomes in prophase
I and generally promotes faithful chromosome segregation
(Zickler and Kleckner, 2015). Meiotic chromosomes appear
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to favor the exchange of genes between homologs over sis-
ter chromatids (Hunter, 2006). In this process, homologous
chromosomes are paired together by the synaptonemal com-
plex (SC), which creates a meiosis-specific chromosome link-
age along the entire length of chromosomes (Kleckner, 2006;
Zickler and Kleckner, 2015). The SC contains a central region
with polymerized transverse filaments flanked by two ho-
mologous chromosomal axes with multiple chromatin loops
(Cahoon and Hawley, 2016; Gao and Colaiacovo, 2018). In
meiotic prophase I, homologous chromosomes align across
the entire length of the chromosome (Zickler and Kleckner,
1999; Gray and Cohen, 2016). The elongation of SCs occurs
in the pachytene stage of prophase I and forms full-length
SCs (Zickler and Kleckner, 1999; Page and Hawley, 2004;
Hong et al., 2019a). Synapses on homologous chromosomes,
which lead to SC formation, begin at specific sites along the
chromosome corresponding to the site of meiotic recombi-
nation. Zip, Msh, Mer (ZMM), and synapsis initiation com-
plex (SIC), including Zip1-4, Msh4/5, Mer3, Spol6, Pph3,
and EG complex, promote SC formation and crossover (CO)
recombination (Sym et al., 1993; Sym and Roeder, 1995; Chua
and Roeder, 1998; Agarwal and Roeder, 2000; Dong and Ro-
eder, 2000; Borner et al., 2004; Fung et al., 2004; Lynn et al.,
2007; Shinohara et al., 2008; Humphryes et al., 2013; Voelkel-
Meiman et al., 2013; Leung et al., 2015; Lee et al., 2021). CO-
designated recombination intermediates mature mostly within
the SC structure, and SCs positively correlate with CO for-
mation (Borner et al., 2004; Shinohara et al., 2008). Previous
studies have demonstrated that although SC formation is im-
portant for CO formation, defects in SC structure increase
CO levels (Libuda et al., 2013; Wang et al., 2015; Voelkel-
Meiman et al., 2016; Lee et al., 2021).

The ubiquitin-proteasome system (UPS) is required for
many cellular processes; it highly regulates protein degrada-
tion, protein quality control, and the cell cycle (Hochstrasser,
1996; Ciechanover and Schwartz, 1998; Finley, 2009). In the
UPS, ubiquitin is covalently bound via its C-terminus Glycine
residue to a substrate protein, a process called “polyubiqui-
tination” (Schlesinger and Goldstein, 1975; Dworkin-Rastl et
al., 1984; Ozkaynak et al., 1984; Bond and Schlesinger, 1985;
Wiborg et al., 1985). Furthermore, ubiquitin is essential for
survival in many stress environments, such as oxidative stress
and heat shock, that cause protein misfolding and aggrega-
tion (Goldberg, 2003; Amm et al., 2013; Shiber et al., 2013).
Therefore, the expression of stress-response genes and ac-
tive ubiquitination are parts of the heat shock response, which
allows cells to survive (Parag et al., 1987; Fang et al., 2011,
2014). Recent genetic and microscopic data from budding
yeast have shown that budding yeast SCF**** ubiquitin ligase
regulates SC formation and plays distinct roles in SC forma-
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tion and recombination independent of Zip3 (Zhu et al.,
2020). Interestingly, full SC assembly is not required for re-
combination under depletion conditions of CDC53, a cull-
in protein of SCF ubiquitin ligase (Zhu et al., 2020; Yang et
al., 2022). Pre9, a yeast a3 proteasome subunit, is required
for double-strand break (DSB) formation, chromosome mor-
phogenesis, and CO-designated recombination (Ahuja et
al., 2017). Furthermore, Heil 0™ spermatocytes exhibit
delayed meiotic DSB repair and defective CO formation (Qiao
et al., 2014). Thus, these observations indicate that UPSs are
directly or indirectly associated with chromosomal organi-
zation and recombination during meiosis.

In the yeast Saccharomyces cerevisiae, three different genes,
UBI1, UBI2, and UBI3, encode monomeric ubiquitin (Wiborg
et al., 1985; Ozkaynak et al., 1987). Additionally, UBI4 speci-
fically encodes a polyubiquitin precursor protein containing
five ubiquitin repeats that are subsequently cleaved by deubi-
quitinating enzymes to release monomeric ubiquitin (Ozkay-
nak et al., 1984; Finley et al., 1987; Gemayel et al., 2017). The
expression of UBI4 increases during high-temperature ex-
posure, glucose starvation, oxidative stress, and sporulation
(meiosis) (Bachmair et al., 1986; Finley et al., 1987; Tanaka et
al., 1988; Treger et al., 1988; Watt and Piper, 1997; Okazaki et
al., 2000; Cheng et al., 2006; Bhagwat et al., 2021), suggesting
that the expression of UBI4 is involved in the survival of va-
rious stressors through the ubiquitin-mediated proteasome
pathway (Okazaki et al., 2000). Yeast UBI4 plays an impor-
tant role in heat shock, oxidative stresses, and zinc deficiency
(Cheng et al., 1994; Simon et al., 1999; MacDiarmid et al.,
2016). The expression of UBI4 increases after heat stress upon
exposure to DNA damage chemicals, and the number of ubi-
quitin units encoded by UBI4 influences the cell survival
rate (Gemayel et al., 2017). In the Saccharomyces genus, the
number of repeats in UBI4 directly influences the UPS and
cell viability under stress conditions (Gemayel et al., 2017).
However, the detailed functional role of the polyubiquitin
gene UBI4 in chromosome organization and recombination
during meiosis remains unknown.

In the present study, we describe the roles of UBI4 in yeast
for chromosome organization, programmed DSB formation,
and genetic recombination, specifically occurring in prophase
I of meiosis. We found that UBI4 is required to promote chro-
mosome axis/SC formation and that SC assembly is uncoupled
from CO recombination in ubi4A cells. Moreover, UBI4 sup-
presses additional DSB formation in early prophase I at the
HIS4LEU2 locus. Thus, our findings demonstrate that UBI4
is essential for forming chromosomal SC structures as well
as for homeostatic control of DSB formation in meiosis.

Materials and Methods

Strains

All yeast strains in this study were derivatives of S. cerevisiae
SK1 strains. Detailed information on the genotypes and strains
is provided in Supplementary data Table S1.

DNA-damaging agent sensitivity test

The cells were grown to saturation in YPD media (1% yeast
extract, 2% peptone, and 2% glucose) at 30°C for 1 day. Their
optical density (OD) values were calculated, adjusted to 0.6
at 600 nm. The solutions of saturated cells were then serially
diluted 10-fold in YPD media (107, 10? 107%, 10, and 10°)
and spotted onto YPD plates (1% yeast extract, 2% peptone,
2% agar, and 2% glucose) containing DNA-damaging agents:
methyl methanesulfonate (MMS; 0.015%), camptothecin
(CPT; 1 pg/ml), and hydroxyurea (HU; 40 mM). Plates were
incubated for 3 days at 30°C or 37°C and evaluated for cell
growth.

Meiotic time course

The time-course experiment was performed as previously
described (Kim et al., 2010; Hong et al., 2013, 2019b; Cho et
al., 2016; Yoon et al., 2016; Kong et al., 2017; Lee et al., 2021;
Joo et al., 2022). Yeast cells were patched onto a YPG plate
(1% yeast extract, 2% peptone, 2% agar, and 3% glycerol)
and incubated at 30°C for 18 h. The cells were then streaked
onto a YPD plate and incubated at 30°C for 2 days. A single
colony was picked, inoculated into 2 ml of YPD liquid me-
dium (1% yeast extract, 2% peptone, and 2% glucose), and
placed in a shaking incubator at 30°C for 1 day. The satu-
rated-at-stationary phase yeast cells were diluted in 200 ml
of pre-warmed SPS medium (SPS; 0.5% yeast extract, 1%
peptone, 0.17% yeast nitrogen base without amino acids, 0.5%
ammonium sulfate, 1% potassium acetate, and 50 mM po-
tassium biphthalate; pH was adjusted to 5.5 with 10 M KOH)
and placed in a shaking incubator for 18 h at 30°C. Cells
synchronized in the G1 phase were resuspended in a pre-
warmed sporulation medium (SPM; 1% potassium acetate,
0.02% raffinose, and 2 drops/L antifoam) to induce meiosis.
To investigate meiotic division and recombination, we har-
vested the yeast cells at different time points (0, 2.5, 3.5, 4,
5,6, 7,8, 10, and 24 h) and cross-linked them in 0.1 mg/ml
trioxsalen (Sigma, T1637) by exposure to 365-nm UV light
for 15 min. We fixed a portion of cells with 40% ethanol and
0.1 M sorbitol to allow us to monitor meiotic nuclear divi-
sion. Nuclei were stained with 1 pg/ml 4',6-diamidino-2-phe-
nylindole (DAPI), and about 200 nuclei were observed using
fluorescence microscopy (Olympus BX53).

Chromosome spreading and immunofluorescence

Yeast meiotic chromosome spreads for immunofluorescence
microscopy were performed as previously described (Kim et
al., 2010; Yoon et al., 2016; Hong et al., 2019b; Joo et al., 2022).
Yeast cells were lysed with 1% Lipsol and fixed with 3%
paraformaldehyde and 3.4% sucrose buffer. The slides were
soaked in 0.2% Photo-Flo 200 (Kodak, 146-4510) for 30 sec
and then washed with 1X TBS buffer (136 mM NaCl, 3 mM
KCl, and 25 mM Tris-HCI; pH 7.5) for 15 min. The following
antibodies were used in this study: rabbit polyclonal Zipl
antibody (primary; diluted 1:500, Custom); mouse mono-
clonal Myc antibody (primary; diluted 1:500; Santa Cruz Bio-
technology, sc-40); mouse polyclonal HA antibody (primary;
diluted 1:500; Santa Cruz Biotechnology, sc-7392); TRITC-
conjugated goat anti-rabbit 1gG secondary antibody (diluted
1:300; Jackson ImmunoResearch, 111-025-003); Alexa 488-



conjugated goat anti-mouse IgG secondary antibody (diluted
1:300; Jackson ImmunoResearch, 115-545-003). All images
were acquired using a Nikon Eclipse Ti fluorescence micro-
scope equipped with a Nikon DS-Qi2 monochrome camera,
and deconvolution was adjusted with Nikon NIS software
(Nikon).

Genomic DNA extraction

Genomic DNA was extracted as previously described (Kim
et al., 2010; Hong et al., 2013, 2019b; Cho et al., 2016; Yoon et
al., 2016; Kong et al., 2017; Lee et al., 2021; Joo et al., 2022).
The cells were incubated in a guanidine-HCI solution (4.5 M
Guanidine-HC], 0.1 M EDTA, 0.15 M NaCl, and 0.05% so-
dium lauroyl sarcosinate) at 65°C for 15 min. The lysed cells
were treated with RNase solution (100 mM Tris-HCI, 10 mM
EDTA, and 50 mg/ml RNase A; Sigma, R6513) at 37°C for
60 min. Proteinase K (Enzynomics, PR003) was added to each
sample, and the samples were incubated at 65°C for 60 min.
Phenol/chloroform/isoamyl alcohol (Biosolution, BP026) was
added to the genomic DNA samples and precipitated with
ethanol and 3 M sodium acetate. DNA pellets were completely
dissolved in TE buffer (50 mM Tris-HCl and 1 mM EDTA).

Southern hybridization

The physical analysis of recombination at the HIS4LUE2 lo-
cus was performed as described previously (Kim et al., 2010;
Hong et al., 2013, 2019b; Cho et al., 2016; Yoon et al., 2016;
Kong et al., 2017; Lee et al., 2021; Joo et al., 2022). The ex-
tracted yeast genomic DNA (2 pg) was digested with restric-
tion enzymes (Xhol or Xhol and NgoMIV) for one-dimen-
sional (1D) gel analysis. For two-dimensional (2D) gel analysis,
the extracted yeast genomic DNA (2.5 pg) was digested with
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Xhol. The digested genomic DNA samples for 1D gel analysis
were loaded onto agarose gels (0.6% UltraKem LE agarose
(Young Science, Y50004) in 1X TBE buffer) and electropho-
resed in 1X TBE bulffer for 24 h. The DNA samples for 2D gel
analysis were loaded onto agarose gels (0.4% Seakem Gold
agarose [Lonza, 50152] in 1X TBE buffer) and electrophoresed
in 1X TBE buffer for 21 h. The agarose gels were stained with
0.5 pg/mL ethidium bromide (EtBr). For 2D gel analysis, the
strips of interest were sliced and placed in a 2D tray. Agarose
gel (0.8% UltraKem LE agarose containing EtBr in 1X TBE
buffer) was poured and allowed to solidify. The gel was then
electrophoresed in 1X TBE buffer for 6 h at 4°C. Southern
blotting was performed. Briefly, the gel was soaked in 0.25 N
HCI for 20 min, washed with distilled water, and then soaked
in 0.4 M NaOH for 30 min. The DNA species on the gel were
transferred to a Biodyne B membrane (Pall, PA60208). Hybri-
dization was performed using specific probe A **P-dCTP-
labeled nucleotides and a random priming DNA labeling kit
(Agilent Technologies, 300392). Hybridization DNA species
signals were visualized using a phospho-image analyzer (Bio-
Rad). These signals were quantified with the Quantity One
software (Bio-Rad).

Results

UBI4 influences DNA damage repair at high temperatures

In S. cerevisiae SK1 strains, UBI4 is translated into a five-
ubiquitin protein that is subsequently processed by a deu-
biquitination enzyme to produce monomeric ubiquitin (Fig.
1A). However, the function and modulatory role of UBI4
in DNA damage and meiosis remains unknown. To delineate
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Fig. 1. DNA-damaging agent sensitivity and meiotic division in WT and ubi4A cells. (A) Illustration of UBI4 gene that encodes five repeats of ubiquitin.
The polyubiquitin unit is degraded by proteolysis after translation. (B) DNA-damaging agent sensitivity test. Yeast cells were cultured at 30°C and 37°C
with or without DNA-damaging chemicals in WT and ubi4A cells. (C) Meiotic nuclei in WT and ubi4A cells. Representative images of nuclei stained with
DAPI (meiosis I, MI; meiosis II, MII). The scale bars indicate 2.5 um. (D) Meiotic division in WT and ubi4A cells (> 200 cells were counted).
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Fig. 2. Chromosome axis and synaptonemal complex formation in WT and ubi4A cells. (A) Representative images of chromosome spreads of meiotic cells
immunostained for Zip1 protein. Blank, no Zip1 staining; dotty, punctate Zip1 staining; short-linear, short Zip1-stained lines; long-linear, completely stained
Zip1 lines. Scale bar: 2.5 um. (B) Representative images of polycomplexes (PCs) during the prophase I. Scale bar: 2.5 ym. (C) Quantification of Zip1 staining
types in WT and ubi4A cells. The immunostained nuclei were classified according to the shape of the Zip1 staining. The red line indicates the percentage
of polycomplexes. More than 100 nuclei were counted at each time point. (D) Representative images of chromosome spreads of meiotic cells immunostained
for Rec8. Blank, no Rec8 staining; short, punctate Rec8 staining; long-linear, completely stained Rec8 lines. The scale bars indicate 2.5 um (upper panel).
Quantification of Rec8 staining types at the pachytene stage in WT and ubi4A cells.

the role of UBI4 in DNA damage repair, an SK1 strain carry-
ing the ubi4A mutation was examined for sensitivity to gen-
otoxic agents including MMS, CPT, and HU. Both WT and
ubidA cells were not sensitive to the genotoxic agents and ex-
hibited no defects in growth at 30°C. In contrast, ubi4A was
sensitive to the reagents at 37°C (Fig. 1B), indicating that UBI4
is essential to DNA repair under high-temperature conditions.

Absence of UBH4 induces meiotic prophase arrest

UBI4 transcripts accumulate during sporulation (i.e., meio-
sis) of S. cerevisiae and function during starvation and heat
stress (Finley et al., 1987; Tanaka et al., 1988). To investigate
the role of UBI4 in meiosis, we analyzed the timing of repli-
cation, nuclear division, and sporulation using DAPI staining.
Although the ubi4A cells grew normally during mitosis at
30°C, pre-meiotic DNA replication was delayed by approx-
imately 0.5 h compared to WT cells (Fig. 1C; Supplemen-
tary data Fig. S1). In WT cells, nuclei staining showed that
meiosis I begins approximately 6 h after synchronized cells
are transferred to SPM; about 58% of cells had completed
MI or MI/MII divisions at 7 h. In contrast, ubi4A cells were
arrested before the onset of meiosis I: dyads or tetrads were
undetectable until 24 h (Fig. 1D). Thus, ubi4A cells fail to
segregate their chromosomes and are defective in meiosis.
These results are consistent with previous findings demon-
strating that ubi4A mutants are viable as vegetative cells but
sporulation-defective (Finley et al., 1987).

ubi4A mutant exhibits defective chromosome axis and SC
formation

ZMM proteins are involved in class I CO recombination
and SC formation during meiosis (Zickler and Kleckner, 1999;
Allers and Lichten, 2001; Borner et al., 2004; Kleckner, 2006;
Lynn et al., 2007; Shinohara et al., 2008). Thus, CO-fate re-
combination is associated with SC formation. However,
some mutants exhibit an increase in CO formation with ele-
vated DSB levels even if SC formation is defective (Libuda
et al., 2013; Wang et al., 2015; Voelkel-Meiman et al., 2016;
Lee et al.,, 2021). Further, although Cdc53 depletion in the
Skp-Cullin-F-box ubiquitin ligase leads to normal levels of
meiotic recombination, chromosome axis/SC formation is
defective in such cells (Zhu et al., 2020). To determine the
effect of UBI4 on SC formation, we examined the assembly
of Zip1 that promotes SC formation and CO-fate recombi-
nation in prophase I. Chromosome spreads were classified
into four categories dependent on Zipl staining signals: Class
I (no Zipl signals), Class II (Zip1 foci), Class III (Zip1 foci
and short-linear), and Class IV (Zip1 long-linear) (Fig. 2A).
In WT cells, short Zipl staining was observed in early pro-
phase I In the mid/late-pachytene stage, when SCs form along
the entire length, Zip1 exhibits long-lined staining patterns
(Fig. 2C). The ubi4A cells had fewer full SC formations (Class
IV) and an apparently elevated proportion of Zip1 polycom-
plexes, which indicates an abnormal aggregation of Zip1 pro-
teins, implying a defect in installing SC along the chromo-
somes during the zygotene/pachytene stages (Fig. 2B and C).



Thus, our Zipl assembly experiments suggest defective SC
formation in ubi4A cells.

We were therefore interested in examining whether ubi4A
cells exhibit typical chromosome axis formation. Rec8 asso-
ciates with the cohesin complex and is a prominent chromo-
some axis protein in meiotic prophase I (Molnar et al., 1995;
Klein et al., 1999). The chromosome axis is integrated into
the SC when homologous chromosomes physically interact
and pair during the zygotene stage of prophase I. Zip1l-me-
diated SC formation could therefore be dependent on Rec8-
mediated cohesin complex formation. We characterized chro-
mosome axis morphogenesis using Rec8 staining in ubi4A
cells relative to WT cells. Surface-spread nuclei were assessed
for Rec8 staining signals and classified into three previously
defined classes (Yoon et al., 2016): Class I, no Rec8 staining
signals; Class II, a large number of foci with short lines
(leptotene/zygotene); and Class III, long staining lines (zy-
gotene/pachytene). In WT cells, 73% of Rec8-positive nuclei
exhibit full-length Rec8 staining (Class III) in prophase I (Fig.
2D). However, the ubi4A cells exhibited a Class II staining
pattern, implying normal progression of axis formation, but
defective full-length Rec8 staining (26%), consistent with the
aberrant assemblies of Zip1 (Fig. 2D). The ubi4A cells pro-
gressed to Class II at high levels and exhibited a significant
defect in Class III Rec8 staining compared to WT, implying
a severe defect in normal SC formation during the zygotene/
pachytene stages.

ubi4A cells exhibit normal Zip3 focus formation

Zip3 prominently localizes to the sites of CO-designated re-
combination interaction (Agarwal and Roeder, 2000; Fung et
al., 2004; Cheng et al., 2006; Zhang et al., 2014), and stabilizes
the transition of D-loop to SEI, which is clearly detected dur-
ing the mid-pachytene stage of prophase I (Agarwal and
Roeder, 2000; Yoon et al., 2016; Hong et al., 2019a; Lee et al.,
2021). Here, we investigated Zip3 focus formation in WT and
ubi4A cells using a Myc tag inserted at the C-terminus of
Zip3 protein (Fig. 3A and B). In WT cells, we observed an
average of 46.3 and 54.32 Zip3 foci at 4 h and 5 h, respec-
tively (Fig. 3C), which became progressively undetectable
(data not shown). By comparison, we detected an average
of 50.5 and 49.5 Zip3 foci in ubi4A cells at 5 h and 6 h, re-
spectively, levels that are similar to those found in WT cells
(Fig. 3C). These data indicate that Zip3 loading is normal for
CO-fate recombination in ubi4A cells that show aberrant
SC formation.

ubi4A cells exhibit increased DSB formation

In budding yeast, recombination frequencies are lower in
mutant strains that are missing proteins required for chro-
mosome axis/SC formation, such as rec8A, ziplA, zip2A,
zip4A, and msh4A (Borner et al., 2004; Tsubouchi et al., 2006;
Kim et al., 2010; Pyatnitskaya et al., 2019; He et al., 2020; Nan-
danan et al., 2021). To investigate meiotic recombination in
ubi4A cells, we used a physical assay system (i.e., Southern
blotting) to analyze meiotic DSB formation at the HIS4LEU2
locus, which contains a single DSB hot spot (Fig. 4A). DNA
events of recombination were monitored over time in SPM
cultures. In WT cells, DSBs appear at 2.5 h after transfer to
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Fig. 3. Zip3 focus formation in WT and ubi4A cells. (A) and (B) Represen-
tative images of chromosome spreads of meiotic cells at the pachytene
stage in WT and ubi4A cells. Red, Zip1; green, Zip3. The scale bars indi-
cate 2.5 um. (C) Zip3 foci per nucleus in WT and ubi4A cells. The error
bars are the mean + SD from three independent biological replicates.

SPM and peak at 3.5 h with 6.28 + 0.45% of total hybridizing
DNA signals (Fig. 4B and C). DSB initiation timing is similar
in ubi4A cells, and the maximum levels observed in ubi4A
cells are similar to those in WT cells. However, in a rad50S
background where DSBs accumulate rather than progress to
recombination intermediates, the ubi4A cells had a higher DSB
level by 29 + 1.62% compared to rad50S (24 + 2.90%) at the
HIS4LEU2 locus (Fig. 4D and E; Supplementary data Fig. S2).
The excess DSBs when UBI4 is absent in meiosis suggest
that UBI4 suppresses DSB formation in early prophase L.

ubi4A cells exhibit increased numbers of CO and NCO

We next used the physical analysis of recombination to ex-
plore how the excess DSBs in ubi4A cells progress to CO or
noncrossover (NCO) products. In WT cells, COs began to
form at 4 h and reached a maximum level at 24 h (15.3 +
1.28%), and the total levels of CO and NCO species were
3.79 + 1.17% and 3.19 + 0.91%, respectively, with maximum
levels at 24 h (Fig. 4F and G). By comparison, the ubi4A mu-
tant cells formed more CO (5.86 + 0.83%) and NCO (5.97
1 0.77%), with a delay in the time to reach maximum levels;
however, NCO levels were modestly higher than CO levels
(Fig. 4F and G). These results suggest that the ubi4A mutant
cells may have formed more COs and NCOs since they con-
tain more DSBs than WT cells (Supplementary data Fig. S2).
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Fig. 4. 1D gel of DNA physical assay of meiotic recombination in WT and ubi4A cells. (A) Map of the HIS4LUE2 hot spot located on chromosome III. “Mom”
and “Dad” chromosomes have Xhol restriction enzyme sites. Specific probe A visualizes a variety of DNA species. Mom, mom species; Dad, dad species;
COs, crossovers; NCOs, noncrossovers; DSBs, double-strand breaks. (B) Representative image of 1D gel from WT and ubi4A cells. (C) Quantitative analysis
of the DSBs and COs in (B). Black circle, WT; red triangle, ubi4A. (D) Representative image of 1D gel from rad50S and ubi4A rad50S cells. (E) Quantitative
analysis of the DSBs in (F). Black circle, WT; red triangle, ubi4A. (F) Representative image of CO/NCO gel from WT and ubi4A cells. (G) Quantitative
analysis of the COs and NCOs in (D). Black square, COs; gray circle, NCOs. Data are the mean + SD (N = 3).

ubi4A cells exhibit delay in the CO pathway

To further investigate whether the extra DSBs progress to
form joint molecules (JMs), we analyzed single end invasions
(SEIs) and double Holliday junctions (dHJs) using native/
native 2D gel electrophoresis followed by Southern blotting
(Fig. 5A and B). This analysis can reveal the recombination
intermediates, SEIs and dH]Js identified previously, and the
progression of recombination (Hunter and Kleckner, 2001;
Kim et al., 2010; Hong et al., 2013; Lee et al., 2021). In WT
cells, SEIs and dH]Js were detected after 3.5 h and reached a
maximum level at 4 h. In the ubi4A cells, SEIs and dHJs were
observed after 3.5 h, but reached a maximum level at 5 h,
showing a delay in peak levels compared to WT cells (Fig.
5C and D; Supplementary data Fig. S3). Furthermore, the
steady-state levels of the detected SEIs and dHJs were higher
in the ubi4A than in the WT cells (Fig. 5D; SEI = 1.90 %
0.28% and dHJ = 1.51 £ 0.38% for WT; SEI = 2.14 + 0.28%
and dHJ = 1.77 + 0.44% for ubi4A). However, the majority
of the SEI and dHJ signals had disappeared by 10 h, similar
to what we observed in WT cells (Supplementary data Fig.
S3). The ubi4A cells exhibited an interhomolog bias (an
IH:IS dHJ ratio of approximately 5:1) similar to that seen

in WT cells (Fig. 5C and D). These results suggest both nor-
mal JM formation and a normal interhomolog bias, but
higher JM levels in ubi4A compared to WT cells.

Discussion

Ubiquitin is a highly conserved 76-residue protein that is
covalently attached to a variety of target proteins in most eu-
karyotes (Ciechanover and Schwartz, 1998; Hershko and
Ciechanover, 1998). Yeast ubiquitin is encoded by a family of
UBI genes including UBI1, UBI2, UBI3, and UBI4 (Ozkaynak
et al., 1987; Finley et al., 1989). Specifically, the budding yeast
UBI4 gene, which encodes a polyubiquitin precursor protein,
is essential for vegetable growth and regulated in response to
diverse stress conditions, including heat stress, nutrient star-
vation, and oxidative stress (Finley et al., 1987; Treger et al.,
1988). Furthermore, UBI4 transcripts are highly accumulated
after exposure to DNA-damaging reagents and sporulation
conditions (Treger et al., 1988). In this study, our data dem-
onstrate that UBI4 is required for proper SC formation and
involved in the regulation of DSB formation during meiosis.
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Fig. 5. 2D gel assay of meiotic recombination in WT and ubi4A cells. (A) Schematic diagram of JMs, dHJs, and SEIs. Mom (red) and Dad (blue). (B)
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ubi4A cells (at 5 h). (D) Quantification of SEIs (top) and dHJs (bottom) in WT and ubi4A cells. Data are the mean + SD (N = 3).

UBI4 is dispensable for SC-associated recombination

During meiosis, several eukaryotes, including mice and yeast,
express ubiquitin-mediated proteasome components, which
are loaded on paired chromosomes and play a direct role in
the chromosome axis and recombination pathway (Ahuja
et al., 2017; Prasada Rao et al., 2017). Ubiquitin and protea-
some are largely associated with chromosome axis and per-
sist throughout pachynema of prophase I (Ahuja et al., 2017;
Prasada Rao et al., 2017). In addition, mouse Heil0 ubiquitin
ligase, which localizes to chromosome axis/SC and CO sites,
is involved in CO and NCO differentiation (Qiao et al., 2014;
Prasada Rao et al., 2017). Shinohara and colleagues have re-
ported that SCF-dependent ubiquitination controls SC for-
mation (Zhu et al., 2020). The absence of SCF ubiquitin ligase
allows normal CO formation, but causes defective Zip1 as-
sembly that is needed to form full SCs (Zhu et al., 2020), sug-
gesting that SC formation might be negatively regulated in
the absence of SCF ubiquitin ligase. Furthermore, in mouse
meiosis, loading ubiquitin on the chromosome axis is essen-
tial for synapsis and CO recombination (Prasada Rao et al.,
2017). We found the phenotype of ubi4A cells to be similar
to that of CDC53-depleted cells: both exhibit defective SC for-
mation but normal CO formation. Our results also show that
the ubi4A mutation causes abnormal SC elongation and chro-
mosome axis formation (Fig. 2), as seen in the absence of
ubiquitin in mammalian meiosis. Meiotic DSBs, which occur
in chromosome axis-associated recombination complexes, are
dependent on the presence of Rec8 and axis proteins. Our
classification of Zip1-Rec8 staining results indicates defici-
encies in chromosome axis and SC formation in ubi4A cells.

However, although ubi4A cells inefficiently form axes, they
produce more DSBs than WT cells and form CO-designated
JMs (Fig. 4).

Normal formation of CO and NCO despite aberrant SC for-
mation

When CO- and NCO-designations have been established in
the leptotene-to-zygotene transition, the CO recombination
involves the formation of SEIs and dHJs in a ZMM-dependent
manner called “Class I CO” (de los Santos et al., 2003; Page
and Hawley, 2004; Lynn et al., 2007). A part of the DSBs can
be repaired through a ZMM-independent pathway that yields
both CO and NCO from the dHJ structures, called “Class
II CO”, which does not show interference (de los Santos et
al., 2003; Page and Hawley, 2004; Lynn ef al., 2007). Several
lines of evidence suggest that Spol1-oligo levels and meiotic
DSBs are increased in the defective synapsis, suggesting that
SC formation negatively controls DSB formation (Kauppi et
al., 2013; Thacker et al., 2014; Mu et al., 2020; Lee et al., 2021).
In budding yeast, the zmm mutant exhibits higher DSB levels.
However, CO-fated recombination is defective, but NCO re-
combination occurs at high levels in chromosome III. Two
mutants with defective SC formation, ecmIIA and gmc2A,
have additional DSBs on a long chromosome VII during late
prophase I. Our studies suggest that normal ZMM-depen-
dent CO control may occur in the absence of UBI4 and that
DSB machineries continue to produce more DSB in early
prophase I. In the rad50S background, both WT and ubi4A
cells produced the same number of DSB until 4 h (early- or
mid- pachytene stage), but ubi4A cells produced more DSB
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later (mid- or late-pachytene) (Fig. 4E and F). This result
further implies that SC formation might downregulate DSB
formation. Moreover, our findings indicate that ubi4A cells
exhibit defective SC formation and form extra DSBs on chro-
mosome III that might produce more CO/NCO products
(Fig. 4F and G). We therefore infer that UBI4 is involved in
the homeostatic control of meiotic DSB formation, and that
this control might be influenced in a chromosome size-de-
pendent manner. Thus, UBI4-dependent suppression of mei-
otic DSB formation may possibly occur through the degrada-
tion of proteins required for Spoll activity. Previous studies
have suggested that homeostatic regulation of DSB forma-
tion can be tightly regulated by ATM/ATR and homolog en-
gagement (Zhang et al., 2011; Mohibullah and Keeney, 2017).
In addition, proper loading of chromosome axis proteins,
including Rec8, Red1, and Hopl, is required to form DSBs.
Taken together, our findings suggest that Spol1 and/or axial
proteins can persistently exist and therefore continue to pro-
mote DSB formation on meiotic chromosomes in ubi4A cells.
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