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ATAXIA TELANGIECTASIA-MUTATED (ATM) protein has been well studied for its roles in the DNA damage response.
However, its role in meiosis has not been fully explored. Here, we characterized the functions of the rice (Oryza sativa) ATM
homolog during meiosis. Aberrant chromosome associations and DNA fragmentations were observed after the completion of
homologous pairing and synapsis in Osatm pollen mother cells (PMCs). Aberrant chromosome associations disappeared in
Osspol1-1 Osatm-1 double mutants and more severe defects were observed in Osdmcl Osatm, suggesting that OsATM functions
downstream of OsSPO11-1-catalyzed double-strand break formation and in parallel with OsDMC1-mediated homologous
recombination. We further demonstrated that phosphorylation of H2AX in PMCs did not depend on OsATM, in contrast to
the situation in somatic cells. Moreover, the removal of OsDMC1 from chromosomes in Osatm PMCs was delayed and the
number of HEI10 foci (markers of interference-sensitive crossover intermediates) decreased. Together, these findings suggest

that OsATM plays important roles in the accurate repair of meiotic double-strand breaks in rice.

The repair of double-strand breaks (DSBs) by ho-
mologous recombination (HR) ensures accurate chromo-
some segregation in meiosis. This process, profoundly
studied in yeast and mammals, starts with the pro-
grammed formation of DSBs, which is catalyzed by
SPO11, the homolog of subunit A of an archaeal DNA
topoisomerase (TopoVIA; Keeney et al., 1997; Robert
etal., 2016). Incision sites are further processed by the
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Mrel1l-Rad50-Xrs2 complex, to yield 3’ single-
stranded DNA tails (Cao et al., 1990; Mimitou and
Symington, 2009). The end is initially protected by
the replication protein A complex, which is subse-
quently released when two strand-exchange proteins,
RAD51 and DMC, are loaded onto the end (Fanning
et al., 2006; Seeliger et al., 2012). RAD51 and DMC1
promote homology searching, resulting in strand
exchange and the formation of joint molecule inter-
mediates (Shinohara et al., 1992; Su et al., 2017). These
intermediates are eventually resolved as either
crossovers (COs) or noncrossovers (Borner et al.,
2004; Osman et al., 2011).

ATM is the gene mutated in the human disease ataxia
telangiectasia that causes a number of symptoms
(Taylor et al., 1975; Savitsky et al., 1995a). It encodes a
large protein with a Pi-3 kinase-like domain at its C
terminus and is conserved in mouse (Mus musculus),
yeast (Saccharomyces cerevisiae), and Arabidopsis (Ara-
bidopsis thaliana; Savitsky et al., 1995b; Garcia et al.,
2000). This protein kinase family was proven to play a
central role in the DNA damage response. Hundreds of
human (Homo sapiens) proteins are phosphorylated at
Ser/Thr-Glu motifs in response to DNA damage in an
ATM-dependent manner, and many of these substrates
are involved in the DNA damage response process
(Matsuoka et al., 2007). Tell, the ATM homolog in
budding yeast, has functions in checkpoint response to
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DSBs (Mantiero et al., 2007). The Arabidopsis atm
mutant displays hypersensitivity to y-irradiation,
and the induction of up-regulated genes in response
to y-irradiation is dependent on AtATM (Garcia
et al., 2003; Bray and West, 2005; Culligan et al.,
2006). Moreover, AtATM is required for the DNA
damage-induced transcription of transposable ele-
ments and long noncoding RNAs (Wang et al,
2016b).

ATM homologs play multiple roles during meiosis.
ATM-deficient mice are completely infertile due to
meiosis arrest and spermatocyte apoptosis during
prophase I (Xu et al., 1996). Recent studies provided
evidence for the role of ATM in DSB formation. In
mouse Atm~/~, levels of SPO11-oligonucleotides, by-
products of meiotic DSB formation, are elevated at least
10-fold in spermatocytes (Lange et al., 2011). This may
account for the phenotypic rescue of Atm~/~ by
Spol1*/~ (Bellani et al., 2005). In budding yeast, Tell
prevents clusters of DSBs and further suppresses DSBs
within the surrounding chromosomal region (termed
DSB interference; Garcia et al.,, 2015). Amounts of
SPO11-oligonucleotide are also increased in the tel1IA
mutant (Mohibullah and Keeney, 2017). ATM family
proteins may also influence the formation and distri-
bution of COs. The control of the number and distri-
bution of COs on human autosomes appears to be
defective in the absence of ATM, and the lack of Tell in
budding yeast results in higher recombination and re-
duced CO interference (Barchi et al., 2008; Anderson
et al., 2015). Plants have a unique developmental pat-
tern in life cycles and are ideal systems to dissect the
biological functions of proteins that play roles in both

Figure 1. Characterization of the Osatm A
mutants. A, Gene structure and muta-
tion sites of OsATM in mutants. Exons
are shown as black boxes. Untranslated
regions are shown in white. B, Com-
parison of the plants at mature stage B
and pollen grains of the wild type and
Osatm-1. Bars = 50 um. C, Detailed
information of mutation and diagram of
defective splicing in Osatm. Uppercase
letters present exons and lowercase
letters present introns. Mutation sites
are shown in red.
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mitosis and meiosis. In Arabidopsis atm, pollen mother
cells (PMCs) can complete the meiosis process but
present aberrant chromosome associations during dia-
kinesis and fragmentation during anaphase I (Garcia
et al., 2003). The mutation of other genes, such as
AtNBS1, AtATR (ATAXIA TELANGIECTASIA-MU-
TATED AND RAD3-RELATED), and AtFANCD?2, can
aggravate the meiotic defects of Atatm (Waterworth
et al., 2007; Culligan and Britt, 2008; Kurzbauer et al.,
2018). However, the relationship between AtATM and
HR remains elusive.

In this study, we present detailed characterization of
the function of OsATM in rice (Oryza sativa) meiosis.
Our results show that OsATM plays important roles in
meiotic DSB repair processes in parallel with OsDMC1-
mediated HR.

RESULTS
Characterization of Three Splicing Mutants of OsATM

We constructed a library of rice mutants related to
meiosis through irradiation mutagenesis. After
map-based cloning (Supplemental Fig. S1), three
sterile mutants disrupted in OsATM (LOC_0Os01g01689)
were isolated. These mutants were individually named
Osatm-1, Osatm-2, and Osatm-3 (Fig. 1A). Osatm-
1 exhibited normal vegetative growth but did not
produce any seeds. The pollen grains of Osatm-1 were
shrunken and could not be stained by I,-KI, indicat-
ing a lack of starch accumulation and sterility
(Fig. 1B). When pollinated with wild-type pollen,

Osatm-3 Osatm-1

Cc

Wild type gtttatgtaacttagGTTGTTCCCTTCACC
Osatm-1 gtttatgtaacttaaGTTGTTCCCTTCACC

- IR EE} - Splicing

Wild type acttaccttaacagGGTTCTCAAGGAGTT

Osatm-2 acttacctt----- -GTTCTCAAGGAGTT
- JE——&F}--Splicing

Wild type ctacttccatttcagAGAATTAACTTATGC

Osa{m-fr i Osatm-3 ctac--------- agAGAATTAACTTATGC

L
3 e -+ < Splicing
:’ B ~ IR
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Osatm-1 produced significantly fewer seeds compared
with the wild type, suggesting that female fertility was
also affected (Supplemental Table S1).

The genomic DNA sequence of OsATM spans 35.4
kb. We obtained a 9,614-bp full-length cDNA of
OsATM by performing RACE, which consisted of 79
exons (Fig. 1A). There are two featured domains,
PI3Kc (phosphoinositide 3-kinase catalytic domain)
and FATC (FRAP, ATM, and TRRAP C-terminal), in
the C-terminal end of OsATM, which are conserved
among ATM homologs in different kingdoms
(Supplemental Fig. S2).

Sequencing of the OsATM gene in Osatm-1 revealed a
1-bp substitution in the acceptor site of intron 70
(Fig. 1C). In Osatm-2, a 6-bp deletion occurred at the
junction between intron 11 and exon 12. In Osatm-3, a 9-
bp deletion occurred at the junction between intron 27
and exon 28. We sequenced the cDNA of OsATM in all
three mutants and found that splicing patterns were
completely altered. Compared with the wild type, exon
71 was missing in Osatm-1. A part of intron 11 was
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Wild type
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retained in Osatm-2, and exon 28 was shortened in
Osatm-3 (Supplemental Fig. S3). All of these splicing
modifications result in frame shifts and premature
translation stop.

Aberrant Chromosome Associations and Fragmentations
Are Observed in Osatm PMCs

We examined chromosome spreads stained with 4',6-
diamino-phenylindole (DAPI) to show whether Osatm
mutants have altered meiotic chromosome behaviors.
Chromosome behaviors showed no obvious differences
up to pachytene between the wild type and Osatm-
1 (n = 30 for both wild-type and Osatm-1 PMCs;
Fig. 2). At diakinesis in the wild type (n = 35 for PMCs),
12 highly condensed and well-distinguished bivalents
were observed. By contrast, chromosomes entangled to
form multivalents in Osatm-1 PMCs at diakinesis (n =
35 for PMCs). These aberrant chromosome associations
in Osatm-1 became more evident at metaphase I,

Metaphase | Figure 2. Comparison of chromosome
behaviors between the wild type and
Osatm-1 during meiosis. Chromosomes
were stained with DAPI. Meiotic stages
are indicated above the images. Aber-
rant chromosome associations are in-
dicated by arrows, and chromosome
fragmentations are indicated by arrow-
heads. Bars = 5 um.
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although bivalent-like structures existed in most cells.
We analyzed the content of chromosome entangle-
ments in Osatm-1 by quantifying the DAPI-stained en-
tities at metaphase I. There are 12 DAPI-stained entities
in wild-type PMCs, as they contained 12 isolated bi-
valents (n = 40 for PMCs). The entangled chromosomes
were deemed to be one DAPI-stained entity, and the
number of DAPI-stained entities per PMC in Osatm-
1 was 4.95 = 1.97 (n = 40 for PMCs). At anaphase I,
when homologous chromosomes separated from each
other in the wild type, chromosome bridges and ex-
tensive fragmentations were observed in Osatm-1 (n =
32 for both wild-type and Osatm-1 PMCs). Chromo-
some bridges and fragmentations were also detected at
anaphase II, and tetrads with scattered DNA eventually
formed in Osatm-1 (n = 35 for Osatm-1 PMCs).

The chromosome behaviors of Osatm-2 and Osatm-3
resembled that of Osatm-1 (Supplemental Fig. S4). The
numbers of DAPI-stained entities were 4.85 * 1.98 in
Osatm-2 (n = 40 for PMCs) and 4.63 = 1.88 in Osatm-3
(n = 40 for PMCs). These results indicate that mutations
of OsATM cause abnormal chromosome interactions
during meiosis.

Homologous Pairing and Synapsis Occur Normally
in Osatm-1

The results of DAPI staining at pachytene in Osatm
suggested paired chromosomes (Fig. 2). We performed
fluorescence in situ hybridization (FISH) experiments
to verify whether the paired chromosomes are homol-
ogous (Fig. 3A). 55 rDNA is located on the centromere-
proximal region of chromosome 11. Both the wild type
and Osatm-1 (n = 30 for both wild-type and Osatm-
1 PMCs) exhibited one 5S rDNA signal at pachytene,
indicating paired homologous chromosomes. At met-
aphase I, two signals on one bivalent were observed in
Osatm-1 when the bivalent was separated from the
entangled chromosomes occasionally (6%; n = 50 for
PMCs). The two 55 rDNA foci were pulled toward the
opposite poles of PMCs at anaphase I, in accordance
with the separation of homologous chromosomes (1 =
30 for both wild-type and Osatm-1 PMCs). This indi-
cated that homologous pairing occurs normally in
Osatm-1.

We also used the centromere probe CentO and the
telomere probe pAtT4 to present a detailed morphol-
ogy of chromosome interactions. At pachytene, in both
wild-type and Osatm-1 PMCs (n = 30 for both wild-type
and Osatm-1 PMCs), 12 CentO signals were observed
(Fig. 3A). At metaphase I, CentO signals were stretched
out of the chromosomes due to the pulling force of
spindles (n = 30 for both wild-type and Osatm-1 PMCs).
We found that all of the CentO signals were pulled to
poles of PMCs, and the chromosome fragmentations
were completely devoid of CentO at anaphase I in
Osatm-1 (n = 20 for Osatm-1 PMCs). In PMCs of Osatm-
1 at pachytene, as in the wild type (1 = 35 for both wild-
type and Osatm-1 PMCs), 24 distinct telomere signals
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Figure 3. Comparison of chromosome interactions in the wild type and
Osatm-1. A, FISH analysis in wild-type and Osatm-1 PMCs using 5S
rDNA (red) and CentO (green) probes at different stages. Chromosomes
are stained with DAPI (blue). B, Immunostaining of ZEP1 (green) in the
wild type and Osatm-1 at pachytene. OsREC8 (red) indicates the
chromosomes. Bars = 5 um.

were observed (Supplemental Fig. S5). We also found
that pAtT4 signals had a tendency to be situated inside
the chromosomes at metaphase I. In contrast to CentO,
extensive pAtT4 signals were observed in the chromo-
some remnants in Osatm-1 at anaphase I (n = 32 for
Osatm-1 PMCs).

We used an antibody against ZEP1, a central element
of the synaptonemal complex, to check the synapsis
status in Osatm-1 (Fig. 3B) by performing immunolo-
calization. As in the wild type, ZEP1 displayed linear
localization patterns that completely merged with co-
hesion protein OsRECS in Osatm-1 PMCs at pachytene
(n = 30 for both wild-type and Osatm-1 PMCs). These
results suggest that mutation of OsATM does not dis-
rupt synapsis.

Plant Physiol. Vol. 183, 2020
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OsATM Is Required for the Repair of
OsSPO11-1-Dependent DSBs

Programmed formation of DSBs initiates HR during
meiosis (Keeney et al., 1997). To determine whether the
chromosomal abnormalities in Osatm were acquired
during meiotic DSB repair, we constructed Osspoll-
1 Osatm-1 double mutants to carry out genetic analy-
sis. Due to the absence of meiotic DSBs, homologous
chromosomes in Osspoll-1 PMCs failed to pair at
pachytene. At metaphase I, PMCs (n = 30 for PMCs)
contained 24 scattered univalents. At anaphaseI (n = 30
for PMCs), these univalents separated randomly (Fig. 4).
The Osspo11-1 Osatm-1 double mutant exhibited the same
chromosome phenotype as Osspol1-1, and no aberrant
chromosome associations (1 = 34 for PMCs at metaphase
I) or fragmentations (1 = 31 for PMCs at anaphase I) were
observed. Thus, the meiotic defects in Osatm-1 are related
to the repair of OsSPO11-1-dependent DSBs.

This result is different from the case of Arabidopsis,
in which mutation of AtSPO11-1 only partially elimi-
nates the presence of chromosome fragments in Atatm.
However, the residual fragments in Atspoll-1 Atatm
may be attributed to residual AtSPO11-1 activity in the
Atspol1-1-1 allele (Culligan and Britt, 2008).

OsATM Functions in the Repair of Meiotic DSBs in
Parallel with OsDMC1 and OsZIP4

We conducted additional genetic analysis to dissect
the relationship between OsATM and HR. DMC1-

Osspo11-1

Osspo11-1 Osatm-1

Metaphase | Pachytene

Anaphase |

Figure 4. Genetic analysis of OsATM with OsSPO11-1. DAPI-stained
chromosomes of Osspol1-1 and Osspol1-1 Osatm-1 are shown.
Meiotic stages are indicated on the left of the images. The chromosome
behaviors of Osspol1-1 Osatm-1 are indistinguishable from that of
Osspol1-1. Bars = 5 um.
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mediated HR is one of the meiotic DSB repair path-
ways that leads to the formation of COs. In rice meiosis,
the disruption of OsDMC1 results in a typical asynaptic
phenotype at pachytene (Wang et al., 2016a). At meta-
phase I, PMCs (n = 30 for PMCs) contained nearly 24
univalents, and no chromosome fragmentations were
detected at anaphase I (n = 30 for PMCs; Fig. 5). When
combining the mutation of OsDMC1 and OsATM, in-
terestingly, we observed more severe defects than those
of either single mutant. At pachytene, Osdmcl Osatm-
1 displayed destroyed synapsis (n = 40 for PMCs), the
same phenotype of Osdmcl. However, chromosomes
entangled to mass and no regular chromosome mor-
phology was observed at metaphase I in the double
mutants (n = 42 for PMCs). At anaphase I, more chro-
mosome bridges formed due to the stickiness among
chromosomes (P < 0.0001, two-tailed Student’s t test;
n = 25 for both Osatm-1 and Osdmcl Osatm-1 PMCs;
Supplemental Fig. S6). These data suggest that OsATM
and OsDMCI1 act in parallel with each other in the
meiotic DSB repair process.

OsZIP4 is one of the ZMM proteins in rice that par-
ticipates in CO formation, the outcome of HR (Shen
et al., 2012). Loss of function of OsZIP4 did not dis-
rupt synapsis but led to abundant univalents (Fig. 5).
We constructed Oszip4 Osatm-1 double mutants and
found that the synapsis at pachytene was also normal
(n = 32 for PMCs), comparable to the two single mu-
tants. Chromosome entanglements at metaphase I and
fragmentations at anaphase I were observed in Oszip4
Osatm-1 (n = 35 for PMCs), indicating that aberrant
chromosome associations in Osatm-1 arise independently
of the ZMM-mediated CO pathway.

OsATM Is Dispensable for Phosphorylation of H2AX
during Rice Meiosis

Phosphorylation of histone H2AX, referred to as
v-H2AX, is one of the earliest events in response to
DSBs (Rogakou et al., 1998). In Arabidopsis somatic
cells, phosphorylation of H2AX is dependent on both
ATM and ATR in response to DSBs caused by ionizing
radiation (IR), and ATM has a more dominant role
(Friesner et al., 2005). Here, we proved that OsATM is
also required for the phosphorylation of H2AX in root
tip cells when challenged with bleomycin, a DNA-
damaging chemical causing single-strand breaks and
DSBs. We did not observe any y-H2AX foci in untreated
wild-type cells, but discrete, chromosomally located
v-H2AX foci appeared after bleomycin treatment (94.9
+ 12.8, n = 20 for cells; Fig. 6, A and C). In contrast to
the wild type, bleomycin treatment barely induced the
formation of y-H2AX foci in Osatm-1 (6.7 = 2.11,n = 20
for cells; P < 0.0001, two-tailed Student’s ¢ test; Fig. 6, B,
D, and E). As a control, the formation of OsRAD51 foci
induced by bleomycin treatment was not affected in
Osatm-1 (n = 15 for both wild-type and Osatm-1 cells;
P = 0.6470, two-tailed Student’s t test; Supplemental
Fig. 57).
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Figure 5. Genetic analyses of OsATM
with OsDMCT and OsZIP4. DAPI-stained
chromosomes of Osatm-1, Osdmcl,
Osdmc1 Osatm-1, Oszip4, and Oszip4
Osatm-1 are shown. Osdmc1 is the ho-
mozygous double mutant of OsDMCTA
and OsDMCT1B. Meiotic stages are indi-
cated on the left. Aberrant chromosome
associations and fragmentations are pre-
sented in Osdmc1 Osatm-1 and Oszi-
p4 Osatm-1 double mutants. Bars = 5 um.

Metaphase | Pachytene

Anaphase |

Programmed DSBs during meiosis also induce the
phosphorylation of H2AX in the wild type. We then
tested whether y-H2AX foci formation in Osatm-
1 PMCs was abolished. During zygotene in the wild
type, accompanied by ZEP1 elongation, extensive
v-H2AX foci were observed (Fig. 6F). In Osatm-1 PMCs
at the same stage, we also detected y-H2AX signals
(Fig. 6G). The number of y-H2AX foci was comparable
between the wild type (221.4 * 18.4, n = 10 for PMCs)
and Osatm-1 (227.6 = 16.8, n = 10 for PMCs; P = 0.4408,
two-tailed Student’s t test; Fig. 6H). This result indicates
that OsATM is dispensable for the phosphorylation of
H2AX during rice meiosis.

Dynamics of OsDMC1 and Number of HEI10 Are Changed
in Osatm-1

The DSB repair defects in Osatm-1 prompted us to
investigate the dynamics of OsDMCI1, an important
player in HR-mediated DSB repair. At leptotene, as
ZEP1 started to be polymerized, abundant OsDMC1
foci were observed in Osatm-1 (Fig. 7, A and B), sug-
gesting that OsATM is not required for the recruitment
of OsDMC1 onto chromosomes. The number of
OsDMC1 foci in Osatm-1 (279.1 = 25.3, n = 20 for
PMCs) did not deviate significantly from that of the
wild type (294.6 * 26.4, n = 20 for PMCs; P = 0.5859,
two-tailed Student’s t test; Fig. 7C). When ZEP1 ex-
tended along chromosomes at zygotene, the number of
OsDMC1 foci decreased similarly in the wild type
(219.6 = 24.6, n = 20 for PMCs) and Osatm-1 (212.1 *
24.3, n = 20 for PMCs; P = 0.3378, two-tailed Student’s
t test; Fig. 7, D-F). At pachytene, after synapsis com-
pletion, OsDMCT1 signals depleted rapidly from chro-
mosomes in the wild type (84.7 = 17.9, n = 20 for PMCs;
Fig. 7G). However, the Osatm-1 PMCs maintained sig-
nificantly more foci of OsDMC1 (168.2 * 22.8, n = 20
for PMCs) compared with the wild type (P < 0.0001,
two-tailed Student’s t test; Fig. 7, H and I). This indi-
cated that the DSB repair process may be delayed in
Osatm-1.
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COs are the outcome of HR. We wanted to explore
whether the formation of COs was affected by the
mutation of OsATM. The bright foci of HEI10, a
member of ZMM proteins, are reliable markers of
interference-sensitive CO intermediates (Wang et al,,
2012). The number of HEI10 foci in Osatm-1 (Fig. 7K;
19.4 £ 3, n = 16 for PMCs) decreased significantly
compared with that of the wild type (Fig. 7J; 26.1 *
2.2,n =16 for PMCs; P < 0.0001, two-tailed Student’s
t test; Fig. 7L). Therefore, the number of interference-
sensitive CO intermediates was partially reduced due
to the loss of OsATM.

DISCUSSION

The function of ATM in human has received exten-
sive attention since its isolation in 1995 (Savitsky et al.,
1995a). In this study, we dissected the meiotic function
of OsATM, the ATM homolog in rice, based on the
characterization of three allelic mutants. All of these
mutants contain nucleotide modifications at the junc-
tion between one intron and the following exon.
Accordingly, splicing defects (i.e. exon skipping in
Osatm-1, retained intron in Osatm-2, and alternate ac-
ceptor site in Osatm-3) were detected in these mutants
(Fig. 1C). Interestingly, mutations resulting in defective
splicing of ATM constitute a significant proportion
(~40%) in patients with ataxia telangiectasia (Teraoka
et al., 1999). These data imply that a conserved mech-
anism may exist that causes the predominance of
splicing mutations of ATM in both animals and plants.

OsATM and OsDMC1 Function in Different Pathways in
Meiotic DSB Repair

The aberrant chromosome associations in Osatm-
1 were reminiscent of the case in meical. Loss of
MEICAL1 leads to nonhomologous chromosome asso-
ciation, the formation of massive chromosome bridges,
and chromosome fragmentation (Hu et al., 2017). The
Osdmcl meical double mutant shows a phenotype
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Figure 6. Immunostaining of y-H2AX in root tip cells and PMCs of the wild type and Osatm-1. A to D, Immunostaining of
v-H2AX in root tip cells of the wild type (A and C) and Osatm-1 (B and D) with and without bleomycin (BLM) treatment. E,
Quantifications of foci per cell with bleomycin treatment and statistical analyses from two-tailed Student’s t tests (****P <
0.0001). Means = sp are shown for the wild type (94.9 * 12.8; n = 20) and Osatm-1 (6.7 = 2.11; n = 20). F and G, Immu-
nostaining of y-H2AX in PMCs of the wild type (F) and Osatm-T1 (G) at zygotene. OsREC8 (green) indicates the chromosome and
ZEP1 (blue) indicates the meiotic stage. H, Quantifications of foci per PMC and statistical analyses from two-tailed Student’s ttests
(P=0.4408). NS, Not significant. Means = sp are shown for the wild type (221.4 = 18.37; n = 10) and Osatm-1(227.6 = 16.76;

n=10). Bars = 5 um.

similar to Osdmcl, indicating that MEICA1 acts in re-
combination after strand invasion. Interestingly,
Osdmcl Osatm-1 showed an additive phenotype of
these two single mutants (Fig. 5), indicating that
OsATM and OsDMC1 function in different pathways
during meiotic DSB repair. We proposed a possible
mechanism for the more severe phenotype observed in
Osdmcl Osatm. Meiotic DSBs in Osatm were channeled
into two pathways for repair. The accurate pathway is
OsDMC1-mediated HR that leads to homologous
pairing and synapsis. The inaccurate pathway involves
interaction between nonhomologous chromosomes.
Disruption of OsDMC1 in Osatm blocked HR. Thus,
more DSBs were channeled into the inaccurate repair
pathway and more ectopic chromosome interactions
formed.

Another case of aberrant chromosome associations
was observed in the mutant of OsRAD1, which encodes

Plant Physiol. Vol. 183, 2020

a member of the conserved RAD9-RAD1-HUS1 com-
plex in rice (Hu et al., 2016). OsRADI1 functions in
parallel with OsDMC1 during meiotic DSB repair,
which resembles the situation of OsATM. Importantly,
loss of Ku70 partially reduces the meiotic defects of
Osradl, indicating the function of OsRAD1 in sup-
pressing nonhomologous end joining (NHE]), another
way for DSB repair. The critical determinant between
DSB repair pathway choice (i.e. HR and NHE]) is the
initiation of 5’ to 3’ resection of DNA ends (Symington
and Gautier, 2011). In budding yeast, Tell was reported
to promote resection initiation and extension (Mimitou
etal., 2017). Thus, OsATM may stimulate DSB resection
to inhibit the NHE] pathway.

An alternative interpretation of the nonhomologous
associations in Osatm involves nonallelic HR, which
takes place between nonallelic DNA segments that share
high sequence identity. Nonallelic HR can markedly alter
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Figure 7. Immunostaining of OsDMC1 and HEI10 in wild-type and Osatm-1 PMCs. A, B, D, E, G, and H, Dynamic loading
patterns of OsDMCT in the wild type (A, D, and G) and Osatm-1 (B, E, and H) at different meiotic stages. OsREC8 (red) indicates
the chromosomes and ZEP1 (blue) indicates the meiotic stages. C, Means = sp for the wild type (279.1 = 25.35; n = 20) and
Osatm-1(274.6 * 26.44; n = 20). F, Means = sp for the wild type (219.6 = 24.58; n = 20) and Osatm-1(212.1 = 24.28; n = 20).
I, Means = sp for the wild type (84.65 + 17.89; n = 20) and Osatm-1(168.15 * 22.81; n = 20). Quantifications of foci per PMC
and statistical analyses from two-tailed Student’s t tests are presented (****P < 0.0001). NS, Not significant. ] and K, Number of
HEI10 foci in PMCs of the wild type () and Osatm-1 (K) at late pachytene. L, Means = sp for the wild type (26.13 = 2.187; n=16)
and Osatm-1(19.38 = 3.030; n = 16). Quantifications of foci per PMC and statistical analyses from two-tailed Student’s ttests are
presented (****P < 0.0001). Bars = 5 um.
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genome architecture and thus should be repressed (Sasaki
et al.,, 2010). It is tempting to speculate that OsATM par-
ticipates in the removal of nonallelic HR that may cause
nonhomologous associations.

In contrast to mammals (Barlow et al., 1998), the re-
cruitment of OsDMC1 does not depend on OsATM
(Fig. 7, A and B). This may account for the normal
pairing and synaptonemal complex formation in
Osatm-1 (Fig. 3). In the Arabidopsis atm background,
mutation of AtATR, another protein kinase involved in
responses to DNA damage, prevents complete synapsis
of chromosomes. Thus, these two protein kinases may act
redundantly in processing meiotic DSBs (Culligan and
Britt, 2008). Interestingly, more OsDMC1 foci were pre-
sent in Osatm-1 than in wild-type PMCs at pachytene
(Fig. 71), which resembles the situation in weak mutant
alleles of certain DNA polymerases in Arabidopsis (Wang
et al.,, 2019). This suggests that meiotic DSB repair pro-
cesses may be delayed due to the loss of OsATM.

OsATM Is Not Essential for the Phosphorylation of H2AX
during Rice Meiosis

Studies in mammals clearly established ATM as the
major kinase involved in the phosphorylation of H2AX
in response to DNA DSBs (Burma et al., 2001). In Ara-
bidopsis, AtATM plays a dominant role in IR-induced
v-H2AX formation (Friesner et al., 2005). Similar results
were obtained in this study, as the bleomycin-induced
v-H2AX foci in Osatm-1 root tip cells almost dis-
appeared (Fig. 6, D and E).

However, y-H2AX foci were observed in Osatm-
1 PMCs at zygotene (Fig. 6, G and H), indicating that
OsATM is not essential for the phosphorylation of
H2AX in rice meiosis. In mouse meiocytes, ATM is re-
sponsible for chromatin-wide phosphorylation of
H2AX during leptotene. However, in a particular gen-
otype, Atm~/=Spol1*/-, y-H2AX signals that coincide
with the X and Y chromatin were observed. This dem-
onstrated that ATM is dispensable for the phospho-
rylation of H2AX in the sex body (Bellani et al., 2005).
Moreover, similar levels of y-H2AX were induced by
microbial pathogens in Atatm-2 compared with the wild
type in Arabidopsis somatic cells (Song and Bent, 2014).
These findings suggest that there are diverse mechanisms
of H2AX phosphorylation. In Arabidopsis, ~10% of IR-
induced y-H2AX requires functional AtATR (Friesner
et al, 2005). It is tempting to speculate that OsATR
functions in H2AX phosphorylation in rice meiosis when
the function of OsATM is compromised. Further studies,
such as immunostaining of y-H2AX in Osatr and Osatm
Osatr PMCs, are needed to clarify this issue.

OsATM May Not Be Involved in the Control of Meiotic
DSB Number

Studies of Drosophila melanogaster meiosis showed
that the number of y-H2AX foci is dramatically
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increased in the absence of ATM, suggesting that the
number of DSBs is increased (Joyce et al., 2011). More
RAD-51 foci were observed in meiotic cells in Caeno-
rhabditis elegans atm-1 mutants compared with the wild
type, a result that was consistent with a conserved role
of ATM in DSB inhibition (Checchi et al., 2014). Similar
results were obtained by immunoblot analysis of
SPO11-oligonucleotide complexes in mouse and bud-
ding yeast (Lange et al., 2011; Mohibullah and Keeney,
2017). However, we did not observe any significant
difference in the foci numbers of y-H2AX between the
PMCs of the wild type and Osatm-1 (Fig. 6H). The foci
numbers of OsDMC1, a proxy of DSB sites, were com-
parable between the wild type and Osatm-1 at leptotene
and zygotene (Fig. 7, C and F). Thus, in contrast to
animals and yeast, OsATM may not be involved in the
control of meiotic DSB number in rice.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Three mutants of OsATM were isolated from the rice (Oryza sativa) indica
variety Guangluai 4 induced by ®°Co y-ray irradiation. The Osspo11-1, Osdmc1,
and Oszip4 alleles employed in this study were previously isolated in our lab
(Shen et al., 2012; Hu et al., 2016; Wang et al., 2016a). Guangluai 4 was used as
the wild type in the related experiments. All plants were grown in paddy fields
in Beijing (China), Yangzhou (Jiangsu Province, China), or Sanya (Hainan
Province, China) during the natural growing season.

Map-Based Cloning of OsATM

For map-based cloning of OsATM, heterozygous mutant plants of Osatm-1,
Osatm-2, and Osatm-3 were crossed with the japonica variety Nipponbare to
generate the mapping populations. OsATM was mapped within a 150-kb re-
gion on the terminus of chromosome 1 using the mapping population of the F2,
F3, and F4 generations (n = 928 in total).

Based on the Michigan State University Rice Genome Annotation Project
Database and Resource (http://rice.plantbiology.msu.edu/), a candidate
OsATM gene was identified, which was annotated as a phosphatidylinositol 3-
and 4-kinase family protein. Sequencing of OsATM in the three mutant lines
showed that all mutants were disrupted in this gene.

Full-Length cDNA Cloning of OsATM and Splicing Pattern
Analyses in the Mutants

Total RNA extraction from rice young panicles was conducted using the
TRIzol reagent (Invitrogen). Reverse transcription was performed with primer
Adaptor-T (18) using SuperScript III RNase H reverse transcriptase (Invi-
trogen). For RACE, 3'-Full RACE Core Set with PrimeScript RTase (TaKaRa)
and 5’-Full RACE Kit with TAP (TaKaRa) were used to identify the 3’ and 5’
ends of the cDNA, respectively. PCR was performed to amplify the open
reading frame. Then the products were cloned into the PMDI18-T vector
(TaKaRa) and sequenced. The sequences were then spliced together to obtain
the full-length cDNA sequence.

The cDNAs of Osatm-1, Osatm-2, and Osatm-3 (three plants for each mutant)
were amplified using primer pairs spanning the mutated site. PCR products
were cloned into the PMD18-T vector (TaKaRa) and sequenced (10 clones for
each plant).

Meiotic Chromosome Preparation
Fresh young panicles were fixed in Carnoy’s solution (ethanol:glacial acetic
acid, 3:1) at room temperature for 24 h and transferred into a freezer. Anthers of

appropriate size were squashed in acetocarmine solution. Cover slips were
added and knocked gently by tweezers. After the observation of meiotic stages
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by light microscopy, acetocarmine was removed by 45% (v/v) acetic acid by
wicking with filter paper. Slides with chromosomes were frozen in liquid
nitrogen, and the cover slips were removed rapidly. Air-dried samples were
counterstained with DAPI in an antifade solution, and new cover slips were
added. Images were captured with a Zeiss A2 fluorescence microscope with a
micro-CCD camera. The PMCs used for chromosome preparation were
obtained from three plants of the wild type and mutants.

FISH

FISH analyses were conducted as described previously (Yang et al., 2016).
The PMCs used for FISH analyses were obtained from three plants of the wild
type and mutants. Three repetitive DNA elements, pTa794, pAtT4, and CentO,
were used as FISH probes. The pTa794 clone contains the coding sequences for
the 55 rRNA genes from wheat (Triticum aestivum; Cuadrado and Jouve, 1994).
PALtT4 contains telomeric repetitive sequences (Richards and Ausubel, 1988),
and CentO contains rice centromeric tandem repeats (Cheng et al., 2002).
Chromosome images were captured with the Olympus BX51 fluorescence mi-
croscope with a micro-CCD camera using the IPLab 4.0 software.

Bleomycin Treatments and Root Tip Slide Preparation

Husked rice seeds were sown on one-half-strength Murashige and Skoog
medium for 5 to 6 d. The seedlings were transferred into bleomycin (20 ug mL~
1) for a 2-h treatment. After thorough washing, the root tips were cut and fixed
in paraformaldehyde (4% [w/v]) for 30 min. Then, the root tips were digested
by cellulase (1% [w/v]) and pectinase (2% [w/v]) for 30 min at 37°C. Root tips
were squashed gently onto gelatin-coated slides and cover slips were added.

Immunofluorescence Assay

The primary antibodies against OsRECS8, ZEP1, OsDMC1, HEI10, y-H2AX,
and OsRADS51 were generated previously (Wang et al., 2010, 2012, 2016a; Shao
et al., 2011; Miao et al., 2013; Xu et al., 2018). The procedure for the immuno-
fluorescence assays was performed as previously described (Shen et al., 2012).

Computational and Database Analyses

Multiple sequence alignment was conducted using MAFFT (https:/ /toolkit.
tuebingen.mpg.de/#/tools/mafft) and colored with ESPript (http://espript.
ibcp.fr/ESPript/ESPript/). Data analyses were mainly conducted using
GraphPad Prism 8 software.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers OsATM (rice), XP_015615410.1; AtATM
(Arabidopsis thaliana), NP_001326746.1, ATM (Homo sapiens), XP_011541144.1;
Tefu (Drosophila melanogaster), NP_001036712.1; Tell (Saccharomyces cerevisiae),
AJQ12538.1;, ATM-1 (Caenorhabditis elegans), NP_001293214.1; ZEP1
(rice), XP_025880993.1;, OsDMC1A (rice), XP_015618986.2; OsDMC1B
(rice), XP_025877096.1; and HEI10 (rice), XP_015623604.1.

Supplemental Data

The following supplemental materials are available.
Supplemental Figure S1. Map-based cloning of OsATM.

Supplemental Figure S2. Multiple sequence alignment of the PI3Kc and
FATC domains in ATM homologs among species.

Supplemental Figure S3. Detailed sequence modification of cDNA in the
mutants.

Supplemental Figure S4. Chromosome behaviors in Osatm-2 and Osatm-3.

Supplemental Figure S5. FISH analysis of telomere in the wild type and
Osatm-1.

Supplemental Figure S6. Quantification of chromosome bridges of Osatm-
1 and Osdmc1 Osatm-1 at anaphase I.
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Supplemental Figure S7. Inmunostaining of OsRAD51 in root tip cells of
the wild type and Osatm-1 with and without bleomycin treatment.

Supplemental Table S1. Seed setting rate of the wild type and Osatm-
1 when pollinated with wild-type pollen grains.
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