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ABSTRACT

Photosynthesis is the most temperature-sensitive
process in the plant kingdom, but how the photo-
synthetic pathway responds during low-temperature
exposure remains unclear. Herein, cold stress (4°C)
induced widespread damage in the form DNA double-
stranded breaks (DSBs) in the mesophyll cells of rice
(Oryza sativa), subsequently causing a global inhi-
bition of photosynthetic carbon metabolism (PCM)
gene expression. Topoisomerase genes TOP6A3 and
TOP6B were induced at 4°C and their encoded pro-
teins formed a complex in the nucleus. TOP6A3
directly interacted with KU70 to inhibit its bind-
ing to cold-induced DSBs, which was facilitated by
TOP6B, finally blocking the loading of LIG4, a com-
ponent of the classic hon-homologous end joining
(c-NHEJ) pathway. The repression of c-NHEJ repair
imposed by cold extended DSB damage signaling,
thus prolonging the inhibition of photosynthesis in
leaves. Furthermore, the TOP6 complex negatively
regulated 13 crucial PCM genes by directly bind-
ing to their proximal promoter regions. Phenotyp-
icallyy, TOP6A3 overexpression exacerbated the vy-
irradiation-triggered suppression of PCM genes and
led to the hypersensitivity of photosynthesis param-
eters to cold stress, dependent on the DSB signal

transducer ATM. Globally, the TOP6 complex acts as
a signal integrator to control PCM gene expression
and synchronize cold-induced photosynthesis inhi-
bition, which modulates carbon assimilation rates
immediately in response to changes in ambient tem-
perature.

INTRODUCTION

Climate change is raising the intensity, frequency and du-
ration of abnormal weather events, which include periods
of unseasonably cold and warm temperatures (1,2). Low
temperature can be classified as cold (0-15°C) or freezing
(<0°C) stress, which are the most severe weather events
limiting crop growth, productivity and geographical distri-
bution (3). Rice (Oryza sativa L.) is a thermophilic cereal
crop originating from tropical and subtropical regions that
is highly susceptible to cold stress, in contrast to other ce-
real crops such as wheat (Triticum aestivum L.) and barley
(Hordeum vulgare L.) which are more resilient to cold tem-
peratures (4).

Plants capture solar energy and assimilate carbon diox-
ide (CO,) through photosynthesis, which represents the pri-
mary component modulating crop yield and is the most
temperature-sensitive target machinery. Most plants pos-
sess a considerable capacity to adjust their photosynthetic
characteristics in response to fluctuating ambient tempera-
tures (5,6). Physiological photosynthesis can be suppressed
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under both low and high temperatures (7). In particular,
cold stress impairs the chloroplast microstructure, photo-
synthetic metabolism and energy production, which is ac-
companied by oxidative damage and a disruption of cell
membrane integrity (8-10).

In response to changes in their local environment, plants
undergo a coordinated modulation in the expression of
genes encoding different components of the photosynthetic
machinery. For instance, both salt and drought stresses
down-regulate some photosynthetic genes, although salt
stress affects the expression of far more genes than drought
stress (11). Under a combination of drought stress and
high temperature, the transcription factor (TF) HIGHER
YIELD RICE (HYR) was shown to directly activate its
downstream target genes and up-regulate genes from the
photosynthetic carbon metabolism (PCM) pathway in rice
(12). Cold stress disrupts the proper functioning of the
systems that regulate photosynthesis (13) and causes the
transcriptional repression of genes associated with chloro-
phyll biosynthesis and chloroplast development (14,15).
However, the molecular mechanism underlying this phe-
nomenon remains unknown.

DNA topoisomerase (Top) activity has previously been
reported to be implicated in DNA templating processes,
such as transcription (16-18), DNA replication (16,19) and
DNA repair (20,21). Top6 from Archaea consists of two dis-
tinct subunits, Top6A and Top6B. Top6A is the catalytic
subunit and is responsible for DNA binding and cleav-
age, while Top6B is involved in ATP binding and hydrol-
ysis (22,23). The eukaryotic homolog of archaeal Top6A is
SPORULATION 11 (SPOI11), which can induce meiosis-
specific double-stranded breaks (DSBs) by a TOP Il-like
mechanism (24,25). In the model plant Arabidopsis (Ara-
bidopsis thaliana), Top6 homologs appear to function in two
discrete processes: AtSPO11-1 and AtSPO11-2 participate
in meiotic recombination, while AtSPO11-3 contributes to
somatic DNA replication (26). Another report showed that
the Arabidopsis TOP6 complex (comprising AtSPO11-3
and AtTOP6B) appears to be essential for endoredupli-
cation in somatic cells (27). Moreover, the AtTOP6 com-
plex plays key regulatory roles in the signaling pathways of
brassinosteroids (28), auxin (29) and reactive oxygen species
(ROS) (30).

Here, we demonstrate that cold treatment at 4°C in-
duces massive DSB damage in the nucleus of rice meso-
phyll cells (MCs), which subsequently activates the master
regulator DSB transducer ATAXIA-TELANGIECTASIA
MUTATED (ATM), thereby causing a significant tran-
scriptional inhibition of global PCM genes, including genes
encoding chlorophyll (Chl) «,b-binding proteins, light-
harvesting complexes (LHCs), subunits of the photosystem
IT (PSII) and PSI reaction centers (RCs), chloroplast ATP
synthase subunits, electron transport reaction components
and enzymes from the Calvin—Benson-Bassham (CBB) cy-
cle. We therefore propose that cold stress induces a DSB
damage response that transcriptionally represses photosyn-
thetic genes by activating the ATM kinase in rice MCs.

We also characterized the roles of the rice TOP6 com-
plex (TOP6A3 and TOP6B) in integrating cold-inhibited
PCM gene expression, which comprises two distinct regula-
tory functions: (i) TOP6A3 negatively regulates PCM genes

(Lhca2, Lhebl. 1, Lhebla, Lheb2.1, Lheb6, PORA, HEMB,
HEMA, PsaN, PsaO, PsbRI, PsbQ and RbcS1) by directly
binding to proximal promoter regions, which is a prereq-
uisite for their inhibition during the cold response; and (ii)
TOP6A3 interacts with KU70, the first step protein in the
c-NHEJ pathway, and inhibits its binding to cold-induced
DSBs. This process is promoted by TOP6B and leads to the
attenuation of ligased4 (LIG4) loading in the KU-mediated
repair pathway, which extends the DSB damage signal and
prolongs the transcriptional inhibition of PCM genes under
cold stress.

MATERIALS AND METHODS
Plant materials and growth conditions

Mutant rice lines (ku70, lig4, atm-1 and atr) reported in our
previous studies (31,32) were used. The clustered regularly
interspaced short palindromic repeat (CRISPR)/CRISPR-
associated nuclease 9 (Cas9)-induced mutants (top6a3,
top6b and atm-2) were created using a modified method
based on the basic CRISPR/Cas9 system (33). Two steps
were used for constructing the CRISPR /Cas9 vectors, in-
volving an intermediate vector (SK-gRNA) and a final vec-
tor (pC1300-Cas9). To generate transgenic rice plants over-
expressing TOP6A3 and TOP6B, their coding sequences
were individually amplified from first-strand cDNA. The
resulting polymerase chain reaction (PCR) products were
then separately cloned into the pCAMBIA1300 vector,
which harbors the cauliflower mosaic virus (CaMV) 35S
promoter. The constructs were thereafter transformed into
the rice japonica variety Kangtiao 3 (K3). Homozygous
lines of the T3 generation (TOP6A3-OEl and TOP6B-
OEI) were used for analysis. The double overexpress-
ing line (TOP6A3-OEl TOP6B-OEI) was obtained by
crossing TOP6A3-OEI and TOP6B-OFE]! plants; similarly,
the TOP6A3-OEl atm line was obtained by crossing a
TOP6 A3-OEI plant with the atm-2 mutant. All plant mate-
rials used in this study were grown in paddy fields under nor-
mal conditions. Genomic DNA extraction was performed
with a Tissuelyser-48 instrument (Jingxin Technology). The
complete information on all rice lines is provided in Supple-
mentary Table S2 and the primers used for genotyping are
given in Supplementary Table S3.

Measurements of leaf photosynthesis levels and physiological
parameters

Seeds were sown on May 30 at a Shanghai field base. For
each genotype, 36 individuals were planted (6 x 6) with 20
cm between rows and 15 cm between plants of the same
row. The rice fields were managed according to standard
local agronomic practice as described previously (34). The
recorded mean air temperature from the sowing date until
the photosynthetic measurements was ~24.8°C (£3.1°C).
The middle section of fully expanded leaves from each
plant was used for photosynthetic measurements. The ex-
periments were conducted between 9:00 am and 11:30 am
using a portable photosynthesis system (Li-COR Inc., Lin-
coln, NE, USA). The temperature and CO, concentration
in the cuvette chamber were maintained at 25°C (or 8°C)
and 400 ppm, respectively. A light intensity of 1000 pmol



m 2 s! was used to assess the photosynthetic rates under

saturated light conditions (A4g,). Four biological replicates
were performed for each genotype.

For the chilling stress treatment, rice plants were moved
indoors and exposed to 4°C for 24 h. During the measure-
ment of photosynthetic parameters, the temperature and
CO, concentration in the cuvette chamber were maintained
at 4°C and 400 ppm, respectively.

Gene expression analysis

For transcriptome deep sequencing (RNA-seq), the to-
tal RNA was isolated from the leaf tissue of 14-day-old
mutants (top6a3, atm-1 and atr), the overexpressing line
(TOP6A3-OEI), the TOP6A3-OEI atm plant and wild-type
(WT) plants (ATM and K3) using an RNA extraction kit
(Huayueyang, China). RNA integrity was checked on 1%
(w/v) agarose gels and on a NanoPhotometer spectropho-
tometer (IMPLEN, CA, USA). Total RNA concentration
was measured by a Qubit RNA Assay Kit on a Qubit
2.0 Flurometer (Life Technologies, CA, USA), and RNA
integrity was evaluated using an RNA Nano 6000 Assay
Kit on a Bioanalyzer 2100 system (Agilent Technologies,
CA, USA). The construction of RNA-seq libraries was per-
formed using a NEBNext Ultra Directional RNA Library
Prep Kit for Illumina (NEB, Ipswich, MA, USA) follow-
ing the manufacturer’s instructions. The RNA-seq libraries
were sequenced on an Illumina HiSeq-2000 instrument as
100 bp single-end reads. Library sequencing was performed
by PANOMIX Biomedical Tech Co., Ltd (Suzhou, China).

For reverse transcription—quantitative PCR (RT-qPCR)
analysis, total RNA was extracted from rice leaves tissues
using a Trelief® RNApre Pure Plant Kit (singke, code:
TSP411) according to the manufacturer’s instructions. The
RNA samples without any genomic DNA were reverse
transcribed to first-strand cDNA using a Goldenstar® RT6
cDNA Synthesis Kit (singke, code: TSK301S). gPCR was
performed in a total volume of 20 wl using 2 pl of cDNA
as template with 0.6 wl of each reverse and forward primer
(R+F, 10 uM)and 10 pl of 2x TSINGKE® Master qPCR
Mix (code: TSE201) on a Qtower 3.0 real-time PCR in-
strument (Analytik Jena, Germany), then the total volume
was adjusted to 20 pl by adding 6.8 wl of water. Fluores-
cence was quantified against standards. The PCR condi-
tions were as follows: 5 min at 95°C, followed by 41 cycles
at 95°C for 10 s, 52°C for 30 s and 72°C for 30 s. Melting
temperatures (MTs) were determined for each gene prod-
uct. UBQ (0s03g0234200) was used as an internal control
(housekeeping gene) for normalization of expression levels
in rice. Relative expression levels were evaluated based on
the 2 22CT method, as described by Livak and Schmittgen
(35). For each gene, three biological replicates were per-
formed. The sequences of the qRT-PCR primers are given in
Supplementary Table S3. All chemicals for RT-qPCR anal-
ysis were purchased from singke Biotechnology Co., Ltd
(China).

Antibody production

The anti-TOP6A3 antibody was produced by Orizymes
Biotechnology (Shanghai) Co. Ltd. Briefly, a TOP6A3 pep-
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tide fragment (Supplementary Table S1) was used to pro-
duce a specific antibody by immunizing one rabbit with
the fusion peptides. Vector construction, production of the
fusion peptide and protein purification were performed as
previously described (36). An immunoblot assay was con-
ducted to confirm that the prepared anti-TOP6A3 anti-
body was specific for TOP6A3 in rice (Supplementary Fig-
ure S2C). The other antibodies against RADS51C, RADSI1,
XRCC3,COMI, LIG4 and y-H2AX used in this study were
as reported in our previous studies (31,37). Detailed infor-
mation about all the antibodies is provided in Supplemen-
tary Table S4.

Yeast two-hybrid (Y2H) assay, pull-down assay and elec-
trophoretic mobility shift assay (EMSA)

For Y2H assays, the coding sequences of the relevant genes
were amplified and cloned individually into the pGADT7
and pGBKT?7 vectors. The appropriate pairs of constructs
were transformed into yeast strain Y2HGOLD, and pos-
itive colonies were selected on synthetic defined (SD)
medium lacking Leu and Trp (SD —Leu —Trp). Protein—
protein interactions were tested by growth on SD medium
lacking Leu, Trp, His and Ade (SD —Leu —Trp —His —Ade).
Primers used for the cloning of Y2H constructs are listed in
Supplementary Table S3.

For pull-down assays, recombinant purified glutathione
S-transferase (GST) fusion proteins (GST-TOP6A3, GST-
TOP6B and the negative control GST) were incubated with
glutathione Sepharose 4B (GE Healthcare) in pull-down
buffer [SO mM Tris—HCI, pH 8.0, 150 mM NaCl, 10%
(v/v) glycerol, 0.5 mM EDTA, 0.1% (v/v) Triton X-100, 5
mM 2-mercaptoethanol and protease inhibitor cocktail] for
4 h at 4°C, and then recombinant KU70-HIS was added
and incubated for another 3 h at 4°C. After washing five
times with pull-down buffer, Sepharose beads were col-
lected by brief centrifugation (2000 g, 3 min) and then re-
suspended in protein extraction buffer. Proteins were sepa-
rated by sodium dodecylsulfate (SDS)-polyacrylamide gel
electophoresis (PAGE) and detected by immunoblot analy-
sis with the appropriate antibodies.

For EMSAs, 20 fmol of labeled probe was incubated in
binding buffer, 2.5% (v/v) glycerol, 50 mM KCI, 5 mM
MgCl, and 10 mM EDTA with or without recombinant
proteins at 28°C for 20 min. Pull-down assays and EMSAs
were performed by Nanjing bayico Biotechnology Co., Ltd
(Nanjing, China).

Firefly luciferase complementation imaging (L.CI) assay

The coding sequences of KU70 and TOP6 (TOP6A3
and TOP6B) were cloned into the pPCAMBIA1300-nLUC
and pCAMBIA1300-cLUC vectors, respectively. Agrobac-
terium (Agrobacterium tumefaciens) strain GV3101 carry-
ing the indicated constructs was cultured to an ODyggy of 0.5
in Luria—Bertani (LB) medium and incubated at room tem-
perature without shaking for 3 h. The cell suspensions were
then infiltrated into Nicotiana benthamiana leaves (38). Lu-
ciferase activity was detected 2 days after infiltration with
an LB 985 NightSHADE system (Berthold Technologies).
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Chromatin immunoprecipitation (ChIP)

The ChIP assay was performed as previously described
(39). Briefly, rice leaf samples (5 g) were cross-linked in
buffer containing 4% (w/v) formaldehyde. Nuclei were iso-
lated and chromatin was sheared by sonication into 200—
600 bp fragments. Sonicated chromatin was pre-cleared
with 100 wl of protein A—agarose for 1.5 h and immuno-
precipitated into two fractions: one fraction with anti-
TOP6A3 for TOP6A3-bound chromatin and one fraction
with anti-histone H3 (AHO1432, Invitrogen, 1.5-2 mg) as a
non-specific chromatin-binding protein. Chromatin-bound
DNA fragments were eluted after reverse cross-linking by
incubation overnight with proteinase K at 37°C. The in-
cubation was repeated at 65°C overnight and subsequently
the DNA was purified following the manufacturer’s instruc-
tions. ChIP assays were performed based on three biological
replicates, and qPCR analysis was carried out in triplicate
with primers designed to amplify putative TOP6A3-bound
promoters for each ChIP assay (Supplementary Table S3).

TOP6A3 and TOPG6B subcellular localization

The coding sequences of TOP6 genes (TOP6A3 or TOP6B)
were cloned into the pJIT163-GFP vector in-frame with
the sequence of green fluorescent protein (GFP). The cod-
ing sequence of OsbZIP52 was cloned into the pSAT6-
RFP vector in-frame with the sequence of red fluorescent
protein (RFP). The appropriate pairs of plasmids were co-
transfected into rice protoplasts. After incubation in the
dark at 28°C for 20 h, fluorescence signals were observed us-
ing a confocal laser scanning microscope (Carl Zeiss LSM
710). GFP and RFP were excited at 488 nm and 561 nm,
and their signals were observed at 500-540 nm and 600-
650 nm, respectively. OsbZIP52-RFP was used as a nuclear
localization marker (40).

Immunofluorescence staining of MCs, root tips and proto-
plasts

For immunostaining of MCs, samples were collected from
mutants (top6a3 and top6b), the double overexpressing
line (TOP6A3-OFE1 TOP6B-OFEI) and their WT follow-
ing cold treatment at 4°C for 24 h. MCs were isolated
from rice leaves, fixed in 4% (w/v) paraformaldehyde at
4°C for 30 min and then stored at —80°C in 10% (v/v)
phosphate-buffered saline (PBS). For immunostaining of
root tips, seedlings from the mutants and their WT sib-
lings were harvested following irradiation with ®°Co vy-ray
(40 Gy). After 20 min of recovery from irradiation, root
tips were collected and fixed in 4% (w/v) paraformalde-
hyde at 4°C for 30 min and then stored at —80°C in 10%
(v/v) PBS. For immunostaining of protoplasts, transformed
calli with the T-DNA of pl-Scel. CON, which was selected
on hygromycin for 20 days, were used to prepare proto-
plasts. The coding sequence of TOP6A3 was cloned into
the pJIT163-GFP vector, and the I-Scel gene (Supple-
mentary Table S5, encoding an endonuclease with restric-
tion site TAGGGATAACAGGGTAAT) was cloned into
the pSAT6-RFP vector. The two plasmids were then co-
transfected into rice protoplasts. After incubation in the

dark at 28°C for 20 h, the rice protoplasts were collected
and fixed in 4% (w/v) paraformaldehyde at 4°C for 20 min.
The procedures of slide preparation and immunodetec-
tion were as previously described (41). The nuclei were
counter-stained with Vector-shield mounting medium con-
taining 4’,6-diamidino-2-phenylindole (DAPI; Vector Lab-
oratory, cat. no. H-1200), and the specific immunosignals
were captured as digital images using a fluorescence micro-
scope (Olympus DP80). For the root tips, interphase nuclei
were selected for photographs and quantitative analyses.

Comet assay

Leaf tissues from control and cold-treated rice seedlings
for the mutants (top6a3 and top6b), the double overex-
pressing line (TOP6A3-OEl TOP6B-OEI) and their WT
(K3) siblings, were used for preparation of nuclei. A single-
cell gel electrophoresis assay (Comet) for DSB detection
was performed with a commercial kit (CTCC-MO001) as de-
scribed previously (42,43). Nuclear lysis was performed at
4°C for 1 h instead of at room temperature for 20 min.
After staining with propidium iodide (PI; Sigma, cat. no.
p4170), comet images were captured using a fluorescent mi-
croscope (Olympus DP80) equipped with a CCD camera.
DNA damage signals were analyzed using the comet as-
say software project (CASP) software. Thirty typical nuclei
were selected for statistical analysis, and each measurement
was performed three times. All chemicals for the comet as-
say were purchased from CTCC (Wuxi, China).

RESULTS

Cold-induced TOP6 genes (TOP6A3 and TOP6 B) in rice and
their negative regulatory roles in chlorophyll (Chl) biosynthe-
sis

To clarify the potential functions of TOP6 genes, we mea-
sured their transcript levels in response to certain abiotic
stresses by RT-qPCR. We determined that TOP6A43 and
TOPO6B are strongly up-regulated following cold treatment
(4°C), but not following exposure to 12°C or to other abiotic
stresses, including osmotic stress, dehydration, DNA dam-
age, high salinity or heat stress (42°C) (Figure 1A). We also
raised a specific polyclonal antibody against rice TOP6A3
(Supplementary Table S1). We observed an accumulation of
TOP6A3 by immunoblot analysis in both cold-treated roots
and leaves (Figure 1B).

In Arabidopsis, mutation in either AtTOP6B or
AtSPO11-3 causes severe dwarfing (26,44), but the plants
remain fully capable of forming all plant tissues as in
the WT. In this report, we obtained rice mutants (zop6a3
and rop6b) via CRISPR/Cas9-mediated gene editing
(Figure 1C). Both single mutants exhibited clear growth
retardation from 12 to 24 days post-germination (Figure
1D, E), and their leaves took on a dark-green appearance
(Figure 1F). Notably, Chl ¢ accumulated to higher levels
in the mutants, with a 2.5- and 2.8-fold increase in top6a3
and rop6b, respectively, relative to the WT. Likewise, Chl b
contents also increased by 90% and 80% in the fop6a3 and
top6b mutants, respectively, relative to the WT (Figure 1G;
Supplementary Data S1).
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Figure 1. Relative expression levels of TOP6 genes and Chl biosynthesis phenotypes of the rop6a3 and top6b mutants. (A) RT-qPCR analysis of TOP6A43
and TOP6 B expression levels in response to various abiotic stress conditions. Total RNA samples were extracted from the leaves of 2-week-old WT seedlings
at the given time points after exposure to cold (4°C), heat (42°C), y-irradiation (40 Gy), 25% (w/v) polyethylene glycol (PEG), salt (250 mM NaCl) or
methyl viologen (10 wM MYV). Rice UBQ was used for normalization. Experiments were performed three times. Data are means + standard error (SE,
n = 6). (B) Immunoblot analysis for TOP6A3 abundance in rice leaves and roots 24 h after cold treatment. Actin served as the loading control. The
immunoblot assay was repeated twice, yielding identical results. (C) Schematic diagrams of the TOP6A43 and TOP6B loci. Coding regions are shown as
blue boxes; 5'- and 3’-untranslated regions are shown in white boxes; introns are shown as black lines. The red nucleotides or dashes indicate the mutation
sites induced by CRISPR /Cas9-mediated editing. (D-F) Representative phenotypes of fop6a3 and top6b mutants and WT plants. Scale bars, 3 cm (D, E),
2 cm (F). 6a3, top6a3; 6b, top6b. (G) Contents of Chl biosynthesis intermediates (Chl a, Chl b, ALA, Mg-protolX, Chlide a, Chlide 5 and Chlide) in the

leaves of top6a3 and top6b mutants and K3.

To explore how Chl accumulated to higher levels in the
mutants, we measured the levels of metabolic intermedi-
ates of the Chl biosynthetic pathway. 8-Aminolevulinic acid
(ALA) represents the first intermediate of Chl biosynthesis
and reached levels 2.7- and 2.6-fold higher in the top6a3 and
top6b mutants, respectively, compared with the WT (Fig-
ure 1G; Supplementary Data S1). Mg-protolX constitutes
the first intermediate of the magnesium (Mg) branch of the
Chl biosynthesis pathway, and its levels were 80% and 76%
higher in the top6a3 and top6b mutants, respectively, rela-
tive to the WT. Pchlide can be converted to chlorophyllide
(Chlide) by protochlorophyllide oxidoreductase (POR) in a
light-dependent manner (45). In this study, we observed that
the Pchlide content is drastically decreased in the mutants,
while Chlide @ and Chlide b levels were ~2-fold higher in

the mutants compared with the WT. We conclude that mu-
tation of TOP6 genes promoted the conversion of Pchlide
to Chlide in rice leaves.

We also overexpressed TOP6A3 or TOP6B individu-
ally in WT [variety Kangtiao 3 (K3)] plants to test their
biological functions; two representative transgenic lines
(TOP6A3-OFEl and TOP6B-OEI) were selected for fur-
ther investigation (Supplementary Figure S1A, B). Notably,
TOP6A3-OEI plants showed a 35.3-fold increase in relative
TOP6A3 transcript levels, while TOP6B-OE] plants dis-
played a 28.1-fold increase in TOP6 B expression compared
with K3 plants (Supplementary Figure SID). Importantly,
we did not observe significant differences in plant architec-
ture between the WT and the overexpressing lines, although
TOP6A3-OFE]I plants were slightly shorter than the WT at
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the reproductive stage (Supplementary Figure S1B, E), with
a slight acceleration of heading time in TOP6A3-OFE] rel-
ative to K3 (Supplementary Figure S1C, F). Furthermore,
we generated the double overexpressing line TOP6A3-OFE]
TOP6B-OEI by crossing the TOP6A3-OEl and TOPG6B-
OFE] lines (Supplementary Figure S1G, I). Again, we did
not detect significant differences in terms of Chl contents
or expression of Chl biosynthetic genes during the early
seedling stage in the double overexpressing line compared
with K3 seedlings (Supplementary Figure S1J, L). Notably,
we observed that de-etiolation is slower, and Chl (Chl ¢ and
Chl b) accumulation was significantly lower in the double
overexpressing line relative to K3 seedlings following the
transfer of etiolated seedlings to light for 24 h (Supplemen-
tary Figure S1H, K; Supplementary Data S2).

Together, these results indicate that 7O P6 genes might be
involved in the response to cold stress. The phenotypes as-
sociated with loss-of-function mutants and overexpression
lines reveal that TOPA3 and TOP6B play negative regula-
tory roles in Chl biosynthesis, probably by repressing ALA
biosynthesis and the conversion of Pchlide into Chlide in
rice leaves.

The TOP6 complex negatively regulates 13 crucial PCM
genes by directly binding to the proximal promoter region

To better delineate the negative effects exerted by the TOP6
complex on Chl biosynthesis, we carried out RNA-seq anal-
ysis of rice leaves from the fop6a3 mutant and K3 seedlings.
Following the identification of differentially expressed genes
(DEGs) between the mutant and the WT, as illustrated by
heatmaps and volcano plots (Figure 2A, B), we defined
a group of up-regulated genes (16 PCM genes) and also
noticed one group of weakly down-regulated genes in the
leaves of the top6a3 mutant relative to the WT (Supplemen-
tary Table S7). Among the 16 PCM genes, three Chl biosyn-
thetic genes (HEMA, HEMB and PORA) were highly up-
regulated.

We next compared the transcript levels of Chl biosyn-
thetic genes between K3 and both top6 mutants by RT-
gPCR. Accordingly, we examined 19 functional genes en-
coding various enzymes acting at one of 15 steps of Chl
biosynthesis, which revealed that HEMA, HEMB and
PORA are also strongly up-regulated in the mutants (Sup-
plementary Figure S2B). However, these genes were not dif-
ferentially expressed in the TOPA3-OEl TOP6B-OE! dou-
ble overexpressing line relative to the WT (Supplementary
Figure S1L). These observations support our hypothesis
that the higher expression of select Chl biosynthetic genes
(HEMA, HEMB and PORA) in the mutants is responsible
for the greater accumulation of Chl in these seedlings.

Notably, a previous study reported that Arabidopsis
TOP6A directly binds to proximal promoter regions of
10,-responsive genes and regulates their expression (30).
We therefore conducted a ChIP assay to test whether the
TOP6 complex might directly regulate the expression of
PCM genes by binding to their promoters. As shown in
Figure 2D and Supplementary Figure S2A, TOP6A3 in-
deed bound to the proximal promoter regions of the 13
PCM genes from the up-regulated group (Lhca2, Lhebl. 1,
Lhebla, Lheb2.1, Lheb6, PORA, HEMB, HEMA, PsaN,

PsaO, PsbR1, PsbQ and RbcSI) in K3 plants following ex-
posure to 4°C. Moreover, the TOP6A3 signal at these pro-
moters was much higher in TOPA3-OE] plants grown at the
control temperature of 28°C compared with K3 plants.

We selected the two most strongly down-regulated genes
(PsbS and FD?2) and three unaffected genes (Lhcb4, PSI-F
and PsbX) for ChIP-qPCR, which showed an enrichment of
TOP6A3 at the PsbS and FD2 promoters, but not at Lhcb4,
PSI-F or PsbX (Figure 2D). We conclude that TOP6A3
mediates a specific regulation under cold stress by directly
binding to the promoter regions of at least 15 PCM genes
(13 up-regulated genes and 2 down-regulated genes). Fur-
ther RT-qPCR analysis revealed that the transcript levels
of the 13 TOP6A3-bound genes in the up-regulated group
are sharply lower in WT seedlings exposed to 4°C for 24 h,
with a more modest repression in cold-treated fop6 mutants
relative to top6 mutants grown in control conditions (28°C)
(Figure 2C).

Taken together, our data indicate that the TOP6 complex
might regulate the two groups of PCM genes in a distinct
manner in rice leaves under normal growth. Globally, the
TOP6 complex appears to negatively affect the PCM path-
way. TOP6A3 binds to the promoter regions of these PCR
genes under cold stress, leading us to hypothesize that the
TOPO6A3 signal is a prerequisite for the cold-induced inhi-
bition of these 13 PCM genes in rice leaves.

A TOP6A3-specific signal occurs at DSB damage sites in the
TOP6A3-OE1 TOP6B-OE]I double overexpressing line

Protein-linked DNA breaks (PDBs) can arise along chro-
mosomes from the inappropriate action of DNA and RNA
topoisomerases, which is probably a frequent hazardous
event in all forms of life (46,47). To assess whether the
rice TOP6 complex binds to DSB sites in somatic cells,
we first determined the subcellular localization of TOP6A3
and TOP6B in rice protoplasts. To this end, we fused
TOP6A3 and TOP6B individually with GFP and per-
formed a transient expression assay with the encoding con-
structs. We used a fusion between the TF basic leucine zip-
per 52 (OsbZIP52) and the RFP as a nuclear marker (40).
Upon co-transfection of protoplasts, we visualized the co-
localization of GFP and RFP signals in the nucleus, indi-
cating that TOP6A3-GFP and TOP6B-GFP are located in
the nucleus (Figure 3A). In our previous report, we used the
pSDSA.CON vector to detect homologous recombination
(HR)-mediated repair efficiency after DSB induction by the
endonuclease I-Scel (48). In this study, we created a new vec-
tor (pI-Scel. CON) by removing the I-Scel nuclease gene but
keeping its cognate restriction site in the T-DNA region. We
then introduced the T-DNA of the pI-Scel. CON vector into
K3 callus via Agrobacterium-mediated transformation (49).
We selected transformed calli based on growth on medium
containing hygromycin for 20 days, after which we prepared
protoplasts from T, generation transgenic calli. Finally, we
co-transfected these protoplasts with constructs expressing
TOP6A3 and I-Scel. As shown in Figure 3B, we detected a
clear TOP6A3 immunofluorescence signal in the nucleus of
protoplasts co-transfected with TOP6 A3 and I-Scel, while
we detected no signal when protoplasts were transfected
only with I-Scel.
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Figure 2. Expression profiles of PCM genes in top6a3 and WT plants. (A) Heatmap representation of the expression levels of global PCM pathway
genes in the top6a3 mutant and WT (K3) seedlings under normal growth conditions (n = 3). Rice leaves of the indicated genotypes were collected from
14-day-old seedlings grown on half-strength Murashige and Skoog (MS) medium. The full IDs of the genes shown in the heatmap are listed in Supple-
mentary Table S6. The heatmap is based on FPKM (fragments per kilobase of exon per million mapped fragments) values: blue, low expression; red,
high expression. (B) Volcano plot of differentially expressed PCM genes between the rop6a3 mutant and WT (K3) plants (n = 3). —logl0 (P-value) >1.3
indicates that differences in gene expression are significant. (C) RT-qPCR analysis of 13 PCM genes in rice leaves of the mutants (fop6a3 and top6b)
and WT (K3) under control conditions (28°C) and cold stress (4°C). Total RNA samples were extracted from the leaves of 2-week-old seedlings. Rice
UBQ was used for normalization. Experiments were performed three times. Data are means + SE (n = 6). (D) TOP6A3 binds to the promoters of 13
up-regulated PCM genes: HEM A (Os10g0502400), HEM B (0s06g0704600), PORA (Os04g0678700), Lhcbla (Os01g0600900), Lhcb6 (0s04g0457000),
Lhcb2.1 (0s03g0592500), PsbR1 (0s07g0147500), PsaN (Os12g0189400), RbcS1 (0s02g0152400), PsaO (0s04g0414700), PsbQ (0s07g0544800), Lhca2
(0s07g0577600) and Lhcbl.1 (0s01g0720500). ChIP assays were carried out using anti-TOP6A3 antibodies on the overexpressing line TOP643-OFEI and
cold-treated WT (K3) plants (4°C) for 24 h. Anti-histone H3 antibody was used as a non-specific control. Experiments were performed three indepen-
dent times and the qPCR assay was conducted in triplicate with primers designed to amplify proximal promoter regions. 643-OEl, overexpressing line
TOP6A3-OEI.

To test whether the rice TOP6 complex can be loaded and Skoog (MS) medium alone or containing different con-
onto vy-irradiation-induced DSBs, we performed immunos- centrations of the genotoxic drugs bleomycin (BLM) or mit-
taining assays to detect the TOP6A3 signal in the nuclei omycin C (MMC). As shown in Figure 3D, Supplementary
of root tip cells following ionization irradiation (IR) at 40 Figure S3E and Supplementary Data S3, seedlings from the
Gy. We did not detect TOP6A3 foci in the nuclei of WT overexpressing lines were shorter than WT seedlings when
seedlings after IR treatment, whereas we observed strong grown in the presence of 10 wg mI'' BLM or 20 pg ml!
signals in irradiated TOP6A3-OEl TOP6B-OE] seedlings, MMC. However, TOP6A3-OEI and TOP6B-OEI seedlings

with an average number of 45.5 (£8.5) foci per nucleus (nu- had a normal height when grown in the presence of a lower
clei with >5 foci) and 80.1% (£18.1) of nuclei showing >5 concentration of BLM (2 wg ml!), unlike c-NHEJ mutants
foci (Figure 3C; Supplementary Data S6a). (ku70 and lig4), whose growth was clearly repressed by this

In parallel, to explore whether and how the TOP6 com- low BLM dose (Figure 3F and G; Supplementary Data S4).
plex affects the cellular response to somatic DSB damage, This result is in line with the fact that ku70 and lig4 mu-

we analyzed how seedlings from each overexpressing line re- tants are more vulnerable to BLM than the TOP6A43-OEI
sponded to genotoxic stress. Accordingly, we measured the and TOP6B-OFE] seedlings. In an independent approach,
height of seedlings from each overexpressing line and the we +y-irradiated seeds, which we then germinated to assess

WT K3 after 14 days of growth on half-strength Murashige the growth parameters of the resulting seedlings. Following
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Figure 3. Subcellular localization of TOP6A3 and TOP6B, immunostaining of TOP6A3 in callus protoplast and root tips, and genotoxic sensitivity assays
of TOP6A3-OFEI and TOP6B-OEI plants. (A) Subcellular localization of TOP6A3 and TOP6B in rice protoplasts. OsbZIP52-RFP was used as a nuclear
marker. BF, brightfield. Scale bars, 10 wm. (B) Immunofluorescence staining of TOP6A3 in protoplast nuclei with or without I-Scel restriction sites,
after co-transfection of TOP6A3 and I-Scel. pI-Scel.CON designates a vector containing the restriction site for the endonuclease I-Scel in the T-DNA
region. I-Scel, I-Scel nuclease. Scale bars, 10 wm. (C) Immunofluorescence staining of TOP6A3 in nuclei isolated from rice root tips of TOP6A43-OEl
TOP6B-OEI and WT (K3) seedlings after irradiation. Samples were collected 20 min after an exposure to 40 Gy irradiation. Blue, DAPI-stained nuclei;
red, immunofluorescence signals. Scale bars, 10 wm. (D) Growth retardation of TOP6A3-OEI and TOP6B-OE]I seedlings after 9 days of growth on half-
strength Murashige and Skoog (1/2 MS) medium containing 10 or 20 p.g ml"! bleomycin (BLM). Scale bars, 3 cm. (E) Mean height for the TOP643-OElI,
TOP6B-OFEI and WT (K3) seedlings depicted in (D). (F) The c-NHEJ pathway mutants ku70 and /ig4 are more vulnerable to BLM treatment than the
overexpressing lines TOP6A43-OEI and TOP6B-OEI after 9 days of growth on 1/2 MS medium containing 2 pg mI"! BLM. Scale bars, 2 cm. (G) Mean
height of mutants (ku70 and /ig4) and overexpressing lines TOP6A3-OFEI and TOP6 B-OEI shown in (F). 643-OE1, 6 A3-OEI overexpressing line; 6 B-OE]I,
6B-OEI overexpressing line; 643 /6 B-OEI double overexpressing line.



v-irradiation with 100 Gy, the seedlings from both sin-
gle overexpressing lines showed lower Chl contents in their
leaves compared with the WT (Supplementary Figure S3A,
B), with a drop of 76% and 74% in TOPA3-OEI and
TOP6B-OFEI seedlings, respectively, relative to the WT
(Supplementary Data S95). Together, these results clearly in-
dicate that overexpressing 70O P6 genes in rice enhances sen-
sitivity to somatic DSB damage at the post-germination
stage.

The phosphorylation of histone H2AX (y-H2AX) is one
of the earliest events to occur in response to DSBs and is
used as a highly specific biomarker for monitoring DSBs
(50,51). To cytologically probe the efficiency of DSB repair,
we thus performed y-H2AX immunostaining in the nuclei
of root tip cells in the overexpressing lines (7OPA3-OEl
and TOP6B-OE]!) and mutants (top6a3 and top6b) grown
on half-strength MS medium alone or containing 20 pg
ml' BLM (Supplementary Figure S3C, D). Notably, we
detected higher y-H2AX signals (average number of nuclei
with >5 foci) in BLM-treated overexpressing lines (2.17 and
2.19 times higher in TOPA3-OE!I and TOP6B-OE]I, respec-
tively), relative to BLM-treated WT seedlings (Supplemen-
tary Figure S3D; Supplementary Data S6b). In contrast, the
v-H2AX signals were comparable between BLM-treated
mutants (fop6a3 and top6b) and the WT (Supplementary
Figure S3C, D).

Overall, the TOP6A3-specific signals observed at somatic
DSB sites and the hypersensitive phenotypes of TOP6A3-
OEI and TOP6 B-OE]I seedlings to genotoxic drugs indicate
that the TOP6 complex negatively regulates the efficiency of
DSB repair by repressing the targeted DSB repair pathway
in rice somatic cells.

TOPG6AS3 specifically decreases the binding capacity of KU70
to DSB sites, which is facilitated by its partner TOP6B

A Y2H assay previously showed that AtSPO11-3 in-
teracts with AtTOP6B [also named ELONGATED
HYPOCOTYL 6 (HYPO6)] (44). We therefore asked
whether rice TOP6A3 and TOP6B might interact as well.
To this end, we cloned the coding sequences of TOP6A3
and TOP6B individually into yeast vectors harboring the
GALA4 activation domain (AD) or GAL4 DNA-binding
domain (BD). Positive yeast transformants carrying both
constructs grew on quadruple dropout medium (Supple-
mentary Figure S4), indicating that indeed TOP6A3 and
TOPG6B interact; we also observed that each TOP6 protein
can homodimerize.

Meiotic HR is initiated by the formation of a DSB site
that is generated by SPOI11 (24). As the c-NHEJ path-
way acts predominantly during somatic DSB repair in most
higher eukaryotes, we asked whether the rice TOP6 com-
plex might interact with the proteins (KU70 and KU80) of
the first step of the c-NHEJ pathway. Accordingly, we tested
the interaction between full-length TOP6A3 or TOP6B and
KU70 or KU80 in a Y2H assay, which revealed an interac-
tion between TOP6A3 and KU70 (Figure 4A). However,
we observed no interaction between TOP6B and KU?70,
TOP6A3 and KUS80, or TOP6B and KU80. We also tested
these interactions in pull-down assays by mixing recom-
binant purified GST and histidine (HIS) fusion proteins
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(GST-TOP6A3, GST-TOP6B and KU70-HIS). We suc-
cessfully detected KU70-HIS following GST pull-down of
GST-TOP6A3, but not of GST-TOP6B (Figure 4B), con-
firming that TOP6A3 and KU70 interact in vitro. We ex-
panded our assays in vivo by performing a firefly luciferase
(LUC) complementation imaging assay. We transiently in-
filtrated constructs encoding TOP6 (TOP6A3 or TOP6B)
fused with the C-terminus of LUC (cLUC-TOP6A3 and
cLUC-TOP6B) and the N-terminus of LUC fused with
KU70 (KU70-nLUC) into N. benthamiana leaves. We de-
tected luminescence signals in leaf regions co-expressing
KU70-nLUC and ¢LUC-TOP6A3, but not KU70-nLUC
and ¢cLUC-TOP6B (Figure 4D). We conclude that KU70
and TOP6A3 interact in vitro and in vivo.

Because the KU complex binds to DSB sites to initi-
ate the KU-mediated c-NHEJ pathway, we next examined
whether the TOP6A3xKU70 interaction might affect the
association of KU70 with DSBs in an EMSA. We deter-
mined that recombinant KU70 can bind to a small non-
specific DNA fragment (150 bp in length), used here to sim-
ulate a DSB terminal in vitro (Figure 4C). With the addition
of recombinant TOP6A3 to the reaction, we observed a de-
crease in the intensity of the shifted signal (Figure 4C), sug-
gesting that TOP6A3 may represses the binding of KU70
to DSBs via direct protein—protein interaction. As an im-
portant control, neither recombinant TOP6A3 nor TOP6B
showed any binding to the DNA probe (Figure 4C). More-
over, adding both recombinant TOP6A3 and TOP6B to the
reaction further diminished the strength of KU70-DNA
binding (Figure 4C). This result indicates that TOP6B fa-
cilitates the TOP6A3-mediated inhibition of KU70 loading
at DSB terminals in vitro.

We examined whether overexpression of TOP6 genes has
an effect on loading of the key factors in the DSB pathway
to DSB sites. Here, we conducted immunofluorescence as-
says on the nuclei of root tip cells from the WT and the
double overexpressing line TOPA3-OEI TOP6B-OEI fol-
lowing IR treatment to measure the strength of immune
signals specific to the c-NHEJ factor LIG4, the alt-NHEJ
factor COMI1 and the HR factors RADS51C and RADSI
(Figure 4E, F). Compared with the WT, we counted compa-
rable numbers of foci for RADS1, RADS51C and COM1 in
TOP6A3-OEl TOP6B-OEI, whereas the number of LIG4
foci decreased 11.9 4 3.9% (Supplementary Data S6e).

Together, these biochemical tests indicate the TOP6A3
specifically interacts with the c-NHEJ factor KU70 to de-
crease its capacity to bind to DSB sites, which is facili-
tated by its partner TOP6B to cooperatively repress the KU-
mediated c-NHEJ pathway.

TOP6 genes are required for the induced expression of the HR
gene RAD51A2 following bleomycin treatment, while muta-
tions have no effect on irradiation-induced y-H2AX Kkinetics

Our findings that both TOP6A43-OEl and TOP6B-OE]I ¢x-
hibit hypersensitive phenotypes to genotoxic drugs (Figure
3D; Supplementary Figure S3A) prompted us to examine
whether the TOP6 genes might modulate the expression of
key genes in DSB repair pathways. We therefore analyzed
the transcript levels of these genes in 1-week-old seedlings of
top6a3 and top6b single mutants grown under control con-
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ditions and in the presence of 10 wg mlI"! BLM for 24 h
by RT-qPCR. Compared with the WT, the HR pathway
gene RADS51A2 failed to be normally induced by the BLM
treatment, whereas all other c-NHEJ genes tested (KU70,
KUS0 and LIG4) showed a slight increase in transcript lev-
els in both single mutants (Supplementary Figure S5A).
Furthermore, ChIP-qPCR analysis indicated that TOP6A3
binds to the proximal promoter region of RADS51 A2 after y-
irradiation treatment of 40 Gy, but not to the promoters of
other c-NHEJ genes (KU70, KUS0 and LIG4) (Supplemen-
tary Figure S5B). This result indicates that TOP6A3 directly
binds to the RADS51A2 promoter, which may be crucial for
its induction during the DSB damage response.

To uncover whether the loss of TOP6 function affects the
efficiency of DSB repair in rice somatic cells, we investigated
the y-H2AX signals in the nuclei of root tip cells from irra-
diated WT and mutant (zop6a3 and top6b) seedlings after 6,
12 or 24 h of IR treatment. Unlike the TOP6A43-OFE! and
TOP6B-OFEI single overexpressing lines, we observed nor-
mal y-H2AX kinetics in both single mutants post-IR treat-
ment, relative to irradiated WT seedlings (Supplementary
Figure S5C, D).

Together, these results indicate that the TOP6 com-
plex is indispensable for the transcriptional induction of
RADS51A2 during the DSB response, while the loss of TOP6
function did not affect DSB repair efficiency, based on the
kinetics of y-H2AX accumulation.

The TOP6 complex attenuates c-NHEJ repair efficiency in
MCs under cold stress

Cold stress causes DNA fragmentation and programmed
cell death (PCD) in tobacco (Nicotiana tabacum) BY-2 cells
(52), maize (Zea mays) and Arabidopsis in the nuclei of
root tip cells (53,54). We thus wished to investigate the oc-
currence of DNA fragmentation in rice MCs subjected to
cold stress. Accordingly, we performed a comet assay and
v-H2AX immunostaining on the nuclei of MCs from the
WT K3 after a 24 h cold treatment (Figure 5A, B). Notably,
we observed clear comet tails in cold-treated leaves, but not
in control samples (Figure 5A, E). In agreement, we also de-
tected y-H2AX-positive foci in nuclei, with an average of 15
(£ 5.2) foci per nucleus (with >5 foci), with 41 (£ 16.3)% of
the nuclei showing >5 foci (Figure 5B, F). These results in-
dicate that rice MCs are prone to DNA damage in response
to cold stress.

Immunoblot analysis indicated that TOP6A3 abundance
rises in the WT after cold treatment (Figure SD). We thus
asked whether the TOP6 complex represses DSB repair effi-
ciency in cold-treated MCs. To answer this question, we per-
formed y-H2AX immunostaining and comet assays in the
nuclei of MCs from the mutants (ku70, top6a3 and top6b)
and the double overexpressing line (TOP6A3-OEI TOP6B-
OETI) grown at 28°C (control conditions) and following cold
treatment. We detected lower y-H2AX signals (average foci
of nucleus with >5 foci) in both cold-treated mutants (Fig-
ure 5B), with an average of 8.7 (£ 3.5) and 3.5 (£ 4.5) foci
in top6a3 and top6b, respectively, compared with 15 in the
WT (Figure 5F; Supplementary Data S6f). However, the
v-H2AX signal increased in TOP6A43-OEI TOP6B-OEl
seedlings relative to the WT (Figure 5B, F). The comet tail
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moment was consistent with the y-H2AX signals, which a
smaller moment in both mutants and a greater moment in
TOP6A3-OE1 TOP6B-OFEI seedlings (Figure 5A, E). Im-
portantly, the c-NHEJ pathway mutant (ku70) produced
more DSB damage signals than the TOP6A3-OFEI1 TOP6B-
OE]! double overexpressing line in cold-treated MCs (Fig-
ure SE, F). Together, these results show that the TOP6 com-
plex attenuates DSB repair efficiency in cold-treated MCs
and that the ku70 mutant displays more severe defects than
the TOP6A3-OEl TOP6B-OEI double overexpressing line
under cold stress.

We examined whether cold stress might trigger the load-
ing of the TOP6 complex at DSB sites in the nuclei of MCs.
As shown in Figure 6A, we detected few TOP6A3 foci in
nuclei of seedlings grown at normal temperature (28°C),
whereas we observed bright TOP6A3-positive foci follow-
ing cold treatment (4°C), with an average of 15.5 (+4.5) foci
per nucleus (with >5 foci), and 82.1% (£12.8) of nuclei with
>5 foci (Figure 6D; Supplementary Data S6a).

As we had observed that overexpression of TOP6 genes
causes a decrease in LIG4 loading at DSB sites in irradiated
root tips (Figure 4E, F), we wished to ask whether the TOP6
complex induced by cold treatment might repress the DSB
repair factors at cold-induced DSB sites. We thus examined
the immune signals for each of these factors in MCs after
cold treatment. As shown in Figure 6B, we observed a com-
parable signal strength and number of foci for COMI in all
seedlings regardless of treatment, whereas the LIG4 signal
in cold-treated WT seedlings only reached ~11.3 (+2.3)%
of that seen in the fop6a3 mutant under cold stress (Sup-
plementary Data S6c). Moreover, we only detected immune
signals for HR factors (RADS1 and RADSI1C) in the nu-
clei of MCs following a combined cold and +y-irradiation
treatment, but not in nuclei only exposed to cold stress (Fig-
ure 6C, D). However, we detected no obvious difference be-
tween the top6a3 mutant and K3 for these two factors in re-
sponse to combined cold and +y-irradiation treatment (Sup-
plementary Data S6d).

Overall, these results support the notion that accumula-
tion of the TOP6 complex at cold-induced DSB sites pre-
vents LIG4 loading, which contributes to the attenuation
of c-NHEJ repair efficiency in rice MCs under cold stress.

The ATM kinase is pivotal for the DSB damage response-
mediated transcriptional suppression of PCM genes

We established here that K3 seedlings germinated from -
irradiated seeds have light green leaves with a decrease in
total Chl contents compared with control seedlings ger-
minated from non-irradiated seeds (Supplementary Figure
S3A, B). We wondered whether DSB damage might result
in a short-term repression of photosynthesis-related gene
expression in rice leaves. To test this idea, we firstly con-
ducted an RNA-seq analysis of rice leaves from the rice
cultivar Dongjin (DJ) without or with -y-irradiation treat-
ment of 40 Gy. We identified 775 DEGs between the con-
trol condition and vy-irradiation treatment (Supplementary
Table S7). A Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis showed that DEGs
in irradiated seedlings are mainly related to photosynthesis,
photosynthesis-antenna proteins, carbon metabolism and
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Figure 6. Immunostaining assays of TOP6A3 in cold-treated WT (K3), NHEJ factors (COM1 and LIG4) in cold-treated K3 and top6a3 mutant seedlings,
and HR factors (RADS51 and RADS51C) in K3 and fop6a3 mutant seedlings subjected to combined cold and irradiation treatments. (A) Immunofluorescence
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cold treatment at 4°C. Blue, DAPI-stained nuclei; red, signal from antibodies. Scale bars, 10 wm. (B) Immunofluorescence staining of NHEJ factors (LIG4
and COM1) in nuclei isolated from rice MCs from the rop6a3 mutant or WT (K3) seedlings following cold treatment. Leaf samples were collected after
24 h of cold treatment at 4°C. Blue, DAPI-stained nuclei; red, signal from antibodies. Scale bars, 10 wm. (C) Immunofluorescence staining of HR factors
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(40 Gy). The cold-treated leaf samples were collected 20 min after exposure to 40 Gy irradiation. Blue, DAPI-stained nuclei; red, signal from antibodies.
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Figure 8. Heatmap representation of the global expression of PCM genes in irradiated atm-1, atr, WT (K3) and cold-treated WT and atm-1 seedlings.
(A) Heatmap representation of the expression levels of 106 PCM genes in irradiated mutant seedlings (atm-1 and atr) and cold-treated seedlings (WT and
atm-1) (n = 3). Rice leaves were collected 6 h after exposure to 70 Gy irradiation, or after 24 h of cold treatment (4°C). The full IDs of the PCM genes used
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v-irradiation (n = 3). Rice leaves were collected after 6 h exposure to IR (40 Gy). —logl0 (P-value) >1.3 indicates that differences in gene expression are
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are significant. Green, down-regulated DEGs; red, up-regulated DEGs.

phenylpropanoid biosynthesis (Figure 7B). A comparison
of the KEGG analysis results between seedlings treated
with vy-irradiation or cold revealed that photosynthesis-
related pathways are the most overlapping in rice leaves
(Figure 7B). Moreover, Venn diagram assays between the y-
irradiation and cold treatments indicated that 1103 DEGs
and 43 PCM-related DEGs are shared in WT (4TM)
seedlings; however, only 49 DEGs and one PCM-related
DEG overlapped between the two treatment in the atm-1
mutant (Figure 7C).

After y-irradiation treatment, 53 PCM genes were down-
regulated and two PCM genes were up-regulated in leaves
(Figures 7A and 8B). Among the down-regulated genes
(SupplementaryTable S7), we noticed genes encoding Chl
a/b-binding proteins (Cab E, Lhca4, Lhcbla, b, CP29 and
CP24), PSII components (PsbR3, PsbW and PsbY), PSI re-
action center subunits (PSI-F, PsaK, PsaN and PsaO), the
cytochrome bg¢f complex, chloroplast ATP synthase sub-
units (delta chain, subunit b and gamma) and other elec-
tron transport chain components (Fd1, FAC2, LFNR1 and
PC). Furthermore, several genes encoding enzymes partic-

ipating in the CBB cycle, namely fructose bisphosphate al-
dolase, transketolase, phosphoribulokinase, glyceraldehyde
phosphate dehydrogenase and Rubisco, were also down-
regulated upon +y-irradiation treatment. Thus, we specu-
lated that the transcription of various PCM genes might be
immediately repressed in response to +y-irradiation.

In eukaryotes, the initial stages of the response to somatic
DSB damage are governed by protein kinases ATAXIA-
TELANGIECTASIA MUTATED (ATM) (55) and ATM
AND RAD3-RELATED (ATR) (56). In a recent report
(57), the Arabidopsis ATR-SOG1 (SUPPRESSOR OF
GAMMA RADIATION 1) signaling module was shown
to regulate pleiotropic phenotypes in response to 3’-blocked
DNA repair intermediates. Hence, we asked whether ATM
and ATR might play a role in triggering transcriptional sup-
pression of photosynthesis-related genes during the DSB
damage response. Accordingly, we examined the expression
of all PCM genes after a 6 h recovery period following y-
irradiation (70 Gy). As shown in Figure 8A and Supplemen-
tary Table S7, relative to normal conditions, we observed
the same transcriptional repression of PCM genes in irradi-
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ated atr mutant seedlings, as in irradiated DJ seedlings. In
contrast, irradiated atm mutant seedlings maintained high
expression levels for most PCM pathway genes (Figure 8A;
Supplementary Table S7), with only two down-regulated
and 18 up-regulated PCM genes (Figure 8B).

Altogether, this above RNA-seq analysis indicates that
photosynthesis constitutes the most enriched process
among DEGs of rice seedlings responding to vy-irradiation
stress. We also determined that ATM, but not ATR, con-
trols the +y-irradiation-triggered transcriptional suppres-
sion of PCM genes in rice.

TOP6 A3 overexpression causes hypersensitivity of photosyn-
thetic parameters under cold stress in an ATM-dependent
manner

Our results thus far showed that TOPA3-OEl and TOP6 B-
OE]I overexpression leads to hypersensitivity to genotoxic
drugs and an attenuated DSB repair efficiency in the win-
dow of y-H2AX signals (Figure 3D; Supplementary Figure
S3C). Moreover, the RNAs-seq data indicated that PCM
pathway genes are quickly transcriptionally repressed in re-
sponse to y-irradiation (Figure 7A), which prompted us to
examine the expression of PCM genes in irradiated 7O PA3-
OE]I seedlings. We observed a more severe down-regulation
of PCM genes in TOPA3-OE] seedlings after 6 h of -
irradiation treatment (40 Gy) compared with K3 seedlings
(Figure 9A).

To unravel the physiological relevance of TOP6 genes in
rice, we assessed the response of some photosynthetic pa-
rameters to cold stress in TOPA3-OEIl and K3 seedlings
(Figure 9B; Supplementary Data S7). Under cold stress,
the light-saturated photosynthesis (Agy) of TOP6A3-OFE]
seedlings was 15% lower than that in WT seedlings. Sim-
ilarly, compared with cold-treated WT seedlings, stomatal
conductance (g;) and intrinsic water use efficiency (fWUE)
were also significantly lower in cold-treated TOP6A3-OFE]
seedlings, while their CO; concentration in the intercellular
air space (C;) was significantly higher. Furthermore, cold-
treated TOP6A3-OE]I seedlings also showed a substantial
decline in the electron transport rates (ETRs) around PSI
and PSII that was concomitant with a considerable reduc-
tion in their quantum yields of the photochemical energy
conversion (YII) and (YI). Therefore, overexpression of the
TOP6 genes in rice leads to global declines in photosyn-
thetic parameters under cold stress.

Compared with normal growth conditions at 28°C,
RNA-seq analysis revealed that 82 PCM genes are down-
regulated and only four PCM genes were significantly up-
regulated in K3 seedlings under cold treatment. Impor-
tantly, in the leaves of cold-treated arm-1, we only detected
18 down-regulated and two up-regulated PCM genes (Fig-
ure 8C; Supplementary Table S7). As shown by a heatmap,
the atm-1 mutant largely suppressed the cold treatment-
imposed suppression of PCM gene expression seen in WT
seedlings (Figure 8A). We conclude that besides the DSB
damage response, ATM also plays a pivotal role for the in-
hibition of PCM gene expression during the cold response.

We explored the genetic relationship between ATM and
TOP6 genes. We measured photosynthetic parameters in
TOPA3-OEI atm seedlings under cold stress and PCM

gene expression post-IR treatment. Unlike the 7OPA3-
OEI seedlings, TOPA3-OEI atm seedlings displayed no hy-
persensitivity concerning photosynthetic parameters under
cold stress (Figure 9B) and also showed no transcriptional
inhibition of PCM pathway genes following v-irradiation
treatment (Figure 9A).

In summary, cold stress up-regulates TOP6 complex
abundance, which extends DSB damage signaling to pro-
long the inhibition of photosynthesis in rice leaves. The
DSB signal transducer 4TM might act downstream of
TOP6 A3 for the cold-conditioned photosynthesis machin-
ery in rice.

DISCUSSION

PCM constitutes a very complex process orchestrated
through a serial of reactions catalyzed by numerous en-
zymes (58-60) and is highly sensitive to environmental
stresses (61,62). Low-temperature stress is a major abiotic
factor limiting crop growth, productivity and geograph-
ical distribution (3,63). In rice, cold stress inhibits both
Chl biosynthesis and chloroplast biogenesis (45), resulting
in dramatically lower photosynthetic parameters in leaves
(64). Our current study revealed that the coordination of
cold stress and the photosynthetic pathway in rice is con-
trolled by the cold-induced DSB damage response and that
the DSB mediator ATM acts as a major regulator for the
short-term repression of PCM gene expression under cold
stress. Notably, we showed that the TOP6 complex modu-
lates PCM gene expression by performing two distinct reg-
ulatory tasks: that of a transcriptional regulator that is in-
dispensable for cold-repressed expression of 13 PCM genes,
and that of an inhibitor of c-NHEJ to reduce DSB repair
efficiency and thereby prolong the DSB damage response-
mediated transcriptional repression of most PCM genes un-
der cold stress.

We determined that mutations in TOP6A43 and TOP6B
resulted in higher Chl contents (Chl ¢ and Chl b) com-
pared with WT seedlings (Figure 1G; Supplementary Data
S1). The contents of Chl intermediates (ALA, Mg-protolX
and Chlide) were also significantly increased in the leaves
of both mutants relative to the WT (Figure 1G). Although
we observed no significant difference in Chl contents in the
double overexpressing line under normal growth conditions
(Supplementary Figure S1J), we did notice a modest delay
in de-etiolation, as evidenced by a delay in leaf greening and
Chl accumulation (Supplementary Figure S1H, K), relative
to the WT. These phenotypes suggest that TOP6 genes re-
press Chl biosynthesis and restrict the accumulation of its
biosynthetic intermediates. In agreement with these obser-
vations, we also assessed 19 functional genes involved in Chl
biosynthesis and revealed that three genes (HEMA, HEMB
and PORA) were selectively up-regulated in the leaves of
top6a3 and top6b mutant seedlings compared with the WT
(Supplementary Figure S2B).

RNA-seq analysis of leaves from the rop6a3 mutant (Fig-
ure 2A, B) uncovered 16 up-regulated PCM genes and a
set of weakly down-regulated PCM genes, suggesting that
TOP6A3 might regulate the two groups of genes differen-
tially under normal temperature conditions. A ChIP-qPCR
conducted with an anti-TOP6A3 antibody indicated that
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TOP6A3 bound to the proximal promoter region of 13 up-
regulated PCM genes (Lhca2, Lhebl. 1, Lhebla, Lhceb2.1,
Lhcb6, PORA, HEMB, HEMA, PsaN, PsaO, PsbR1, PsbQ
and RbcS1)in TOP6A3-OFE]I seedlings and cold-treated K3
seedlings (Figure 2D). Notably, TOP6A3 was also enriched
at the promoter regions of two down-regulated genes (PsbS
and FDZ2), but not at the promoter of genes whose expres-
sion was not affected in the top6a3 mutant (Lhcb4, PSI-F
and PsbX) (Figure 2D). Following cold stress, the transcript
levels of the 13 up-regulated TOP6A3-bound genes sharply
decreased in K3 seedlings, while the expression of the same
genes was only modestly repressed in cold-treated mutant
seedlings (Figure 2C). These results suggest that the TOP6
complex is indispensable for the transcriptional inhibition
of 13 PCM genes during the cold response.

Based on seedling height, we observed that the TOP6A3-
OEI and TOP6B-OEI overexpressing lines were more sen-
sitive to genotoxic drugs than the WT (Figure 3D, E). Strik-
ingly, the ku70 and lig4 mutants exhibited a higher BLM
sensitivity than the overexpressing lines (Figure 3F, G).
We also performed immunofluorescence-based detection of
key DSB repair factors in the nuclei of root tip cells in y-
irradiated TOPA3-OEl TOP6B-OE]I seedlings, which re-
vealed a specific decrease in foci for LIG4, the last step lig-
ase of the c-NHEJ pathway, in the double overexpressing
line relative to the WT (Figure 4E, F). We thus hypothe-
sized that the overexpression of TOP6 genes led to a re-
duction in the loading of c-NHEJ pathway components,
possibly explaining the hypersensitivity seen in response to
genotoxic stress. The COMI signals in irradiated TOPA3-
OEl TOP6B-OE]I seedlings were reminiscent of our previ-
ous report (31), in which we showed that rice MEIOTIC
RECOMBINATION 11 (MREI11) is essential for the load-
ing of COM1 to mediate the alt-NHEJ repair pathway;
in addition, the COM1 signal was compromised in irradi-
ated rice seedlings treated with wortmannin, an inhibitor
of phosphoinositide 3-kinases. Combined with this study,
we suggest that the Mrel1-Rad50-Nbs1 (MRN) pathway,
which integrates ATM signals and COM1 loading, is work-
ing normally in TOPA3-OEI TOP6B-OFE] seedlings during
the DSB damage response.

The eukaryotic homolog of archaeal Top6A is SPOI1,
which can induce meiotic DSBs that are subsequently pro-
cessed by the HR pathway (22,23). In this study, we de-
tected strong TOP6A3 foci in the nuclei of somatic cells
from irradiated TOPA3-OEl TOP6B-OEI seedlings (Fig-
ure 3C; Supplementary Data S6a). A Y2H assay showed
that TOP6A3 and TOP6A3 can form both homodimers
and heterodimers (Supplementary Figure S4). We therefore
propose that the TOP6 complex is recruited to DSB sites
in irradiated TOPA3-OEI TOP6B-OEI seedlings. More-
over, we determined that TOP6A3 specifically interacted
with KU70, but not KUS80 (Figure 4A, B, D). Competi-
tive EMSASs suggested that TOP6A3 diminished the bind-
ing capacity of KU70 to DSB terminals via the TOP6A3-
KU70 interaction rather than competitive binding to DSB
sites (Figure 4C), and TOP6B appeared to positively con-
tribute to TOP6A3-mediated inhibition of KU70 loading.
Together, we propose that TOP6A3 and TOP6B form a
complex in the nucleus, after which they bind to KU70 to
inhibit its binding at DSB sites, thus repressing the KU-
mediated c-NHEJ pathway in TOP6-overexpressing lines.

In the future, TOP6A3 can be used as an inhibitor against
the KU70 loading at DSB terminals in in vitro biochemical
analysis.

The RNA-seq analysis conducted in this study revealed
that y-irradiation rapidly repressed the expression of PCM
pathway genes in rice leaves from WT seedlings (Figure 7A)
and in irradiated afr mutant seedlings, but not in irradiated
atm-1 seedlings. Indeed, PCM genes remained highly ex-
pressed even following IR treatments (Figure 8A), with only
two PCM genes being down-regulated (Figure 8B). This re-
sult indicated that the repression of PCM gene expression in
response to -y-irradiation is largely dependent on the ATM
kinase, but not on ATR. A previous report showed that
ATM can repress the expression of senescence-associated
genes via modulation of histone lysine methylation on the
key TF genes (WRKY and NAC family members) in Ara-
bidopsis (65). We speculate that ATM suppresses the ex-
pression of photosynthetic genes through epigenetic control
of key TF genes whose encoded proteins bind to the pro-
moter regions of PCM-related genes. After a 6 h recovery
period from +y-irradiation, we observed a more severe re-
pression of the expression of PCM-related genes in the ku70
mutant relative to its WT (Supplementary Figure S6), and
in irradiated TOP6A3-OE] seedlings, although not to the
same extent as the ku70 mutant (Figure 9A). This observa-
tion is consistent with the higher susceptibility of the ku70
mutant to BLM treatment than 70 P6-overexpressing lines
(Figure 3F, G). Thus, we propose that overexpressing 70O P6
genes prolongs the transcriptional repression of PCM genes
in irradiated rice leaves by attenuating the efficiency of the
¢-NHE]J repair.

We observed that rice MCs are prone to DSB damage un-
der cold stress, as evidenced by vy-H2AX immunostaining
and comet assays (Figure 5). We hypothesize that the tran-
scriptional repression of PCM genes in response to DSB
damage is activated in MCs exposed to cold stress. Indeed,
82 PCM genes were down-regulated in cold-treated WT
seedlings, but this effect was greatly reduced in the atm-
1 mutant, with only 18 significantly down-regulated PCM
genes (Figure 8C). This observation suggested that ATM
also plays an inhibitory role for most PCM genes during the
cold response (Figure 8A, C) and that the ATM pathway
coordinates the cold stress response and the PCM pathway.
Based on the lower y-H2AX signals in cold-treated MCs
from both top6 mutants (Figure 5B, E) and the higher LIG4
signals in the top6a3 mutant compared with the WT (Fig-
ure 6B, D), we speculate that the inhibition of DSB repair
efficiency by cold in rice MCs is mediated by the induction
of the TOP6 complex, which subsequently inhibits KU70
binding to cold-induced DSBs and decreases the loading of
LIG4 (Figure 9C).

Arabidopsis SPLICING FACTOR 1 (SF1) regulates in-
tron splicing efficiency, which is important in chloroplast
development and helps plants acclimate to cold (66). Mu-
tations in rice pentatricopeptide repeat (PPR) proteins,
such as WHITE STRIPE LEAFS5 (WSLS5) and DULARI
(DUA1), lead to cold-dependent chlorosis (67,68). These re-
ports suggested that plastid translational activity is impor-
tant for chloroplast development under cold stress condi-
tions. We report here that the transcriptional repression of
PCM genes in response to cold is governed by the TOP6—
ATM module in rice and is biologically relevant, based



on a series of photosynthetic parameters. Indeed, Ag,, gs,
iIWUE and ETRs were all lower in the TOP6A3-OEI-
overexpressing line compared with the WT (Figure 9B).
Surprisingly, these parameters were normal in TOP6A43-
OEI atm seedlings (Figure 9B), suggesting that ATM acts
downstream of TOP6A3.

In summary, we report here a novel role for
Spol1/Top6A homologs as c-NHEJ inhibitors in cold-
stressed rice seedlings. We proposed that the TOP6 complex
acts as an integrator for the cold-mediated repression of
PCM gene expression in MCs, via two regulatory functions.
We further demonstrated that the inhibition of photosyn-
thesis by cold treatment is controlled by the ATM-activated
DSB damage response.
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