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SUMMARY
The coordination of chloroplast and nuclear genome status is critical for plant cell function. Here, we report
that Arabidopsis CHLOROPLAST AND NUCLEUS DUAL-LOCALIZED PROTEIN 1 (CND1) maintains genome
stability in the chloroplast and the nucleus. CND1 localizes to both compartments, and complete loss of
CND1 results in embryo lethality. Partial loss of CND1 disturbs nuclear cell-cycle progression and photosyn-
thetic activity. CND1 binds to nuclear pre-replication complexes and DNA replication origins and regulates
nuclear genome stability. In chloroplasts, CND1 interacts with and facilitates binding of the regulator of
chloroplast genome stability WHY1 to chloroplast DNA. The defects in nuclear cell-cycle progression and
photosynthesis of cnd1 mutants are respectively rescued by compartment-restricted CND1 localization.
Light promotes the association of CND1 with HSP90 and its import into chloroplasts. This study provides
a paradigm of the convergence of genome status across organelles to coordinately regulate cell cycle to con-
trol plant growth and development.
INTRODUCTION

Chloroplasts in plants and algae have an endosymbiotic origin:

over 2 billion years ago, a photosynthetic cyanobacterium-like

organism was stably engulfed by a heterotrophic unicellular

eukaryote.1 This initial event was followed over the course of

evolution by massive gene transfer from the green prokaryote

genome to the host-cell nucleus, leading to the complete depen-

dency of the endosymbiont on its surrounding cells and the gen-

eration of a novel type of organism, photosynthetic eukaryotes.2

The development of higher plants requires the tight coordination

of chloroplast development from undifferentiated proplastids in

meristematic cells or from etioplasts, which differentiate from

proplastids when seeds germinate in darkness. In addition to be-

ing the site of photosynthesis in leaf mesophyll cells, chloro-

plasts house essential metabolic pathways and contribute to

storage and pigmentation in specialized cells.3

Eukaryote genomes are organized into multiple chromosomes

whose replication initiates from numerous origins and is strictly

regulated.4 To maintain genome integrity and stability, genomic

DNAmust be replicated completely and accurately, but also only

once during the S phase of the cell cycle. The formation of a pre-
This is an open access article under the CC BY-N
replication complex (pre-RC) is required for the subsequent

ordered assembly of replication factors such as the Origin

Recognition Complex (Orc), Cell Division Cycle6 (Cdc6) in

budding yeast (Saccharomyces cerevisiae) or its ortholog

CDC18 in fission yeast (Schizosaccharomyces pombe), chro-

matin licensing and DNA replication factor 1 (CDT1), and Mini

Chromosome Maintenance (MCM) proteins (MCM2–7).5 MCM

proteins are essential replication initiation factors that were orig-

inally identified as proteins required for minichromosome main-

tenance, plasmid replication, or cell-cycle progression in yeast.6

Indeed, cell-cycle checkpoints are crucial for genome integrity,

as they stop cell-cycle progression upon DNA damage until

repairs have been completed. Such mechanisms are particularly

important in plants, which endure daily exposure to DNA-

damaging agents such as light and reactive oxygen spe-

cies (ROS).7

Although themechanisms underlying nuclear genomemainte-

nance are well understood, much less is known about the mech-

anisms that ensure chloroplast genome stability. Only a few

factors involved in the maintenance chloroplast genomes in the

model plant Arabidopsis (Arabidopsis thaliana) have been identi-

fied, among which the WHIRLY (WHY) proteins, a family of
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Figure 1. CND1 localizes to nuclei and chlo-

roplasts

(A) Schematic diagram of CND1 showing the chlo-

roplast transit peptide (cTP), Zinc Finger (ZF),

domain of unknown function 702 (DUF702), and

nuclear localization sequence (NLS).

(B) Subcellular localization of CND1-GFP fusions.

Vec-GFP, control with empty vector; CND1-GFP,

CND1-GFP fusion; CND1DcTP, CND1 lacking the

cTP; CND1DNLS, CND1 lacking the NLS; AR4-

mCherry, nuclear marker. Scale bars, 10 mm. Three

biological replicates were performed.

(C) Subcellular localization of CND1 determined by

immunolocalization analysis. Intact chloroplasts and

nuclei fractions were isolated from Arabidopsis

plants. Immunoblots were performed with poly-

clonal antibodies against CND1, light harvesting

complex II subunit b (Lhcb1), and Histone H3 (H3).

Two additional independent biological replicates

were performed with similar results.
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single-stranded DNA-binding proteins that guard organelles

against genomic rearrangements.8 WHYs have been proposed

to stabilize single-stranded DNA and guide it through conserva-

tive repair mechanisms such as homologous recombination.9

WHYs are present in all plant organelles; in Arabidopsis, WHY1

and WHY3 are targeted to chloroplasts, whereas WHY2 is

targeted to mitochondria.10 In addition, the RecA family of

DNA-binding proteins promotes organellar genome stability

through its central role in homologous recombination. Organelles

contain three RecA proteins: chloroplast-localized RecA1,

mitochondrion-targeted RecA3, and RecA2 targeted to both

organelles.11 A mutation in Arabidopsis DNA polymerase I B

(PolI B) causes replication stress at early developmental stages

and increases the number of double-strand breaks (DSBs)

upon genotoxic stress.12 Importantly, polIB and recA mutants

exhibit a genetic interaction with why mutants in terms of DSB

repair and maintenance of chloroplast genome structure.13

Coordination between the chloroplast and nuclear genomes is

essential for sustaining photosynthesis, plant growth, and

development.14–17 Orchestrated gene expression between the

chloroplast and nuclear genomes has been extensively

studied.18 Most regulators of chloroplast gene expression are

encoded by nuclear genes.19–22 However, chloroplast-to-nu-

cleus retrograde signaling also integrates chloroplast function,

including gene expression, photosynthetic electron transport,

and redox state, to regulate nuclear gene expression, largely at

the transcriptional level.23 In recent years, several studies have

reported the modulation of other aspects of nuclear function

by the chloroplast, including post-transcriptional regulation via

alternative splicing of RNA,24 endoreplication, and cell-cycle

progression.25,26 However, the exact nature of themechanism(s)

coordinating genome stability between the chloroplast and the

nucleus remains largely unknown.

In this study, we identified Arabidopsis CHLOROPLAST AND

NUCLEUS DUAL-LOCALIZED PROTEIN 1 (CND1), which plays
2 Cell Reports 42, 112268, March 28, 2023
roles in the maintenance of genome stability in the chloroplast

and the nucleus. Genetic analysis demonstrated that CND1 is

required for photosynthesis, growth, and development. In the

nucleus, CND1 binds to the pre-RC and origins of DNA replica-

tion, regulating DNA replication and the cell cycle. In the chloro-

plast, CND1 interacts with WHY1 and facilitates its association

with chloroplast DNA. These findings suggest that CND1 func-

tions in the stability of nuclear and chloroplast genomes.

RESULTS

CND1 is a nucleus and chloroplast dual-localized
protein
To understand the functional coordination between the chloro-

plast and nucleus, we systematically screened proteins with pre-

dicted chloroplast and nucleus dual localization by combining

bioinformatics and proteomics analyses. We focus here on one

such putative chloroplast and nucleus dual-localized protein, en-

coded by the nuclear gene At1g32730 that we named

CHLOROPLAST AND NUCLEUS DUAL-LOCALIZED PROTEIN

1 (CND1). CND1 contains four predicted functional domains:

two targeting domains, consisting of an N-terminal chloroplast

transit peptide (cTP) (amino acids [aa] 1–65) based on TargetP

prediction27 and a nuclear localization sequence (NLS) contain-

ing the amino acid motif KRKK28; a zinc finger domain (ZF); and

the domain of unknown function DUF702 (Figure 1A).

The presence of the cTP and NLS domains suggested that

CND1 localizes to both chloroplast and nuclear compartments.

To test this possibility, we determined the subcellular localization

of full-length CND1 tagged with the green fluorescent protein

(GFP) in Arabidopsis protoplasts by confocal laser scanning mi-

croscopy. We detected fluorescence from CND1-GFP in the nu-

cleus and chloroplasts, demonstrating that CND1 is indeed a

dual-localized protein. However, we noticed that the fluores-

cence signal often emanated from the nucleus alone, with only
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a subset of protoplasts exhibiting fluorescence in both locations.

Further analysis detected CND1-GFP signal only in the nucleus

of cells with one nucleus, but from both the nucleus and chloro-

plasts in cells with two nuclei or more, as evidenced by co-local-

ization with the nuclear marker AR4-mCherry (Figure 1B).

Furthermore, we established that the NLS is required for nuclear

localization, asmutating the NLSmotif fromKRKK to KLNQ elim-

inated the accumulation of CND1mNLS-GFP in the nuclei when

the cell contained two nuclei, and restricted CND1mNLS-GFP

accumulation to the cytoplasm and chloroplasts when there

was one nucleus (Figure 1B). Likewise, the deletion of the cTP re-

sulted in the exclusive nuclear localization of CND1DcTP-GFP

(Figure 1B). Our results show that CND1 localizes to chloroplasts

and nuclei when there are two nuclei in one cell, andmainly to the

nucleus when there is one nucleus in the cell.

To validate these observations, we raised a specific anti-

CND1 antibody and determined the subcellular localization of

endogenous CND1 by immunoblot analysis of total leaf protein

extracts. The antibody recognized two bands with different mo-

lecular weights: one species of about 35 kDa, and one of about

28 kDa (Figure 1C). Full-length CND1 has a predicted molecular

weight of 36 kDa; however, the cTP signal consists of 65 amino

acids, which would result in a mature chloroplast-localized pro-

tein of about 28 kDa after import into the organelle and cleavage

of the cTP signal. To test this prediction, we prepared nuclear

and chloroplast fractions from wild-type Arabidopsis plants.

Immunoblot analysis of these fractions indicated that the

35-kDa form of CND1 accumulates exclusively in the nucleus,

while the 28-kDa form of CND1 was specific to the chloroplast

fraction (Figure 1C). We also confirmed the specificity of the

CND1 antibody in lines expressing a CND1-Flag construct (Fig-

ure S1A). These results indicate that CND1 is a nucleus and chlo-

roplast dual-localized protein.

Mutations in CND1 lead to embryo lethality and
abnormal development
To explore the role of CND1 during plant development, we ob-

tained two independent transfer DNA insertion lines from the

SALK collection, hereafter referred to as cnd1-1 and cnd1-2 (Fig-

ure 2A).We screened seedlings by PCR and identified only cnd1/

CND1 hemizygous and wild-type plants in a 2:1 ratio (n = 76),

indicating that homozygous cnd1 plants are not viable. Indeed,

siliques from cnd1-1/CND1 and cnd1-2/CND1 plants contained

23% ± 5% and 26% ± 3% aborted seeds (Figure 2B), respec-

tively, consistent with an expected segregation of 25% of homo-

zygous cnd1-1 and cnd1-2 seeds. These results suggest that

disruption of CND1 is embryo lethal.

To investigate at which stage of embryogenesis cnd1mutants

arrested, we studied embryo development in cnd1/CND1

siliques; both alleles gave identical results. In the same silique,

we observed embryos at different developmental stages: 75%

of embryos reached the globular stage, while 25% remained at

the pre-globular stage. By the time wild-type and hemizygous

embryos had reached the late heart stage, homozygous cnd1

embryos did not develop further (Figure 2C). We also examined

the development of the embryo sac and pollen and found that

pollen and embryo sac development was normal (Figure S2).

We therefore conclude that loss of CND1 function causes a
recessive sporophytic seed-lethality phenotype at a very early

stage of embryogenesis, thus providing evidence for an essential

role for CND1 during embryo development.

Since they were embryo lethal when homozygous, the cnd1-1

and cnd1-2 null mutations were not useful for characterizing the

role of CND1 during plant growth and development. However,

we also isolated a CND1 knockdown allele, subsequently named

cnd1-3, which allowedplants to reachmaturity in the homozygous

state (Figure 2A). CND1 expression in cnd1-3 mutant plants was

�27%of that inwild-type plants (Figure 2D), whichwas consistent

with decreased full-length CND1 and CND1DcTP protein accumu-

lation in the cnd1-3 mutant (Figure S1B). cnd1-3 plants had nar-

rower leaves than the wild type, with markedly serrated margins

(Figure 2E). To confirm that this phenotype was due to CND1

downregulation, we also generated CND1 RNA interference

(RNAi) transgenic lines, in which CND1 expression decreased to

24% (in the CND1-RNAi #22 line) and 19% (in the CND1-RNAi

#26 line) of wild-type levels (Figure 2D), which was also consistent

with decreased full-length CND1 and CND1DcTP protein accumu-

lation in the cnd1-3 mutant (Figure S1B). These RNAi lines dis-

played the samephenotypes as cnd1-3plants, including narrower

and serrated leaves, as well as slower growth (Figure 2E). The

average leaf epidermal cell area was larger in cnd1-3, CND1-

RNAi #22 and CND1-RNAi #26 plants compared with the wild

type (Figure 2F). These results suggest that downregulation of

CND1 results in abnormal leaf development.

CND1 associates with the Pre-RC and origins of DNA
replication in the nucleus
To delineate how CND1 regulates plant growth and develop-

ment, we identified genes that are co-expressed with CND1

from the ATTED II database. Notably, CND1 was co-expressed

with genes encoding multiple members of the DNA pre-RC,

including MCM proteins, CDT1, DNA polymerase, and

REPLICATION PROTEIN A (RPA) proteins (Figure S3A), indi-

cating that CND1 might be involved in the regulation of DNA

replication. Considering the nuclear distribution of CND1, we

tested the physical interaction of CND1 and these pre-RC

proteins by bimolecular fluorescence complementation (BiFC)

assays. We observed strong interaction between CND1 and

multiple members of the DNA pre-RC, which all participate dur-

ing the early stages of DNA replication initiation: MCM2-5,

CDT1A/B, and CYCLIN D5; 1 (CYCD5; 1) (Figures S3B

and 3A). However, we did not detect a clear interaction between

CND1 and the RPA proteins RPA70B/D, or DNA POLYMERASE

DELTA 3 (POLD3), which function during later stages of DNA

replication initiation. These results suggest that CND1 is associ-

ated with the early pre-RC. Yeast two-hybrid (Y2H) assays

showed that CND1 specifically interacts with MCM4, but not

with other pre-RC proteins (Figures 3B and S3C), suggesting

that CND1 associates with the pre-RC via direct interaction

with MCM4. The N terminus of MCM proteins contains a ZF

motif, which represents the largest class of eukaryotic transcrip-

tion factors and DNA-binding motifs. The ZF motif is typically

involved in DNA-protein or protein-protein interactions.5 As

noted earlier, CND1 also contains a ZF motif, prompting us to

test whether CND1 interacted with MCM4 via their respective

ZF domains. CND1 lacking the ZF motif failed to interact with
Cell Reports 42, 112268, March 28, 2023 3



ATG TGA
cnd1-1 (SALK_152644)

Col-0

cnd1-1/+

cnd1-2/+

Col-0

cnd1-1/+

cnd1-2/+

Ea
rly

La
te

cnd1-2 (WiscDsLoxHs084_01H)

A

Globular
phase

Transition
phase

Heart 
phase

Col-0 cnd1-1/+ cnd1-2/+
Normal Aborted Normal Aborted

C

B

Col-0    cnd1-3     22#      26#
CND1-RNAi

0

0.5

1

1.5

Col-0    cnd1-3 cnd1-322#      26# 
CND1-RNAi

cnd1-3 (SALK_058039C)

D noisserpxe
evitale

R of
 C

N
D

1
ge

ne

E

F

Col-0

22#

26#

C
N

D
1-

R
N

A
i

Figure 2. Loss of CND1 function results in embryo lethality and abnormal development

(A) Schematic diagram of CND1 inferred by DNA sequence analysis. Exons (black boxes) and introns (white boxes) are indicated. The positions of the transfer

DNA insertions corresponding to the cnd1-1, cnd1-2, and cnd1-3 mutants are shown. ATG start codon and TGA stop codon are shown.

(B) Fully developed siliques from wild-type (Col-0), cnd1-1/+, and cnd1-2/+ plants were opened and observed using a microscope. Red arrows point to aborted

ovules. Scale bars, 1 mm.

(C) Development of embryos in siliques from wild-type (Col-0), cnd1-1/+, and cnd1-2/+ plants. Images show embryos at the pre-globular stage, embryos at the

globular stage, and embryos at the heart stage. Scale bars, 50 mm.

(D) RT-qPCR analysis of CND1 transcript levels in wild-type plants, cnd1-3, and CND1-RNAi (CND1-RNAi #22 and #26) lines. The transcript level of each gene

was normalized relative to ACTIN2 (At3g18780).

(E) Representative images of leaf phenotypes of 4-week-old wild-type plants, the cnd1-3 mutant, and CND1-RNAi lines (CND1-RNAi #22 and #26). Values are

means ± SE, n = 3 independent biological replicates.

(F) SEM of the leaf lower epidermis of wild-type, cnd1-3 and CND1-RNAi (CND1-RNAi #22 and #26) plants. Over 20 independent biological replicates were

performed in all experiments, with similar results.
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MCM4 in BiFC or Y2H assays (Figures 3A and 3B), indicating that

CND1 interacts with MCM4 via its ZF motif. We corroborated the

interaction of CND1 and MCM4 by a co-immunoprecipitation

(coIP) assay (Figure 3C).

We tested whether CND1 associates with nuclear DNA using

chromatin immunoprecipitation followed by deep sequencing
4 Cell Reports 42, 112268, March 28, 2023
(ChIP-seq). The data of two biological replicates of ChIP-seq

were highly reproducible and of high quality (Table S1). We

identified 2,558 association sites for CND1 across the

nuclear genome (Figure 3D; Table S2). CND1 associated

with intragenic regions (promoters, 50 untranslated regions

[50 UTRs], 30 UTRs, introns, and exons of genes), and intergenic
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Figure 3. CND1 interacts with the DNA pre-replication complex and origins of DNA replication in the nucleus

(A) Interaction of CND1 with the pre-replication complex protein MCM4 by BiFC analysis. CND1-YC and MCM4 or MCM4DZF-YN were co-transfected into

Arabidopsis protoplasts and visualized by confocal microscopy. bZIP66-YN and bZIP66-YC were used as positive control. CND1-YC+YN and MCM4-YN+YC

were used as negative control. Scale bars, 10 mm.

(B) Y2H assays confirming that CND1 interacts only with MCM4. CND1 or CND1DZF-BD and MCM4-AD were co-transformed into yeast. CND1-BD/AD and

MCM4-AD/BD were used as negative control.

(C) MCM4-YN was allowed to accumulate for 12 h in protoplasts isolated from CND1-GFP transgenic lines and visualized by coIP.

(D) Quantitative association of CND1 with DNA as measured by ChIP-seq. Genome browser views show the distribution of sites associated with statistically

significant CND1 binding across the nuclear genome.

(E) Volcano plot of all CND1-binding genes in ChIP-seq (gray and blue) and extent of overlap with DNA replication origins (blue). The CND1-bound genes were

obtained from the ChIP-seq data of CND1-Flag in the cnd1-3 mutant compared with Col-0, and CND1-bound genes associated with origins of DNA replication

were identified by comparing the statistically significant changed CND1-binding genes with the fraction of DNA replication origins.

(F) Genome browser views showing the distribution of sites associated with CND1 binding across the nuclear genome that matched to origins of DNA replication.

(legend continued on next page)
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regions (distal intergenic regions and proximal downstream

regions) (Figures S3D and S3E). Because DNA pre-RCs bind to

origins of DNA replication to regulate the initiation of DNA repli-

cation and the cell cycle, we assessed the extent of CND1 asso-

ciation to the origins of DNA replication. We determined that

CND1 associates with 673 origins of DNA replication (Figure 3E;

Table S3); the distribution of DNA replication origins associated

with CND1 across the nuclear genome is shown in Figure 3F,

such as ori-1570, ori1-2760, ori1-3040, and ori5-2310 (Fig-

ure 3G),29–31 suggesting that CND1 associates with origins of

DNA replication. We asked whether the CND1-pre-RC interac-

tion has functional consequence on MCM4 DNA binding by

measuring the association of MCM4 to DNA replication origins

in the wild-type and cnd1-3 backgrounds by ChIP-qPCR using

an anti-FLAG antibody. The association of MCM4 with origin

sites of DNA replication decreased in the cnd1-3 mutant at all

sites tested, but not at a control locus not containing an origin

site (Figure S3F). These results suggest that CND1 interacts

with MCM4 and facilitates the association of MCM4 with nuclear

DNA.

In addition, Gene Ontology (GO) analysis indicated CND1

associated with genes related to ‘‘cell cycle and DNA meta-

bolism,’’ ‘‘post-embryonic development,’’ and ‘‘response to

stress’’ (Figure S3G). We also performed transcriptome deep

sequencing (RNA-seq) to compare gene expression patterns be-

tween cnd1-3 and wild-type plants (Table S4). GO analysis

showed that significant differentially expressed genes (DEGs)

in the mutant are enriched in biological processes related to

DNA damage and repair, and response to stress (Figure S4A;

Table S4). Furthermore, GO analysis of the overlap genes from

ChIP-seq and RNA-seq data showed that they are also enriched

in many DNA replication and DNA damage and repair (DDR)

genes involving in biological processes of response to endoge-

nous stimulus, reproduction, post-embryonic development,

and DNA metabolism process (Figures S4B and S4C). These re-

sults suggest that CND1 is also involved in regulating DNA repli-

cation and DDR genes.

CND1 is required for maintenance of nuclear genome
stability
The members of the pre-RC regulate the cell cycle and genome

stability.7,32,33 To test whether CND1 functions in the cell

cycle and genome stability, we monitored the expression of

several genes involved in DNA repair pathways in wild-

type and cnd1-3 homozygous plants; the expression of Ku70,

POLY(ADP-RIBOSE) POLYMERASE 2 (PARP2), RADIATION

SENSITIVE 51 (RAD51), BREAST CANCER TYPE 1 (BRCA1),

and X-RAY CROSS-COMPLEMENTATION 4 (XRCC4) was

higher in cnd1-3 plants relative to wild type (Figure 4A), indicative

of possible increased DNA instability. This result provided evi-

dence for endogenous DNA stress induced by lower CND1 func-

tion. Next, we compared the DNA content of cnd1-3 and wild-

type plants by flow cytometry analysis. Wild-type leaves typically
(G) Enlarged regions containing a replication origin. Origins, e.g., ori1-1570 show

and ori5, chromosome 5) followed by the four digits that indicate the origin

Arabidopsis origins of DNA replication.29–31 Two independent biological replicat

three times.

6 Cell Reports 42, 112268, March 28, 2023
show nuclei with a 2C–16C DNA content, with a majority of 2C,

4C, and 8C nuclei and only a few 16C nuclei. By contrast, the

bulk of nuclei in cnd1-3 plants andCND1-RNAi lines had a higher

proportion of 8C and 16C nuclei (Figures 4B and 4C). Therefore,

DNA appears to have undergone one additional round of replica-

tion in cnd1-3 plants and CND1-RNAi lines relative to the wild

type. These results suggest that CND1 is required for mainte-

nance of nuclear genome stability.

DNAmethylationmodifications contribute to genomestability in

multiple ways.34,35 The cnd1-3 mutant showed an altered DNA

methylation profile when compared with the wild type, as deter-

mined by methylated DNA immunoprecipitation followed by

deep sequencing (MeDIP-seq) (Figures 4D and S4D). Compared

withwild-type plants, we identified 55,476 significantly downregu-

lated peaks of DNA methylation covering 8,664 genes and

131,125 significantly upregulated peaks of DNA methylation

covering 15,353 genes in cnd1-3 plants (Figure 4E; Table S6).

Notably, 4,360 differential peaks of DNA methylation overlapped

with origins of DNA replication, of which 473 were bound by

CND1 (Figure 4F; Table S3). In addition, 14 differential peaks of

DNA methylation overlapped with cell cycle- and genome stabil-

ity-related genes, of which 12 genes were bound by CND1,

such as MCM3, SISTER CHROMATID COHESION 1 (SCC1)

PROTEIN HOMOLOG 2 (SYN2) RADIATION SENSITIVE 17

(RAD17), and UV HYPERSENSITIVE 1 (UVH1) (Table S5). These

results indicate that the partial loss of CND1 function affects

DNA methylation levels of origins of DNA replication, as well as

the cell cycle and genome stability.

CND1plays a role inmaintenance of chloroplast genome
stability
The localization of CND1 in chloroplasts suggested that CND1

also had roles in this organelle. To determine whether CND1

plays a similar role in the maintenance of genome stability in

chloroplasts, we measured the plastid DNA content in wild-

type and cnd1-3 plants by flow cytometry. The plastid DNA con-

tent was higher in the cnd1-3 mutant than in wild-type plants

(Figure 5A), a result quantitatively similar to our initial observa-

tions of cnd1-3 nuclear DNA content (Figure 4B). Genome main-

tenance in chloroplasts is tightly controlled by many proteins

acting in concert to repress the accumulation of DNA rearrange-

ments. Genome instability results in increased DNA rearrange-

ments largely driven by higher recombination between short

direct repeats scattered across the chloroplast genome. We

tested the extent of genome instability in wild-type and cnd1-3

plants by taking an outward-facing PCR approach according

to a previous study.8Weperformed this analysis on two indepen-

dent DNA pools from wild-type and cnd1-3 plants. Representa-

tive results of the PCR amplification are shown in Figure 5B.

Cloning and sequencing of rearranged DNA confirmed the

strong rise in illegitimate recombination in cnd1-3 plants relative

to thewild type. However, we also detected rearranged products

in wild-type plants, suggesting the presence of a small
n here, are named based on their chromosomal location (ori1, chromosome 1

number within each chromosome, according to genome-wide mapping of

es were performed for the ChIP-seq, and other experiments were performed
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Figure 4. The role of CND1 in maintenance of nuclear genome stability

(A) Expression of genes involved in DNA repair pathways, as determined by RT-qPCR, in wild-type (Col-0), cnd1-3, and CND1-RNAi (CND1-RNAi #22 and #26)

plants. The transcript level of each gene was normalized relative toACTIN2 (At3g18780). Data presented here represent two biological replicates. Each RT-qPCR

was repeated at least twice on each biological replicate (*p < 0.05, **p < 0.01; Student’s t test).

(B) Analysis of nuclear DNA content in wild-type, cnd1-3, andCND1-RNAi (CND1-RNAi #22 and #26) plants. Nuclei were isolated and their DNA content analyzed

by flow cytometry after staining with DAPI. DNA content was measured in at least 6,000 nuclei isolated from the first leaf of seedlings harvested 14 days after

release from stratification. Three independent biological replicates were performed.

(C) Quantitative analysis of DNA ploidy shown in (B).

(D) Analysis of nuclear DNA methylation profiles in wild-type and cnd1-3 plants (p < 0.05, Fold-Change >2).

(E) Volcano plot of DNA methylation profiles in cnd1-3 compared with wild-type plants. The outside circle represents chromosome 1 to chromosome 5 in

Arabidopsis.

(F) Venn diagram displaying the overlap among differentially methylated genes in cnd1-3 and Col-0 (p < 0.05, Fold-Change>2), the p values and representation

factors between two data were calculated by hypergeometric tests, the CND1-bound genes from all peaks in CND1-Flag in the cnd1-3 mutant compared with

Col-0 by ChIP-seq, and all DNA replication origins (ORIs) identified in previous studies.29–31
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Figure 5. Role of CND1 in maintenance of chloroplast genome stability

(A) Chloroplast DNA content in wild-type, cnd1-3, and CND1-RNAi (CND1-RNAi #22 and #26) plants. Chloroplasts were isolated and their DNA content analyzed

by flow cytometry using the SYTO 42 fluorescent dye.

(B) Analysis of illegitimate recombination in the chloroplast genome in wild-type, cnd1-3, and CND1-RNAi (CND1-RNAi #22 and #26) plants. For each genotype,

PCR reactions using outward- or inward-facing PCR primers were performed on seven pools of DNA from seven different plants.

(C) Analysis of non-photochemical quenching, as determined by chlorophyll fluorescence imaging in wild-type and cnd1-3 plants.

(D) Non-photochemical quenching kinetics, measured as chlorophyll fluorescence kinetics.

(E) Interaction between CND1 and chloroplast genome stability regulators by BiFC assay. CND1-YC andWHY1, WHY3, RecA, or PolI B-YN were co-transfected

into Arabidopsis protoplasts and visualized by confocal microscopy. HHL1-YN and LQY1-YC were used as positive control.36 CND1-YC +YN were used as

negative control. Scale bars, 10 mm.

(F) Y2H assays confirming that CND1 interacts only withWHY1. CND1-BD andWHY1, WHY3, RecA, or PolI B-AD were co-transformed into yeast. CND1-BD/AD

and WHY1-AD/BD were used as negative control.

(G) Effect of decreased CND1 function on the association of WHY1 with chloroplast DNA. The y axis represents the amount of DNA that co-immunoprecipitated

with WHY1 in the cnd1-3mutant compared with the amount in the wild type (Col-0) by qPCR. The gene region of Ycf3was used as a negative control9 (*p < 0.05,

**p < 0.01; Student’s t test). Wild-type levels were set to 1. Three independent biological replicates were performed for all experiments.
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subpopulation of rearranged chloroplast DNA even under normal

physiological conditions. These results support a role for CND1

in chloroplast genome stability.

Since photosynthesis occurs in chloroplasts, we determined if

the downregulation of CND1 expression affected chloroplast

size; however, chloroplast size was unchanged in the cnd1-3

mutant (Figures S5A–S5D). We also determined photosynthetic

capacity by examining chlorophyll fluorescence parameters in

cnd1-3 and wild-type plants. We did not detect obvious differ-

ences for maximum photochemical quenching (Fv/Fm) between

the two genotypes (Figure S5E); heat dissipation by non-photo-

chemical quenching (NPQ) was higher in the cnd1-3 mutant

compared with the wild type in normal growth light conditions

(Figures 5C and 5D). Carotenoids are pigments that modulate

photosynthetic light harvesting and photoprotection.37 BiFC as-

says revealed that CND1 interacts with key enzymes of the

xanthophyll cycle, NPQ1 and NPQ2, required for NPQ (Fig-

ure S5F), although the composition of carotenoids was not

affected in the cnd1-3 mutants (Figure S5G).

Plastid genome instability results in ROS bursts.38 We thus

examined the levels of O2�, H2O2,
1O2, and total ROS in

cnd1-3 mutants according to the methods of our previous

study.36 The levels of O2�, H2O2,
1O2, and total ROS are

increased in cnd1-3 compared with wild-type plants

(Figures S5H–S5K). We examined the effect of oxidative stress

from ROS on the abundance of photosynthetic complexes in

cnd1-3. To this end, we solubilized thylakoid membranes in

2%dodecyl maltoside, separatedmembrane protein complexes

by blue native (BN)-polyacrylamide gel electrophoresis (PAGE)

(Figure S5L), and analyzed the complexes by immunoblotting

with antibodies specific for photosystem II (PSII) core proteins.

Results with anti-D1 antibody showed that the cnd1-3 mutant

contains less PSII-light harvesting complex II (LHCII) supercom-

plexes than wild-type thylakoid membranes (Figure S5L). We

also detected lower levels of the PSII core subunits D2, CP43

and CP47 in the cnd1-3 mutant (Figures S5M and S5N). These

results were based on an equal chlorophyll basis. By contrast,

levels of PsbO (another PSII protein), the PSI proteins PsaA

and PsaD, the light harvesting complex II (LHCII) chlorophyll

a/b binding proteins LHCa1 and LHCb1, ATP synthase subunit

B, and cytochrome f were relatively stable in both wild-type

andmutant plants (Figures S5M and S5N). Taken together, these

results suggest that compromised CND1 function perturbs the

relative levels of PSII complexes and core subunits.

Several key regulators of chloroplast genome stability have

been identified, such as WHY1, WHY3, RecA1, and POLIB.13

As CND1 appears to regulate chloroplast genome stability in a

manner similar to that of the nuclear genome, and because we

measured higher DNA contents and more DNA recombination

in the cnd1-3 plastid genome than in the wild type, we explored

a potential interaction between CND1 and other regulators of

chloroplast genome stability by BiFC assays using an Arabidop-

sis protoplast transient transfection system. CND1 interacted

with WHY1 and WHY3 in a BiFC assay (Figure 5E). However,

CND1 only interacted with WHY1, but not WHY3, in a Y2H assay

(Figure 5F), which we verified by a coIP assay (Figure S5O).

WHYs bind to organellar DNA to maintain DNA stability.9 To

determine the function of the CND1–WHY1 interaction, we as-
sessed the effect of diminished CND1 function in the cnd1-3

mutant on the association of WHY1 with DNA by ChIP-qPCR.

Indeed, the association of WHY1 with chloroplast DNA

decreased in the cnd1-3 mutant relative to the wild type at the

plastid genes psaA, psaB, psbA, rpoB, RbcL, 16S, and accD,

but not the negative control Ycf3 (Figure 5G). These results indi-

cate that CND1 interacts with WHY1 to facilitate its association

with chloroplast DNA.

A nucleus- or chloroplast-restricted localization of
CND1 functionally rescues cnd1 abnormal leaves or
defected photosynthetic capacity
To understand how CND1 coordinates genome stability in chlo-

roplasts and the nucleus, we analyzed the phenotypes associ-

ated with overexpressing chimeric variants of CND1 lacking

the NLS, cTP, or ZF domains in the cnd1-3 mutant background

(Figures 6A, 6B, S6A, and S6B). Full-length CND1 rescued the

abnormal chlorophyll fluorescence and serrated leaves pheno-

types seen in the cnd1-3mutant. Versions of CND1 lacking either

the NLS or the ZF domain also rescued the abnormal chlorophyll

fluorescence phenotype, but not the leaf serration phenotype.

The CND1 variant lacking the cTP failed to rescue the serrated

leaves phenotype and abnormal chlorophyll fluorescence

(Figures 6B and S6C).

We characterized the nuclear DNA content of these transgenic

lines by flow cytometry analysis: full-length CND1 mostly

restored the nuclear DNA ploidy profile to wild-type levels

(Figures 6C and 6D). However, CND1 variants without the NLS,

ZF, or cTP failed to rescue this phenotype (Figures 6C and 6D),

suggesting that the complete CND1 protein is required for the

maintenance of nuclear genome stability. Outward-facing PCR

analysis showed that full-length CND1 and CND1 lacking either

the NLS or the ZF domain rescue the abnormal DNA rearrange-

ments detected in the chloroplasts of the cnd1-3 mutant (Fig-

ure 6E). By contrast, the CND1 variant lacking the cTP did not

protect chloroplast DNA from illegitimate recombination (Fig-

ure 6E), indicating that the localization of CND1 to chloroplasts

is required for the maintenance of plastid genome stability.

CND1 exhibits dynamic expression and intracellular
distribution patterns
We examined CND1 expression across vegetative and floral

development using reverse transcription quantitative PCR (RT-

qPCR) (Figure 7A). CND1 expression generally followed the

same pattern as CYCLIN B1;1 (CYCB1;1; Figure 7A), which en-

codes a B-type cyclin that is often used as a marker for cell pro-

liferation.39CND1 andCYCB1;1 transcripts weremost abundant

in shoot apices and flower buds, which are rich in mitotic and en-

docycling cells.40,41 We collected cell culture samples during the

exponential growth stage based on CYCB1;1 expression, which

contained a comparable fraction of replicating cells as a micro-

dissected shoot apical region. The lowest signals were detected

in mature and senescing leaves (Figure 7A), consistent with the

absence of DNA replication in these tissues. Together, these re-

sults demonstrate that CND1 expression is developmentally

regulated in Arabidopsis.

Because steady-stateCND1 transcript levels do not reflect the

subcellular localization of the translated protein, we conducted
Cell Reports 42, 112268, March 28, 2023 9
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Figure 6. Physiological and molecular roles of different CND1 motifs

(A) Schematic diagram of CND1 variants lacking the chloroplast transit peptide (cTP), zinc finger (ZF), domain of unknown function 702 (DUF702), or carrying a

mutated version of the nuclear localization sequence (NLS).

(B) Rescue tests of cnd1-3 by the CND1 protein variants shown in (A) for leaf development and photosynthetic capacity. Bars = 0.5 cm.

(C) Rescue tests of cnd1-3 by the CND1 protein variants shown in (A) on nuclear DNA ploidy by flow cytometry analysis.

(D) Quantification of DNA ploidy shown in (C).

(E) Rescue tests of cnd1-3 by the CND1 protein variants shown in (A) on DNA rearrangements in the chloroplast genome by outward-facing PCR analysis. Three

independent biological replicates were performed for all experiments.
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an immunoblot analysis of various tissues: photosynthetically

active mature leaves, the shoot apical meristem, and seeds.

The size difference between nucleus- and chloroplast-localized

CND1 in immunoblots provided a convenient assay to determine

the fraction of CND1 in each compartment. In mature leaves,

CND1 mainly localized to chloroplasts, with a small nuclear frac-

tion (Figure 7B). In the shoot apex, CND1 localized prominently

to the nucleus but with a substantial chloroplast fraction. In

seeds, CND1 mainly localized to the nucleus, which is in agree-

ment with the lack of developed chloroplasts in this tissue (Fig-

ure 7B). These results, combinedwith the results of dual localiza-
10 Cell Reports 42, 112268, March 28, 2023
tion in protoplast cells with two nuclei (Figure 1B), suggest that

the genome stability of plastid and nucleus are more needed to

coordinate when the cells are in the stage of division.

Considering the function of CND1 in chloroplasts and the

absence of plastid-localized CND1 in seeds, we asked whether

light affected CND1 accumulation and/or CND1 import to the

chloroplast. We first established a system of light induction to

control photosystem biogenesis in Arabidopsis: after 5 days of

growth in the dark, we exposed etiolated seedlings to white light

(100 mmol photons m�2s�1) for 4, 8, 12, 24, or 48 h. The leaves of

wild-type seedlings gradually turned green when exposed to
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Figure 7. Dynamic distribution and import of CND1 into chloroplasts and the nucleus

(A) RT-qPCR analysis of CND1 expression in Arabidopsis vegetative (shaded green) and floral (shaded blue) tissues and in suspension cell cultures (shaded

yellow). The relative levels are scaled to expression in seedlings. CYCB1;1 (At4g37490) was used as a marker for cell proliferation. The transcript level of each

gene was normalized relative to ACTIN2 (At3g18780).

(B) Subcellular distribution of CND1 inmature leaves, the shoot apex and seeds. The upper panel shows immunoblot analysis of different forms of CND1 inmature

leaves, the shoot apex, and seeds. The lower panel shows the quantitative analysis of the signal in the upper panel.

(C) Accumulation of CND1 and LHCA1. After 5 days of growth in the dark, etiolated seedlings were exposed to white light (100 mmol photons m�2s�1) for 4, 8, 12,

24, or 48 h.

(D) Interaction of CND1 with HSP90. After 5 days of growth in the dark, etiolated seedlings were exposed to white light (100 mmol photons m�2s�1) for 4, 24, or

48 h. Three independent biological replicates were performed for all the experiments.

(E) Proposed working model of CND1 in maintenance of chloroplast and nucleus genome stability. CND1 is a chloroplast and nucleus dual-localized protein

encoded by a nuclear gene. CND1mRNA is translated to CND1 protein by ribosomes in the cytoplasm. Driven by its N-terminal transit peptide, CND1 is target to

chloroplasts, where it directly regulates genome stability by facilitating the association of WHY1 with chloroplast DNA. The nucleo-cytoplasmic partitioning of

CND1 is controlled by its NLSmotif. In the nucleus, CND1 physically interacts with the DNA pre-RC to promote nuclear genome stability. Full-length CND1 in the

nucleus is mainly distributed in proliferating tissues, but mature CND1 without the cTP is mainly distributed in the chloroplasts of photosynthetic tissues. In

addition, light promotes CND1 accumulation and its import into chloroplasts via association with the molecular chaperone HSP90.
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increasing periods of illumination, with a concomitant increase of

Fv/Fm and qN (Figure S7A), validating our experimental setup.

CND1 transcript and CND1 protein levels rose with longer expo-
sure to light in the nucleus and chloroplasts (Figures 7C, S7B,

S7C, and S7). Themolecular chaperoneHEAT SHOCKPROTEIN

90 (HSP90) delivers precursor proteins into chloroplasts.42 BiFC
Cell Reports 42, 112268, March 28, 2023 11
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assay showed that CND1 interacts with HSP90 (Figure S7D), and

the levels of HSP90 associated with CND1 consistently

increased during 4-, 24-, and 48-h light treatments (Figures 7D

and S7E), although HSP90 transcripts reached their highest

levels after 4 h of light induction but later declined (Figure S7D).

These results suggest that light promotesCND1 import into chlo-

roplasts via the molecular chaperone HSP90.

DISCUSSION

The proper functioning of cells depends on preserving the integ-

rity of the cellular genome. In plant cells, very few genes are

encoded by the chloroplast genome. Although the mechanisms

underlying nuclear genome maintenance are well understood,

little is known about the mechanisms that ensure genome stabil-

ity of the semiautonomous organelles chloroplast andmitochon-

drion, andmuch less is known about the coordination of genome

stability between the nucleus and chloroplasts. We identified a

nucleus-encoded protein, CND1, that localized in the nucleus

and chloroplasts and demonstrated that CND1 played dual roles

in the maintenance of genome stability in both cellular compart-

ments (Figure 7E).

Dual-localized proteins play important roles in coordinating

functions across different subcellular components, although

their identification has been limited.43,44 Full-length CND1 was

transported into the nucleus, but it was also targeted to chloro-

plasts, where its cTP was cleaved upon import and led to the

accumulation of a truncated (mature) form of CND1 (Figure 1C).

The predicted cTP and NLS sequences identified in CND1 con-

trol its distinct nuclear and chloroplast compartmentalization,

respectively (Figure 1B). These localization characteristics are

reminiscent of the chloroplast and nucleus dual-localized protein

LEFKOTHEA (LEFKO), which plays dual roles in the regulation of

chloroplast and nuclear mRNA splicing.45 In contrast to LEFKO,

CND1 does not contain a nuclear export signal. Several dual-

localized proteins have distinct functions in different subcellular

components. For instance, CDT1 localizes to chloroplasts and

the nucleus. Nuclear CDT1 functions in gametophyte develop-

ment and maintenance of genome integrity as a component

of the DNA pre-replication initiation complex.7 Chloroplast-

localized CDT1 interacts with the chloroplast division factor

ACCUMULATION AND REPLICATION OF CHLOROPLASTS 6

(ARC6) and likely participates in chloroplast division.46 The

complete loss of functions of CND1 (Figures 1B and 1C),

LEFKOTHEA,45 or CDT17 all lead to embryo lethality, suggesting

their critical role in plant survival.

CND1 is required for themaintenance of nuclear genome sta-

bility. We showed that lower CND1 function increased endore-

plication and genome instability (Figures 4A–4C), which is

similar to the role of chloroplast and nuclear dual-localized

CDT1 in the nucleus.7 Nuclear genome instability may result

from failure at different steps during the cell cycle, from DNA

replication to chromosome segregation. Disruption of initiation

of DNA replication is the most common cause of genome insta-

bility.47 CND1 associated with DNA replication origins and

members of the DNA pre-RC, which function during the early

stages of DNA replication initiation (Figures 3A–3E). Loading

of the MCM replicative helicase at origins of replication is
12 Cell Reports 42, 112268, March 28, 2023
required for initiation of DNA replication in all eukaryotes.48,49

We established that CND1 directly interacted with the pre-RC

protein MCM4 (Figures 3A and 3B) to promote the association

of the pre-RC with origins of DNA replication (Figure S3F). This

observation suggested that CND1 was involved in the mainte-

nance of genome integrity by regulating the initiation of DNA

replication in the nucleus. There is a strong relationship be-

tween DNA replication and transcription in plants.31 CND1 is

also associated with cell cycle- and DNA stability-related genes

(Figure S3G) and altered their expression (Figure S4A;

Table S5), suggesting another mechanism by which CND1 reg-

ulates genome stability and the cell cycle. MCM-Binding Pro-

tein (MCM-BP) is required for DNA replication and transcription

in the protozoan parasite Trypanosoma brucei,50 which has a

role similar to that of CND1 in the regulation of DNA replication

initiation in Arabidopsis. We identified differential peaks of DNA

methylation between cnd1-3 and wild-type plants that involved

origins of DNA replication and cell cycle- and DNA stability-

related genes (Figures S4B and S4C; Table S5), suggesting

that DNA methylation probably plays a role in the nuclear

genome stability.

Although CND1 has dual roles in chloroplast and nuclear

genome stability, the underlying regulatory mechanism is un-

likely to be identical. In chloroplasts, illegitimate recombination

and DNA content increased in cnd1-3 and CND1-RNAi lines

(Figures 5A and 5B), suggesting that CND1 is also required for

the maintenance of chloroplast genome stability. Furthermore,

CND1 interacted with the chloroplast genome stability regulator

WHY1 and facilitated its association with chloroplast DNA

(Figures 5E, 5F, and 5G). Thus, CND1 mediates the association

of the pre-RCwith DNA in the nucleus andwith DNA stability reg-

ulators in the chloroplast. Light drives photosynthesis, which

generates ROS and increases chloroplast DNA damage.51

Thus, maintenance of chloroplast DNA stability is crucial. We

showed that light promotes CND1 expression and CND1 trans-

port to the chloroplast, the latter being mediated by HSP90, to

maintain chloroplast genome stability. In the nucleus, the ZF

motif of CND1 was necessary for its interaction with MCM4

(Figures 3A and 3B). All members of the MCM complex contain

a ZF motif, which is vital for MCM complex formation and asso-

ciation with DNA,5 similar to CND1. However, as the maturation

of chloroplast-localized CND1may remove parts of the ZF motif,

how CND1 interacts with WHY1 is unclear.

The subpools of nuclear and chloroplast CND1 play distinct

physiological roles in plants. The cnd1-3 mutant and CND1-

RNAi plants exhibited increased NPQ (Figures 5C and 5D),

suggesting that the loss of CND1 function affects light harvesting

capacity. However, partial loss of CND1 function in cnd1-3 and

the RNAi lines did not changemaximum photochemical quench-

ing (Fv/Fm), suggesting that the effect of CND1 on photosynthetic

capacity is mild, with two potential caveats with this interpreta-

tion. First, the cnd1-3 allele and CND1-RNAi do not completely

abrogate CND1 expression, since these genotypes are fully

viable. Second, the partial loss of CND1 function may be

compensated by redundant regulators of chloroplast genome

stability. Similarly, why1, why3, polIB, or RecA single mutants

do not have obvious chloroplast genome instability or overall

altered growth phenotypes. Only the triple mutants why1 why3
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polIB and why1 why3 RecA exhibit clear chloroplast genome

instability and impaired growth.13 Chloroplast-restricted CND1

functionally rescued the abnormal chlorophyll fluorescence

seen in cnd1-3, indicating that the function of CND1 in chloro-

plasts contributes to the chlorophyll fluorescence phenotype

(Figure 6B). Severe defects in DNA replication can result in em-

bryo lethality. In addition, the disruption of DNA ploidy and the

cell cycle have been reported to result in serrated leaves.52,53

Accordingly, the leaves of CND1 knockdown mutants and

CND1-RNAi plants were distinctly serrated (Figure 2D). Nu-

cleus-restricted CND1 functionally rescued the serrated leaves

of the cnd1-3 mutant (Figure 6B), suggesting that the function

of CND1 in the nucleus contributes to leaf morphology.

The endosymbiosis theory states that organelles such asmito-

chondria and chloroplasts originated from endosymbiotic

prokaryotes.1 To coordinate their transcription, translation, and

protein import with the host cell, organelles have evolved multi-

ple strategies, including gene transfer to the nucleus,1 and chlo-

roplast-to-nucleus retrograde signaling.54 The emergence of

proteins with dual or multiple localization in eukaryotes may be

a key strategy to coordinate molecular events between different

organelles.43 However, it is often difficult to identify dual-local-

ized proteins due to their dynamic distribution in cells. For

example, CND1 localized to the chloroplast and the nucleus in

meristems (such as the shoot apex). However, CND1 mainly

localized to the chloroplast in photosynthetic organs (such as

leaves), but mainly localized to the nucleus in reproductive or-

gans (such as seeds). Similarly, an LEFKO-yellow fluorescent

protein (YFP) fusion showed a dual localization in the nucleus

and protoplasts of embryonic cells. LEFKO-YFP is detected in

the nuclei of lateral root meristem cells and localizes to both

nuclei and chloroplasts in primary root meristems and leaf

epidermal cells.45 Immunoblot analysis of LEFKO-YFP verified

that LEFKO is indeed targeted in vivo to both nuclei and chloro-

plasts, and that its dual localization is not due to the nuclear

accumulation of free YFP arising from cleavage of the fusion

protein,45 which may be a concern in other cases. Some chloro-

plast proteins also localize to the nucleus, such as PLASTID

TRANSCRIPTIONALLY ACTIVE (pTAC) proteins.55–57 There

may be many more dual- or multiple-localized proteins, and

those currently identified may only comprise the tip of the

iceberg.

Limitations of the study
Although our results have shown that dual-localized protein

CND1 functions in the stability of nuclear and chloroplast ge-

nomes, we acknowledge that more investigations need to be

performed to understand the underlying mechanisms.

The exact mechanism of how CND1 associates with MCM4 in

the nucleus and WHY1 in chloroplasts to regulate the origin of

DNA replication and plastid genome stability remains unclear.

The resolution of the structure of CND1 could help clarify the

exact molecular function of CND1 in the future. In addition,

DNA methylation is affected in cnd1-3, the relationship between

the alteration of DNA methylation and DNA replication origin re-

mains to be clarified.

Last, the mechanism of how plants coordinate the localiza-

tion of CND1 proteins to the nucleus and chloroplast remains
unclear. Although the dual localization of CND1 in protoplast

cells with two nuclei and the dual-localized distribution of

CND1 protein in the shoot apex suggest that the genome

states of plastid and nucleus are more needed to coordinate

when the cells are in the stage of division, there is no

direct evidence to show the cell with dual localization of

CND1 is really dividing. Further studies are required for eluci-

dating the coordination of localization and function of CND1

proteins in different tissues, which will provide insight to un-

derstand the mechanism of coordination between different

organelles.
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Mouse Anti-GFP TransGen Biotech Cat# HT801-02; RRID:AB_2922385
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Critical commercial assays

Prime Script RT Reagent Kit TaKaRa Cat# RR047A

SYBR Premix Ex Tag TaKaRa Cat# RR420A

CometAssay Kit Trevigen CAT# 4250-050-K
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ChIP-seq raw data for Arabidopsis: CND1-Flag, Col-0 https://www.ncbi.nlm.nih.gov/geo/ GSE220489

RNA-seq raw data for Arabidopsis: cnd1-3, Col-0 https://www.ncbi.nlm.nih.gov/geo/ GSE220490

MeDIP-seq raw data for Arabidopsis: cnd1-3, Col-0 https://submit.ncbi.nlm.nih.gov/subs/sra/ PRJNA907131

Experimental models: Organisms/strains

Arabidopsis thaliana: Col-0 wild-type This paper N/A

Arabidopsis thaliana: cnd1-1/+ ABRC SALK_152644

Arabidopsis thaliana: cnd1-2/+ ABRC WiscDsLoxHs084_01H

Arabidopsis thaliana: cnd1-3 ABRC SALK_058039C

Arabidopsis thaliana: CND1-RNAi22# This paper N/A

Arabidopsis thaliana: CND1-RNAi26# This paper N/A
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Arabidopsis thaliana:35S:CND1DcTP-Flag This paper N/A

Arabidopsis thaliana:35S:CND1DZF-Flag This paper N/A
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Primers for PCR and qPCR, see Table S7 This paper N/A

Primers for mutant identification, see Table S7 This paper N/A

Primers for ptDNA arrangement, see Table S7 This paper N/A

Primers for ChIP-qPCR, see Table S7 This paper N/A

Primers for vectors construction, see Table S7 This paper N/A

Recombinant DNA

35S:MCM4-Flag This paper N/A

35S:WHY1-Flag This paper N/A

pUC-CND1-GFP This paper N/A

pUC-CND1DcTP-GFP This paper N/A

pUC-CND1NLS-GFP This paper N/A

pUC-MCM4-YN This paper N/A

pUC-MCM4ZF-YN This paper N/A

pUC-CND1-YC This paper N/A

pUC-CND1DZF-YC This paper N/A

pUC-WHY1-YN This paper N/A
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pUC-PoliB-YN This paper N/A

pUC-RecA-YN This paper N/A

Software and algorithms

Prism 6 GraphPad N/A

ImageJ NIH N/A

CASP comet assay software http://casplab.com/ http://casplab.com/

Other

imaging-PAM Walz MAXI-Series

scanning electron microscopy Hitachi 3400N

flow cytometry Beckman MoFlo XDP

laser scanning confocal microscope Zeiss Zen2011

differential interference microscope OLYMPUS BX51
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Hong-Lei

Jin (jinhl@gzucm.edu.cn).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completedMaterials Transfer Agreement.

Data and code availability
Sequencing data are available at GEO in NCBI (https://www.ncbi.nlm.nih.gov/geo/) under accession numbers GEO: GSE220490

(RNA-seq); GEO: GSE220489 (ChIP-seq). Sequencing data are available at MeDIP-seq data are available at the Sequence Read

Archive (SRA) at NCBI (https://submit.ncbi.nlm.nih.gov/subs/sra/) under accession number PRJNA907131.

This paper does not report original code. Any additional information required to reanalyze the data reported in this paper is avail-

able from the lead contact upon request.
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Plant materials and growth conditions
All Arabidopsis (Arabidopsis thaliana) transfer DNA (T-DNA) insertion lines used in this study are in the Col-0 background. The cnd1-1,

cnd1-2 and cnd1-3 mutants were obtained from the Arabidopsis Biological Resource Center (stock # SALK_152644,

WiscDsLoxHs084_01H, and SALK_058039C, respectively). For observations of seeds, embryos and anthers, Arabidopsis plants

were grown in soil in a long-day (16-h light/8-h dark, 21�C) growth chamber. For other experiments, Arabidopsis plants were grown

in soil in a neutral-day (12-h light/12-h dark, 21�C) growth chamber.

Arabidopsis seeds were surface sterilized by treatment with Bayrochlor (Bayrol) for 20 min, followed by several washes in sterile

water. Seeds were then hydrated in sterile water for 2 to 4 d at 4�C to induce homogeneous germination. Seeds were sown on

half-strength Murashige and Skoog (MS) medium (Basalt Salt Mixture M0221; Duchefa) with appropriate antibiotics if needed and

solidified with 0.8% (w/v) agar (Phyto-Agar HP696; Kalys) and grown in a long-day growth chamber at 21�C. After 2 weeks, seedlings

were transferred to soil in a growth chamber in neutral-day conditions.

METHOD DETAILS

Light and fluorescence microscopy
Fresh siliques were opened under a stereomicroscope and images were captured with a charge-coupled device (CCD) camera

(SteREO Lumar.V12, ZEISS). Developing embryos were observed by differential interference contrast microscopy, and images

were obtained with a cooled CCD camera (OLYMPUS-BX51). Anthers were stained in Alexander solution to stain pollen grains

and observed by light microscopy.58

Subcellular localization of GFP fusion proteins (Vec-GFP, control with empty vector; CND1-GFP, CND1-GFP fusion; CND1DcTP,

CND1 lacking cTP; CND1DNLS, CND1 lacking NLS; AR4-mCherry) and bimolecular fluorescence complementation (BiFC) were per-

formed as previously described.59

Isolation of thylakoid membranes
Thylakoid membranes were prepared as previously described.60 The leaves were rapidly homogenized using mortar and pestle in

2–3 mL of grinding buffer (GB) containing 0.4 M sorbitol, 5 mM EDTA, 5 mM EGTA, 5 mM MgCl2, 10 mM NaHCO3, 20 mM

Tricine/NaOH (pH 8.4) and 0.5% (w/v) fatty acids-free BSA. The homogenate was filtered through 8 layers of cheesecloth, with a

gentle hand pressure being applied in order to increase the final thylakoid yield. The suspension was centrifuged at 2,600 g for

3 min at 4�C, the supernatant carefully discarded and the pellet resuspended in 2–3 mL of resuspending buffer (RB) containing

0.3M sorbitol, 2.5mMEDTA, 5mMMgCl2, 10mMNaHCO3, 20mMHEPES (pH 7.6) and 0.5% (w/v) fatty acids-free BSA. After centri-

fugation (2,600 g for 3 min at 4�C), the pellet was washed again in RB and then was resuspended in 1 mL of hypotonic buffer (HB)

containing 2.5 mM EDTA, 5 mMMgCl2, 10 mM NaHCO3, 20 mM HEPES (pH 7.6) and 0.5% (w/v) fatty acids-free BSA, and the final

volume was adjusted to 5 mL with HB. The thylakoid membranes were collected by centrifugation (2,600 g for 3 min at 4�C). Finally,
the pellet was resuspended in a small volume (0.5–1 mL) of RB and the suspension was stored in ice in the dark until use. The chlo-

rophyll concentrations from thylakoid preparations and from intact leaves were calculated from the absorbances at 645 and 663 nm

of an 80% (v/v) acetone extract, Isolated thylakoid membranes were quantified based on total chlorophyll, as described.61

Production of Anti-CND1 polyclonal antibodies
Affinity-purified anti-CND1 polyclonal antibodies were produced by GenScript. A 15-amino-acid peptide (corresponding to amino

acids 467–481 of Holoprosencephaly 1 [CND1]) with an additional N-terminal Cys residue, CFDKPEAKPARVEGK, was chemically

synthesized, conjugated with keyhole limpet hemocyanin, and used to produce antibodies against CND1 in rabbits.

Reverse transcription quantitative PCR (RT-qPCR)
Total RNA was extracted from Arabidopsis rosette leaves with an RNeasy Plant Mini Kit (Qiagen). RNA samples were then reverse-

transcribed into first-strand cDNAs with a PrimeScript RT Reagent Kit (TaKaRa). For RT-PCR, UBIQUITIN 10 (UBQ10) was used as

the control gene. Quantitative PCR was performed using gene-specific primers and SYBR Premix ExTaq reagent (TaKaRa) with a

real-time RT-PCR System (RoChe-LC480), according to the manufacturer’s instructions. Reactions were performed in triplicate

for each sample, and expression levels were normalized against ACTIN2 (ACT2) using the primers listed in Table S7.

Chlorophyll fluorescence
Chlorophyll fluorescence parameters weremeasured with theMAXI version of the IMAGING-PAMM-Series chlorophyll fluorescence

system (Heinz-Walz Instruments). Plants were dark-adapted for 30min before measurements weremade, and light-response curves

were determined as previously described.62

NPQ and light-response curves were determined as described.36,62
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Blue native-polyacrylamide gel electrophoresis (BN-PAGE) and immunoblot analyses
BN-PAGE was performed as previously described63 with modifications.64 and loaded onto a 1 mm thick separation gel with a

5–13.5% acrylamide gradient. For two dimensional SDS-PAGE, excised BN-PAGE gel lanes were soaked in SDS sample buffer

[100 mM Tris-HCl, pH 6.8, 2% SDS, 15% glycerol and 2.5% (v/v) b-mercaptoethanol] for 10 min at room temperature and layered

onto 1.5 mm thick 15% SDS-polyacrylamide gels. The gels were stained with Coomassie brilliant blue G250. To quantify thylakoid

proteins, gels were loaded on an equivalent chlorophyll basis in amounts ensuring that immunodetection was in the linear range. For

immunoblot analysis, thylakoid proteins were solubilized and separated on 12%SDS–polyacrylamide gels. After electrophoresis, the

protein were transferred to polyvinylidene difluoride (PVDF) membranes (Millipore) and probed using antibodies, Primary antibodies

were produced in rabbits. Signals were detected with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific). Anti-

sera against photosynthetic proteins were purchased from Agrisera.

Flow cytometry
To isolate nuclei, tissues were chopped with a razor blade in 1 mL of Galbraith buffer (Galbraith, 1983) containing 1% (w/v) polyvi-

nylpyrrolidone 10,000, 5mMmetabisulfite, and 5mg/mL RNase I from a stock solution of 50 units/mg. The resulting supernatant was

filtered onto two layers of Miracloth. Propidium iodide was added to the filtered supernatant to a final concentration of 50 mg/mL. The

endoreplication levels of 5,000 to 10,000 stained nuclei were determined using a Cyflow SL flow cytometer (Partec) with a 532-nm

solid state laser (100 mW) for excitation, with emission collected after a 590-nm long-pass filter.

Yeast two-hybrid (Y2H) experiments
Y2H constructs were obtained by LR recombination usingGateway technology. Gateway-compatible Y2H vectorswere derived from

the pGADT7 and pGBKT7 vectors and were a gift from Pascale Rossignol (John Innes Centre, Norwich, UK). CND1 or CND1DZF-BD

and MCM4-AD were co-transformed into yeast. CND1-BD/AD and MCM4-AD/BD were used as negative control. Yeast transforma-

tion and interaction assays were performed as described previously.46

Detection of rearranged DNA by PCR
PCR reactions were conducted using Ex Taq polymerase (Takara Bio Inc.) according to the manufacturer’s instructions. The search

for rearranged products was performed using a series of outward-facing oligonucleotides spaced by approximately 5–50 kb. A total

of 19 PCR reactions was performed on each of two independent DNA samples from the wild type and all CND1 mutant lines and

analyzed by agarose gel electrophoresis. The DNA samples for all plants were pre-adjusted to the same amount of chloroplast

genomic DNA using semi-quantitative amplification before performing outward-facing PCR. All visible DNA bands were isolated,

cloned and sequenced.

Immunoprecipitation
Immunoprecipitation was performed as previously described65 with minor modifications. For CND1 and HSP90, total proteins ex-

tracted from 1 g seedling different light treatments after 5 days of growth in the dark were solubilized in Co-IP buffer (10 mM

HEPES (pH 7.5), 150 mMNaCl, 1 mM EDTA, 10% glycerol, 0.05% Triton X-100, 1 pierce protease inhibitor EDTA-free). For the other

Co-IP experiments, total proteins from 1 g of 10-day-old seedlings were solubilized in Co-IP buffer. After centrifugation, the super-

natant was preincubated with 40 mL Anti-FLAG M2 affinity Gel, Anti-GFP Nanobody Magarose Beads, or Anti-MYC Nanobody

Magarose Beads at 4�C for 3 h. The resin was washed five times with ice-cold phosphate-buffered saline (PBS), and bound proteins

were eluted with sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer, resolved by SDS-PAGE,

and subjected to immunoblot analysis.

Analysis of CND1 expression in different tissues
The different tissues analyzed were as follows: cell culture, 4-d-old suspension cells; root, 2-week-old roots; seedling, 2-week-old

whole seedlings; shoot apex, shoot apex extracted from all visible leaves and leaf primordia using a dissecting microscope; elon-

gating leaf, leaves between 0.5 and 1 cm in length; mature leaf, fully expanded leaves with no signs of senescence; senescing

leaf, mostly green with some yellowing; cauline leaf (1.5 cm), cauline leaves from the base of the inflorescence; flower, opened

flowers; silique, fully formed but still green; seed, seeds were mature but not hard. The expression of CND1 and CYCB1; 1 across

different tissues was detected using RT-qPCR.

Methylated DNA immunoprecipitation sequencing (MeDIP-seq)
Arabidopsis seedlings were quickly pulverized with a BioPulverizer (Bio Spec Products Inc.) on dry ice. Genomic DNA was extracted

with Allprep DNA/RNA/Protein Mini Kit (Qiagen) according to the manufacturer’s protocol. DNA was purified by phenol–chloroform

extraction followed by ethanol precipitation.

DNA (1 mg) was spiked with 1 ng unmethylated lambda DNA (Promega), fragmented (average size 300 bp), end-repaired, A-tailed,

and adapter-ligated using a Truseq DNA sample prep kit (Illumina) according to the manufacturer’s protocol. Adapter-ligated DNA

was gel-isolated (2% [w/v] agarose gel, DNA size ranging from 400 to 500 bp) and recovered using a QIAquick gel extraction kit

(Qiagen). After clean-up with AMPure XP beads, bisulfite conversion was performed using an EpiTect Bisulfite kit (Qiagen) with
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the following thermal cycles: 95�C for 5 min, 60�C for 25 min, 95�C for 5 min, 60�C for 85 min, 95�C for 5 min, 60�C for 175 min, 95�C
for 5 min, 60�C for 180 min. After clean-up with AMPure XP beads, bisulfite-converted DNA was amplified with PfuTurbo Cx Hotstart

DNAPolymerasewith the following thermal cycles: 95�C for 5min, 98�C for 30 s; 12 cycles of 98�C for 10 s, 65�C for 30 s, and 72�C for

30 s, followed by 72�C for 5min. DNAwas cleanedwith AMpure XP beads, and stored at�30�Cuntil use. Sequencingwas performed

on a HiSeq2000 using PE100 base format.

General quality control checks were performed with FastQC v0.8.0 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).

Each dataset was filtered for average base quality score (>20). Filtered datasets were aligned to the reference genome using Bismark

v0.7.8 (parameters-X 10000 –non_bs_mm -n 2 -l 50 -e 70 –chunkmbs 1024), using Bowtie v0.12.842 as the underlying alignment tool.

Mappings for all datasets generated from the same library were merged, and duplicates removed via the Bismark deduplication tool

(deduplicate_bismark_alignment_output.pl). Mapped reads were then separated by genome and by source strand (plus or minus).

The first four and last base of each read2 in all read pairs were clipped due to positional methylation bias, and any redundant mapped

bases due to overlapping mates from the same read pair were trimmed to avoid bias in quantification of methylation status. Finally,

the alignments for multiple libraries from the same plant weremerged. Read pairsmapped to phage lwere used as aQC assessment

to confirm that the observed bisulfite conversion rate was >99%. Read pairs mapped to the reference genome were used for down-

stream analysis.

Using the DSS R package v2.15.0, differentially methylated cytosines (DMCs) were identified by DSS with the callDML function

(default parameters), and differentially methylated regions (DMRs) were identified with the callDMR function (all other parameters

default). DMC and DMR calls were also made via Metilene v.0.2-6 (all other parameters default), with a p-value threshold of 0.05

and mean methylation difference of 0.2 for DMCs, and with a p-value threshold of 0.05 and mean methylation difference of 0.1 for

DMRs. All DMR calls from both tools were subjected to additional filters, as described below. DMRs were required to contain at least

3 validated CpG sites and have a minimum length of 50 bp.

Chromatin immunoprecipitation (ChIP) and sequencing
ChIP was performed as described previously66 with some modifications. 10 mL protoplasts (105 cells/mL) of cnd1-3 or Col-0 trans-

fected with 35S:WHY1-Flag or 35S:MCM4-Flag plasmid were used. After 18 h, transfected protoplasts were fixed in 1% (w/v) form-

aldehyde and then glycine was added to 0.125M to titrate the remaining formaldehyde. The fixed tissue waswashed 3 times withW5

solution. The protoplasts were harvested by centrifugation at 100 g for 3 min and resuspended in SDS lysis buffer (50 mM Tris-HCl at

pH 7.5, 150 mM NaCl, 1 mM PMSF, 1 mM EDTA, 1% [w/v] SDS, 1% [v/v] Triton X-100, and 0.1% [w/v] sodiumdeoxycholate). Lysis

was carried out on ice by sonicating thirty times for 10 s at power 3. The samples were kept on ice for 20 s between each interval.

Then, 50 mL anti-FLAGM2 affinity gel (Sigma Aldrich) was used for each immunoprecipitation, Mouse Anti-FLAG M2 (Sigma Aldrich)

were analyzed by immunoblotting, the amount of IP protein is related to the amount of total protein, and the enriched DNA fragments

were analyzed by qPCR using the primers listed in Table S7 as previously described.8,29

The 25 mg amount of immunoprecipitated DNA was first normalized by comparing to the total input DNA used for each immuno-

precipitation: CT =CT (ChIP) – CT (input). Then, these normalized ChIP signals were compared to the input protein. TheDNAbinding of

all plastid genes in Col-0 was set to 1, and these normalized ChIP signals in cnd1-3were compared to Col-0, and the related amount

of DNA is showed in figure legends.

Immunoprecipitated DNA was used to construct sequencing libraries, following the protocol provided by the Illumina TruSeq ChIP

Sample Prep Set A, and sequenced on an Illumina Xten instrument as 150-bp paired-end reads. Trimmomatic (version 0.38) was

used to remove low-quality reads. Clean reads were mapped to the Arabidopsis thaliana genome by Bwa (version 0.7.15), allowing

up to two mismatches. The potential PCR duplicates were removed by Samtools (version 1.3.1), and MACS2 software (version

2.1.1.20160309) was used to call peaks with default parameters (bandwidth,000 bp; model fold, 5, 50; q value, 0.05).67 Wig files pro-

duced by MACS software were used for data visualization in IGV (version 2.3.91). The differential peaks was identified using Diffbind

(version 1.16.3). The heatmaps and reads distribution of differential peaks and all peaks were obtained using Deeptool (version

3.2.1).68

Scanning electron microscopy
The second leaves of 28-d-old plants were fixed in 5% (w/v) glutaraldehyde, dehydrated in ethanol. CO2 critical point dryingwas used

to dry fixed leaves thoroughly. The epidermis surface was observed via scanning electron microscopy (Hitachi-3400N).

Differential interference contrast light microscopy
Fully formed but still green siliques of Col-0, cnd1-1/CND1 and cnd1-2/CND1 plants were decolorized in ethanol and then placed in

clearing buffer (8 g chloral hydrate and 7.5 g Acacia Senegal dissolved in 60 mL of water and 5 mL of glycerol) for 1 h. The siliques

were then peeled open and observed by light microscopy (Olympus CX31) using differential interference contrast microscopy, and

images were obtained with a CCD camera.

In situ detection of ROS
In situ detection of ROS was performed using 3,30-diaminobenzidine (DAB), nitroblue tetrazolium (NBT), and singlet oxygen sensor

green (SOSG) reagent fluorometric probes (FluorChem Q Imaging System; excitation 504 nm and emission 525 nm) as previously
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described.36,62 Total ROS production was detected with a 20,70-dichlorofluorescin diacetate fluorometric probe (FluorChem Q

Imaging System; excitation 488 nm and emission 525 nm). ROS fluorescence was analyzed by ImageJ.

RNA sequencing
Total RNA was extracted from cnd1-3 and Col-0 seedlings using TRIzol Reagent according to the manufacturer’s instructions

(Magen). RNA quality was determined based on the A260/A280 absorbance ratio with a Nanodrop ND-2000 system (Thermo Scien-

tific, USA), and the RIN (RNA integrity number) of RNAwas determined on an Agilent Bioanalyzer 4150 system (Agilent Technologies,

CA, USA). Only high-quality sampleswere used for library construction. Paired-end libraries were prepared using an ABclonal mRNA-

seq Library Prep Kit (ABclonal, China) following the manufacturer’s instructions. mRNA was purified from 1 mg total RNA using oligo

(dT) magnetic beads followed by fragmentation carried out using divalent cations at elevated temperatures in ABclonal First Strand

Synthesis Reaction Buffer. Subsequently, first-strand cDNAs were synthesized with random hexamer primers and reverse transcrip-

tase (RNase H) using mRNA fragments as templates, followed by second-strand cDNA synthesis using DNA polymerase I, RNAse H,

buffer, and dNTPs. The synthesized double-stranded cDNA fragments were then adapter-ligated for preparation of the paired-end

library. Adapter-ligated cDNAs were used for PCR amplification. PCR products were purified (AMPure XP system) and library quality

was assessed on an Agilent Bioanalyzer 4150 system. Finally, the libraries were sequenced on a MGISEQ-T7 instrument as 150-bp

paired-end reads. The data generated from the BGI platform were used for bioinformatics analysis. All analyses were performed us-

ing an in-house pipeline from Shanghai Applied Protein Technology. Raw data (or raw reads) in fastq format were first processed

through in-house perl scripts. In this step, the adapter sequences were removed and low quality reads (the number of lines with a

string quality value below or equal to 25 accounted for more than 60% of the entire reading) were removed and N (N means that

the base information cannot be determined) ratio greater than 5% reads to obtain clean reads for subsequent analysis. Then, clean

reads were separately aligned to the reference genome in orientation mode using HISAT2 software (http://daehwankimlab.github.io/

hisat2/) to obtain mapped reads. FeatureCounts (http://subread.sourceforge.net/) was used to count the read numbers mapping to

each gene, then the FPKM of each gene was calculated based on the length of the gene and reads count mapped to this gene. Dif-

ferential expression analysis was performed using the DESeq2 (http://bioconductor.org/packages/release/bioc/html/DESeq2.html)

package. DEGs with | log2FC | > 1 and P-adj < 0.05 were considered to be significantly differentially expressed genes. ClusterProfiler

R software package was used for GO function enrichment and KEGG pathway enrichment analysis. A GO or KEGG function was

considered significantly enriched at p < 0.05.

QUANTIFICATION AND STATISTICAL ANALYSIS

In this study, significant differences between two samples were determined with Two-tailed paired Student’s t test. Error bars repre-

sent standard error of mean, ‘n’ represents the sample size, as mentioned in the figure legends. And asterisks indicate the statistical

significance: *, p < 0.05; **, p < 0.01; ***, p < 0.001. At least three biological replicates were included. Statistical analysis was per-

formed by GraphPad Prism 6. Leaf area, cell area, cell number were analysis by ImageJ. Comet assay was analysis by CASP comet

assay software from http://casplab.com/.
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