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ABSTRACT

Proper repair of damaged DNA is crucial for ge-
netic integrity and organismal survival. As semi-
autonomous organelles, plastids have their own
genomes whose integrity must be preserved. Sev-
eral factors have been shown to participate in plastid
DNA damage repair; however, the underlying mech-
anism remains unclear. Here, we elucidate a mech-
anism of homologous recombination (HR) repair in
chloroplasts that involves R-loops. We find that the
recombinase RecA1 forms filaments in chloroplasts
during HR repair, but aggregates as puncta when
RNA:DNA hybrids accumulate. ssDNA-binding pro-
teins WHY1/3 and chloroplast RNase H1 AtRNH1C
are recruited to the same genomic sites to promote
HR repair. Depletion of AtRNH1C or WHY1/3 signif-
icantly suppresses the binding of RNA polymerase
to the damaged DNA, thus reducing HR repair and
modulating microhomology-mediated double-strand
break repair. Furthermore, we show that DNA poly-
merase IB works with AtRNH1C genetically to com-
plete the DNA damage repair process. This study re-
veals the positive role of R-loops in facilitating the
activities of WHY1/3 and RecA1, which in turn se-
cures HR repair and organellar development.

INTRODUCTION

Double-strand breaks (DSBs) are one of the most toxic
types of DNA damage. They are caused by both endoge-
nous and exogenous agents, such as oxidative stress, ul-
traviolet light, and ionizing radiation, and can lead to ge-
nomic instability and even cell death (1,2). To prevent dele-
terious effects, organisms employ two major pathways to
repair DSBs: homologous recombination (HR) and non-
homologous end joining (NHEJ). HR is an error-free path-

way in which identical DNA segments are used as templates.
By contrast, NHEJ is an error-prone pathway and can be
further divided into two sub-pathways: classical nonhomol-
ogous end joining (c-NHEJ) and alternative end joining
(alt-EJ). In c-NHEJ, the DSB is repaired by end ligation
independently of sequence homology, while alt-EJ requires
microhomology recombination (3).

Mitochondria and plastids are the descendants of en-
dosymbiotic bacteria and harbor their own genomes whose
integrity must be preserved. It is believed that HR operates
in organelles to repair DSBs, since counterparts of most
of the HR-associated factors in bacteria have been identi-
fied in plant organelles (4,5). Recent studies have also found
microhomology-mediated break-induced repair (MMBIR)
in plant organelles (6). To date, no direct evidence indicates
that c-NHEJ occurs in plant mitochondria or plastids (7-9).

Eubacterial recombinase RecA and its eukaryotic ho-
molog RADSI1 are key factors for accurate recombination
during HR, assembling into filaments to promote DNA
strand invasion and exchange (10). Homologs of RecA are
present in the organelles of various plants (11). In Ara-
bidopsis, there are three nuclear-encoded RecA homologs:
RecAl and RecA3 localize to chloroplasts and mitochon-
dria, respectively, and RecA2 localizes to both (11,12). Mu-
tation in RecAl leads to increased single-stranded DNA
(ssDNA) and reduced chloroplast DNA (cpDNA) copy
number (13). Both RecA2 and RecA3 control mitochon-
drial DNA (mtDNA) rearrangement and repair, and loss
of RecA2 is lethal (11,12). Several other factors facilitat-
ing organellar HR have been identified, including Whirly
proteins (WHYs) and DNA polymerase IB (Pol IB). Mem-
bers of WHYs are plant-specific ssDNA-binding proteins
having no sequence-preference (14). Arabidopsis WHY 1
and WHY3 participate in the maintenance of chloroplast
genomes with functional redundancy, and the whylwhy3
(hereafter referred to as whyl/3) double mutant accumu-
lates rearranged cpDNA through MMBIR (15). A similar
effect is observed in mitochondria when the wiy2 mutant is
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treated with DSB-inducer ciprofloxacin (CIP) (16). Thus, it
was proposed that WHY proteins negatively regulate error-
prone MMBIR and consequently facilitate high-fidelity
HR-dependent repair (16). Genetic studies indicate that
Pol IB synergistically interacts with WHY1 and WHY3 in
chloroplasts, as wiy1/3/pollb triple mutants have a stronger
developmental phenotype and more cpDNA rearrange-
ments than whyl/3 or pollb mutants (17). whyl/3/recal
triple mutant also shows an aggravated phenotype (18) and
the quadruple mutant whyl/3/recal /pollb is unable to sur-
vive (18). Apparently, all these factors work in concert to
protect the integrity of chloroplast genomes (Supplemen-
tary Figure S1). Nevertheless, their precise functions in HR
are still obscure.

Over the last decade, unusual nucleic acid structures
termed R-loops have been revealed as potent sources of
genome instability (19-21). R-loops are formed when the
nascent RNA hybridizes with the template DNA, gener-
ating an RNA:DNA hybrid and a displaced ssDNA (22).
The exposed unpaired ssDNAs in R-loops are vulnera-
ble to genotoxic agents or DNA-modifying enzymes, such
as nucleotide excision repair (NER) endonucleases XPF
and XPG, leading to DNA damage (23,24). R-loops may
even act as obstacles to stall replication-fork progression,
which ultimately gives rise to genetic instability (25,26).
Conversely, recent studies have uncovered a positive role of
R-loops in genome stability, as transient R-loops formed
at DSB sites facilitate HR-mediated DNA repair (27-32).
Genome-wide mapping shows that R-loops are present
throughout genomes ranging from plants to humans (33—
35). To prevent the deleterious effects of over-accumulated
R-loops, cells possess several factors to suppress the for-
mation of these structures, including RNA binding and
processing factors, helicases, DNA replication- and repair-
associated factors, and nucleases (36-40). RNase H family
proteins are the most important players, specifically cleav-
ing the RNA moiety of the RNA:DNA hybrid (40,41).

Recently, we identified three members of the RNase
H1 family in the model plant Arabidopsis, namely AtR-
Nase HIA (AtRNH1A), AtRNase HIB (AtRNH1B) and
AtRNase HIC (AtRNHI1C). AtRNHI1C is mainly local-
ized to chloroplasts and restricts chloroplast R-loop lev-
els to prevent genome instability (42). Interactome analy-
sis has identified some potential interactors of AtRNH1C
in chloroplasts, including WHY1 and WHY3 (42). Given
the roles of WHY1 and WHY3 in DNA repair (16), we
speculated that AtRNHI1C and R-loops may also be in-
volved in cpDNA repair. Here, we tested this hypothesis and
found that AtRNHI1C works in concert with both RecAl
and WHY1/3 in maintaining chloroplast genome integrity.
Loss of AtRNHI1C suppresses the formation of RecAl fil-
aments and inhibits the accumulation of WHY1/3 at un-
stable cpDNA sites. The whyl /3 /atrnhlc and recal Jatrnhl ¢
mutants show more severe phenotypes than atrnhlc. Re-
markably, WHY1/3 are positive regulators of RNA:DNA
hybrids through recruiting Plastid-Encoded RNA Poly-
merases (PEP). Additionally, we found DNA Pol 1B also
functions genetically with AtRNH1C in DNA repair. Over-
all, this study deepens our understanding of how R-loops
promote HR-mediated DNA damage repair, especially in
chloroplasts.

MATERIALS AND METHODS
Plant materials and growth conditions

All Arabidopsis thaliana plants used in this study are
in the Columbia (Col-0) background. The whyl/3,
recal, pollb, whyl/3/recal T-DNA mutants have been
described previously (13,15,17,18) and were kindly
provided by Prof. Normand Brisson (Université de
Montréal). OE-AtRNHIC-3xFLAG, OE-AtRNHIC-HA
and proAtRNHIC:AtRNHIC3xFLAG/atrnhlc¢ (herein
named as CM-AtRNHIC-3xFLAG) were generated in
previous work (42,43). All seeds were surface sterilized and
sown onto 1/2 Murashige and Skoog (MS) medium plates
supplemented with 0.8% phytagar. Plates were kept in the
dark for 2 days at 4°C, then moved into growth chamber
and cultivated under long-day conditions (16 h light/8
h dark, 22°C/20°C) with an average photon flux density
of 120150 wE m~2 s~!. The germinated seedlings were
transferred onto fresh medium or soil for further growth
after one week.

For CIP treatment, one-week-old seedlings were trans-
ferred onto fresh 1/2 MS medium supplemented with 1 puM
CIP for 1 week, and 1/2 MS medium supplemented with
DMSO was used as control. Plant materials were harvested
and used immediately for further experiments.

Construction of transformation vectors and generation of
transgenic plants

The whyl/3/atrnhlc, recal Jatrnhlc,
whyl/3/recal Jatrnhlc and pollb/atrnhlc mutants were
produced by CRISPR-Cas9-mediated deletion of the
AtRNHIC gene in the corresponding mutant as described
previously (42).

To generate transgenic plants expressing RecA1-GFP, the
genomic sequence, plus promoter and terminator region,
of RecAl was amplified and cloned into the binary vec-
tor pCambial300. Then the coding sequence of GFP was
amplified and inserted into the intermediate construct be-
fore the stop code of RecAl. The resulting construct was
transferred into Agrobacterium tumefaciens GV3101 and
then transformed into Col-0, recal, and atrnhlc using the
floral dip method. Positive transformants were identified
through selection for hygromycin resistance and verified by
PCR and immunoblot. For RecA1-GFP/recal Jatrnhlc and
RecAl-GFP/whyl/3/recal, the RecAI-GFP/recal plant
was crossed with atrnhlc and whyl/3/recal, respectively.
Segregating populations were screened based on hy-
gromycin resistance, the pale-green phenotype of homozy-
gous atrnhl ¢, and the genotype of recal to get homozygotes.
The proWHYI1:WHYI1-3xFLAG/whyl (herein named as
CM-WHYI-3xFLAG) complemental line was generated in
the same way.

To generate CM-AtRNHIC-3xFLAG/RecAl-
GFP/recal transgenic plants, the hygromycin-resistance
gene in pCambial300-proAtRNHI1C:AtRNH1C-3xFLAG
construct, produced previously (42), was replaced with
kanamycin-resistance gene. The resulting construct was
transformed into RecAI-GFP/recal Jatrnhlc. The TO seeds
were sown onto 1/2 MS medium with kanamycin and
hygromycin antibiotics to select transformants.



To generate OE-WH YI-GFP transgenic plants, the cod-
ing sequence of WHYI gene without the stop codon was
cloned into binary vector pEarleyGate202, fused with GFP.
Then the construct was transformed into Col-0, and trans-
formants were selected in the presence of hygromycin an-
tibiotics.

To generate OE-AtRNHIC-3xFLAG/RecAl-GFP/recal
transgenic plants, the coding sequence of AtRNHIC
without the stop codon was cloned into binary vector
pEarleyGate202, fused with 3xFLAG, then the hygromycin-
resistance gene was replaced with kanamycin-resistance
gene, The resulting construct was transformed into RecA1-
GFP/recal. The TO seeds were sown onto 1/2 MS medium
with kanamycin and hygromycin to select transformants.
All the constructs were produced based on the FastCloning
method (44). The primers used for cloning are listed in Sup-
plementary Table S1.

Chloroplast isolation and chloroplast DNA extraction

Three-week-old sterile-grown Arabidopsis leaf material was
harvested and ground in cold chloroplast isolation buffer
(CIB, 10 mM HEPES-KOH (pH 8.0), 150 mM sorbitol,
2.5mM EDTA (pH 8.0), 2.5 mM EGTA (pH 8.0), 2.5 mM
MgCl,, 5 mM NaHCOs;, and 0.1% BSA). The homogenate
was filtered through three layers of Miracloth (Millipore)
and centrifuged at 200 g /4°C for 3 min to remove unwanted
whole cells and cell wall debris. Then transferred the super-
natant to fresh, chilled 50 ml tubes and centrifuged for 10
min at 1100 g /4°C. The chloroplasts were used for pulsed-
field gel electrophoresis (PFGE), DNA:RNA Hybrid Im-
munoprecipitation (DRIP), and chromatin immunoprecip-
itation (ChIP).

For slot-blot assay, the crude chloroplasts were further
loaded onto 40%,/80% Percoll gradient and spun for 15 min-
utes at 3200 g /4°C with the brake off. Intact chloroplasts
were collected from the interface between the 40% and 80%
Percoll layers and washed twice in CIB buffer without BSA.

For comet assay, terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay, and immunofluo-
rescence staining, the intact chloroplasts were extracted us-
ing Minute™ Chloroplast Isolation Kit (Invent) following
the manufacturer’s instructions.

The chloroplast DNA extraction was performed as pre-
viously described (42).

Slot-blot hybridization analysis of chloroplast RNA:DNA hy-
brids

Chloroplast DNA was treated with 1 U of RNase III (New
England Biolabs) per 5 g of DNA at 37°C for 2 h, then pu-
rified with HiPure Gel Pure DNA Mini Kit (Magen). A cer-
tain amount of DNA was further treated with 1 U of com-
mercial RNase H (New England Biolabs) per 1 g of DNA
at 37°C for | h, then purified again. Different amounts of
DNA as indicated in the figure were slotted on to Hybond
N+ membrane (GE Healthcare Life Science). Following
UV crosslinking at 1200 wJ, the membrane was blocked
in 5% milk/TBS-Tween (0.05% Tween20) and incubated
overnight with 1 pg/mL S9.6 antibody (purified from HB-
8730 (ATCC)). After washing three times for 10 min with
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TBS-Tween (0.05% Tween20), the membrane was incubated
for 1 h at RT with anti-Mouse-Hrp (Easybio). The mem-
brane was washed three times for 10 min with TBS-Tween
(0.05% Tween20) then incubated with Super ECL Detection
Reagent ECL (Yeasen). S9.6 signals were detected with Im-
ageQuant LAS 4000 (GE Healthcare).

DNA:RNA hybrid immunoprecipitation (DRIP)

Chloroplast DNA was fragmented using 1 U of Ddel, Msel,
Rsal and Alul (New England Biolabs) each per 2 wg of
DNA at 37°C for 12 h. RNase H pretreated cpDNA of Col-
0 was included as negative control. Then the DNA was pu-
rified with the phenol-chloroform method and precipitated
with 1 volume of isopropyl alcohol at —20°C overnight. 2
g of fragmented DNA was incubated with 10 wg S9.6 anti-
body overnight at 4°C. Samples were further incubated with
50 pl Protein G beads (Invitrogen) for 4 h at 4°C. DRIPed
DNA was purified with phenol-chloroform as mentioned
above. Primers used for qPCR are listed in Supplementary
Table S1.

Comet assay

The comet assay was performed as previously described
(42) using the Comet Assay kit (Trevigen). Briefly, 10 wL
of chloroplast suspension (1 x 10°/ml) was mixed with 90
wl of LMAgarose, and 50 wL of each sample was added
onto the CometSlide. After solidification, the slides were
incubated in lysis solution overnight at 4°C in the dark
and then incubated in neutral electrophoresis buffer (50
mM Tris and 150 mM sodium acetate, pH 9.0) for 30 min.
The slides were run at 1 V/cm for 20 min in neutral elec-
trophoresis buffer and then incubated in DNA precipita-
tion solution (1 M NH4Ac in 95% ethanol) for 30 min and
70% ethanol for another 30 min. After dried at 37°C, the
slides were stained with SYBR Gold for 30 min followed
by a wash of water. Samples were visualized by epifluores-
cence microscopy (Nikon) at 480 nm. The Casplab software
(https://casplab.com/) was used for data analysis and quan-
tification of the results.

TUNEL assay

TUNEL assay was performed using TUNEL Apoptosis
Assay Kit-FITC (7sea Pharmatech Co. Ltd.) according to
the manufacturer’s instructions. Briefly, the fixed chloro-
plasts were adhered to PLL-coated slides and incubated
with blocking solution (1% BSA and 0.3% Triton X-100 in
1x PBS) for 30 min at room temperature. The slides were
rinsed three times with 1x PBS and then incubated in TdT
reaction mixture for 1 h at 37°C in a humidified chamber.
After three washes with 1x PBS, the slides were imaged un-
der confocal laser-scanning microscopy Zeiss LSM880. The
fluorescence intensity was quantified by using ImageJ soft-
ware.

Protein coimmunoprecipitation analysis

Five gram of 3-week-old seedlings was used to isolated
chloroplasts, which were then lysed with 5 ml buffer (50
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mM Tris—-HCI, pH 7.5, 150 mM NaCl, 5 mM EDTA,
1 mM DTT, 1 mM PMSE, 1% Triton X-100, 10% glyc-
erol, protease inhibitor (Roche)) for 30 min on ice. After
centrifugation, the supernatant was added to prewashed
beads (40 wl GFP-Trap magnetic beads (ChromoTek),
anti-HA beads (Life Technologies), or 50 pk anti-FLAG
M2 magnetic beads (Sigma-Aldrich)) and incubated for
3 h at 4°C with rotation. The beads were separated and
washed at least three times with lysis buffer. SDS load-
ing buffer was added to the beads followed by boiling at
100°C for 5 min to release the immunoprecipitated com-
plex. The immunoprecipitated proteins were subjected to
SDS-PAGE and immunoblot analyses. 5% or 1% input was
loaded as control. The antibodies used for immunoblot-
ting were diluted as follows: anti-HA antibody (Sigma-
Aldrich) 1/5000, anti-GFP antibody (ABclonal) 1/5000,
anti-FLAG (Sigma-Aldrich) 1/5000, anti-WHY1/3 (pro-
duced by our own) 1/5000, anti-Mouse-Hrp (Easybio)
1/10 000, and anti-Rabbit-Hrp (Easybio) 1/10 000. The
nuclease sensitivity assay was performed as previously
described (42).

Immunofluorescence staining

Intact chloroplasts were fixed in 3.7% formaldehyde for 10
min at room temperature, followed by three washes with
I1x PBS. Then, the chloroplasts were resuspended in 8%
paraformaldehyde and applied to a PLL-coated slide (So-
larbio) for 20 min. After a gentle wash, the slide was cov-
ered by blocking solution (1% BSA and 0.1% TritonX-100
in 1x PBS) and incubated for 20 min at room temperature.
Subsequently, the chloroplasts were incubated overnight
at 4°C with primary antibodies (1:100 dilution in block-
ing solution). After three washes with 1x PBS, Alexa 594-
labeled anti-rabbit (Abcam) and Alexa 488-labeled anti-
mouse (Abcam) secondary antibodies were added to the
chloroplasts and incubated for | h at room temperature. The
nucleoid of chloroplast was stained with 4’,6-diamidino-
2-phenylindole (DAPI) in mounting medium (Southern-
Biotech). The observation was performed with the Zeiss
LSM880.

PFGE

The chloroplasts were embedded in 0.5% low-melting-point
agarose (Promega) and lysed in 1% sarkosyl, 0.45 M EDTA,
10 mM Tris-HCI (pH 8.0) and 2 mg/mL proteinase K at
48°C for 16 h with shaking. Agarose plugs were washed in
TE buffer six times at 4°C, with the first two washes con-
taining | mM PMSEF, then filled into 1% agarose gel. The
gel was subjected to electrophoresis in 0.5 x TBE buffer
(45 mM Tris, 45 mM boric acid, 1| mM EDTA, pH 8.0)
for 36 h at 14°C using a CHEF Mapper XA system (Bio-
Rad), with switch times ramped from 5to 120 s at4.5 V/cm.
After EtdBr staining and photography, the gel was blotted
onto a Hybond N+ membrane (GE Healthcare Life Sci-
ence). A 505-bp fragment of chloroplast rbcL gene (55677—
56181) was labeled with [a->?P]dCTP using Random Primer
DNA Labeling Kit Ver. 2 (Takara) and used as probe for
hybridization.

Confocal laser-scanning microscopy

For colocalization of WHY1 and AtRNHIC in chloro-
plasts, the coding sequences of WHYI and AtRNHIC were
cloned into vector pUC19, fused with eGFP, and mCherry,
respectively, for transient expression. Arabidopsis leaf mes-
ophyll protoplast isolation and transfection were performed
as previously described (45). The transformed protoplasts
were cultured for 15 h at room temperature in the dark. The
GFP and mCherry fluorescence and chlorophyll autofluo-
rescence were visualized with the Zeiss LSMS880.

For morphology observation of RecA1-GFP assemblies,
leaves from transgenic lines were detached and mounted on
slides with a drop of 1 x PBS and observed immediately un-
der Zeiss LSM880. To measure the length of filaments, a se-
ries of images were taken using the Z-stack function on the
ZEN software and processed into 2D images by the maxi-
mum intensity projection method. Then the 2D images were
analyzed via ImageJ software.

Chloroplast ChIP

Crude chloroplasts were crosslinked in 1% formaldehyde at
25°C for 10 min with rotation. Glycine was added to a final
concentration of 0.125 M to quench the cross-linking. Then
the chloroplasts were pelleted and washed twice with CIB,
and lysed in buffer containing 50 mM Tris—HCI (pH 7.6),
0.15M NaCl, 1 mM EDTA (pH 8.0),1% Triton X-100, 0.1%
SDS, 0.1% sodium deoxycholate, and plant protease in-
hibitor cocktail (Sigma-Aldrich). Subsequently, chloroplast
DNA was sheared by sonication into fragments of ~500
bp. Rabbit anti-WHY1/3 antibody and mouse anti-RpoB
(PhytoAB) antibody coupled Dynabeads Protein G (Invit-
rogen), anti-FLAG M2 magnetic beads (Sigma-Aldrich),
and GFP-Trap magnetic beads (ChromoTek) were used in
corresponding assays to capture the protein-DNA com-
plex. Plants without targeted proteins or beads without an-
tibodies were adopted as negative controls. qPCR was per-
formed on the immunoprecipitated DNA and input DNA
using primer sets corresponding to four rDNA regions. The
ChIP-reChIP assay was performed according to the proto-
col reported previously (46), and the cpDNA was sheared
into fragments of ~200 bp. The primer sets are listed in Sup-
plementary Table S1.

Blue native gel electrophoresis

The PEP complex was analyzed by blue-native polyacry-
lamide gel electrophoresis (BN-PAGE) as previously de-
scribed (47,48). The three-week-old seedlings were ground
in liquid nitrogen and resuspended in 3 volumes of BN-
Lysis buffer (100 mM Tris—Cl, pH 7.2; 10 mM MgCly;
25% glycerol; 1% Triton X-100; 10 mM NaF; 5 mM B-
mercaptoethanol; 1 x protease inhibitor cocktail). BNSam-
ple buffer (1x NativePAGE Sample Buffer, 50 mM 6-
aminocaproic acid, 1% n-dodecyl B-D-maltoside, and 1
U/ul benzonase) was added and the samples were incu-
bated for 60 min at room temperature. Samples were mixed
with 0.25% NativePAGE Coomassie blue G-250 Sample
Additive and centrifuged at 17 500 g for 10 min at 4°C.
Proteins from the supernatant were separated on a 4-16%



Native-PAGE Bis-Tris protein gel. NativeMark Unstained
Protein Standard (Thermo Fisher Scientific) was used to de-
termine protein size. Briefly, electrophoresis was performed
at a constant 50 V at 4°C until the blue dye migrated
through one-third of the gel. Blue cathode buffer was re-
placed with cathode buffer without dye, and electrophore-
sis continued at a constant 100 V overnight (12-14 h) at
4°C. After electrophoresis was complete, the gel was soaked
in precooled (10°C) transfer buffer (0.5% SDS, 25 mM
Tris—HCI (pH 7.6), 192 mM glycine, 10% methanol) for 30
min. The separated proteins were transferred onto a PVDF
membrane using semi-dry blotting apparatus (Bio-Rad) at
a constant 15 V for 3 h. After transfer, the membrane was
destained with methanol for 3 min and rinsed with ddH,O,
and washed with 1 x TBST for 5 min, then immunoblotting
was performed.

RNA preparation and PCR

Total RNA was extracted from ~100 mg of three-week-old
plants with Trizol reagent and following the manufacturer’s
protocol (Invitrogen). The crude RNA extract was subject
to DNase I treatment (Thermo Fisher Scientific), then pro-
ceeded to reverse transcription using RevertAid RT Reverse
Transcription Kit (Thermo Fisher Scientific). The resulting
cDNA was diluted 50-fold for qPCR reaction. ACTIN2 was
used as reference gene. The primer sets are listed in Supple-
mentary Table S1.

DNA preparation, sequencing and PCR

Total DNA was extracted from ~100 mg pools of three-
week-old plants using the Hi-DNAsecure Plant Kit (Tian-
gen) according to the manufacturer’s instructions. The
DNA quality was assessed on a Nanodrop 2000 (Thermo
Fisher Scientific) and the concentration was determined
by Qubit dsDNA HS Assay Kit (Thermo Fisher Scien-
tific). Five nanograms of DNA were used to prepare the
library with TruePrep DNA Library Prep Kit V2 for Illu-
mina (Vazyme). The sequencing was performed on an II-
lumina HiSeq X Ten instrument. The chloroplast genome
rearrangements analysis was conducted as previously re-
ported (18) with some modifications and U-Turn-like rear-
rangements (<50 bp) were filtered out as they mainly re-
sulted from replication fork collapse. Two biological repli-
cates were performed.

To determine the cpDNA copy number, the isolated
DNA was used for qPCR. The AtFTSZ2-1 in the nuclear
genome was included as reference gene. The primer sets are
listed in Supplementary Table S1.

qPCR analysis

qPCR reactions were performed on a LightCycler 480 In-
strument II (Roche) using LightCycler 480 SYBR Green 1
Master (Roche) following the manufacturer’s instructions.
Quantitative data were obtained from at least three biologi-
cal replicates and were analyzed using LightCycler 480 soft-
ware version 1.5 (Roche).
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RESULTS

Accumulated RNA:DNA hybrids disrupt filamentation of
RecAl recombinase

During HR, the double-strand broken DNA ends are pro-
cessed to generate 3’-ssDNA overhangs for the filamenta-
tion of RecA and its homologs (10). Several recent studies
show that in nucleus the 3’-ssDNA overhangs are pre-used
as templates to produce RNA:DNA hybrids and it is impor-
tant for the following repair process (27-31). Thus, it would
be interesting to determine whether RNA:DNA hybrids are
also involved in DSB repair in chloroplasts. As the RNA
moiety in RNA:DNA hybrids need to be removed properly
for the coating of ssDNA-binding protein RPA, which is
then replaced by Rad51 to catalyze HR (27,29,49,50), we
wanted to check the effect of accumulated RNA:DNA hy-
brids on the assembly of chloroplast RecAl in Arabidopsis.
We generated transgenic plants expressing RecA1-GFP un-
der the native promoter (herein named as RecAI-GFP) in
Col-0 and atrnhlc backgrounds. We observed the GFP sig-
nal in detached leaves from RecAI-GFP/Col-0 and RecAl-
GFP/atrnhlic seedlings under confocal microscopy. In both
cases, the GFP fluorescence was captured exclusively in
chloroplasts (Supplementary Figure S2A). Surprisingly, in
Col-0 background, RecA1-GFP mainly formed filaments,
while in atrnhlc, it aggregated as puncta. Moreover, this
difference was not due to the different expression levels
(Supplementary Figure S2B), although the fluorescence in-
tensity was positively related to RecA1-GFP protein lev-
els. Note that the different expression levels under native
promoter may be because of different insertion sites in the
genome (51).

To rule out the potential influence of different insertion
sites and endogenous RecAl on the formation of filaments,
we produced RecA1-GFP/recal complementation lines. We
then crossed complemented lines with atrnhic to gener-
ate RecAI1-GFP/recal Jatrnhlc plants. After obtained the
homozygotes, we found that, in RecAI-GFP/recal, most
RecA1-GFP proteins were assembled into filaments, while
in RecAI-GFP/recal /atrnhlc, the majority displayed as
puncta (Figure 1A). Additionally, the granular structure did
not result from chloroplast defects, since in normally de-
veloped chloroplasts, which account for about 28% in the
atrnhlc mutant (42), RecA1-GFP also formed puncta (Sup-
plementary Figure S2C). The filamentous structure was re-
stored when the RecAI-GFP/recal /atrnhlc line was com-
plemented by AtRNHIC (Figure 1A).

Next, we compared the size/length of RecAl filaments.
Images of GFP fluorescence were taken in three dimen-
sions and the lengths of signals were measured. The average
length of RecA1-GFP filaments was around 3 pm in RecA1-
GFP/recal but only 1 pm in RecAI-GFP/recal /atrnhlc
(Figure 1A, right panel). As WHY1/3 are believed to work
cooperatively with RecAl in cpDNA repair (18), we wanted
to clarify their function on RecAl assembly by generat-
ing RecA1-GFP/whyl/3/recal transgenic line in the same
as RecAl-GFP/recal Jatrnhlc. In fact, loss of WHY1/3
did not affect RecAl filamentation (Figure 1A). Next,
we wondered whether the failed filamentation in the ab-
sence of AtRNHIC represents inhibition of RecAl bind-
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ing to cpDNA. We performed ChIP-qPCR to examine
the accumulation of RecAl on four loci located in rDNA
regions, which are highly unstable due to transcription-
replication head-on conflicts (HO-TRCs) (42,43). The bind-
ing of RecA1-GFP to cpDNA in atrnhlc was less than 30%
of that in complementation plants (Figure 1B).

To further confirm the adverse effect of RNA:DNA
hybrids on the filamentation of RecAl, we treated the
seedlings of RecAI-GFP/recal with ciprofloxacin (CIP),
which induces R-loop accumulation and DNA damage in
chloroplasts by disrupting the function of AtRNHI1C and
AtGyrases (42). Consistent with our previous report (42),
after CIP treatment, R-loops in chloroplast DNA accu-
mulated as determines by slot blot (Figure 1C),. As a re-
sult, the RecAl structure was converted from filaments to
puncta (Figure 1C), and the cpDNA was greatly broken as
detected by PFGE (Figure 1E and Supplementary Figure
S2E). Overexpressing AtRNHIC could dramatically alle-
viate R-loop accumulation and the structural conversion
(Figure 1D and Supplementary Figure S2D). Moreover,
cpDNA damage was also alleviated (Figure 1E and Supple-
mentary Figure S2E). Together, our data suggest that accu-
mulation of RNA:DNA hybrids inhibits RecAl filamenta-
tion and promotes its improper aggregation and AtRNHIC
might be required to restrict the hybrids around DSBs for
efficient HR.

AtRNHI1C works synergistically with WHY1/3

Then, we wondered whether disrupting the filamentous
structure of RecAl would impair its biological function
in plant development. A previous study had shown that
RecAl works synergistically with WHY1/3 (18). Under
normal growth conditions, both recal and whyl/3 mu-
tants have no apparent phenotype, while whyl/3/recal dis-
plays strong leaf variegation (18). Thus, we were promoted
to determine the effect of failed filamentation by generat-
ing whyl/3/atrnhlc triple mutant. We introduced atrnhlc
null mutation into both recal and whyl/3 by CRISPR-
Cas9-mediated deletion of the AtRNHIC gene (Supple-
mentary Figure S3). As expected, recal /atrnhlc displayed
a similar phenotype as atrnhlc (Figure 2A and C). How-
ever, the combination of whyl/3 and atrnhlc showed ob-
vious aggravation in phenotype. While the leaf color of
atrnhlc was pale-green, the color of whyl/3/atrnhlc was
nearly white (Figure 2A). The intensity of chlorophyll aut-
ofluorescence was further diminished in whyl/3/atrnhlc
compared to atrnhlc (Figure 2B). Moreover, the plant
fresh weight of whyl/3/atrnhic was also dramatically re-
duced (Figure 2C). Cytological observations showed that
the cells of whyl/3/atrnhic contained fewer and smaller
chloroplasts than those of atrnhic and recal Jatrnhic (Fig-
ure 2A). The thylakoids in atrnhlc and recal /arnhlc were
similar, but less ordered and developed in whyl/3/atrnhlc
(Supplementary Figure S4A). We also tried to obtain
the whyl/3/recal /atrnhlc quadruple mutant by knock-
ing out AtRNHIC in the whyl/3/recal background. The
whyl /3 /recal Jatrnhlc homozygotes were isolated from
whyl /3 /recal Jatrnhl ¢/~ displaying pure white leaf color
and significantly suppressed growth (Figure 2A). Neverthe-
less, the seedlings were unable to survive without MS media
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and sucrose support. These results indicate that the filamen-
tous structure of RecA 1 is important for plant development,
and AtRNHIC works upstream to ensure its function.
Moreover, the more severe phenotype of whyl/3/atrnhlc
than whyl /3 /recal might be because the function of RecA2
in chloroplast was also impaired (11,12).

whyl /3 /atrnhl c mutant boosts DNA damage

To further investigate their relationship in chloroplast
genome maintenance, we examined the cpDNA damage
in these mutants. First, we performed neutral comet as-
says, which are typically used to detect double-stranded
breaks. The DNA damage was represented by the percent-
age of DNA in the comet tail versus the entire nucleoid. In
Col-0 and atrnhlc, the average ratios of tailed DNA were
around 7% and 30%, respectively (Figure 3A), in agreement
with previous reports (42,43). The whyl/3 and recal mu-
tants exhibited slightly higher levels of DNA breaks than
Col-0, although they were indistinguishable in phenotype,
and the level was further increased in whyl/3/recal. Con-
sistent with the defective phenotype, the whyl/3/atrnhlic
mutant had the highest ratio of tailed DNA, up to about
40% (Figure 3A). We did not detect any significant dif-
ference between atrnhlc and recal /atrnhlc. We obtained
a similar cpDNA damage pattern by terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL)
assay (Supplementary Figure S4B). Next, we determined
the chloroplast genome integrity using PFGE. In Col-
0, the cpDNA molecules mainly existed as monomers
and oligomers, and these forms were mildly reduced in
whyl /3 and recal (Figure 3B). In whyl/3/recal, atrnhlc,
whyl /3 /atrnhlc and recal /atrnhl c mutants, large amounts
of fragmented DNA were detected, indicating serious
cpDNA breaks in these mutants. Strikingly, the lowest band
in whyl /3 /atrnhlc was even smaller than in other mutants
(Figure 3B).

As RecAl and WHY1/3 are also involved in cpDNA
replication (18), the exacerbated growth defects in
whyl/3/atrnhlc and recal /atrnhlc might be caused
by enhanced replication stress. To rule out this possibility,
we detected the copy number of cpDNA. We isolated whole
genomes and subjected them to next-generation sequenc-
ing. The cpDNA sequencing coverage curves for mutants
were normalized to Col-0, which indicated changes in the
relative copy number of the different cpDNA regions. The
results showed that the copy number was indeed changed
in atrnhl ¢, with increase in large single-copy (LSC) region
but reduction in inverted repeats (IRs) (Supplementary
Figure S5A). Loss-of-function of WHYI1/3 or RecAl
aggravated the reduction in IRs of atrnhic but did not
affect LSC region. These patterns were confirmed using
quantitative PCR (Supplementary Figure S5B). The in-
creasement of copy number in LSC indicates that the DNA
replication is highly activated in atrnhlic, whyl/3/atrnhlc,
and recal /atrnhlc. As the replication origins are located
in IRs, the apparent reduction of copy number in these
regions should be because of extensive DNA breaks and/or
degradation, which could hinder DNA amplification. It
is consistent with the observations that rDNA regions,
located in IRs as well, are more unstable (42,43). These
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Figure 3. DNA damage in Col-0, whyl/3, recal, whyl /3 /recal, atrnhlc, whyl /3 /atrnhlc and recal Jatrnhlc. (A) Comet assay of cpDNA integrity of each
genotype. DNA damage was expressed as the ratio of the signal intensity of a comet tail versus that of the cpDNA. For each genotype, at least 100
chloroplasts were analyzed. Representative images of comets are shown on the left. Statistical testing was done using #-test. **P < 0.01; ****P < 0.0001;
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(NGS). The chloroplast rearrangement frequency per 10,000 genomes in each line was depicted in heatmaps. Each tile represents a region spanning 1 kb
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results indicate that the phenotypes are mainly caused by
genome instability.

Chloroplast DNA breaks are always accompanied by
the accumulation of cpDNA rearrangements, which is
promoted by MMBIR, especially when Whirly proteins
are depleted (15,18). To investigate the global impact of
RecAl, WHYI1/3 and/or AtRNHIC depletion on cpDNA
rearrangements, we analyzed the above-mentioned next-
generation sequencing data. Consistent with the previous
results (18), both Col-0 and recal had few rearrange-
ments in the whole chloroplast genome, while why!/3 and
whyl/3/recal displayed high frequencies of rearrangement
(Figure 3C, D, Supplementary Figure S5C, D, Supplemen-
tary Tables S2 and S3). Even though the DNA damage
in atrnhlc and recal Jatrnhlc was strikingly increased, the
overall cpDNA rearrangements in these two mutants were
comparable to Col-0. Moreover, the amount of rearrange-
ment in whyl /3 /atrnhl c was higher than that in wiyl/3 but
significantly lower than in whyl /3 /recal (Figure 3C D, Sup-
plementary Figure S5C, D, Supplementary Tables S2 and
S3). We hypothesized that in the absence of AtRNHI1C, the
transient RNA:DNA hybrids formed at DSB sites could not
be removed effectively, thereby blocking the following DNA
repair process both in HR and MMBIR. Taken together,
these results suggested that WHY'1/3 work synergistically
with AtRNHI1C in maintaining genome stability.

AtRNHI1C and WHY1/3 co-localize on chloroplast DNA

In our previous work, we detected interaction between
AtRNHI1C and WHY1/WHY3 by Immunoprecipitation-
Mass Spectrometry (IP-MS) (42). Here, we found that
AtRNHIC works synergistically with WHY1/3, which
drove us to further characterize the interaction. First,
we performed coimmunoprecipitation (Co-IP) assay
with transgenic plants co-expressing WHYI-GFP and
AtRNHIC-HA under -cauliflower mosaic virus 35S
promoter. AtRNHIC-HA coimmunoprecipitated with
WHY1-GFP (Figure 4A) and a consistent result was
obtained in the reciprocal experiment (Figure 4B). We
also conducted yeast two-hybrid and bimolecular fluo-
rescence complementation assays to verify the physical
interaction, but neither of them detected the interaction
between AtRNHIC and WHY1/3 (data not shown),
suggesting the interaction is most likely indirect. Given
that the function of these proteins is related to DNA and
RNA metabolism, the interaction might rely on different
nucleic acid forms. To test this possibility, we repeated the
Co-IP assay, with half the immunoprecipitated HA-beads
treated with nucleases before immunodetection. After
DNase I and/or RNase A treatment, the WHY1-GFP
protein was completely lost from immunoprecipitated
AtRNHI1C-HA (Figure 4C-E). To further confirm the
result, we intended to the interaction using endogenous
proteins expressed under their own promoters. Thus, we
produced an antibody against both WHY1 and WHY3
(Supplementary Figure S6A and S6B, hereafter referred
to as anti-WHY1/3 antibody). The Co-IP assay was
performed with CM-AtRNHIC-3xFLAG complemental
line. The interaction was detected, although lower than
that in the plants with AtRNHI1C overexpression (Figure

4B and F). Moreover, RNase H treatment climinated the
interaction (Figure 4F). These results indicate that the in-
teraction we detected between AtRNHI1C and WHY1 was
RNA:DNA hybrids dependent. Subsequently, we tested
whether AtRNHIC and WHY1 co-localize in chloro-
plasts. We cloned the coding sequences of AtRNHIC and
WHY1 into expression vectors in fusion with mCherry
and eGFP, respectively, and co-transformed the vectors
into Arabidopsis protoplasts. Results from fluorescence
microscopy showed that both AtRNHI1C and WHY 1 were
localized in chloroplasts, as in previous reports (42,52),
and many of their fluorescence signals overlapped (Figure
4G). We sought to examine whether the co-localization
of AtRNHIC and WHY1 occurred at the chloroplast
nucleoid. We isolated the chloroplasts of transgenic plants
overexpressing AtRNHIC-3xFLAG and subjected them
to immunofluorescence (IF) assays with anti-WHY1/3
antibody and anti-FLAG antibody simultaneously. The
signals of WHY1/3 significantly overlapped with those
of AtRNHIC-3xFLAG and co-localized in nucleoids
indicated by DAPI staining (Figure 4H). Moreover, we
conducted ChIP-reChIP assay to examine the physical
proximity of these two proteins. Chloroplast chromatin
of OFE-AtRNHIC-3xFLAG was sheared extensively into
~200 bp (Figure 41, right panel) and immunoprecipitated
sequentially by anti-WHY1/3 antibody and anti-FLAG
beads. The results showed that WHY1/3 and AtRNHI1C
co-occupy the same regions in cpDNA (Figure 41, left
panel). These data suggest that AtRNHIC and WHY1/3
are co-localized, and most possibly function at the same
sites in chloroplast nucleoids for maintaining genome
stability.

WHY1/3 work in concert with AtRNHIC to regulate
RINA:DNA hybrids

Whirly proteins can nonspecifically bind to ssDNA over-
hangs to suppress error-prone MMBIR (16). We wondered
whether the almost unaffected rearrangement in the atrnhl c
mutant despite remarkable DNA damage is due to en-
hanced binding of WHY1/3 to cpDNA. To test this pos-
sibility, we first analyzed the protein levels of WHY1/3
in Col-0 and mutant lines. In recal, WHY1/3 protein
level was comparable to Col-0, while in both atrrnhlc and
recal /atrnhli c, the protein levels were significantly increased
(Supplementary Figure S7A). Next, we compared the en-
richment of WHY'1/3 on chloroplast genomes among Col-
0, recal and atrnhic by performing ChIP-qPCR at the
rDNA regions. Contrary to our assumption, the WHY'1/3
enrichment was significantly lower in atrnhlc (Figure 5A).
However, the WHY 1/3 enrichment was obviously increased
at these loci in the recal mutant.

Recently, several studies have demonstrated that the
transient RNA:DNA hybrids induced around DSB sites
could promote HR, thus minimizing illegitimate recombi-
nation (29,31,32). Therefore, we determined the levels of
RNA:DNA hybrids in cpDNA with DRIP-qPCR. The re-
sults showed that RNA:DNA hybrids were accumulated
in atrnhlc but decreased in the whyl/3 mutant (Figure
SB). whyl/3/recal also had fewer RNA:DNA hybrids than
Col-0. Interestingly, the level of RNA:DNA hybrids in
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whyl /3 Jatrnhlc were slightly lower than that in atrnhic,
while they were even higher in some regions (35S, /6S) in
recal Jatrnhic. These results suggest that WHY1/3 are im-
portant in suppressing MMBIR; however, this suppression
role is less important in RNA:DNA hybrids accumulated
mutant atrnhlc than that in recal. This agrees with the re-
sults of cpDNA rearrangements (Figure 3C, D, Supplemen-
tary Figure S5C and D).

The formation of RNA:DNA hybrids around DSBs
requires the recruitment of different RNA polymerases
(27,29,32). Thus, it is reasonable to check the binding
of RNA polymerase to cpDNA. In chloroplasts, there
are two types of RNA polymerase: nuclear-encoded RNA
polymerase (NEP) and plastid-encoded RNA polymerase
(PEP), both of which are active at all stages of develop-
ment. PEP plays a major role in rRNA synthesis (53) and
is involved in R-loop formation in some conditions (43).
Thus, we determined the loading of PEP on cpDNA. The
expression levels of the four core subunits of PEP were
similar in Col-0, whyl/3, and recal and slightly upreg-
ulated in whyl/3/recal; however, they were significantly
increased in atrnhlc, whyl/3/atrnhic and recal /atrnhlc
(Supplementary Figure S8A). We resolved the PEP com-
plex using blue native gel electrophoresis and monitored
the level by immunoblotting using antibodies against RpoB.
In line with the expression level, the PEP complex level
was unaffected in Col-0, whyl/3 and recal, but increased
in atrnhlc, whyl /3 /atrnhlc and recal /atrnhl ¢ (Figure 5C).
Then, we performed ChIP assay with a RpoB-specific an-
tibody to examine the loading of the PEP complex on
cpDNA. The binding of RpoB to cpDNA was significantly
reduced in both atrnhlc and whyl /3, and further reduced in
whyl /3 /atrnhlic in the regions we tested (Figure SD). Simi-
lar to the changes of R-loop levels (Figure 5B), the cpDNA
affinity of RpoB in recal was indistinguishable from that in
Col-0. Nevertheless, the expression of most PEP-dependent
genes was not significantly affected in whyl/3 and even in-
creased in atrnhlc (Supplementary Figure S8B), indicating
that the declined recruitment of PEP to rDNA regions was
not because of reduction in protein abundance or transcrip-
tion activity. Moreover, loss of WHY1/3 also reduced the
binding of AtRNHIC to these sites (Figure SE and Sup-
plementary Figure S7B). Taken together, our results sug-
gest that, in chloroplasts, RNA:DNA hybrids could prevent
the broken DNA from error-prone repair, as shown in other
organisms (30,31), and ssDNA binding proteins WHY'1/3
could facilitate RNA:DNA hybrids generation by recruit-
ing RNA polymerase to the damaged sites, successively, the
hybrids are resolved by AtRNHI1C for the following repair.

Combination of atrnhl c and pollb aggravated the chloroplast
genome instability

Because Arabidopsis DNA Pol IB has been shown to
maintain the integrity of chloroplast DNA, mostly in the
last step of synthesis to complete the gapped genome
(17,54,55), we were prompted to test the relationship be-
tween AtRNHIC and Pol IB. To address this question,
we established a pollb/atrnhlc double mutant by CRISPR-
Cas9-mediated deletion of the AtRNHIC gene in pollb
(Supplementary Figure S3). First, we checked the growth
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phenotype of plants. Although pollb plants looked simi-
lar to Col-0, and atrnhlic exhibited the pale-green pheno-
type as described previously (42,43), the pollb/atrnhic dou-
ble mutant clearly showed more severe growth defects than
atrnhlc (Figure 6A). The intensity of chlorophyll autofluo-
rescence was further reduced in pollb/atrnhlc (Supplemen-
tary Figure S9) and chloroplast development was seriously
inhibited (Figure 6A). Next, we examined the integrity of
cpDNA by PFGE and detected more fragmented DNA in
pollb/atrnhlc than in other plants (Figure 6B). These re-
sults suggest that Pol IB and AtRNH1C may work concert-
edly in maintaining genome integrity.

DISCUSSION

It has been proposed that Whirly proteins maintain genome
stability in organelles by favoring accurate repair of DNA
DSBs over an error-prone MMBIR pathway (15,16). The
binding of Whirly to ssDNA generated during DNA dam-
age is believed to be important, but the mechanism remains
mysterious. Here, we revealed that deletion of WHY1/3 re-
duced PEP enrichment and thus decreased the RNA:DNA
hybrid levels in the rDNA regions of cpDNA (Figure 5B
and D). There is a growing body of evidence indicating
that RNA:DNA hybrids specifically accumulate at DSB
sites and contribute to HR-mediated DNA repair by re-
cruiting repair-associated factors (27-32). Thus, our data
suggest that WHY1/3 could fulfill this function through
promoting the generation of RNA:DNA hybrids by RNA
polymerase. In our previous work, we characterized an-
other nuclear ssDNA-binding protein, NDX1, that can sta-
bilize RNA:DNA hybrids in the COOLAIR promoter re-
gion (56). WHY1/3 may also protect RNA:DNA hybrids
from rapid removal to facilitate HR.

Although RNA:DNA hybrids are required for efficient
DSB repair, they must be properly removed for the subse-
quent processes (27,29,31). In Schizosaccharomyces pombe,
RNase H and senataxin are required to limit RNA:DNA
hybrids at DSBs. Losing either of them suppresses HR-
mediated DSB repair (27,31). Moreover, RNase H2 is re-
cruited to DSBs to resolve RNA:DNA hybrids in HeLa
cells (29). In our study, deletion of AtRNH1C led to the ac-
cumulation of broken DNA in chloroplasts (Figure 3A and
B). However, error-prone repair-mediated rearrangements
were not significantly accumulated (Figure 3C, D, Supple-
mentary Figure S5C and D). We propose that AtRNHIC is
required to remove RNA:DNA hybrids generated at DSBs
in chloroplasts. In the absence of AtRNH1C, MMBIR
was suppressed because of the presence of Whirly proteins
WHY1/3, and HR-mediated repair was suppressed be-
cause the accumulation of RNA:DNA hybrids transformed
RecAl filamentation into puncta and thus inhibited down-
stream HR processes (Figure 6C).

RecA is a defined member of a class of proteins that are
essential for HR across all forms of life (57). Three RecA-
like proteins with organelle localization had been identified
in Arabidopsis. In our study, we explored the role of RecAl
in cpDNA damage response, as RecAl is solely targeted
to chloroplasts, whereas RecA?2 is localized to both chloro-
plasts and mitochondria (12). Additionally, RecAl is sug-
gested to work in concert with Whirly to maintain chloro-
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plast genome stability (18). To function, RecA should nucle-
ate and assemble into filaments. While previous reports only
determined the subcellular localization of RecAl (12), we
clearly observed the filamentous structure of RecAl (Fig-
ure 1A). Strikingly, the filaments were widely present in
chloroplasts in the Col-0 background, suggesting that HR-
mediated repair is extensively taking place. This might be
the reason that the cpDNA suffers DNA damage all the
time, but the genome is even more stable than the nuclear
genome (58,59). The genome stability assays in this study
also detected DNA damaged even in Col-0 (Figures 3 and
6B). Different from Escherichia coli RecA, which fulfills the
function of recombination mainly during cell proliferation
when the homologous sequence is available (10), RecAl
may be able to work beyond the division period, as chloro-
plasts have more than one copy of the genome (60). Inter-
estingly, in most cases, there is only one filament in each
chloroplast. We speculate that, in order to efficiently and ac-
curately search for the homologous sequence, the vast ma-
jority of RecAl is recruited to one place in the chloroplast
for proper filamentation. A similar phenomenon has been
observed in Escherichia coli (61).

In atrnhlic or after CIP treatment, RecAl mainly aggre-
gated as puncta instead of filaments when R-loops accu-
mulated (Figure 1A and C). We further demonstrated that
this is not due to different protein levels or transformants
(Supplementary Figure S2A and S2B). Moreover, the size
of puncta is indeed significantly correlated with the RecAl
protein levels (Supplementary Figure S2A). This is reminis-
cent of the feature that RecA can self-assemble into puncta
as storage structures, with the size proportional to the pro-
tein level (62). However, in atrnhlc, the DNA damage was
severe, thus one can infer that the deficiency of AtRNHI1C
represses the DNA-damage response of RecAl, which is
in line with previous studies (27,31). Recently, it was re-
ported that DSB-induced RNA synthesis stimulates liquid-
liquid phase separation (LLPS) of DNA-damage-response
factor (63). Moreover, the Escherichia coli single-stranded
DNA-binding proteins (SSB) could form LLPS conden-
sates (64). Therefore, RecA1-GFP puncta could be self-
assembled storage structures or LLPS condensates. It is also
possible that, in absence of AtRNHI1C, there are still very
short ssDNAs exposed at DSB ends in where RecA1 might
be aggregated.

The addition of whyl/3 null mutation aggravated the
DNA damage in atrnhlc (Figures 2 and 3), indicating
that, in absence of AtRNHIC, WHY1/3 still execute
its function. Recently, we characterized an R-loop he-
licase RHONT in chloroplast, which works in parallel
with AtRNHI1C to resolve RNA:DNA hybrids (43). Thus,
WHY1/3 may co-operate with RHONI to promote HR in
the same way as with AtRNH1C. Besides, the recal /atrnhl ¢
double mutant also exhibited a slightly worse phenotype
comparing to atrnhl c (Figure 2A and B). These results indi-
cate that RecA1 may participate in other pathways in main-
taining chloroplast genome stability as well. It will be inter-
esting to explore the relationship of RHONI1 to WHY'1/3
and RecAl. Moreover, the potential impairment of DNA
replication may also partially account for aggravated phe-
notype, as unrepaired damage could induce DNA replica-
tion collapse and vice versa (65).
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In summary, we propose a model (Figure 6C) in which
WHY1/3 protect 3’-ssDNA overhangs generated by DNA-
end resection from MMBIR and promote the recruitment
of PEP RNA polymerase. Then RNA:DNA hybrids were
produced through transcription, probably to activate un-
known repair-associated factors and/or prevent degrada-
tion of ssDNA. Subsequently, the RNA:DNA hybrids are
resolved by AtRNHIC to expose the ssDNA for RecAl fil-
amentation, thus ensuring efficiently HR-mediated repair.
If the RecAl cannot bind in time, the ssSDNA may need to
be protected by WHY1/3 again. As WHY1/3 and RecAl
are also supposed to secure DNA replication (18), we think
our model should apply to the single-end DSB generated as
replication fork collapse as well.
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