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Abstract

Chloroplasts are vital for photosynthesis, and their development necessitates proper expression of chloroplast
genes. However, the regulatory mechanisms underlying rice chloroplast gene expression have not been fully
elucidated. In this study, we obtained an albino mutant of rice, white seedling and lethal 1 (wsl!1), which displays
significantly decreased chlorophyll contents and impaired chloroplast ultrastructure. The causal gene Oryza sativa
PEP-RELATED DEVELOPMENT ARRESTED 1 (OsPRDAT) was isolated using Mutmap +and verified by gene editing and
complementary assays. The expression of OsPRDAT is induced by light, and OsPRDA1 is localized in chloroplasts.

chloroplast gene expression.

Transcription sequencing revealed that genes related to photosynthesis were differentially expressed in ws/1.
The expression levels of the examined plastid-encoded RNA polymerase (PEP)-dependent chloroplast genes
are downregulated due to the mutation of OsPRDAT. Moreover, OsPRDA1 interacts with OsFSD2, a member
of PEP-associated proteins (PAPs). Knockout of OsFSD2 leads to the albino and seedling-lethal phenotype and
downregulation of PEP-dependent chloroplast genes. Together, our results demonstrated that OsPRDAT plays
essential roles in rice chloroplast development, probably by facilitating the function of the PAP complex and
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Background

Chloroplasts are semiautonomous organelles that con-
tain DNA and gene expression apparatuses (Martin et
al. 1998). The chloroplast genomes of most land plants
encode approximately 110-130 genes (Daniell et al.
2021). These genes are transcribed, according to their
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promoter specificity, by two types of RNA polymerase:
nuclear-encoded RNA polymerase (NEP) and plastid-
encoded RNA polymerase (PEP) (Hedtke et al. 2000; Swi-
atecka-Hagenbruch et al. 2008; Borner et al. 2015). The
single-subunit RNA polymerase NEP is encoded in the
nuclear genome and is responsible for transcribing genes
encoding PEP subunits and other housekeeping genes
(Yu et al. 2014a, b). PEP, encoded by the chloroplast
genes rpoA, rpoB, rpoCl1, and rpoC2, plays an essential
role during chloroplast biogenesis from proplastids and
functions as the predominant RNA polymerase in mature
chloroplasts (Zhelyazkova et al. 2012).

The PEP-centered transcription apparatus is assembled
from the PEP core (2a, B, p'1, and f’2) and more than a
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dozen nuclear-encoded PEP-associated proteins (PAPs)
(Pfannschmidt et al. 2015). Recently, the Cryo-EM struc-
tures of the plant plastid-encoded RNA polymerase were
determined (Wu et al. 2024). Fourteen PAPs located at
the periphery of the PEP core were identified. Based on
the locations and potential functions of the PAPs, they
are grouped into four modules: the scaffold module
(PAP1, PAP3, PAP5, PAP7, PAP8, PAP11, and PAP14),
the RNA module (PAP2), the protection module (PAP4
and PAP9), and the regulation module (PAP6, PAP10,
PAP10", and PAP13). Arabidopsis plants with muta-
tions in PAP-encoding genes, with the exception of the
newly identified PAP14 gene, present defects in the PEP-
mediated transcription of chloroplast genes and chloro-
plast development (Pfalz et al. 2006; Garcia et al. 2008;
Myouga et al. 2008; Arsova et al. 2010; Steiner et al. 2011;
Gilkerson et al. 2012; Yagi et al. 2012; Yu et al. 2013).
Similarly, certain rice PAP homologs have been function-
ally characterized through chlorosis mutants (Wang et
al. 2016a, b, 2021a, b; Lv et al. 2017; He et al. 2018; Lin
et al. 2018; Qiu et al. 2018; Seo et al. 2024). In particular,
PAP4 and PAPY, also known as FE SUPEROXIDE DIS-
MUTASE3 (FSD3) and FE SUPEROXIDE DISMUTASE2
(FSD2), respectively, form a heteromeric protein complex
and defend chloroplast nucleoids against oxidative stress.
The fsd2 fsd3 double mutant presents a severe albino
phenotype, whereas the fsd2 and fsd3 single knockout
mutants present pale green phenotypes (Myouga et al.
2008). Mutation of ALM1I, the rice homolog of FSD3,
results in the accumulation of excessive reactive oxygen
and leads to seedling lethality. The overexpression of
ALMI increased SOD enzyme activities, led to increased
scavenging of superoxide anion radical (O,”) and con-
ferred drought stress tolerance in rice seedlings (Wang et
al. 2021b).

In addition to PAPs, other nuclear-encoded proteins
also play roles in PEP-mediated plastid RNA transcrip-
tion. The AtECB1/MRL7 knockout lines presented an
albino phenotype and decreased transcript levels of
PEP-dependent plastid genes. Although AtECB1 was
not identified in the PEP complex, it can interact with
Trx Z and FSD3 (Qiao et al. 2011; Yu et al. 20144, b). The
prin2 mutant of Arabidopsis presented lower expression
levels of genes transcribed by PEP and impaired high
light-dependent plastid redox signaling to the nucleus
(Kindgren et al. 2012; Diaz et al. 2018). PRDA1, a chlo-
roplast nucleoid protein, is required for early chloroplast
development and is involved in the regulation of plas-
tid gene expression in Arabidopsis. Moreover, PRDA1
interacts with FSD2 and AtECB1/MRL7, suggesting that
PRDA1 probably acts as a component of the PEP com-
plex and might be involved in the redox control of plastid
gene expression (Qiao et al. 2014).
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Despite extensive studies on the molecular mechanisms
of chloroplast gene expression and development in Ara-
bidopsis, identified players in rice are relatively rare. In
this study, we cloned the OsPRDA1I gene from the white
seedling and lethal 1 (wsl/1) mutant and demonstrated
that OsPRDA1 plays an essential role in rice chloroplast
development, probably by facilitating the function of the
PAP complex and chloroplast gene expression.

Results

Characterization of the White Seedling and Lethal 1 Mutant
We obtained a rice mutant line segregating albino seed-
lings from our mutant library induced by ®°Co-y-ray
irradiation. This mutant presents white leaves from the
emergence of the first leaf (Fig. 1A). With growth and
development, the mutants consistently present white
leaves and gradually wilt and die within three weeks
(Fig. 1B, C). We designated this mutant white seedling
and lethal 1 (wsl1). The phenotype of wslI is steadily
inherited for several generations.

Albino phenotype is generally an indication of
photosynthesis pigment deficiency. We measured
and compared the photosynthetic pigment con-
tents of ten-day-old wild-type and ws/I seedlings.
Compared with the wild type, ws/l contained sig-
nificantly less chlorophyll a (0.45+0.00039 mg/g
in the wild type and 0.043+0.0047 mg/g in wsll),
chlorophyll b (0.20+£0.0057 mg/g in the wild
type and 0.078+0.0076 mg/g in wsll), and carot-
enoids (0.20+£0.00049 mg/g in the wild type and
0.022+0.0018 mg/g in wslI) (Fig. 1D).

Chloroplast Development Is Impaired in ws/1

To investigate chloroplast development in wslI, we com-
pared the ultrastructure of chloroplasts in leaves from
wild-type and wslI plants by transmission electron
microscopy (TEM) (Fig. 2). In the wild type, fully devel-
oped chloroplasts with massive thylakoid membranes
and starch granules were observed. In contrast, the chlo-
roplast morphology of wslI was less organized. No thy-
lakoid membranes or starch granules were observed in
wsl1 chloroplasts. Instead, there many oval-shaped vesi-
cles were noted in the wslI chloroplasts. Moreover, many
densely stained globular structures, probably plasto-
globules, were frequently observed in wslI chloroplasts.
These results indicated that the development of chloro-
plasts is impaired in wslI plants.

Identification and Characterization of the Causal Gene
OsPRDA1

A segregating population presented a 3:1 (177:48,
X2(1):1.61, P>0.05) segregation ratio between wild-
type plants and mutants, indicating that the mutant
phenotype was caused by a single recessive mutation
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(A-C) Comparison of wild-type and ws/T seedlings at 3, 12, and 19 days after germination (DAG). Scale bars=1cmin A, 5 cmin Band C. (D) Photosynthetic
pigment content in ten-day-old wild-type and ws/1 seedlings. Data are presented as the mean + SD. Asterisks indicate significant differences according

to a two-tailed Student’s t test (**P<0.01)

in a nuclear gene. The causal gene was isolated by Mut-
map + combined with the mutation filtering process we
described previously (Fekih et al. 2013; Zhang et al. 2023).
Only one 12-bp deletion (located at chr11-13462908 bp),
with mutation indices of 1 (13/13) and 0.21 (3/14) in the
mutant bulk and wild-type bulk, respectively, was identi-
fied. To verify the results of Mutmap +and our mutation
filtration process, we sequenced 20 randomly selected
seedlings from the segregating population using Sanger
sequencing. As expected, the phenotype cosegregated
with the genotype. All the mutants presented homolo-
gous mutation of the candidate deletion, and the seed-
lings without the mutant phenotype were a combination
of the wild-type sequence and heterozygotes.

According to the Rice Genome Annotation Project, the
candidate mutation is located in the fourth exon of the
LOC _0Os11g23790 gene. LOC_Os11g23790 is annotated

as a coding gene of an expressed protein that shows
similarity (74% identities and 88% positives) with Ara-
bidopsis PEP-RELATED DEVELOPMENT ARRESTED
1 (PRDA1) (Qiao et al. 2014). Therefore, we designated
this gene OsPRDA1. OsPRDA1 consists of 9 exons. The
open reading frame (ORF) is 1149 bp in length, and the
deduced protein contains 382 amino acids. Mutation of
OsPRDA1 in wsl1 results in a putative 4-amino acid dele-
tion (residues 218-221) (Fig. 3A).

OsPRDA1 belongs to the protein family IPR038961,
which is widely distributed within the plant kingdom.
Interestingly, members of this protein family are pres-
ent in specific bacterial species (such as Anaerolineae
bacterium). Phylogenetic analysis revealed that plant
PRDA1 homologs from monocots and dicots are clearly
divided. Gymnosperms and bryophytes constitute iso-
lated branches in the phylogenetic tree (Fig. 3B). Notably,
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Fig. 2 Transmission electron microscopy images of the leaves of wild-type and ws/1 plants
Leaves from ten-day-old wild-type and ws/1 seedlings were used. The right panels are magnifications of the blue boxes in the respective left panels. PGs,
plastoglobules. SG, starch granule. Thy, thylakoid. OV, oval-shaped vesicle. Scale bars=1 um

two closely related PRDA1 homologs were identified in
Glycine max, whereas other plant species contained one
copy. Multiple sequence alignments revealed that the
amino tails of the PRDA1 homologs are hypervariable
and that the remaining parts are relatively conserved
(Figure S1). Moreover, the deleted amino acids in wslI
are conserved among different species and localized in a
helix of OsPRDA1 (Fig. 3C, S2).

To verify the biological function of OsPRDAI, we used
the CRISPR/Cas9 gene editing approach to knock out
this gene in wild-type plants. One sequence located in
the first exon of OsPRDAI was picked as target for gene
editing in order to completely abolish the gene function.
A 1-bp deletion was detected in the resulting mutant,
OsPRDAI-Cr, which putatively leads to frame shift and
premature termination of protein translation (Fig. 3D,
S3). Moreover, the expression level of OsPRDAI is sig-
nificantly downregulated in OsPRDAI-Cr (Figure S4).
OsPRDAI-Cr presented white leaves and eventually
died, mimicking the phenotype of ws/I (Fig. 3E). Same to
wsl1, the chloroplast of OsPRDA1-Cr also lacks thylakoid

membrane and starch granules (Figure S5). Transforming
wild-type OsPRDA1I into wsll rescued the mutant phe-
notype (Fig. 3E). These results confirmed that the mutant
phenotype is indeed caused by OsPRDA1 dysfunction.

OsPRDAT1 Is Located in Chloroplasts

The expression profile of OsPRDA1 in different organs
was determined by qRT-PCR analysis. The results
revealed that OsPRDA1 is highly expressed in leaves and
moderately expressed in the internode and panicle. The
expression levels of OsPRDA1 in roots and seeds are rela-
tively low (Fig. 4A). Moreover, OsPRDA1 transcript levels
increased dramatically when dark-grown etiolated seed-
lings were exposed to light (Fig. 4B).

To examine the subcellular localization of OsPRDA1I,
we fused OsPRDA1 with green fluorescent protein (GFP)
and performed a transient expression assay in rice pro-
toplasts. The results revealed that the green signal of
OsPRDA1-GFP overlapped with the chlorophyll auto-
fluorescence signal, whereas the free GFP signal dis-
played a ubiquitous distribution pattern throughout the
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(A) Gene structure of OsPRDAT. The triangle indicates the position of the mutations in ws/1. Details of the sequence modification in ws/T are listed below.
The arrow indicates the position of the target sequence for gene editing. (B) Phylogenetic tree derived from the full-length amino acid sequences of
OsPRDA1 homologs in different species. At, Arabidopsis thaliana. Bd, Brachypodium distachyon. Gm, Glycine max. Os, Oryza sativa. Pp, Physcomitrium patens.
Ps, Picea sitchensis. SI, Solanum lycopersicum. Zm, Zea mays. (C) Multiple sequence alignment of OsPRDAT homologs spanning the deletion in ws/1. The
deleted amino acids in wslT are indicated by asterisks. Identical amino acids are shaded in red. (D) Target sequence for CRISPR/Cas9 gene editing and
genotypes of knockout mutants (OsPRDA1-Cr). (E) Phenotypes of knockout mutants (OsPRDAT-Cr) and complemented plants (ws/7-Com). Seedlings

grown for three weeks were presented. Scale bar =5 cm

cell (Fig. 4C). These findings indicate that OsPRDA1 is
located in chloroplasts, which is consistent with its bio-
logical function in chloroplast development.

Genes Related To Photosynthesis Were Differentially
Expressed in wsl1

To dissect the biological function of OsPRDA1 in chlo-
roplast development, we carried out a transcriptome
analysis between the wild type and ws/1. Transcriptional
profiles of nucleus- and organelle-encoded genes were
analyzed and compared. Correlation tests revealed that

correlation indices were high among biological repli-
cates and deviated between groups (Fig. 5A). A total of
5,906 genes were differentially expressed in ws/I com-
pared with the wild type, including 2,902 upregulated
and 3,004 downregulated genes (Fig. 5B). Gene Ontol-
ogy (GO) analysis revealed that differentially expressed
genes (DEGs) were enriched in photosynthesis-related
terms, which is in accordance with the albino pheno-
type of wsll (Fig. 5C). Among the 96 DEGs related to
photosynthesis (GO:0015979), 9 nuclear DEGs were
upregulated, whereas 73 nuclear and 14 chloroplast
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(A) gRT-PCR analysis of OsPRDAT in different rice tissues. R, root; In, internode; L, leaf; P, panicle; S, seed. Data are presented as the mean+SD. (B) Light-
induced expression of OsPRDAT. The light exposure times were 12 h and 24 h. Data are presented as the mean+SD. (C) Subcellular localization of Os-
PRDA1 in rice protoplasts. Green fluorescence indicates the GFP signal, and red fluorescence indicates chloroplast autofluorescence. BF, bright field. Scale

bars=5 um

DEGs were downregulated. Notably, 56 chloroplast
genes were detected in the wild-type and ws/1 libraries,
among which 15 genes were upregulated and 25 genes
were downregulated (Fig. 5D). These results suggest that
the transcription of photosynthesis-related genes, espe-
cially chloroplast genes, are dysregulated in the absence
of OsPRDAL.

Downregulated Expression of PEP-dependent Chloroplast
Genes in wsl1

Plastid genes can be divided into three classes. Class I
genes are transcribed by PEPs. Class II genes are tran-
scribed by both PEPs and NEPs. Class III genes are
transcribed by NEPs. Previous research has shown that
PRDAL1 is essentially required for the regulation of PEP-
dependent plastid gene expression in Arabidopsis (Qiao
et al. 2014). To test whether PEP-related genes were
altered in ws/1, we performed qRT-PCR to analyze and
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Fig. 5 Transcriptome analysis of the wild type and ws/1

(A) Correlation of gene expression levels between the wild type and wsl1. (B) Statistical analysis of differentially expressed genes (DEGs) between the wild
type and wsl1. (C) Gene Ontology (GO) analysis of DEGs, showing the top 5 GO terms in DEGs in ws/1 relative to the wild type. (D) Heatmap of the fold
changes (log2) in the expression of chloroplast genes between the wild type and wsl1. Data of normalized read counts from transcriptome analysis were

used to calculate the expression levels

compare the expression of NEP- and PEP-dependent
chloroplast genes between the wild type and wsll. We
observed a consistent decrease in the expression levels
of PEP-dependent genes (psbA, psbB, rbcL, psaA, psaB,
petA, petB, petD, and ycf4) and PEP&NEP-dependent
genes (atpB and atpE) in wsll. The expression level of
the NEP-dependent gene, rpoA and rpoB, increased sig-
nificantly. Two nuclear-encoded, photosynthesis-related
genes, YGLI and DGPI, were selected for comparison
(Wu et al. 2007; Zhang et al. 2021). The expression level
of YGL1 was not significantly different between the wild
type and wsll, whereas the expression of DGPI was
downregulated in wslI (Fig. 6). These results indicated
that OsPRDAL1 is required for the expression of PEP-
dependent plastid genes in rice.

OsFSD2 Interacts With OsPRDA1 and Regulates Chloroplast
Gene Expression

Previous research in Arabidopsis has shown that PRDA1
interacts with FSD2 (Qiao et al. 2014). To test whether
OsPRDAL1 also interacts with OsFSD2, we conducted
a yeast two-hybrid analysis. The corresponding trans-
formants were subsequently grown on quadruple drop-
out medium, confirming the interactions between them
(Fig. 7A). Since the deleted amino acid of OsPRDA1 in
wsll is vital for the protein function, we tested whether
they contribute to the interaction with OsFSD2. Yeast
two hybrid assay showed that OsPRDA1"// also interact
with OsFSD2. (Figure S6). As the essential subunit of the
PEP complex, FSD2 is required for chloroplast develop-
ment, and Arabidopsis fsd2 has a pale green phenotype
(Myouga et al. 2008). However, the molecular function of
OsFSD2 (LOC_0s06g02500) has not been elucidated. We
used a CRISPR/Cas9 assay to create a mutant of OsFSD2



Zhang et al. Rice (2025) 18:14 Page 8 of 12

Plastid genes Nucleus-cncoded
genes

ok

9.0 | W wild type I wsl]

8.0 |

A\

Relative expression

05

** Hok
*k e *
Hk *k

Rk w0 ] *k *k

pshA  psbB  rbcl.  psad  psaB  petd  petB  petD ycf4 atpB  atpE  rpod rpoB  YGLI DGPI

Fig. 6 gRT-PCR analysis of plastid- and nucleus-encoded genes in wild type and ws/7
Class | represents PEP-dependent genes; Class Il represents PEP- and NEP-dependent genes; and Class Il represents NEP-dependent genes. Data are
presented as the mean + SD. Asterisks indicate significant differences according to two-tailed Student’s t test (**P<0.01). ns, not significant.

A » B

O ®
AD @Q‘* g«@ S ch@

QDO . H . Wild type  TGGCGTTCGCCACACTGGT
L_J Osfsd2 TGGCGTTCGCCACAC-GTT { Z

BD “\Q\‘i ?So %«\Q&‘i QQJQ’L

Wild fype ()\ful_ |

D Plastid genes Nucleus-encoded
genes
g 5r 1 1I 111
o ) *k
2 al ® Wild type ™ Osfsd2
&
® 3T
5
2 A
Bt I
L * % * % *% * % *k
2 0111

psbA  psbB rbcl psaA psaB petd petB petD ycf4 atpB atpE rpoAd rpoB YGLI DGPI

Fig. 7 OsFSD2 interacts with OsPRDA1 and regulates chloroplast gene expression

(A) Interaction between OsPRDAT and OsFSD2 in yeast two-hybrid assays. AD, active domain; BD, binding domain. DDO (SD/-Leu-Trp), double dropout
medium. QDO (SD/-His-Leu-Trp-Ade), quadruple dropout medium. (B) Gene structure of OsFSD2. Coding regions are shown as black boxes. The 5'- and
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Cas9. Details of the sequence modifications are listed below. (C) Phenotypes of Osfsd2 knockout mutants. Scale bar =5 cm. (D) gRT-PCR analysis of plastid
genes and nucleus-encoded genes in the wild type and Osfsd2. Data are presented as the mean + SD. Asterisks indicate significant differences according
to a two-tailed Student's t test (**P<0.01). ns, not significant
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(Fig. 7B). Osfsd2 presented white seedlings and eventu-
ally died, a phenotype that was more severe than that of
Arabidopsis fsd2 (Fig. 7C). We observed the chloroplast
of Osfsd2 under TEM. The results showed that the chlo-
roplast of Osfsd2 lacks thylakoid membrane and starch
granules, which is similar to that of wslI (Figure S5).

qRT-PCR assay revealed that the expression levels of
PEP- and PEP&NEP-dependent genes were decreased
significantly in Osfsd2 and that the expression levels of
NEP-dependent genes were increased, which was similar
to the findings in wslI (Fig. 7D). These results indicated
that OsPRDAL1 interacts with OsFSD2 in the regulation
of chloroplast gene expression in rice.

Discussion

Dissecting the molecular mechanisms of chloroplast
development in crops might pave the way for breed-
ing with high photosynthetic efficiency and produc-
tion. In this study, we demonstrated the essential role of
OsPRDAL1 in rice chloroplast development by charac-
terizing a novel rice chlorophyll-deficient mutant, ws/1
(Fig. 1). Cytological observation by TEM revealed that
the chloroplasts of ws/1 lack thylakoid membranes and
starch granules. Instead, oval-shaped vesicles and many
densely stained globular structures were present in wslI
chloroplasts (Fig. 2). These abnormal suborganelle struc-
tures were also observed in fsd2, fsd3, ptacé, ptacl2, trx
z, and ptac? in Arabidopsis (Pfalz et al. 2006; Myouga et
al. 2008; Arsova et al. 2010; Yu et al. 2013). These find-
ings indicate that these structures may be derived from a
common metabolic defect in plant chloroplasts, although
the accurate constitution of these vesicles has been
obscure until recently. Mutmap +is reported to be suit-
able for identifying mutations that cause early develop-
ment lethality, sterility, and other defects that generally
hinder crossing (Fekih et al. 2013). This approach was
adopted to isolate the causal gene, which was named
OsPRDA1I because of its homology with PRDAI in Ara-
bidopsis (Qiao et al. 2014). Knockout of PRDAI in Ara-
bidopsis caused a seedling-lethal, albino phenotype and
arrested the development of leaf chloroplasts, which is
similar to the phenotype of ws/l. OsPRDA1 is located
in chloroplasts, which is consistent with its function in
chloroplast development (Fig. 4C).

Transcriptome analysis revealed that photosynthe-
sis-related genes, especially chloroplast genes, were
enriched in DEGs between the wild type and wslI
(Fig. 5). Importantly, the expression levels of the exam-
ined PEP-dependent chloroplast genes were downregu-
lated in wslI (Fig. 6). We proved that OsPRDA1 interacts
with OsFSD2, a member of PEP-associated proteins
(PAPs). However, the biological function of rice FSD2 in
chloroplast development has not been determined. We
knocked out the OsFSD2 gene and observed an albino
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and seedling-lethal phenotype. PEP-dependent chloro-
plast genes were downregulated in Osfsd2 (Fig. 7). These
results suggested that OsPRDAI and OsFSD2 may func-
tion in the same biological pathway in rice chloroplast
development.

Recently, the cryo-EM structures of Nicotiana tabacum
(tobacco) chloroplast RNA polymerase apoenzyme and
transcription elongation complexes revealed the com-
position, assembly, function, and evolution of the chlo-
roplast transcription apparatus (Wu et al. 2024). Fifteen
PAPs bind at the periphery of the PEP core and facilitate
assembly of the PEP-PAP supercomplex. Among them,
the protection module consists of two Fe-SOD enzymes
that form a heterodimer (PAP4 and PAPY; also named
FSD3 and FSD2, respectively). Transgenic Arabidopsis
plants overexpressing both the FSD2 and FSD3 genes
presented increased tolerance to oxidative stress. FSD2
and FSD3 have been proposed to act as ROS scavengers
in the maintenance of early chloroplast development by
protecting the chloroplast nucleoids from ROS (Myouga
et al. 2008). Similarly, the accumulation of O, in dark-
acclimated PRDAI-deficient plants was significantly
greater than that in wild-type control plants but was
similar to that in fsd2 plants (Qiao et al. 2014). Nitro
blue tetrazolium (NBT) staining was used to measure
the content of superoxide anion radicals (O,"). wslI and
Osfsd2 were stained deeper than the wild type, indicat-
ing that more superoxide radicals accumulated (Figure
S7). However, further studies are needed to test whether
OsPRDAL1 also functions in maintaining the redox state
around chloroplast nucleoids.

Manipulating the expression levels of PAP-encoding
genes may promote plant development and resistance to
stress. OsFSD2 was reported to positively regulate chill-
ing tolerance in rice, as the overexpression of OsFSD2
resulted in improved chilling tolerance, and the pheno-
types of the OsFSD2-RNAi lines were opposite those of
the OsFSD2-OE lines (Ge et al. 2020). The overexpres-
sion of ALMI/OsESD3 increased SOD enzyme activ-
ity, leading to increased scavenging of superoxide anion
radicals and conferring drought stress in rice seedlings
(Wang et al. 2021b). OsPAP3 overexpression increased
the number of chloroplasts and improved rice grain yield
by approximately 25%, largely through increased tiller
formation (Seo et al. 2024). Thus, it is tempting to test
whether manipulation of the OsPRDAI expression level
(e.g., overexpression) could promote rice development
and be applied to create rice with improved growth and
productivity.

Conclusions

OsPRDAL1 interacts with OsFSD2, a member of PAPs.
Mutation of OsPRDA1I and OsFSD2 leads to misregula-
tion of PEP-dependent chloroplast genes and defects in
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chloroplast development. These results will facilitate
efforts to further elucidate the molecular mechanism of
chloroplast gene expression in rice.

Materials and methods

Plant Materials

The ws/l mutant was isolated from a collection of
mutants from our laboratory, which were induced by
9Co y-ray irradiation of the japonica rice (Oryza sativa)
variety Yandao 8. The Yandao 8 variety was used as the
wild type in all the experiments. The plant materials
were cultivated in an experimental plot in an incubator.
The photoperiod of the incubator was 14 h in light, with
20,000 Ix, and 10 h in the dark.

Measurement of Pigment Contents

Pigment contents were determined using a previously
described method with slight modifications (Zhang et al.
2021). Fresh leaves (0.1 g) were cut and soaked in a 10 ml
solution of 1:1 ethanol: acetone (v/v). After 12 h of treat-
ment in darkness, the absorbance values at 470, 649, and
665 nm wavelengths were measured using a microplate
reader. The pigment contents were calculated based on
the absorbance values. All experiments were carried out
with three biological replicates.

Transmission electron Microscopy Analysis

Fresh leaves of the wild type, wsll, OsPRDAI-Cr, and
Osfsd2 were cut into pieces and fixed in 3% glutaralde-
hyde in phosphate buffer. After washing with phosphate
buffer (0.1 M) three times, the samples were fixed in 1%
Os04 for 1.5 h. After fixation, the samples were washed
again in phosphate buffer (0.1 M) three times. The sam-
ples were dehydrated through an acetone series (50%
for 15 min, 70% for 15 min, 90% for 15 min, 100% for
20 min, 20 min, and 20 min) and ultimately embedded in
Epon812 resin (acetone: embedding fluid=2:1 for 0.5 h,
acetone: embedding fluid=1:2 for 1.5 h at 37 C, embed-
ding fluid for 3 h at 37 C). After solidifying at 37 C, 45
C, and 60 C for 24 h, ultrathin Sect. (70 nm) were pro-
duced using an LKB-V slicer. The samples were double
stained with uranyl acetate and lead citrate for 15 min,
respectively. The sections were then observed with a
JEOL-1200E transmission electron microscope and doc-
umented by MORADA-G2.

Mutmap+

Briefly, the genomic DNA of 38 wild-type progenies and
38 mutant-type progenies in the M3 segregating popula-
tion were mixed and sequenced to produce 19.03x and
19.59x average sequence depths. Mapping the reads to
the reference genome (Oryza sativa Japonica Group cul-
tivar, Nipponbare) identified 343,777 mutation sites. The
mutation index of identified mutation sites, including
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the intrinsic sequence variation between the background
and reference genomes, was obtained by calculating the
ratio between the number of reads with corresponding
mutations and the total number of reads spanning this
site. Mutation sites were filtered by the following crite-
ria: (1) the mutation index of the mutant bulk was 1, as
the phenotype was unambiguous; (2) the mutation index
of the wild-type bulk was <0.5, as it contained the wild
type, with a mutation index=0, and heterozygotes, with
an expected mutation index=0.5.

Gene Editing and Complementary Assay
The CRISPR/Cas9 gene editing approach in rice was per-
formed according to a protocol described previously (Ma
et al. 2015). Briefly, the target sequence was designed
using CRISPR-GE, a convenient software toolkit for
CRISPR-based genome editing (http://skl.scau.edu.cn/).
The OsU6a promoter, target sequence, and gRNA were
linked through two rounds of PCR. In the first round
of PCR, the target sequence was linked to the OsU6a
promoter and gRNA using specifically designed prim-
ers. In the second round of PCR, mixed DNA from the
first PCR, both of which harbored overlapping target
sequences, was used as a template to link the three ele-
ments. The PCR products were subsequently cloned and
inserted into the pYLCRISPR/Cas9-MH vector by Bsa I
digestion and T4 ligation. The resulting constructs were
sequenced and transformed into Agrobacterium tumefa-
ciens EHA105 and then into calli of Yandao 8, a japonica
variety. TO plants were genotyped to obtain the mutants.
For the complementary assay, the CDS of OsPRDAI
was inserted into the pCAMBIA23A vector with the rice
actin promoter. The transgene procedures used were
the same as those used for gene editing. Complemented
plants were characterized by mutation of endogenous
OsPRDAI and transgenic positivity.

qRT-PCR Assay

Total RNA was extracted from rice tissues using TRIzol
reagent. Reverse transcription was performed using HiS-
cript III RT SuperMix for RT-qPCR (+gDNA wiper;
Vazyme). Real-time PCR analysis was performed using
ChamQ SYBR qPCR Master Mix (Vazyme) and a Bio-
Rad CFX96 real-time PCR instrument. All the PCR
experiments were conducted using 40 cycles of 95 C for
10 s and 60 C for 30 s. All the reactions were performed
in triplicate, with ubiquitin as the normalized reference
gene for all the comparisons. The primers used for qRT-
PCR are listed in Table S1.

Subcellular Localization of OsPRDA1

The coding sequence of OsPRDA 1 was amplified, cloned,
and inserted into the pJIT163-GFP vector (Biovector,
Beijing, China) in frame with GFP. The resulting plasmids
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were subsequently transfected into rice protoplasts
through PEG-mediated transformation. Empty pJIT163-
GEP vector was used as the control. Fluorescence signals
were captured at 24 h after transformation with a con-
focal laser scanning microscope (Carl Zeiss LSM 710,
Oberkochen, Germany). GFP and red fluorescence sig-
nals (chloroplast autofluorescence) were excited at 488
and 561 nm, and emissions were collected at 500-540 nm
and 600-650 nm, respectively. The primers used for PCR
are listed in Table S1.

RNA-seq

Total RNA was extracted from wild-type and wsl1 leaves
at 14 DAG (Invitrogen Life Technologies). The RNA
sequencing libraries were prepared from 2 ug of total
RNA with the following modifications. Ribosomal RNA
was removed using an Epicentre Ribo-Zero™ rRNA
Removal Kit. Using RNA as a template and random oli-
gonucleotides as primers, the first strand of cDNA was
synthesized, and then, RNase H was used to degrade the
RNA strand. To select cDNA fragments of the preferred
400-500 bp in length, the library fragments were purified
using the AMPure XP system (Beckman Coulter, Beverly,
CA, USA). The sequencing library was then sequenced
on a NovaSeq 6000 platform (Illumina) and analyzed.

NBT Staining

Leaves were excised and placed in NBT solution for 4 h
under room temperature. Vacuum the sample (-0.1 MPa,
0.5 h) for better penetration. Samples were immersed
in 95% ethanol for decolorization at 65 ‘C. After cool-
ing, NBT-treated leaves were examined under the light
microscope and photographed.

Computational Sequence Analysis

The protein sequences of the OsPRDA1 homologs were
blasted and downloaded from NCBI. The phylogenetic
tree was constructed in MegaX using the neighbor-
joining method. The bootstrap method with 1000 rep-
lications was used in the construction of the phylogeny.
The Poisson model was adopted for substitutions. The
pairwise deletion option was applied. Multiple sequence
alignment was conducted using MAFFT (https://toolkit.t
uebingen.mpg.de/#/tools/maftt) and colored with ESPrip
t (http://espript.ibcp.fr/ESPript/ESPript/). The 3D struc-
ture was predicted by SWISS-MODEL (https://swissmod
el.expasy.org/interactive).
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