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ABSTRACT

Pentatricopeptide repeat (PPR) proteins function
in post-transcriptional regulation of organellar
gene expression. Although several PPR proteins
are known to function in chloroplast development
in rice (Oryza sativa), the detailed molecular
functions of many PPR proteins remain unclear.
Here, we characterized a rice young leaf white
stripe (ylws) mutant, which has defective chlor-
oplast development during early seedling growth.

Map-based cloning revealed that YLWS encodes
a novel P-type chloroplast-targeted PPR protein
with 11 PPR motifs. Further expression analyses
showed that many nuclear- and plastid-encoded
genes in the ylws mutant were significantly
changed at the RNA and protein levels. The ylws
mutant was impaired in chloroplast ribosome
biogenesis and chloroplast development under
low-temperature conditions. The ylws mutation
causes defects in the splicing of atpF, ndhA, rpl2,
and rps12, and editing of ndhA, ndhB, and rps14
transcripts. YLWS directly binds to specific sites
in the atpF, ndhA, and rpl2 pre-mRNAs. Our re-
sults suggest that YLWS participates in chlor-
oplast RNA group Il intron splicing and plays an
important role in chloroplast development during
early leaf development.
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INTRODUCTION

he chloroplast, a semiautonomous organelle that arose

from a single endosymbiotic event between a photo-
synthetic cyanobacterium and a eukaryotic host, retains its
own genome and gene translation system (Moreira et al.,
2000; Sugimoto et al., 2004). Chloroplasts are essential for
plant growth and development, providing energy for respi-
ration and other physiological activities by fixing carbon and
releasing oxygen. The chloroplast functions not only as a
central metabolic hub but also as an environmental sensor
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that perceives stress and produces retrograde signals to
coordinate nuclear-encoded adaptive responses (de Souza
et al., 2017).

Chloroplast development is dependent on the coordi-
nated expression of nuclear and chloroplast genes. Post-
transcriptional RNA modifications, such as RNA cleavage,
splicing, editing, and stabilization, usually occur during the
expression of these genes, and many RNA-binding proteins
are involved in these RNA modifications (Shikanai and Fujii,
2013). Since the nuclear genome encodes >90% of all
chloroplast proteins and chloroplast development requires
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the coordinated expression of nuclear and plastid genes,
cloning and characterizing more nuclear-encoded RNA-
binding proteins should help to reveal the mechanisms reg-
ulating gene expression during chloroplast development.

Pentatricopeptide repeat (PPR) proteins are RNA-binding
proteins that function in RNA splicing, editing, stability, ma-
turation, and translation (Hammani et al., 2016; Zoschke
et al., 2016; Liu et al., 2018). In land plants, the large family of
PPR proteins has more than 450 members in Arabidopsis
(Arabidopsis thaliana) and 491 in rice (Oryza sativa). These
proteins are divided into P and PLS subfamilies according to
the composition of tandem arrays of a degenerate 35-amino
acid motif (O'Toole et al., 2008). P-class proteins consist of
tandem arrays of a single type of PPR motif (the P motif) and
have roles in RNA binding, splicing, stabilization, and trans-
lation. The PLS subfamily contains tandem arrays of the
classical PPR motifs P (35 amino acids), PPR-like L (long, 35
or 36 amino acids), and PPR-like S (short, 31 amino acids)
that mainly function as RNA editing proteins (Lurin et al.,
2004; Barkan et al., 2012). Although many nuclear-encoded
PPR proteins are responsible for post-transcriptional modu-
lation of gene transcripts in Arabidopsis, the functions of only
a few members have been reported in rice. Among them, the
mitochondrion-located P-type proteins FLOURY ENDO-
SPERM10 (FLO10) and FLO18 regulate nad1 and nad5 intron
splicing, respectively (Wu et al., 2019; Yu et al., 2021),
whereas the PLS-type proteins OPAQUE AND GROWTH
RETARDATION1 (OGR1) and MITOCHONDRIAL PPR25
(MPR25) participate in mitochondrial RNA editing (Kim et al.,
2009; Toda et al., 2012). Several chloroplast-located PPRs,
such as YOUNG SEEDLING ALBINO (YSA) (Su et al., 2012),
VIRESCENT4 (OsV4) (Gong et al., 2014), WHITE STRIPE
LEAF (WSL) (Tan et al., 2014), PLASTID TRANSCRIPTION-
ALLY ACTIVE CHROMOSOME PROTEIN2 (OspTAC2) (Wang
et al., 2016), and WHITE STRIPE LEAF5 (WSL5) (Liu et al.,
2018), were reported to function in RNA editing and RNA
splicing and thereby affect chloroplast development. Loss of
function of the PLS-type protein WSL strongly affects the
splicing of rpl2, leading to an albino phenotype (Tan et al.,
2014), and the PLS-type protein OsPPR6 is involved in ndhB
editing and ycf3 splicing (Tang et al., 2017). P-type WSL5
targets chloroplasts and plays an essential role in splicing
rpl2 and rps12 introns (Liu et al., 2018). However, the detailed
functions of most PPR proteins remain unclear, and intensive
studies of these proteins are needed to expand our under-
standing of the post-transcriptional regulation of plastid
genes in rice.

In this study, we identified a rice mutant with white-striped
leaves and impaired chloroplast structure during early seed-
ling development and named the mutant young leaf white
stripe (ylws). YLWS encodes a P-type PPR protein, which
targets the chloroplast. Compared with the wild-type (WT),
the ylws mutant had reduced expression of photosynthesis-
related and plastid-encoded genes involved in chloroplast
development. The ylws mutant is defective in splicing of atpF,
ndhA, rpl2, and rps12, and editing of ndhA, ndhB, and rps14
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transcripts. In addition, we found that YLWS directly binds to
specific sites in rpl2, ndhA, and atpF pre-mRNAs. Our results
suggest that YLWS could be involved in chloroplast devel-
opment by affecting RNA splicing during early seedling
development.

RESULTS

Phenotypic characterization of the y/ws mutant

The ylws mutant was isolated from an ethyl methanesulfonate
(EMS)-mutagenized population of indiica rice cultivar Nanjing
11 (NJ11, WT). The ylws mutant exhibited a white-striped
leaf phenotype during the two- to four-leaf growth stage
(Figure 1A, B), after which the leaves gradually became green
with no apparent difference from the WT (Figure 1C). The
chlorophyll (Chl a and Chl b) and carotenoid contents at the
three-leaf stage were significantly reduced in the y/ws mutant
compared with the WT (Figure 1D).

To test whether the ylws mutant phenotype is sensitive to
temperature, we grew the WT and ylws mutant in a growth
chamber at 20, 25, or 30°C and measured the chlorophyll
contents. The ylws plants showed more extreme symptoms
with severely decreased chlorophyll contents at 20°C (Figure
1E, F), moderate white stripes with moderately reduced
chlorophyll content at 25°C (Figure 1E, G), and a pale-green
phenotype with only slightly reduced chlorophyll content at
30°C (Figure 1E, H). These results showed that the ylws
mutant is temperature sensitive.

The ylws mutant shows disrupted chloroplast
development

We performed transmission electron microscopy (TEM)
analysis of chloroplasts to examine whether ultrastructural
changes occurred in the ylws mutant. Mesophyll cells
of WT plants showed normal, well structured chloroplasts
(Figure 2A, B). Chloroplasts from green portions of ylws
mutant leaves were indistinguishable from those of the WT
(Figure 2C), whereas chloroplasts from white sectors of
mutant leaves had abnormal structures, including vacuolated
plastids and lack of structurally organized, stacked thylakoid
membranes (Figure 2D-F). These results suggested that the
white-stripe leaf phenotype resulted from defective chlor-
oplasts and that YLWS is required for chloroplast develop-
ment during the early seedling stage.

Map-based cloning of YLWS

Genetic analysis of an F, population from a cross between
the WT and ylws mutant showed that the y/ws phenotype was
conferred by a single recessive nuclear gene (Table S1).
Twenty F, individuals with the ylws phenotype derived from a
cross between the ylws mutant and japonica line 02428 were
used in linkage analysis to establish the chromosome loca-
tion. The YLWS locus was associated with the simple se-
quence repeat (SSR) markers N3-17 and N3-22 on the short
arm of chromosome 3. Further fine mapping using 983 F,
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Figure 1. Phenotypes of the y/lws mutant
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(A) Phenotypes of wild-type (WT, left) and ylws mutant (right) seedlings 15 d post planting and grown at 20°C. Bar, 2 cm. (B) Phenotypes of WT (left) and ylws mutant
(right) at the second leaf stage. Bar, 3 cm. (C) Phenotypes of WT (left) and yiws mutant (right) at the tillering stage. Bar, 15 cm. (D) Leaf pigment concentrations of
field-grown WT and ylws mutant seedlings at 15d post seeding. Chl a, chlorophyll a; Chl b, chlorophyll b; Car, carotenoids. (E) Leaves of WT and ylws mutant
seedlings grown at 20°C, 25°C, and 30°C. Bar, 2 cm. (F-H) Leaf pigment concentrations of WT and ylws mutant seedlings at the three-leaf stage when grown at
20°C (F), 25°C (G), and 30°C (H), respectively. Values are means + SD from three independent repeats. Student's t-tests: P <0.01. FW, fresh weight.

individuals with mutant phenotype narrowed the YLWS locus
to a 148-kb interval between markers L10 and L22 containing
14 open reading frames (ORFs) (Figure 3A). Sequencing
analysis of all 14 ORFs revealed that compared with the WT,
ORF5 (Os03g0309800) had an 8-bp deletion in its coding
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region, causing a premature stop codon (Figure 3B). The
mutant site was further confirmed by SSR analysis using an
insertion/deletion (InDel) marker pair (Figure 3C). These
results suggested that Os03g0309800 was the candidate
gene corresponding to the YLWS locus.
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Figure 2. Transmission electron micrographs of mesophyll cells from WT and y/ws mutant leaves
(A) and (B) Chloroplasts from WT leaves at the three-leaf stage. (C) Chloroplasts from green portions and (D-F) white sectors of the same ylws mutant
leaves. Bars, 2 um in (A) and (D), 1 um in (B), (C), (E), and (F). WT, wild-type.

To verify whether the 8-bp deletion in Os03g0309800 was
responsible for the ylws phenotype, we transformed a
4-kb WT genomic fragment of Os0390309800 into the ylws
mutant. As expected, positive transgenic seedlings had normal
leaf color (Figure 3D). Positive transgenic knockout mutants
produced by clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) gene
editing in rice cultivar Kitaake showed similar seedling pheno-
types to the ylws mutant (Figure 3E, F). Taken together, these
results confirmed that Os03g0309800 was the YLWS locus.

YLWS encodes a chloroplast-targeted P-type PPR
protein
Sequence analysis revealed that YLWS encodes a PPR protein
of 540 amino acids (https:/blast.ncbi.nim.nih.gov), with puta-
tive homologs in maize (Zea mays) and Arabidopsis (Figure S1)
(Williams and Barkan, 20083; Lu et al., 2011). YLWS contains 11
canonical PPR motifs according to motif prediction by
TPRpred (https://toolkit.tuebingen.mpg.de/tools/tprpred) and
was thus identified as a P-type PPR protein (Figure 4A, B).
Based on TargetP analysis (http://www.cbs.dtu.dk/services/
TargetP), YLWS has a putative chloroplast localization signal at
the N terminus (Figure 4A). To test this prediction, we expressed
a YLWS-green fluorescent protein (GFP) fusion protein in rice
protoplasts and found that the GFP fluorescence of YLWS-GFP
displayed some dot-like structures which overlapped the
chloroplast autofluorescence (Figure 4C). These dot-like struc-
tures seemed to be localized in chloroplast nucleoids which can
be marked by YSS1, a chloroplast nucleoid-located protein
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(Zhou et al., 2017). We therefore constructed YSS1-mCherrry as
a nucleoid marker to perform colocalization analyses of YLWS
and YSS1. As shown in Figure 4D, YLWS was localized in the
chloroplast nucleoids.

Real-time quantitative reverse transcription polymerase
chain reaction (RT-gPCR) analysis showed that YLWS was
expressed in various tissues, and expression levels in L4
leaves of seedlings and young leaves of adult plants were
more than in other tissues (Figures 4E, F, S2), consistent with
data from the Rice eFP Browser (http://bar.utoronto.ca/
efprice/cgi-bin/efpWeb.cgi). The strongest expression of
YLWS in young leaves, such as L4 leaves, corresponded to an
important stage in early chloroplast development, during
which the ylws mutant displayed the white-striped leaf phe-
notype. We also analyzed YLWS expression in WT plants
grown at 20°C and 30°C. The transcript abundances of YLWS
at the three-leaf stage were higher in the WT under low tem-
peratures (Figure 4G). These results, together with the different
phenotypes at 20°C and 30°C (Figure 1E), indicated that
YLWS is induced by low temperatures and plays an essential
role in early chloroplast development under low temperatures.

The ylws mutant is defective in RNA splicing

of chloroplast group Il introns

Many characterized PPR proteins participate in chloroplast
RNA splicing and editing (Cai et al., 2017; Zhang et al., 2017; Liu
et al., 2018; Liu et al., 2021). To test whether YLWS also played
a role in chloroplast RNA splicing, we performed reverse
transcription PCR (RT-PCR) using specific primers listed
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Figure 3. Map-based cloning of the ylws locus

(A) The ylws locus was fine mapped to a 148-kb interval between markers L22 and L10 on chromosome 3 (Chr. 3). Arrows represent 14 putative genes in
the region. The ylws locus is indicated by a red arrow. (B) Structure of YLWS and ylws. Black boxes indicate the exons, and the white boxes indicate the
5’UTR and 3'UTR. ATG and TAA are the start and stop codons. An 8-bp deletion in ylws causes premature termination of translation after 447 amino acids.
(C) Verification of the difference between the YLWS and ylws genomic locus using a pair of InDel markers. (D) Complementation of y/ws by the wild-type
YLWS allele. Bar, 3cm. (E) Phenotypes of YLWS knock out lines in Kitaake. Bar, 3 cm. (F) Mutations at the target sites in YLWS knock out lines CR1 and
CR2 generated by the CRISPR/Cas9. Filled bars indicate exons and lines represent introns of YLWS.

in Table S3. The rice chloroplast genome contains 18 introns, compared with the WT (Figure 5). This suggested that YLWS is
including 17 group Il introns and one group | intron (Hiratsuka essential for their splicing. As expected, the defective splicing
et al., 1989). All chloroplast transcripts were amplified using was rescued in the complemented transgenic line and was
primers flanking the introns, and the lengths of the amplified present in the knockout transgenic line (Figure 6A).

products were compared between the WT and the ylws mutant. To confirm splicing defects in the ylws mutant, we per-
Four transcripts, atpF, rpos12-intron2, ndhA, and rpl2, containing formed RT-gPCR to compare the ratio of spliced/unspliced
group Il introns had unspliced cDNA in the ylws mutant transcripts. The ylws mutant had reduced efficiency in atpF,
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Figure 4. Subcellular localization of YLWS and expression analysis of YLWS

(A) Schematic structure of the functional domains of YLWS. SP, signal peptide predicted by TargetP. (B) The 11 PPR motifs of YLWS. (C) Subcellular
localization of YLWS-GFP fusion protein in rice protoplasts. Bars, 10 um. (D) Colocalization of YLWS-GFP and YSS1-mCherry within chloroplast nucleoids.
Bar, 10 um. (E) A rice seedling with fully expanded fifth leaf. Bar, 4 cm. (F) Transcript levels of YLWS in different tissues of WT seedlings. L2, second leaf, L3,
third leaf, L4, fourth leaf, L5, fifth leaf, SH, sheath, R, root. (G) Transcript levels of YLWS in third leaves of WT seedlings at 30°C and 20°C. Values are

means + SD (n=3) in (F) and (G).

ndhA, mol2, and rps12 splicing compared with the WT (Figure
6B). To further confirm these splicing defects, we designed
specific probes for the four transcripts for northern blotting
(Figure 6C). As expected, unspliced precursors of the four
transcripts were overaccumulated in the ylws mutant compared
with the WT (Figure 6D). These results indicated that YLWS is
essential for RNA splicing of chloroplast group Il introns.

YLWS directly binds to ndhA, atpF, and rpi/2 pre-mRNAs

Given that atpF, rps12-intron2, ndhA, and rpl2 splicing was
impeded in the ylws mutant we predicted that YLWS would

6 Month 2023 | Volume 00 | Issue 00 | 1-16

bind to specific sites in their pre-mRNAs. Based on the PPR
recognition code and previous reports (Barkan et al.,
2012; Yagi et al., 2013), we predicted possible YLWS-binding
sites using the MEME suite (https://meme-suite.org/meme/
index.html) (Figures 7A, S3). We performed RNA electro-
phoretic mobility shift assays (REMSAs) to test our pre-
diction. The purified recombinant YLWS-GST proteins were
incubated with RNA probes for rpl2, atpF, and ndhA or an
unlabeled competitive probe. YLWS-GST bound to the spe-
cific RNA nucleotides of ndhA, rpl2, and atpF, and the ability
of YLWS binding to these pre-mRNAs was alleviated with
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WT, wild-type.

increased concentrations of competitive probes but not the
unrelated probe (Figures 7B, S4; Table S3). RNA ColP anal-
ysis in rice protoplasts showed that YLWS could be specifi-
cally recruited to the rpl2, atpF-1, atpF-2, ndhA-1, ndhA-2,
and ndhA-3 regions with most enrichment in the rpl2, atpF-2,
and ndhA-3 probe regions (Figure 7C-E).

Expression levels of chloroplast-associated genes are
affected in the ylws mutant

Chloroplast development is controlled by the transcription of
plastid-encoded genes regulated by RNA polymerase com-
plexes NEP and PEP (Pfalz et al., 2006). To address whether

www.jipb.net

YLWS influenced chloroplast gene expression we assayed the
expression levels of plastid-encoded genes in the WT and ylws
mutant. RT-gPCR analysis showed that expression of PEP-
dependent genes, such as PsaA and PsbA (encoding reaction
center polypeptides of photosystem | or Il), and RbcL (the large
subunit of Rubisco), was significantly reduced, whereas that of
NEP-dependent genes, such as PEP subunit genes (oA,
rpoB, rpoC1, and rpoC2), was elevated in the ylws mutant at
20°C (Figure 8A). The PEP complex is composed of four
plastid-encoded core subunits (rpoA, rpoB, rpoC1, and rpoC2)
and several nuclear-encoded proteins such as polymerase-
associated proteins. Downregulation of PEP-dependent genes
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Figure 6. Splicing analyses of four chloroplast group Il introns in WT and y/lws mutant

(A) RT-PCR analyses of atpF, ndhA, rpl2, and rps12 transcripts in WT, ylws mutant (white-striped sector), and complemented line (Com) (left panel) or
Kitaake and knock out lines (white-striped sector) on the Kitaake background (right panel). (B) Quantitative RT-qPCR analyses of atpF, ndhA, rpl2, and
rps12 transcripts in WT, ylws mutant (white-striped sector). Values are means + SD (n = 3). (C) Sketch map of the atpF, ndhA, rpl2, and rps12 transcripts.
The red lines represent the probes used in (D). (D) Northern blotting of atpF, ndhA, rpl2, and rps12 splicing in the WT and ylws mutant. Positions of spliced
(S) and unspliced (U) transcripts are shown by arrows in (A) and (D). WT, wild-type.

and upregulation of NEP-associated genes usually imply de-
fects in PEP complex activity (Chateigner-Boutin et al., 2011; Lv
et al., 2017). These findings suggested that PEP complex ac-
tivity was disrupted in the ylws mutant at 20°C.

We also determined transcript levels of key
photosynthesis-associated nuclear genes and chlorophyll
biosynthesis genes and found that the transcription of
photosynthesis-associated nuclear genes CAB1R, CABZ2R,
and RbcS and chlorophyll biosynthesis genes HEMA, HEML,
HEMB, CHLD, HEME, CHLH, CHLM, CHLG, CRD, and POR

8  Month 2023 Volume 00 Issue 00 1-16

was reduced in the ylws mutant at 20°C compared with the
WT (Figure 8A, C). However, the expression level changes
were less dramatic in the y/lws mutant at 30°C (Figure 8B, D),
consistent with the slight pale-green phenotype of the ylws
mutant at 30°C.

Furthermore, we measured the abundance of photo-
synthetic proteins; Rubisco activase (RCA), Rubisco large
subunit (RbcL), photosystem subunits PsaA and PsbA, and
508 ribosomal protein L2 (Rpl2) were lower in the ylws mutant
than in the WT (Figure 8E, F). Rpl2 is a component of the

www.jipb.net

85US017 SUOLLLOD SAIERID 3|qedtjdde auy Aq pausenob a1e 3Pl O 88N JO S3NJ o AXeiq1T 3UlUO AB|IM UO (SUO B IPUOD-PUR-SLLBY WD A3 1M Alelq 1 pu JUO//STY) SUORIPUOD PUe swid | 8U) 83S *[£202/50/72] Uo ARiqiTauljuo A|IMm ‘4O Auspeoy sseuiyd Aq L.yeT dITTTT 0T/I0p/wo0 Ao 1M Aelgijeul|uoy/sdiy wouy papeojumod ‘0 ‘606L172T



Journal of Integrative Plant Biology

YLWS regulates rice chloroplast development

A
ATG 1pl2 TAA ATG atpF TGA ATG ndhA TAA
1pI2 probe afpF-1 probe  atpF-2 probe ndhA-3 ndhA-1 ndhA-2 probes
rpl2 RT atpF-1 RT atpF-2 RT ndhA-3/5 ndhA-1 ndhA-2 RT primer
B
ndhA-1 ndhA-2 ndhA-3
YLWS-GST - + + i + - + + + - + + + +
BST % =~ = © = + - = - + ~ = = -
Biotin-Probe + + + + + + + + + + + + + e
Competitor - - 50x 100x 500x - 50x 100x 500x . - 50x 100x 500x
Protein+Probe > - - - —
Free Probe
rpl2 atpF-1
YLWS-GST - B & - + + +
GST + - + - - -
Biotin-Probe + + + + + + + + +
Competitor - 50x 100x 500x - 50x 100x 500x - - 50x 100x 500x
Protein+Probe > ==ons —-— — ‘ -—
= | L '
Free Probe . » , TS Sy e,
C D E
45 - 6 1
257 mlgG oGFP 40| ®gGOGFP B mlgG oGFP
g 20 8 3.5 4 k3 % =
: £
£ E 30 £ 44
S 3} =)
G 15 2 25 1 £,
= C
S o 2.0 A o
o 101 2 5 2 21
o L 40 s
L 0.5 : _I|—| I I 14 j’-}l
0.5 -
0 A y . . 04 : . .
rpl2CK rpl2 atpF-CK atpF-1  atpF-2 ndhA-CK ndhA-1 ndhA-2 ndhA3/5

Figure 7. RNA electrophoretic mobility shift assay (REMSA) of YLWS

(A) Sketch diagram of the REMSA probes (red) in (B) and RNA ColP primers (blue) for rp/2, ndhA, and atpF used in (C-E) on their corresponding pre-
mRNAs. (B) REMSA analysis of YLWS-GST. Biotin-labeled specific ndhA-1, ndhA-2, ndhA-3, rpl2, atpF-1, and atpF-2 RNA sequences were used as probes.
YLWS-GST, GST, and biotin-labeled probes were present (+) or absent (-) in each reaction. GST protein was used as a negative control. Unlabeled probes
were used as competitors. (C-E) RNA ColP analyses of YLWS in rice protoplast. rp/23, atpA, and ndhH were used as rpl2-CK, atpF-CK, and ndhA-CK

respectively. Values are means + SD (n = 3).

chloroplast ribosome that functions as the translation
machinery for chloroplast proteins. The chloroplast ribosome
is composed of a 508 large subunit and a 30S small subunit
and, in detail, the two subunits are further composed of
multiple rRNAs (16S, 23S, 5S, and 4.5S) and ribosomal pro-
teins. To test if the chloroplast ribosome was impaired in the
ylws mutant, we analyzed the composition and contents of
rRNAs in ylws and WT plants using an Agilent 2100

www.jipb.net

bioanalyzer. The 16S and 23S chloroplast rRNA subunits
were barely detected in white portions of the ylws mutant
leaves (Figure S5A), and the levels of 16S and 23S subunits in
whole ylws mutant leaves were substantially reduced com-
pared with those in whole WT leaves in seedlings grown at
20°C (Figure S5B). However, these differences were much
less dramatic between seedlings grown at 30°C (Figure S5C).
YLWS is homologous with AtPPR2 (Figure S1), which binds
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Figure 8. Expression levels of representative genes associated with chloroplasts

(A, B) RT-gPCR analysis of photosynthesis-associated genes in WT and ylws mutant at the three-leaf stage grown at 20°C (A) and 30°C (B). (C, D) RT-
gPCR analysis of chloroplast synthesis genes in WT and the y/lws mutant at the three-leaf stage grown at 20°C (C) and 30°C (D). Values are means + SD
(n=23). (E, F) Abundance of photosynthetic proteins of WT and the ylws mutant at the three-leaf stage when grown at 20°C. Hsp82 was used as the internal

reference. Student's t-tests: **P <0.01. WT, wild-type.

to plastid 23S rRNA and plays an important role in gameto-
genesis and embryogenesis (Lu et al., 2011). Therefore, we
tested by RNA pull-down assay whether YLWS could bind to
23S rRNA. The results showed that YLWS could bind to
biotin-labeled 23S rRNA in vitro (Figure S5D, E). We predicted
possible target sites in 23S and performed REMSA analysis,
but YLWS did not bind to the predicted sites (Figure S5F, G).
These results confirmed that chloroplast ribosome bio-
genesis was severely impaired in the y/lws mutant seedlings
grown at low temperatures.

The ylws mutant is defective in RNA editing

RNA editing is an important post-transcriptional process that
converts specific target cytidines to uridine to alter RNA se-
quences in plastids and mitochondria (Takenaka et al., 2013).
Some PPRs were reported to participate in RNA editing
(Hammani et al., 2009; Liu et al., 2018; Cui et al., 2019). To
detect whether YLWS was involved in RNA editing, we se-
quenced all 21 identified RNA editing sites in chloroplast
RNA. We found that the editing efficiencies of ndhA-C473,
ndhB-C737, and rps14-C80 were reduced in the ylws mutant
and were restored to WT levels in the complemented line
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(Figure S6A), whereas that of rpoB at C467, C545, and C560
was increased in ylws compared with the WT (Figure S7).
There was no obvious difference between WT and ylws
plants in the other 15 RNA editing sites (Figure S7; Table S2).
C467 (codon 156), C545 (codon 182), and C560 (codon 187)
of rpoB (encoding the f subunit of RNA polymerase) are
located within the dispensable region, which can be deleted
without altering the basic function of RNA polymerase in
Escherichia coli (Corneille et al., 2000). Therefore, abnormal
editing of rpoB sites may not be responsible for the white-
striped phenotype of the ylws mutant.

Next, we analyzed the sequences close to the target
editing sites of ndhA, ndhB, and rps14 transcripts and found
nucleotides surrounding the target editing sites of ndhA
that might be recognized by YLWS (Yagi et al, 2013).
Furthermore, REMSAs confirmed that YLWS recognizes and
binds to ndhA but not to ndhB and rps14 transcripts (Figures
S6B, S8).

Multiple organellar RNA editing factors (MORFs) are key
components of editosomes, which edit plastid/mitochondrion
RNAs in flowering plants (Takenaka et al., 2012). We tested
if YLWS interacted with MORF proteins. Yeast-two-hybrid
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assays showed that YLWS interacted with OsMORF8a
(Os09g04670) and OsMORF8b (0s09g33480) in yeast, but not
with OsMORF9 (0Os08g04450), WSP1 (Os04g51280), or the
negative control (Figure S6C). We examined the subcellular
localization in rice protoplasts and found that OsMORF8a and
OsMORF8b were partially located in chloroplasts (Figure S9).
Further, bimolecular fluorescence complementation (BiFC)
and luciferase complementation assays in Nicotiana ben-
thamiana confirmed the interaction between YLWS and
OsMORF8a (and OsMORF8b) in vivo (Figure S6D-F). These
results suggested that YLWS could be involved in RNA editing
via an editosome coupled with OsMORF8a/b.

DISCUSSION

YLWS is a P-type PPR protein that is essential

for chloroplast development

We isolated and characterized an ylws mutant that showed a
white-striped leaf phenotype during early seedling growth but
later reverted to a normal green phenotype (Figure 1A-C).
The ylws seedlings grown at 20°C were near-albinic
and the chlorophyll ultrastructure was seriously disrupted
(Figures 1A, 2D-F). The ylws mutant displayed moderate
white striping at 25°C and a pale-green phenotype at 30°C
(Figure 1E). Correspondingly, the chlorophyll contents in ylws
mutant seedlings relative to the WT were strongly reduced at
20°C but only slightly reduced at 30°C (Figure 1F-H). These
results indicated that the ylws mutant phenotype was sensi-
tive to low temperatures.

Chloroplast development requires coordinated ex-
pression of nuclear and plastid genes (Hedtke et al.,
1997; Yu et al., 2014). Defects in PEP and NEP genes affect
chloroplast development and reduce leaf pigmentation
(Barkan and Small, 2014; Tang et al., 2017; Liu et al., 2018).
The PEP complex consists of several nuclear-encoded
proteins and four plastid-encoded core subunits (Steiner
et al., 2011) and, to a certain extent, upregulation of NEP-
associated genes is probably due to defects in the PEP
complex in chloroplasts (Lv et al., 2017). PEP-dependent
genes, such as PsaA, PsaB, and RbcL, in ylws mutant
seedlings grown at 20°C, were downregulated, but NEP-
dependent genes, such as rpoA, rpoB, rpoC1, and rpoC2,
were upregulated (Figure 8A), implying that loss of function
of YLWS impedes chloroplast PEP complex activity and that
YLWS is required for the chloroplast PEP transcription ma-
chinery formation under low temperatures.

Impaired PEP activity and ribosome biosynthesis may
cause the ylws phenotype

RNA splicing is the process of removing introns from pre-
mRNAs and connecting exons to form a continuous mRNA
molecule for translation. RNA-binding proteins play vital roles
in splicing RNA introns in plant plastids (de Longevialle et al.,
2010). PPRs function as RNA-binding proteins and are
implicated in RNA processing, stabilization, cleavage, and
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group Il intron splicing (Barkan and Small, 2014). P-type PPR
proteins are mainly responsible for intron splicing. In Arabi-
dopsis, PBF2, EMB1270, and ECD2 belong to the
P-subfamily. PBF2 is specifically required for ycf3 intron 1
splicing (Wang et al.,, 2020), and EMB1270 interacts with
CFM2 to splice specific group Il introns in clpP1.2, ycf3.1,
ndhA, and ndhB transcripts (Zhang et al., 2021). ECD2 also
participates in the splicing of ndhA, ycf3-int-1, rps12-int-2, and
clpp-int-2 transcripts in cotyledon chloroplasts (Wang et al.,
2021). In contrast with PPRs in Arabidopsis, few P-type PPRs
have been cloned in rice, and the mechanisms of their post-
transcriptional regulation of plastid genes remain unclear.

We identified a P-type PPR gene, YLWS, which has higher
expression in leaves and its mutation caused white-striped
leaves and abnormal chloroplast structure in seedlings (Figures
1-4). YLWS was localized in chloroplast nucleoids (Figure 4C,
D), suggesting that YLWS was involved in post-transcriptional
modification and translation. Further analyses demonstrated
that YLWS participates in splicing atpF, rpl2, ndhA, and rps12
transcripts during early seedling development (Figures 5, 6).
Based on the reported method (Barkan et al., 2012; Yagi et al.,
2013), we predicted the potential binding sites of YLWS (Figure
S3). EMSA assays and RNA ColP analysis in rice protoplast
confirmed that YLWS targets specific sites in ndhA, atpF, and
rpl2 pre-mRNAs (Figures 7, S4). However, no specific predicted
binding sequence was identified in the rps72 intron. It is notable
that we found multiple YLWS-binding sites in ndhA and atpF
pre-mRNAs and, among these sites, the ndhA-3 and atpF-1
sites were located in the first exon of the respective pre-mRNAs
(Figure 7A), suggesting that YLWS target sites are not confined
to introns. Given that PPR proteins have stabilization, translation,
splicing, and other unknown functions, YLWS may bind to
exons of ndhA and atpF pre-mRNAs to perform other functions.

Among the abnormally spliced transcripts, rps12 encodes
the ribosomal protein S12, which is a component of the 30S
ribosomal subunit, whereas rp/2 encodes ribosomal protein
subunit L2, which is involved in the peptidyl-transferase
center. The absence of Rpl2 is a sensitive signal for a de-
fective ribosomal function center (Nierhaus, 1982). Most
studies on ribosome-deficient mutants have revealed that
their proteins function in splicing by associating specifically
with one or more group Il introns. In Arabidopsis, EMB2654 is
required for trans-splicing of rpsi12 transcript, and its
emb2654 mutant lacked the Rpsi12 protein, thus failing to
assemble the small subunit of the plastid ribosome
(Aryamanesh et al., 2017). In maize, the ppr4-1 mutant lacks
chloroplast ribosomes because of the failure to splice the first
intron of rps12-intron 1 (Schmitz-Linneweber et al., 2006).
Although rps12 was spliced defectively in our study, no
specific binding sequence was identified in the rps72 intron;
hence, the splicing defect of rps72 was likely to be a sec-
ondary effect. WSL, WSL5, and CDE4 in rice are also in-
volved in rpl2 splicing, and all wsl, wsl5, and cde4 mutants
exhibit abnormal plastid transcriptional/translational machi-
nery and defective chloroplast development (Tan et al.,
2014; Liu et al., 2018; Liu et al., 2021). In addition, all
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inefficient rp/2 splicing in barley, Arabidopsis, and rice results
in ribosome-deficient plastids and albinic phenotypes (Hess
et al., 1994; Tan et al., 2014; Huang et al., 2018). Therefore,
the low abundance of Rpl2 protein in the ylws mutant sug-
gests that defective splicing of rp/2 probably caused
ribosome-deficient plastids in the yiws mutant.

Although RNA pull-down analysis showed that YLWS
binds to the 23S rRNA in vitro, REMSA analysis revealed that
YLWS could not bind to predicted sites. 23S and 16S rRNA
were significantly decreased in the ylws mutant at 20°C but
not at 30°C (Figure S5). As the ylws mutant phenotype is
temperature sensitive, we speculated that the deficiency of
23S and 16S rRNA was due to impaired ribosome biosyn-
thesis caused by defective splicing of rp/2 transcript, but not
the direct effect of the ylws mutation. In support, we found
that when the editing site of rps8 was impaired, the 23S and
16S rRNAs were also significantly decreased at 20°C but not
at 30°C (Zhang et al., 2020). Many mutants that share similar
characteristics of defective chloroplast ribosomes also have
23S and 16S rRNA deficiencies at low temperatures (20°C)
(Wang et al., 2016; Zoschke et al., 2016; Liu et al., 2021).

In addition, ndhA, ndhB, and rps14 transcripts were abnor-
mally edited in the ylws mutant and we found that YLWS spe-
cifically recognized RNA sequences close to the editing sites of
ndhA but not rps14 and ndhB (Figure S6). Whereas YLWS
might participate in the editing and splicing of ndhA, and given
that knockout of the NDH complex in tobacco (Nicotiana
tabacum) results in no phenotypic change under standard
conditions, we speculated that ndhA and ndhB might not be
responsible for the ylws mutant phenotype (Burrows et al.,
1998). As no specific predicted binding sequence was identified
in ndhB and rps14 it is possible that the editing defect of ndhB
and rps14 is a secondary effect caused by the ylws mutation.

We further found that YLWS participates in both editing
and splicing of ndhA and splicing of rp/2 by targeting specific
recognition motifs (Figures 7, S6). Unlike the Arabidopsis
PPR protein SOT1, which contains a crucial small SMR do-
main with endonuclease activity that can directly splice the
rRNA (Zhou et al., 2017), YLWS does not have an SMR-like
domain. In maize, PPR-E proteins function in RNA editing
with the assistance of MORFs as key editing factors (Wang
et al., 2023). YLWS also interacts with MORF proteins (Figure
S6). Therefore, we speculated that YLWS mainly acts as a
recognition protein to participate in splicing or editing RNAs
complexed with other splicing or editing factors.

Our overall results support the view that splicing defects of
rpl2 transcripts largely contributed to disrupting chloroplast
protein translation by damaging the assembly of the plastid ri-
bosome, leading to disrupted PEP activity, abnormal chloroplast
development, and the albinic phenotype of the yiws mutant.

CONCLUSIONS

Here, we report that YLWS, a P-type PPR protein, plays a vital
role in chloroplast development. YLWS is involved in
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chloroplast RNA splicing by targeting specific pre-mRNA se-
quences. YLWS influences plastid gene expression and plastid
ribosome biogenesis. Identification of YLWS will help to eluci-
date the molecular mechanisms of plastid development and
ribosome biogenesis and provides insight into the regulatory
mechanism of chloroplast development in young seedlings.

MATERIALS AND METHODS

Plant materials and growth conditions

The ylws mutant was identified in an EMS-mutagenized
population of indica rice cultivar Nanjing 11 (NJ11). Plants
were grown in the field (natural long-day conditions) or
growth chamber at 30, 25, and 20°C with a 16-h-light/8-h-
darkness photoperiod. Third leaves of seedlings at ~15d
post planting were used for most analyses. Crosses were
made between the ylws mutant and NJ11 for genetic
analysis, and between the ylws mutant and line 02428
(jiaponica) for gene mapping.

Pigment contents and TEM

WT and ylws mutant seedlings were grown in growth cham-
bers as described above. Fresh leaves were collected to
determine the chlorophyll contents using a spectropho-
tometer as previously described (Arnon, 1949). Briefly, 0.2 g
leaves were cut into pieces and soaked in 95% ethanol for
48 h in darkness with periodic gentle shaking. The super-
natants were collected by centrifugation and analyzed using
a spectrophotometer (Beckman Coulter, DU 800 UV/Vis,
USA) at 665, 649, and 470 nm to determine Chl a, Chl b, and
carotenoid contents, respectively.

TEM was performed as previously described (Wang et al.,
2016). Briefly, leaves from the WT and green and white sec-
tors of the ylws mutant were cut into 0.5-cm pieces and fixed
in 2.5% glutaraldehyde in phosphate buffer (0.1 mol L™, pH
7.2) at 4°C for 4 h. Air bubbles on the surface of lead blades
were removed by a vacuum pump. The leaf blades were fixed
in 1% OsO,4 at room temperature for 12 h and then incubated
overnight at 4°C. The tissues were dehydrated in an ethanol
series, infiltrated in a gradient series of epoxy resin, and fi-
nally embedded in Spurr's medium prior to ultrathin sec-
tioning. Samples were stained again and then observed with
a Hitachi H-7650 TEM.

Map-based cloning and plant transformation

Twenty F, plants with the recessive ylws phenotype from the
cross between the ylws mutant and line 02428 (japonica) were
used for preliminary mapping, and 983 F, plants with
mutant phenotype were selected for fine mapping. InDel/new
SSR markers were designed based on the 93-11 (indica) and
Nipponbare (japonica) sequences posted at NCBI (http://www.
ncbi.nlm.nih.gov). The YLWS locus was narrowed to a 148-kb
genomic region flanked by markers L10 and L22 on the short
arm of chromosome 3. Newly developed PCR-based molecular
markers used for fine mapping are listed in Table S3.
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For complementation tests of the ylws mutant, an ~4-kb
WT genomic fragment containing the promoter, two exons,
and one intron of YLWS was amplified and cloned into the
pCUbI-1390 binary vector. The pCUbi-1390-YLWS plasmid
was transformed into y/lws mutant calli using Agrobacterium
tumefaciens (strain EHA105).

To generate YLWS CRISPR/Cas9 lines, a 20-bp sgRNA
targeting the first exon of YLWS was cloned into the CRISPR/
Cas9 vector according to a previously described method
(Miao et al., 2013). The plasmid was used to infect Kitaake
calli using A. tumefaciens. Hygromycin-resistant calli
were grown in a greenhouse to obtain transgenic plants.
Positive transgenic plants were identified by PCR ampilifica-
tion and sequencing.

Subcellular localization of YLWS

The full-length YLWS coding sequence was amplified and
cloned into the N terminus of the GFP tag of the PAN580-
GFP vector driven by the CaMV35S promoter to generate the
35S::YLWS-GFP construct. The construct was transformed
into rice protoplasts extracted from 9-d-old seedlings and
incubated at 28°C for 16 h in darkness before the examina-
tion. GFP fluorescence was observed with a confocal laser
scanning microscope (LSM 700; Zeiss).

RNA isolation, RT-PCR, and qRT-PCR analyses

Total RNA was extracted using a previously reported method
(Lan et al., 2020) and reverse transcribed using PrimeScript I
Reverse Transcriptase (TaKaRa) with an oligo(dT)18 primer
for nuclear-encoded genes or random hexamer primers for
plastid-encoded genes.

Real-time quantitative PCR was performed using a SYBR
Premix Ex Taq Kit (TaKaRa) on an ABI Prism 7500 Real-Time
PCR System. UBQ5 (LOC_0Os03g13170) was used as the
reference gene. Specific primers for gRT-PCR are listed
in Table S3. We performed three biological replicates for
each experiment. Relative gene expression was analyzed
using the 2724@ method (Livak and Schmittgen, 2001).

RNA ColP

A 35S:YLWS-GFP construct was transformed into rice proto-
plasts extracted from 9-d-old NJ11 seedlings and incubated for
16 h in darkness at 28°C. RNA ColP analysis was performed
using an RNA Immunoprecipitation Kit (P0101, Gene Seed,
Guangzhou) according to the instructions. Briefly, equal amounts
of A+ G protein beads were separately incubated with GFP
antibody and IgG antibody in an incubation buffer and washed
with a washing buffer. The protoplasts were lysed in lysis buffer
supplemented with 1% RNase inhibitor and protease inhibitor for
10 min. After centrifuging at 4°C for 10 min the supernatant was
divided into two parts and incubated with A+ G protein beads,
which bound the GFP and IgG antibodies in an incubation buffer.
After incubation, the beads were washed three times with
washing buffer. RNA that bound to the beads was extracted with
reagents provided by the kit according to instructions provided
with the kit. The RNA was reverse transcribed to cDNA for gPCR
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analysis. The incubation buffer, lysis buffer, and washing buffer
were provided by the kit. Normal anti-mouse IgG was used as a
negative control. rpl23, atpA, and ndhH were used as rpl2-CK,
atpF-CK, and ndhA-CK, respectively. To validate putative YLWS-
binding targets, three biological replicates of immunoprecipitated
RNA in chromatin immunoprecipitation (ChIP) were applied for
each gPCR using the relevant primer pairs listed in Table S3.
Relative enrichment was calculated using the 27449 method
(Livak and Schmittgen, 2001), and significant differences were
evaluated by t-tests comparing IP samples and IgG controls.

RNA pull-down

The YLWS coding region was amplified and cloned into
vector PGEX-4T-2. GST and YLWS-GST were expressed at
16°C with 0.5 mM IPTG for 16 h. The biotin-labeled 23S rRNA
probe was in vitro transcribed and biotin labeled using
T7 RNA polymerase (Gene Seed, catalog no. R0402). RNA
pull-down assays were performed with a PureBinding™
RNA-Protein Pull-down Kit (Gene Seed, catalog no. P0201).
The unlabeled and biotin-labeled 23S probes were incubated
with Streptavidin Magnetic Beads for 30 min, followed by
incubation with GST-YLWS protein for 1 h. The beads were
washed six times with 1x phosphate-buffered saline buffer
and boiled for 10 min, and the eluate was analyzed by
western blot using an anti-GST antibody.

Protein extraction, SDS-PAGE, and immunodetection
Total protein was isolated from WT and y/ws mutant leaves at
the three-leaf stage using protein extraction buffer (50 mM
Tris-HCI, pH 8.0, 1 mM MgCl,, 10 mM EDTA, 0.5 M sucrose,
0.5M DTT, and 1x protease inhibitor cocktail). The extracts
were separated by sodium dodecyl sulfate-PAGE, transferred
to nitrocellulose (NC) membranes, and immunoblotted with
specific antibodies. Antibodies were obtained from BPI
(http://www.proteomics.org.cn/).

RNA analysis

Total RNA was extracted from leaves of 15-d-old WT and
ylws plants grown at 20°C or 30°C using an RNAprep Pure
Plant Mini Kit (TITANGEN, Beijing). RNA samples were diluted
to 200 ng/uL. RNA analysis was performed following the
Agilent RNA 6000 Nano Kit instructions.

RNA editing sites and RNA splicing analyses

Specific cDNA fragments for RNA editing were amplified with
primers following previously published protocols (Takenaka
and Brennicke, 2007) and compared to identify the C-to-T RNA
editing efficiency. The primers used for RNA editing analysis
were obtained from a previous study (Tan et al., 2014).

For RNA splicing analysis, we designed primers flanking
the introns to amplify plastid genes with at least one intron
(Table S3). PCR cycles were adjusted to between 25 and 35
according to the corresponding gene expression.

Northern blotting
Total RNA from WT and ylws mutant plants was isolated from
leaves of three-leaf-stage seedlings using TransZol Up
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(TransGen); ~2mg RNA was fractionated in a 1.5% (w/v)
denaturing formaldehyde agarose gel and transferred onto
Hybond NC nylon membranes (GE Healthcare Biosciences).
Probes for northern blotting were labeled using the DIG
Northern Starter Kit (Roche) according to the instruction
manual. Primers are listed in Table S3.

Prehybridization and hybridization were conducted at 68°C
in PerfectHyb Plus Hybridization Buffer (Sigma) for 1 and 10 h,
respectively. RNA was detected using the DIG Wash and
Block Buffer Set (Roche) and finally imaged on an imaging
system (Tanon 5200, LI-COR, Beijing).

EMSAs

The 5-biotin-labeled probes were synthesized by GenScript
(Nanjing) (primer pairs listed in Table S3). The YLWS coding
region was amplified and cloned into vector PGEX-4T-2.
YLWS-GST was expressed at 16°C with 0.5 mM IPTG for
16 h. RNA-EMSA was performed using a Light Shift EMSA Kit
following the manufacturer's recommendations. The 20 uL
DNA binding reaction comprised 2 uL probe, 2 uL binding
buffer, 1ug purified GST or YLWS-GST protein, labeled
probes or competitive probes, and RNase-free water. The
samples were incubated at room temperature for 30 min,
separated on native polyacrylamide gels containing 6.5%
acrylamide, transferred onto a nylon membrane (Millipore,
Billerica, USA), and crosslinked at 120 mJ/cm? using UV light.
The membrane was incubated in 20 mL blocking buffer for
15min and conjugate/blocking buffer solution for 15 min.
Substrate equilibration buffer was applied to the membrane
for 5min after washing. Finally, the substrate working sol-
ution was added to detect the signal.

Bimolecular fluorescence complementation assay
YLWS-cYFP, MORF8a-nYFP, MORF8b-nYFP, and corre-
sponding empty vectors were transformed into A. tume-
faciens strain EHA105. For transient expression, A.
tumefaciens carrying the different combinations was co-
infiltrated into Nicotiana benthamiana leaves. After 48 h,
the fluorescence was observed with an LSM700 confocal
laser scanning microscope (Zeiss).

Firefly luciferase complementation assay

The YLWS coding sequence was fused to the pCAM-
BIA1300split_cLUC vector. The MORF8a and MORF8b
coding sequences were fused to the pCAMBIA1300s-
plit_nLUC vector. Primers for these constructs are listed
in Table S3. MORF8a-nLUC, MORF8b-nLUC, YLWS-cLUC,
and corresponding empty vectors were transformed into
A. tumefaciens strain EHA105. Different combinations of
A. tumefaciens containing the above plasmids were co-
transformed into N. benthamiana leaves. After 48 h, luciferase
intensity was measured using a Night SHADE LB 985
imaging apparatus.

Accession numbers
Sequence data from this article can be found in the GenBank
database under the following accession numbers: FLO10,
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LOC_0s03g07220; FLO18, LOC_0Os07g48850; OGRI,
LOC_0s12g17080; MPR25, LOC_Os04g51350; OsV4,
LOC_0s04g39970; WSL, LOC_Os01g37870; ALS3, LO-
C_0Os01g48380; OspTAC2, LOC_0Os03g60910; OsPPR6,
LOC_0s05949920; WSL4, LOC_0s02g35750; WSLS5,
LOC_0s04g58780; UBQ5, LOC_0s03g13170; EMB1270,
At3G18110; PBF2, AT3G42630; ECD2, AT5G50280; WSP1,
LOC_0Os04g51280; OsMORF8a, LOC_0Os09g04670; Os-
MORF8b, LOC_0s09g33480; OsMORF9, LOC_0s08g04450;
and YSS17, LOC_0s04g59570.
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