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Plastid ribosomal proteins (PRPs) are necessary components for plastid
ribosome biogenesis, playing essential roles in plastid development. The
ribosomal protein L18 involved in the assemble of 5S rRNA and 23S rRNA,
is vital for E. coli viability, but the functions of its homologs in plant plastid
remain elusive. Here, we characterized the functions of the plant plastid
ribosomal protein L18s (PRPL18s) in Arabidopsis and rice. AtPRPL18 was
ubiquitously expressed in most of the plant tissues, but with higher expression
levels in seedling shoots, leaves, and flowers. AtPRPL18 was localized in
chloroplast. Genetic and cytological analyses revealed that a loss of function
of AtPRPL18 resulted in embryo development arrest at globular stage.
However, overexpression of AtPRPL18 did not show any visible phenotypical
changes in Arabidopsis. The rice OsPRPL18 was localized in chloroplast.
In contrast to AtPRPL18, knockout of OsPRPL18 did not affect embryo
development, but led to an albino lethal phenotype at the seedling stage.
Cytological analyses showed that chloroplast development was impaired in
the osprpl18-1 mutant. Moreover, a loss-function of OsPRPL18 led to defects
in plastid ribosome biogenesis and a serious reduction in the efficiency of
plastid intron splicing. In all, these results suggested that PRPL18s play critical
roles in plastid ribosome biogenesis, plastid intron splicing, and chloroplast
development, and are essential for plant survival.

plastid ribosomal protein, chloroplast, albino seedling, Arabidopsis, rice, intron
splicing, embryo development
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Introduction

Plastid is a semiautonomous organelle that possesses its own
genome and protein synthesis apparatus (Zoschke and Bock,
2018). The plastid ribosome is responsible for the synthesis
of plastid genome-encoded proteins, playing a pivotal role in
plastid biogenesis (Tiller and Bock, 2014). Similar to prokaryotic
ribosomes, the plastid 70S ribosome consists of a 50S large
subunit and a 30S small subunit. The 50S subunit contains
23S rRNA, 5S rRNA, 4.5S rRNA, and 33 ribosomal proteins,
while the 30S subunit contains 16S rRNA, and 24 ribosomal
proteins (Tiller and Bock, 2014). Interestingly, 36 out of the 57
ribosomal proteins are encoded by nuclear genes, and the others
are encoded by plastid genes (Tiller and Bock, 2014), indicating
that the biogenesis of plastid translational apparatus may be
tightly regulated under the cooperation of plastid and nucleus.

In the past two decades, lots of researches have shed
light on the functions of plastid ribosomal proteins (PRPs).
In Arabidopsis, many PRPs were confirmed to be essential
for plant viability, such as AtPRPL1, AtPRPL4, AtPRPLS6,
AtPRPL10, AtPRPL13, AtPRPL1S8, AtPRPL21, AtPRPL27,
AtPRPL28, AtPRPL31, AtPRPL35, AtPRPS13, and AtPRPS20
(Tzafrir et al., 2004; Bryant et al., 2011; Romani et al., 2012;
Yin et al, 2012). Indeed, AtPRPL1, AtPRPL4, AtPRPL21,
AtPRPL27, AtPRPL35 and AtPRPS20 were vital for the
transition from the globular to the heart stage of embryogenesis
(Romani et al, 2012; Yin et al, 2012), and AtPRPL28 was
essential for plant development during the embryo greening
process (Romani et al, 2012). Some PRPs appeared to
be dispensable for plant viability, but play critical roles
in plant development, such as AtPRPLII, AtPRPL21,
AtPRPL24, AtPRPS1, AtPRPS5, AtPSRP3, AtPSRP4,
AtPSRP5, which showed pale-green leaves and retarded plant

and

growth (Pesaresi et al.,, 2001; Morita-Yamamuro et al., 2004;
Romani et al, 2012; Tiller et al., 2012; Zhang et al., 2016).
In contrast to Arabidopsis, a few of plastid ribosomal genes
were characterized in rice. A loss function of either of the
plastid ribosomal genes OsPRPSI/ASL4, OsPRPS20/ASLI,
OsPRPLI2/ALI, or OsPRPL21/ASL2 resulted in an albino
seedling death phenotype (Gong et al, 2013; Lin et al,, 2015;
Zhao et al, 2016; Zhou et al, 2021). The mutant with a
substitution from glycine to valine (G92V) of OsPRPS9/WGL2
showed an albino phenotype at the early seedling stage,
and then gradually transitioned to green (Qiu et al, 2018).
However, the knock-out mutant of OsPRPS9/WGL2 exhibited
albino lethal phenotype at seedling stage (Qiu et al, 2018).
Interestingly, a single amino acid residue mutation from
Threonine to Isoleucine (T81I) of OsPRPL13/WLPI1 led to
an albino phenotype at 23°C, but no significant differences
compared with wild-type plants at 30°C, while OsPRPLI3
RNAI plants displayed albino lethal phenotype (Song et al,
2014). These results suggested that PRPs are crucial for plant
development.
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In prokaryotic organisms, the ribosomal protein L18
is essential for the assembly of 5S rRNA and 23S rRNA.
The C-terminal of L18 contains a 5S rRNA binding site,
and its N-terminal is involved in the interaction of 5S
rRNA and 23S rRNA (Brosius et al, 1975; Newberry and
Garrett, 1980). In Arabidopsis, eight homologs of L18 were
identified, including pL18-L1, wL18m, pL18c/AtPRPLI8
(Plastid Ribosomal Protein L18), wL18-L4, wL18-L5, wL18-
L6, nwL18-L7, and pL18-L8 (Wang et al, 2020). pL18
m was confirmed to be a component of mitochondria
ribosome (Waltz et al, 2019), while wL18c/AtPRPL18 was
proposed to be a plastid ribosomal protein (Wang et al,
2020). A screening of nuclear genes encoding chloroplast-
localized proteins required for embryo development identified
a mutant (emb3105) of AtPRPLIS, which displayed an
unconfirmed embryo-defective phenotype in Arabidopsis
(Bryant et al,, 2011). However, direct evidence of the role
of AtPRPL18 in plant embryo development is still lacking,
and the functions of PRPL18s in other plant species remains
elusive.

In the present study, a comparison of the functions of
PRPL18s in Arabidopsis and rice was performed. Both of
AtPRPL18 and OsPRPL18 were expressed highly in green tissues,
and their proteins were localized in chloroplast. However, a
loss function of AtPRPLIS8 resulted in embryo development
arrest at globular stage, while knockout of OsPRPLI8 did not
affect embryo development, but chloroplast development was
aborted, leading to an albino lethal phenotype at seedling
stage. Furthermore, OsPRPL18 is required for plastid ribosome
biogenesis and plastid intron splicing. Taken together, these data
highlight the essential roles of PRPL18s in plant development in
Arabidopsis and rice.

Materials and methods

Plant materials and growth conditions

Arabidopsis thaliana ecotype Columbia-0 (Col-0) and the
japonica rice ecotype WuYunGeng (WYG) were used as the
wild-types in this study. The atprpll8/+ T-DNA insertion
mutant (SAIL_415_HO08) was obtained from Arabidopsis
Biological Resource Center (ABRC). Arabidopsis seeds were
surface sterilized by 2.5% NaClO for 8 min followed by 5 times
rinsing with sterile water and stratified at 4°C for 2 days. The
Arabidopsis plants were cultivated in a greenhouse at 22 4= 2°C
under a 16 h light and 8 h dark cycle (Wu et al, 2015). Rice
seeds were surface sterilized and germinated on MS medium
supplemented with 3% sucrose and 0.7% agar in a growth
chamber under a 10 h light/ 14 h photoperiod with 12,000 lux
light intensity at 28°C. The rice seedlings at three-leaf stage were
then planted in rice paddy field under natural conditions with
regular care.
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conserved amino acid residues were highlighted by gray backgrounds.

Phylogenetic analysis of RPL18s. Sixteen represented PRPL18 homologs were obtained from plants and cyanobacterium using BlastP of
AtPRPL18. Multiple sequence alignment was performed using Clustal Omega (A), and phylogenetic tree was constructed by MEGA11 (B). The

Protein alignment and phylogenetic
analysis

BLASTP was performed in NCBI' and Phytozome? using
the full-length sequence of AtPRPLI8 as a query. Fifteen

1 https://www.ncbi.nlm.nih.gov/

2 https://phytozome-next.jgi.doe.gov/
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representative homologues of AtPRPL18 from different species
were retrieved including Crahi.0013s0018.1 (Crambe hispanica),
Ciclev10022561m (Citrus clementina), Potri.010G005000.3
(Populus trichocarpa), GlymaLee.09G068200.1. (Glycine max),
Vigun09g043700.1 (Vigna unguiculata), BdiBd213.1G0042200.1

(Brachypodium distachyon), LOC_0s03g61260.1/OsPRPL18

(Oryza  sativa),  Pahal.9G024200.1  (Panicum  hallii),
ACF85829.1 (Zea mays), Joasc.10G094600.1 (Joinvillea
ascendens),  Ceric.13G022200.1  (Ceratopteris  richardii),
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Pp3cl1_5070V3.1 (Physcomitrium patens), Cre01.g052100.t1.2
(Chlamydomonas reinhardtii), GIL60489.1 (Volvox africanus),
and WP_069790223.1 (Cyanobacterium). The protein sequences
were aligned using Clustal Omega® with default parameters, and
the results were visualized by Jalview.* The phylogenetic tree
was constructed using the Neighbor-Joining algorithm (1,000
replicates) in MEGA11 (Tamura et al,, 2021).

Gene expression and subcellular
localization analysis

For gene expression analysis, quantitative RT-PCR (qRT-
PCR) was carried out using SYBR Green fluorescence with
LightCycler 96 System (Schmittgen and Livak, 2008). Various
Arabidopsis tissues including 7-day-old seedlings, and roots,
stems, mature leaves and inflorescence from 40-day-old plants,
and siliques on the 5th and 15th day after fertilization
(DAF) were collected. Rice vegetative tissues and panicles were
collected from seedlings or mature plants at heading date
stage. Total RNA was extracted and reverse-transcribed to
c¢DNA. qRT-PCR was performed using specific primer pairs
(Supplementary Table 1). The AtACT2 (AT3G18780) gene and
OsUBI (LOC_0s03g13170) gene were used as internal controls
in Arabidopsis and rice, respectively.

For protein subcellular localization analysis, the CDSs of
AtPRPL18 and OsPRPL18 were cloned into the vector pSAT6-
EYFP-NI and pCAMBIA1300 driven by 35S promoter (1zfira
et al,, 2005). The resultant pSAT6-AtPRPL18-EYFP and pSAT6-
OsPRPLIS-EYFP vectors were introduced into Arabidopsis
or rice protoplasts by polyethylene glycol (PEG)-calcium-
mediated transformation (Chen et al., 2006; Yoo et al., 2007).
The transformed protoplasts were observed with a laser
confocal scanning microscope (LSM-800; Carl Zeiss) after
12 h incubation. The resultant pCAMBIA1300-35S:AtPRPLI18-
GFP and pCAMBIA1300-35S8:0sPRPLI8-GFP vectors were
introduced into Agrobacterium tumefaciens strain EHA105.
For subcellular protein localization, Nicotiana benthamiana
(N. benthamiana) leaves were infiltrated with the indicated
Agrobacteria as previously described (Sparkes et al., 2006). The
GFP-tagged proteins were examined 2 d after infiltration using
a confocal laser scanning microscope (LSM810, Carl Zeiss).

Generation of transgenic plants

For mutant complementation, a 4,650 bp genomic DNA
including the gene body of AtPRPLIS, a 2,363 bp upstream
sequence and a 956 bp downstream sequence, was cloned into

3 https://www.ebi.ac.uk/Tools/msa/clustalo/

4 http://www jalview.org/
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FIGURE 2

Gene expression patterns and protein subcellular localization of
AtPRPL18. (A) The relative expression of AtPRPL18 in seedling,
and stem, mature leaf, inflorescence and siliques from
40-old-day Arabidopsis plants. AtACT2 served as the internal
control. Data represent means + SD (n = 4). (B=J) GUS staining
in the tissues of proAtPRPL18:GUS plants. (B) 3 day-old seedling,
(C) 6 day-old seedling, (D) leaf, (E) stem, (F) inflorescence, (G)
seeds at globular stage, (H) seeds at heart stage, (I) seeds at
torpedo stage, (J) seeds with well-developed embryo. (K)
Subcellular localization of AtPRPL18-YFP in Arabidopsis
mesophyll protoplast. Free YFP was used as a control. The
chlorophyll autofluorescence was used as the marker of
chloroplast. Scale bars = 1 mm (B-F), 50 pm (G-J), and 5 um (K).

the vector pCAMBIA1300. A pCRISPR-AtPRPLI8 plasmid
for gene editing was constructed with the target sequence
ACTAACCGCAGTGCGTTCTT according to a previously
reported protocol (Yan et al, 2015). The overexpression
construct was generated by introducing a gene expression
cassette with 35S:AtPRPLI8-NosR into pCAMBIA1300. The
resulted constructs were introduced into Agrobacterium
tumefaciens EHA105 and then transformed into heterozygous
mutant atprpll8/+ or Columbia-0 with a floral dip method
(Zhang et al., 2006).
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The osprpll8 mutant was generated by employing
a CRISPR-Cas9 gene editing tool with the
sequence AGTGATTGCCAAGTCTTGCT and
AGGACTTGGAATACTCGGCAGG on OsPRPLI8 (Ma et al,
2015), and an Agrobacterium-mediated rice transformation
method (Toki et al., 2006).

For GUS staining analysis, the 2.4 kb upstream region of
AtPRPL18 was amplified by PCR using the primers AtPRPL18-
GUS-F and AtPRPL18-GUS-R and cloned into the vector
pCAMBIA1301 with In-Fusion HD cloning kit. The resultant
proAtPRPL18-GUS plasmid was transformed into Arabidopsis
wild-type plants via the floral dip method (Zhang et al,
2006). The homozygous proAtPRPLI8-GUS transgenic lines
were identified and then used for GUS staining. The GUS
staining solution includes 2 mM 5-bromo-4-chloro-3-indolyl
glucuronide (X-Gluc), 0.1 % Triton X-100, 2 mM K4Fe (CN)g
and 2 mM KzFe (CN)g in 50 mM sodium phosphate buffer,
pH 7.0 (Jefferson et al., 1987). The plant tissues were incubated
in GUS staining solution at 37°C for 4 h then decolorized
in 75% ethanol at 37°C overnight. The stained samples were

target

photographed using a Leica DM6 microscope.

Ovule clearing and embryo
observation

Seeds of wild-type and atprpl18/+ mutant were removed
from siliques and totally cleared in Hoyers buffer [chloral
hydrate: glycerol: water, 8:1:2 (w/v/v)] for 30 min to 8 h
depending on the embryo developmental stage (Chen et al,
2015). Embryos were examined using a light microscope Carl
Zeiss Axio Observer Al with optimal differential interference
contrast.

Transmission electron microscopy
analysis

For transmission electron microscopy (TEM) analysis,
leaves from the 3-leaf-stage seedlings of osprplI8-1 and wild-
type were fixed and resin-embedded as previously described
(Chang et al,, 2016). Samples were sliced and stained with 0.5%
toluidine blue for semithin sections and uranyl acetate and lead
citrate for ultrathin sections. The stained semithin sections and
stained ultrathin sections were photographed using a Zeiss Axio
Imager Al microscope and a transmission electron microscope
(TEM) (JEOL JEM1400), respectively.

Ribonucleic acid splicing analysis

Total RNA was extracted from the seedling shoots of
WYG and osprpl18-1 at the third-leaf stage using the RNA
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extraction kit (Omega Bio-tek, R6830). First strand cDNA was
synthesized with random hexamers or RT primer mix using the
PrimeScript II Ist strand cDNA Synthesis Kit (Takara, 6210A).
For RT-PCR analyses, primers were designed situated on exons
flanking with the concerned introns. For qRT-PCR, primers
were designed positioned across intron/exon junctions of the
indicated transcripts. Some primers used in this study were
consistent with that in previous research (Lv et al., 2020).

Results

Phylogenetic analysis of plant plastid
ribosomal protein L18 proteins

In previously reports, AtPRPL18 was identified as a plastid
ribosomal protein L18 in Arabidopsis (Wang et al, 2020).
To identify plant PRPL18 proteins, BlastP was employed to
search homologs of AtPRPLIS8, and 15 L18 protein sequences
from representative species were selected. Plastid is proposed
originating from the engulfment of a cyanobacteria ancestor
into a unicellular heterotrophic protist (Jensen and Leister,
2014). Lots of plastid genes have undergone a transfer from
plastid to nucleus (Jensen and Leister, 2014). Interestingly, all of
the displayed PRPL18 proteins from various eukaryotic species
were encoded by nuclear genes, indicating the transfer event
of PRPL18 from plastid to nucleus occurred very long time
ago. However, protein sequences alignment analysis revealed
that PRPL18 proteins remained high identities, especially in
the protein C terminals, such as AtPRPL18 and OsPRPL1S,
which shared 60 and 59% identities with the full length
of cyanobacterium L18 protein, respectively (Figure 1A).
Phylogenetic analysis showed that AtPRPL18, together with
other PRPL18 homologs of dicotyledonous plants, belong to a
clan that was separated from other clans formed by monocots,
mosses, green algae and prokaryotes (Figure 1B), indicating
PRPL18s may retain a conserved function from their ancestor
and also evolve species-specific functions.

Expression pattern of AtPRPL18 and
subcellular localization of AtPRPL18

Gene function is closely related to its expression profiles
and protein localization. qRT-PCR analysis showed that the
transcripts of AtPRPL18 were more abundant in seedlings, stem,
leaves, inflorescence and siliques than that in roots (Figure 2A).
Moreover, GUS reporter assay was employed to further analyze
the expression pattern of AtPRPLI8. A 2,452 bp fragment
upstream of the translational initiation site was fused to the
GUS reporter gene and introduced into wild-type plants to
generate pAtPRPLI8-GUS transgenic plants. Consistent with
the qQRT-PCR results, strong GUS activities were detected in
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FIGURE 3

Characterization of the function of AtPRPL18 in plant development. (A) The gene structure of AtPRPL18. The gray line, white rectangle, and
black rectangle represent intron, 5'/3'UTR, and exon, respectively. (B) PCR analysis of the genotype of the progenies of atprpl18/+ mutant. 1, 2,
and 3 were the representative progenies from atprpl18/+ mutant. The T-DNA specific primer LB1 and genomic DNA primer GR were used to
amplify T-DNA flanking sequences, GF and GR were used to amplify the genomic DNA sequence without T-DNA insertion. (C) Statistical analysis
of the genotypes of atprpl18/+ progenies. (D) Generation of AtPRPL18 deficient mutants by CRISPR-Cas9. The guide RNA targeted DNA
sequence and PAM motif were highlighted in blue and green, respectively. (E) 30-day-old plants of atprpl18/+, ko-1/+, and AtPRPL18
overexpression transgenic plants OE-1 and OE-2. (F,G) Comparison of the seed phenotypes of WT, atprpl18/+, ko-1/+, and atprpl18/+ COM
plants. At least fourteen siliques of each genotype were examined. The rates of albino seeds in siliques were analyzed. Data represent

means + SD. Letters above bars indicate significant differences (P < 0.05, Student—Newman-Keuls test). This experiment was repeated twice

with similar results. (a—c) Genetic analysis of the atprpl18/+ mutant

seedling shoots, leaves, flowers and young siliques, whereas in
roots, only root tips displayed GUS activity (Figures 2B-F).
Interestingly, a higher GUS activity was observed in embryos
at heart stage (Figures 2G-]). These results suggested that
AtPRPL18 may participate in the development of green tissues
as well as reproductive tissues.

The Arabidopsis PRPL18 protein was predicted to contain
a typical signal peptide for chloroplast subcellular localization
at its N-terminus using TargetP-2.0 software (Almagro
Armenteros et al, 2019). To verify the prediction, a plasmid
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harboring AtPRPL18-YFP expression cassette was introduced
into Arabidopsis protoplasts to examine the subcellular
localization of AtPRPL18. In the transformed cells, the YFP
fluorescence appeared in small dot-like structures and, was
overlapped with the chlorophyll autofluorescence (Figure 2K).
Transient expression of AtPRPL18-GFP in tobacco leaves
showed that AtPRPL18-GFP was unevenly distributed in
chloroplast, and also presented lots of dot-like structures
(Supplementary Figure 1A). Though, these results were not
well consistent with the previous report that pwL18c-GFP
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/AtPRPL18-GFP was found to be localized diffusely throughout
chloroplasts in the 35S: wL18c-GFP transgenic plants, it is
obvious that AtPRPL18 is a chloroplast-localized protein
in Arabidopsis. The difference in the distribution of the
fluorescence signals in chloroplast may be resulted from the
diverse protein expression levels in different protein localization
assays.

Phenotypes of atprpl18/+

In order to understand the biological roles of AfPRPLI8
in Arabidopsis, a T-DNA insertion mutant (SAIL_415_H08) of
AtPRPL18 was obtained from ABRC.> The T-DNA was localized
in the second exon of AtPRPLI8 (Figure 3A), which was
confirmed by PCR and sequencing (Figure 3B). However, no
homozygous atprpl18 mutant was identified from the progenies
of atprpll8 /+ heterozygotes (Figure 3C). The genotype ratio
of wild-type and heterozygotes was 1 to 1.94 (85/167) in
the progenies of the self-pollinated plants, consistent with
the expected ratio 1:2 from a single mutational event (x*> =
0.9248, p < 0.05) (Figure 3C), suggesting that the homozygous
mutant atprpl18 might be aborted during seed development. To
address this hypothesis, siliques from wild-type and atprpl18/+
plants were collected and analyzed at the indicated days after
self-pollination. The appearance of the mutant silique was
similar to that of wild-type plants. However, a large number
of albino seeds (24.6%) were found randomly distributed in
the siliques of atprpli8/+ plants, whereas all seeds of the
wild-type plants were green in color (Figure 3F). The albino
seeds finally became shrunken in dark brown color and dried
out and died in mature siliques. Reciprocal cross analysis of
atprpl18/+ plant showed that the male transmission efficiency
was 84% (86/102) and the female transmission efficiency was
96% (88/92), both of them had no significant differences from
the expected value 100% (Table 1), indicating that AtPRPLI8
did not affect gametophyte development. Together, these results
suggested that the missing of the atprpl18 homozygous offspring
from atprpl18/+ self-pollination was caused by impaired seed
development.

To further confirm that the seed abortion phenotype was
caused by AtPRPLI8 mutation, CRISPR/Cas9 gene editing
experiment was performed to generate AtPRPLI8 mutants.
A series of heterozygous knockout mutants were obtained
from the T1 transgenic plants (Figure 3D). The T2 plants
of kol/+(knockout 1) without T-DNA were identified for
further study (Supplementary Figure 2). Consistent with the
findings in atprpl18/+ mutant, albino seeds were observed
in the 9-day siliques of kol/+ plants, and homozygous
mutant could not be detected from the offspring of kol/+
plants (Figures 3E,G). Additionally, a construct containing the

5 http://abrc.osu.edu
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genomic DNA fragment encompassing the AtPRPLI8 gene
body was generated and transformed into atprpl18/+ mutant.
Heterozygous mutant plants complemented by the transgene,
atprpl18/+ COM, were identified by PCR and sequencing
analysis. atprpl18/+ COM plants exhibited a similar vegetative
appearance to wild-type plants, and had only 5% (n = 1098)
albino seeds compared the expected value 5.75% (Figures 3E,G).
These results indicated that AtPRPLI8 is essential for seed
development. However, plants overexpressing AtPRPLI18 did
not show any significant difference from wild-type plants
(Figure 3E and Supplementary Figure 3).

Embryo development of atprpl18/+ in
Arabidopsis

To investigate the function of AfPRPLI8 in seed
development, successive stages of embryo development
were examined in wild-type and the atprpli8/+ mutant
plants. In wild-type plants, the embryos underwent a series of
development stages to become mature embryos (Figures 4A-E).
There was no detectable difference in embryo development
between WT and the atprpl18/+ mutant in the first 2 days after
fertilization (before heart stage) (Figures 4A,B,F,G). However,
on the third day after fertilization(3 DAF), some seeds appeared
in white color, and the others were in green color. The green
seeds from wild-type and atprpl18/+ mutant developed into
late globular and early heart stages, while all of the embryos
in albino seeds remained at globular stage (Figures 4C,H,K).
When embryos in green seeds developed into torpedo stage,
even finished embryogenesis (Figures 4D,E,1,]), the embryos
in albino seeds were still at globular stage but with enlarged
irregular structure (Figures 4L-M). On the 9th DAF, almost all
of the embryos from wild-type plants were established, whereas,
about 22.01% seeds of atprpl18/+ mutant were arrested at
globular stage (Figure 4N). These data revealed that AtPRPLI8
is indispensable for embryo development in the transition from
globular stage to heart stage in Arabidopsis.

OsPRPL18 is required for chloroplast
development in rice

Dicotyledonous plants and monocotyledonous plants are
very distinct in embryo patterning and seed structure (Radoeva
et al,, 2019). To compare the biological functions of PRPL18
proteins in dicotyledonous plants and monocotyledonous
plants, we further characterized the function of OsPRPLIS8 in
the model monocotyledonous plant rice. The real-time RT-
PCR analysis revealed that OsPRPLI8 was expressed highly
in seedling shoot and leaf sheath, lower in leaf blade, stem
and panicle, and very low in root (Figure 5A), suggesting
that OsPRPLI8 may be critical for green tissues. Protein
subcellular localization analysis showed that the fusion proteins
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TABLE 1 The gamete transmission efficiency of atprpl18/+ mutant.

10.3389/fpls.2022.949897

exd atprpl18/+ +/+ Ratio TE Expected P-value
atprpl18/+ x WT 88 92 1.045 0.96 1 0.8330
WT x atprpl18/+ 86 102 1.186 0.84 1 0.4089

WT

WT-Like

atprpl18/+

Albino seeds

FIGURE 4

similar results. Scale bars = 50 um (A—=M).

Comparison of the embryo development in WT and atprpl18/+ mutant. (A—E) Various developmental stages of WT embryos. (A) 4-cell, (B)
globular, (C) heart, (D) torpedo, (E) mature. (F-J) WT-like embryos from the developing siliques of atprpl18/+ mutant. (K=M) Abnormal embryos
from the albino seeds of atprpl18/+ mutant. The magnified views of embryos from (A,F,K) were shown on the top right of the graphs. (N) The
rate of arrested embryos in the 9 DAF siliques of WT and atprpl18/+ mutant plants. Eight siliques for each genotype plants were examined. The
rate of embryos arrested at globular stage per silique was calculated. Data represent means & SD. This experiment was repeated twice with

Globular stag

WT  atprpl18/+

OsPRPL18-YFP and OsPRPL18-eGFP were colocalized with
the autofluorescence of chlorophyll in rice protoplast and
tobacco leaf cells, respectively, indicating that OsPRPL18 is a
chloroplast-localized protein (Figure 5B and Supplementary
Figure 1B).

To test the function of OsPRPLI18 in rice, CRISPR/Cas9-
based gene editing constructs targeting the second or the
third exon of OsPRPLI18 were introduced into wild-type rice
(WYG) by Agrobacteria-mediated rice transformation. Two
independent homozygous mutants were identified, in which the
OsPRPLI8 gene exhibited frame shift mutation (Figures 5C,D).
However, these homozygous mutants displayed albino seedling
phenotypes and died at the three-leaf stage (Figure 5E).

The albino leaf phenotype was usually caused by an
impairment of chloroplast (Puthur et al,, 2013). To examine
the chloroplast development in osprpli8-1 plants, the albino
leaves were cross-sectioned and analyzed using light microscope
and TEM, respectively. In the semi-thin sections of wild-type
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leaves, chloroplasts were stained in dark blue by toluidine blue
(Figures 5E,G), whereas no typical chloroplast-like structure
was observed in osprpll8-1 plants under light microscope
(Figures 51,]). Interestingly, chloroplast-like structures were
clearly visible in the osprpl18-1 mutant under TEM (Figure 5K).
However, these chloroplast-like structures did not contain any
thylakoids, compared with the well-developed chloroplasts with
stacked grana and thylakoid membranes in wide-type plants
(Figures 5H,K). These results suggested that OsPRPLIS is
required for chloroplast development in rice.

Plastid ribosome biogenesis is impaired
in the osprpl18-1 mutant

Ribosomal proteins are essential for maintaining rRNA

stability and ribosome assembly (Saez-Vasquez and Delseny,
2019). The ribosomal protein L18 directly interacted with 5S
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structure of leaf blade and chloroplast of WYG (F-G) and the osprpl18-1 mutant (I-K).

rRNA and 23S rRNA, thus incorporating the 5S rRNA into the
50S ribosomal subunit (Newberry and Garrett, 1980). There
are four kinds of rRNA in plastid, including 4.5S, 5S, 168,
and 23S rRNA (Stern et al, 2010). To assess the effects of
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OsPRPL18 in plastid ribosome biogenesis, rRNA was examined
by an Agilent 2,100 bioanalyzer. It was clearly to identify the
peak of cytosolic 18S rRNA and 25S rRNA, and the peak of
plastid 16S rRNA in the total RNA sample of wild-type (WYG)
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FIGURE 6
Comparison of the expression level of plastid rRNA and plastid-encoded protein rbcL in the seedling shoots of WYG and osprpl18-1 mutant.
rRNA analysis of WYG (A) and osprpl18-1 mutant (B) with an Agilent 2,100 bioanalyzer. (C) gRT-PCR analysis of the transcripts level of plastid
rRNA. UBQ served as the internal control. Gene expression values are presented relative to WYG levels (set as 1). Data represent means + SD
from three biological replicates (**P < 0.01; Student's t-test). (D) Western blot analyses of the expression of rbcL and psaA. Immunoblotting was
performed with specific antibodies, anti-rbcL and anti-psaA (Beijing Protein Innovation Co., Ltd, AbP80037-A-SE, AbP80033-A-SE), respectively
(upper panels). The coomassie blue stained gel was used as a loading control (lower panel). For each genotype, three independent biological
samples were analyzed.

(Figure 6A), whereas the amount of plastid 16S rRNA was
barely detectable in the osprpl18-1 mutant (Figure 6B). qRT-
PCR analysis showed that the transcripts of plastid rRNAs were
dramatically reduced in the osprplI8-1 mutant (Figure 6C).
rbeL (large subunit of the ribulose-bisphosphate carboxylase),
the most abundant plant protein, is encoded by a plastid gene
and synthesized by chloroplast translation apparatus (Vitlin
Gruber and Feiz, 2018). The plastid-encoded protein psaA
comprises the reaction center for photosystem I along with psaB
(Kapoor et al., 1994). Western blotting analyses revealed that the
synthesis of rbcL and psaA were almost aborted in the osprpl18-
I mutant (Figure 6D). Collectively, these data suggested that
OsPRPL18 is indispensable for plastid ribosome biogenesis.

The osprpl18-1 mutant is defective in
the intron splicing in plastid

Plant plastid genome harbors two main types of introns,
group I and group II, defined by their different splicing
mechanisms and conserved structural elements (Stern et al,
2010). In land plants, there are 18 introns distributed in 10
protein-encoding genes and 6 tRNA genes in plastid genome

(Hess et al,, 1994), and only rpsl2 contains a trans-splicing
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intron (Koller et al,, 1987). Recent study revealed that two
homologs of AtPRPL18, nL18-L1 and pL18-L8, were necessary
for the splicing of certain mitochondrial and plastid group II
introns, respectively (Wang et al., 2020). pL18-L8 was required
for the trans splicing of the first intron of rpsi2 in Arabidopsis
plastid. To test whether OsPRPLI8 is involved in the intron
splicing in plastid, intron splicing efficiency of the representative
genes were examined by RT-PCR and qRT-PCR. Surprisingly,
the trans-splicing efficiency of the first intron of rps12 was also
remarkably reduced in the osprpl18-1 mutant (Figures 7A,B).
Furthermore, all of the other tested genes also showed obvious
reductions of intron splicing efficiency in the osprpl18-1 mutant
compared with that in wild-type (WYG) (Figure 7). These
results indicated that OsPRPL18 is required for intron splicing
in rice plastid.

Discussion

Plastid is a semiautonomous organelle. Lots of essential
plastid proteins are translated by plastid ribosomes. PRPs
are fundamental components of plastid ribosome, which play
diverse roles in plant viability and development (Tiller and
Bock, 2014). In this study, we report the different functions
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Comparison of the efficiency of intron splicing in the plastids of
WYG and osprpl18-1 mutant. (A) Spliced (S) and unspliced (U)
transcripts examined by RT-PCR. (B) Relative quantitative
analyses of plastid intron splicing efficiency of WYG and
osprpl18-1 mutant by gRT-PCR. Data represent the mean log2
ratios of splicing efficiencies in osprpl18-1 mutant to the wild
type (WYG). Three independent biological replicates were used
for each genotype. The asterisks indicate significant difference
between WYG and osprpl18-1 mutant (**P < 0.01; Student's
t-test).

of PRPL18s in Arabidopsis and rice. Both of AtPRPL18 and
OsPRPL18 were essential for plant development. However,
knockout of AtPRPLIS8 retarded the transition from globular
stage to heart stage in Arabidopsis, while knockout of OsPRPL18
did not affect embryo development, but resulted in an albino
lethal phenotype at seedling stage in rice.

PRPL18s are essential for plant viability

In bacteria, ribosome is consisted of a 50S large subunit
and a 30S small subunit. The 50S subunit contains 23S rRNA,
5S rRNA and 34 ribosomal proteins. The 5S rRNA collaborates
with ribosomal large subunit protein L5, L18 and L25 to form
an essential autonomous structural domain of 50S subunit. L5
and L18 were very important for the incorporation of 55 rRNA
into 50S ribosomal subunit (Newberry and Garrett, 1980). The
C-terminal part of L18 functions in binding with 55 rRNA,
and its N-terminal region is involved in the interaction of 5S
rRNA with 23S rRNA (Tiller and Bock, 2014). Disruption of
the coding genes of L5, L18 and L25 revealed that L5 and L18
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but not L25 were essential for E. coli viability (Korepanov et al,,
2007). Plants have two semiautonomous organelles, chloroplast
and mitochondria, which are proposed to be evolved from
their prokaryotic ancestors. The structure and constitution of
ribosomes of chloroplast and mitochondria are similar to that
in bacteria (Zoschke and Bock, 2018). Protein sequence-based
search for L18 homologues in Arabidopsis found two close
homologs, AtPRPL18/uL18c and wL18m (Wang et al,, 2020).
pL18m was localized in mitochondria and appeared to be
a mitochondrial ribosomal protein. AtPRPL18 was localized
in chloroplast and was proposed to be a plastid ribosomal
protein (Wang et al., 2020). Phylogenetic analysis showed that
the plastid ribosomal protein L18s were very conserved in
plant kingdom (Figure 1), indicating they may have a similar
molecular function. Gene expression analyses showed both of
OsPRPLI18 and AtPRPLI18 were highly expressed in green tissues,
and their encoding proteins were localized in chloroplast. In
the heterozygous mutants atprpl18/+ and ko-1/+ of AtPRPLIS,
about a quarter of albino developing seeds were observed
in silique (Figures 3EG). Cytological analysis revealed the
embryos were arrested at globular stage in these albino seeds
(Figure 4). The albino seeds were then shrunken and aborted.
Genetic and complementation analyses showed the albino seed
phenotype was caused by the mutation of AtPRPLI18, suggesting
AtPRPL18 was essential for Arabidopsis seed development.
Moreover, knockout of OsPRPLI8 led to an albino lethality
of rice seedlings (Figure 5E). Cytological analysis found that
the chloroplast development was impaired in the leaves of
osprpl18-1 mutants (Figure 5K). Further studies uncovered the
indispensable role of OsPRPL18 in plastid ribosome biogenesis
(Figure 6). Overall, consistent with the function of L18 in E. coli,
PRPL18s are essential for plant viability.

Loss-function of PRPL18s lead to
different consequences during
embryogenesis in Arabidopsis and rice

Because of the conserved evolutionary relationship of the
ribosomes in bacteria and plastid, lots of bacterial ribosomal
proteins and its plant homologs were proved to be essential
for bacteria and plant viability respectively, such as S2, S3, $4,
S5, S9, S13, S14, S16, S18, L3, L4, L6, L10, L13, L18, L20, L22,
123, and L35 and their plant homologs (Ahlert et al, 2003;
Rogalski et al., 2006; Baba et al., 2008; Bryant et al., 2011;
Fleischmann et al., 2011; Shoji et al., 2011; Romani et al., 2012).
However, some other ribosomal proteins are in a different case.
For example, S9, S13, S20, L1, L21, L27, L28, and L31 were
shown to be dispensable in bacteria, but their homologs were
essential for plant viability (Dabbs, 1991; Bubunenko et al., 2007;
Baba et al., 2008; Bryant et al., 2011; Shoji et al., 2011; Romani
et al,, 2012; Yin et al,, 2012). On the contrary, S1 was proved
to be essential in bacteria, but its homolog was reported to
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be non-essential for plant viability (Baba et al., 2008; Bryant
et al, 2011; Romani et al,, 2012). Interestingly, even in plants,
some PRPs and their homologs also appeared to have diverse
functions. In the siliques of the Arabidopsis heterozygous
mutant atprps20/+, the albino/aborted seeds accounted for
about one quarter of the total seeds, of which the embryos
were arrested at globular stage (Romani et al., 2012). However,
the null mutant of OsPRPS20 was defective in chloroplast
development and exhibited an albino lethal phenotype at
seedling stage (Gong et al.,, 2013). Similar to the case of PRPS20,
albino/aborted seeds were also observed in the atprps9/+,
atprpl13/+, and atprpl21/+ plants in Arabidopsis (Bryant et al.,
20115 Yin et al,, 2012), while an albino lethal phenotype was
observed in the seedlings of null mutants osprps9, osprpl13 and
osprpl21 in rice (Song et al,, 2014; Lin et al., 2015; Qiu et al,
2018). In this study, we revealed that knockouts of PRPLI8s
in Arabidopsis and rice resulted in different phenotypical
consequences. AtPRPL18 was essential for the transition of
global stage to heart stage during embryo development, while
OsPRPLI18 did not affect embryogenesis. However, the osprpI8
mutant was impaired in chloroplast developing, and displayed
an albino lethal phenotype at seedling stage. In Arabidopsis,
plastids are few in zygote, but gradually increase in number
during embryo development. At the globular stage, plastids
differentiate into chloroplasts with chlorophyll accumulation,
and thereby embryos start greening (Tejos et al, 2010). It
was proposed that chloroplasts are vital in supplying nutrition
to the developing embryo, therefore deficiency of chloroplast
may disrupt embryogenesis in Arabidopsis (Tiller and Bock,
2014). In contrast, embryo development is largely dependent
on the nutrients supplied from endosperm in rice (An et al,
2020). Thus, Arabidopsis may be more susceptible to the loss of
PRPLI18 than rice during embryogenesis. Intriguingly, although
OsPRPS9 and its maize homolog ZmPRPS9 share 82% identity,
OsPRPS9 was proved to be a plastid protein, while ZmPRPS9
was shown to be localized on both chloroplast and nucleus (Ma
and Dooner, 2004; Qiu et al., 2018). Moreover, OsPRPS9 was
dispensable for rice embryogenesis, while the zmprps9 mutant
exhibited an early embryo lethal phenotype (Ma and Dooner,
2004; Qiu et al,, 2018). So, another possibility is that PRPL18
might have evolved species-specific functions. To address these
hypothesis, future works on the molecular functions of PRPs and
heterological complementary works are required.

PRPL18s may be involved in intron
splicing in plastid

The intron splicing efficiency in plastid is largely dependent
on the plastid-encoded components. The intron splicing of
rps2 and rps12 were impaired in the barley mutants with
ribosome-deficient plastids (Hess et al,, 1994; Hubschmann
et al,, 1996). In land plants, the intron in the trnK gene encodes
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a conserved maturase called MatK (Maturase K) (Zoschke
et al,, 2010). MatK directly interacts with the introns of trnA,
trul, trnV, trnK, atpF, rpl2 and the second intron of rpsi2
(Zoschke et al., 2010). Application of heterologously expressed
MatK protein increased the intron self-splicing efficiency of the
second intron of rpsl12 in vitro (Barthet et al, 2020). Thus,
MatK was proposed to be a plastid-encoded splicing factor.
However, addition of MatK protein did not increased the intron
self-splicing efficiency of rpl2 (Barthet et al, 2020), and a
functioning translational apparatus was not prerequisite for the
intron splicing of rpsl6, rpll6, ndhB, petD, and trnL (Hess
et al,, 1994), suggesting the presence of other factors in the
regulation of plastid intron splicing. Ribosomal proteins maybe
participate in intron splicing. Human ribosomal protein S13
was reported to inhibit excision of RPSI13 intron 1 in vitro
(Malygin et al,, 2007). Ribosomal protein L10a regulated its
own alternative pre-mRNA splicing by directly and specifically
binds to an evolutionarily conserved stretch between the two
alternative 5 splice sites in pre-mRNA to switch the splice site
choice (Takei et al, 2016). A recent study reported that two
homologs of PRPL18, wL18-L1, and wL18-L8, play essential
roles in the splicing of the fourth intron of nad5 pre-mRNAs in
mitochondria, and the removal of rps12 intron 1 in Arabidopsis
plastid, respectively (Wang et al., 2020). nL18-L1 and pnL18-
L8 specifically associate with nad5 intron 4 and rps12 intron
1, respectively, indicating direct roles in the splicing of their
targeted introns (Wang et al.,, 2020). Nevertheless, the function
of PRPL18s in intron splicing remains elusive. In this report,
we found that loss-function of OsPRPL18 resulted in a serious
reduction of the intron splicing efficiency of all of the tested
plastid introns, As the biogenesis of chloroplast ribosome was
defective in osprpli18-1, OsPRPL18 may affect intron splicing
by maintaining biosynthesis of the regulatory proteins such as
MatK and so on. Alternatively, OsPRPL18 may participate in
the process of plastid intron splicing directly. Employing the
in vitro activity assay to test the role of OsPRPL18 in plastid
intron excision would be helpful to uncover the direct function
of OsPRPLI18 in plastid intron splicing (Barthet et al.,, 2020).

In summary, our results provide the evidence that PRPL18s
are essential for plant viability. However, AtPRPL18 is
required for embryogenesis in Arabidopsis, while OsPRPL18
is dispensable for embryogenesis but required for seedling
development in rice, although the underlying mechanisms
need to be further clarified. Moreover, the surprising finding
of the prerequisite role of OsPRPL18 in plastid intron
splicing highlights the functions of ribosomal proteins in other
biological process.
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