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Chloroplasts and mitochondria contain their own genomes and transcriptional and translational systems. Establishing these
genetic systems is essential for plant growth and development. Here we characterized a mutant form of a Val-tRNA synthetase
(OsValRS2) from Oryza sativa that is targeted to both chloroplasts and mitochondria. A single base change in OsValRS2 caused
virescent to albino phenotypes in seedlings and white panicles at heading. We therefore named this mutant white panicle 1 (wp1).
Chlorophyll autofluorescence observations and transmission electron microscopy analyses indicated that wpl mutants are
defective in early chloroplast development. RNA-seq analysis revealed that expression of nuclear-encoded photosynthetic
genes is significantly repressed, while expression of many chloroplast-encoded genes also changed significantly in wpl
mutants. Western-blot analyses of chloroplast-encoded proteins showed that chloroplast protein levels were reduced in wpl
mutants, although mRNA levels of some genes were higher in wpl than in wild type. We found that wpl was impaired in
chloroplast ribosome biogenesis. Taken together, our results show that OsValRS2 plays an essential role in chloroplast
development and regulating chloroplast ribosome biogenesis.

Plastids possess their own genomes and the tran-
scriptional and translational systems to synthesize the
encoded proteins. Plastidic genes are transcribed by
two types of RNA polymerases (Shiina et al., 2005;
Zubo et al.,, 2011). One is the bacterial-type plastid-
encoded RNA polymerase (PEP). The PEP catalytic
core is composed of four subunits («, 8, 8', B'") encoded
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by the plastidic genes rpoA, rpoB, rpoC1, and rpoC2,
respectively. Functional PEP requires one of the sigma
factors encoded by the nuclear genome that facilitate
promoter recognition (Shiina et al., 2005). The other is
the bacteriophage-type nuclear-encoded polymerase
(NEP; Hedtke et al., 1997). NEP is a single protein that is
responsible for the transcription of genes encoding
plastidic PEP subunits, ribosomal proteins, and other
plastidic “housekeeping” proteins. During de-etiolation,
PEP transcribes genes involved in the formation of
thylakoid membranes and the photosynthetic machinery
(Swiatecka-Hagenbruch et al., 2007; Liere et al., 2011).
Proteins involved in the PEP complex, such as plastid
transcriptionally active chromosome 3 (pTAC3), pTAC10,
pTAC12, polymerase-associated protein 6 (PAP6), and
PAP10, are essential for PEP activity. Mutants of these
genes displayed albino phenotypes, suggesting an es-
sential role of the PEP complex in early chloroplast
development (Arsova et al., 2010; Steiner et al., 2011;
Yagi et al.,, 2012; Pfalz and Pfannschmidt, 2013). Pro-
teins encoded by the plastid genome are synthesized by
plastidic prokaryotic-type 70S ribosomes that are
composed of 305 and 50S subunits. Defects in compo-
nents of the 70S ribosome result in severe develop-
mental phenotypes or even lethality. In Arabidopsis
(Arabidopsis thaliana), knocking out RNA HELICASES 22
(RH22) resulted in embryo lethality, while a knock-
down mutant of RH22 accumulated precursors of 23S
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and 4.55 rRNA and displayed a virescent seedling phe-
notype. RH22 indirectly affected ribosome assembly due
to its role in rRNA metabolism (Chi et al., 2012). The null
mutant of AtObgC (a protein that could coprecipitate
with 235 rRNA) resulted in embryo lethality, and
knocking down AtObgC with RNAI resulted in a chlo-
rotic phenotype. In rice (Oryza sativa), the OsObgC mu-
tant exhibited a severe chlorotic phenotype in early leaf
development but no embryo lethality, and ObgC di-
rectly participated in 70S ribosome assembly (Bang et al.,
2012). Thus, 70S ribosome biogenesis is essential for early
chloroplast development in higher plants.

Chloroplast differentiation is a process whereby
chloroplasts develop from proplastids. During chloro-
plast differentiation, the proplastids first establish the
plastidic genetic system. At this stage, NEP transcribes
genes encoding PEP and ribosomal proteins and other
nuclear genes that are necessary for the development of
the plastidic genetic systems. The transcriptional and
translational activity of the plastid is dramatically in-
creased. The second stage is the establishment of the
photosynthetic apparatus. At this stage, PEP transcribes
plastid-encoded photosynthetic genes, and nuclear genes
encoding photosynthetic proteins are expressed at high
levels (Mullet, 1993; Majeran et al., 2010).

Aminoacyl-tRNA synthetases (AARSs) are essential
components of protein synthesis that catalyze the
attachment of amino acids to their cognate tRNAs
(O’Donoghue and Luthey-Schulten, 2003) and in some
cases perform additional roles in translational regu-
lation, prevention of mistranslation, RNA splicing,
immune responses, cytokine activity, and tRNA
proofreading (Szymanski et al., 2000; Guo et al., 2010).
All cells must contain a complete set of 20 AARSs. Eu-
karyotic cells possess more than the basal set of 20
AARS genes, because organelles such as plastids and
mitochondria possess their own translational systems
(Duchéne et al., 2009). In Arabidopsis, 45 expressed
AARSs genes have been identified in the nuclear ge-
nome and none in the mitochondrial and chloroplast
genomes. These 45 proteins are expected to catalyze the
formation of the 20 sets of amino-acylated tRNAs in the
three cellular compartments. Accordingly, each gene
product cannot be uniquely targeted to a single com-
partment, and dual-targeting is the rule for AARSs in
Arabidopsis (Duchéne and Giritch et al., 2005). Several
mutant Arabidopsis AARS genes have been character-
ized. twn2 had altered expression of Val-tRNA syn-
thetase and showed suspensor-derived polyembryony
(Zhang and Somerville, 1997). edd1 inactivated a Gly-
tRNA synthetase and was arrested in embryonic de-
velopment (Uwer et al., 1998). Other AARS mutants
were characterized by aborted ovules, defective em-
bryos, or viable homozygotes. Mutants in genes en-
coding plastidic AARSs resulted in seed abortion at the
transition stage of embryogenesis with minimal effects
on gametophytes, and those in genes encoding mito-
chondrial AARSs resulted in ovule abortion before and
immediately after fertilization. Mutations in genes en-
coding cytoplasmic AARSs were not identified due to
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their important roles in the development of male and
female gametophytes (Berg et al., 2005). However, the
molecular details of how AARSs affect plant develop-
ment have not been reported.

In this study, we report a white panicle 1 (wp1) mutant
that displays white panicles at the heading stage and
virescent to albino phenotypes during early leaf de-
velopment. WP1 encodes a Val-tRNA synthetase that is
targeted to both mitochondria and chloroplasts and is
indirectly essential for chloroplast 70S ribosome bio-
genesis in rice because of its role in plastidic protein
synthesis. Our results suggest that WP1 plays an essen-
tial role in the establishment of the genetic system during
the differentiation of proplastids into chloroplasts.

RESULTS
Phenotypic Characterization of the wpl Mutant

The wpl mutant was a somaclonal variant derived
from the japonica variety Nipponbare by tissue culture.
After backcrossing three times with Nipponbare, it still
exhibited a virescent phenotype or a more severe albino
phenotype during early leaf development. Seedlings
showing the severe albino phenotype (wpls) died
when they reached the four-leaf stage (Fig. 1A, a-b;
Supplemental Figure S1A), while wp1 seedlings show-
ing the weak virescent phenotype (wplw) could reach
the flowering stage when they displayed white panicle
(Fig. 1B, a and c). The ovaries of wplw mutants were
chlorotic (Fig. 1B, b). Leaves of wpls mutants could not
develop the normal yellow color when grown in the
dark (Supplemental Figure S1B), and the chlorophyll
and carotenoid levels were remarkably lower in wpl
seedlings and panicles (Fig. 1A, ¢, and B, f). Transmis-
sion electron microscopy (TEM) revealed that wild-type
chloroplasts were orbicular-ovate shaped and con-
tained well-developed thylakoid membrane systems,
whereas the plastids in wpls leaves and wplw panicles
were small and abnormally shaped with no thylakoid
membranes. Instead, large amounts of small vesicle-
like structures were present. The plastid morphology
and ultrastructure in wplw leaves was intermediate
between wild-type and wp1s chloroplasts (Fig. 1A, d—i,
and B, d—e). Other agronomic characters of wplw were
similar to wild type (Fig. 1B, a; Supplemental Table S1).
Therefore, WP1 specifically regulates chloroplast de-
velopment in early leaf and panicle development.

WP1 Is Involved in Early Chloroplast Development

Inrice, leaf morphology changes drastically and early
chloroplast differentiation occurs during the P4 stage
(Itoh et al., 2005; Kusumi et al., 2010). We therefore
observed chlorophyll autofluorescence, chloroplast
morphology, and ultrastructure in wild type and wp1s
during the germination and P4 stages. Chlorophyll
autofluorescence could not be observed in the seed em-
bryos of wild type and wp1; however, during germination
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Figure 1. Phenotypic characterization of wild
type and wpl. A, Phenotypes of 10-d-old
plants. a, b, Wild type and wpT were photo-
graphed 10 d after sowing. ¢, Pigment contents
of wild-type, wpTw, and wpTs leaves. Ultra-
structure of chloroplasts in wild-type (d, g),
wplw (e, h), and wpis(f, i) leaves. Scale bars =
2 um(d, E, f), 1T um (g, H, i). B, Phenotypes of
plants after heading. a, Wild type and wpTw
were photographed after heading. b, Pistils of
wild type and wpTw viewed through a ste-
reomicroscope. ¢, Panicles of wild type and
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autofluorescence could be observed in wild-type but not
in wpls seedlings (Fig. 2A, a and b). Autofluorescence
could be observed in wild type throughout the P4 stage,
whereas it was very weak in wp1s leaves until the late P4
stage. Only the leaf tip region showed autofluorescence
comparable to wild type, indicating that chloroplast de-
velopment was much slower in wpls leaves than in wild
type (Fig. 2A, c-g). No visible difference between the seed
embryos of wild type and wpl was detected by TEM
during the P4 stage (Fig. 2B, a and e). At the P4-2 stage,
wild-type chloroplasts contained several internal mem-
branes, while wpls chloroplasts were much smaller
without any internal membranes (Fig. 2B, b and f). At the
P4-4, P4-8, and P4-10 stages of wpls, small vesicle-like
structures were present instead of the well-developed
thylakoid membranes seen in wild type. The shape of
wp1s chloroplasts was abnormal and smaller (Fig. 2B, ¢, d,
g, h, i, and j). During the P4 stage, the proplastids devel-
oped into early chloroplasts (Kusumi et al., 2010). In our
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study, the chloroplasts in the wpls were quite different
from the wild type at the P4-2 stage, suggesting an earlier
defect in chloroplast development. Therefore, WP1 plays
an important role in the transition of proplastids into early
chloroplasts.

Map-Based Cloning of WP1

To identify the WP1 locus, 89 F2 individuals showing
the mutant phenotype derived from the cross between
wpl (japonica) and 93-11 (indica) were used for gene
mapping. The WP1 locus was restricted to a 2.0-cM
region between two simple sequence repeat markers,
Bsl and Bs8, on the short arm of chromosome 7. The
WP1 locus was further delimited to a 43-kb region
between Bs12 and Bs17 using 958 F2 recessive plants.
Five expressed and hypothetical genes were predicted in
this region by the Rice GAAS Program (http:/ /ricegaas.
dna.affrc.go.jp; Fig. 3A). Sequence analysis showed that
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WT  wpls WT wpls WT wp1s

Figure 2. Chlorophyll autofluorescence and TEM observations of wild type and wpTs. A, Observation of autofluorescence in
wild-type and wpTs seedlings. Seeds of wild type and wpT before (a) and 2 d after imbibition (b). c-g, Leaf tips of wild type and
wpls at P4-2 stage (c), P4-4 stage (d), P4-8 stage (e), P4-10 stage (f), and mature fourth leaf stage (g). Scale bars = 3 mm. B,
Transmission electron micrographs of plastids in wild-type and wpisseedlings. a, B, ¢, D, |, Wild type. e, F, g, H, j, wpTs. Tissues
were collected from the seedlings at the following developmental stages: embryo (a, €), P4-2 (b, f), P4-4 (c, g), P4-8 (d, h), and
P4-10 (i, j). Scale bars =2 um (a, €), 0.5 um (b, f), and 1 um (¢, D, g, F, i, j).

only one open reading frame (ORF) encoding a putative
Val-tRNA synthetase was different between wild type
and wpl in this region. We validated the mutation by
digesting a derived cleaved amplified polymorphic se-
quence marker with Ncol (Fig. 3C). A single base tran-
sition (G to T) changed a Trp into a Cys. We designated
the locus OsValIRS2 (Fig. 3B).

To confirm that the mutation of OsValRS2 was re-
sponsible for the wp1 phenotype, an expression plasmid
containing the full-length cDNA of OsValRS2 driven
by the ubiquitin promoter was constructed and trans-
formed into wpl. Eight transgenic lines were obtained
and all of them were restored to the wild-type pheno-
types (Fig. 3, D and E). Therefore, OsValIRS2 is the gene
responsible for the wpl phenotypes.

Expression Analysis and Subcellular Localization of WP1

The mRNA level of WP1 was detected by quantitative
RT-PCR (qPCR) in various organs, including seedlings,
roots, stems, leaves, panicles, and leaf sheaths. The ex-
pression of WP1 was higher in the organs with more
chloroplasts (Fig. 4Aa). The expression of WP1 increased
during the P4 stage up to P4-8 then decreased in mature
P4 leaves (Fig. 4Ab).

To determine the subcellular localization of WPI,
transient expression assays were performed in proto-
plasts prepared from rice seedlings. We first compared
localization of GFP with that of full-length WP1 fused
to the N terminus of GFP (WP1-GFP). Free GFP signal
was dispersed through the cytoplasm and nuclei in the
protoplasts, whereas GFP fluorescence of the proto-
plasts transformed with WP1-GFP partially merged
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with chlorophyll autofluorescence, indicating chloro-
plast localization. GFP signal was also detected in some
punctate structures similar in shape and size to mito-
chondria. To test the hypothesis that WP1-GFP also
localized to mitochondria, we used Mito-Tracker Or-
ange as a mitochondrial marker and found that the GFP
signal from the punctate structures merged with that
from Mito-Tracker Orange. We therefore concluded
that WP1 was targeted to both chloroplasts and mito-
chondria. The transit PEPtide of AARS was reported to
be in the N-terminal region (Duchéne and Giritch et al.,
2005), so we fused the N-terminal 1-100 amino acids of
WP1 to the N terminus of GFP. The fluorescent signal of
WP1 1-100 was the same as that of the full-length fusion
protein (Fig. 4B). In Nicotiana, the Arabidopsis homolog
of WP1 AtValRS2 was targeted to mitochondria with
weak signal in chloroplasts (Duchéne and Giritch et al.,
2005). We found that WP1 had the same subcellular
localization as AtValRS2 in Nicotiana and that AtValRS2
was targeted to chloroplasts only in rice protoplasts
(Supplemental Fig. S2).

The amino acid sequences of ValRSs are highly con-
served in rice and Arabidopsis (Supplemental Fig. S3).
There are three ValRS genes in the rice genome, in-
cluding LOC_Os03¢48850 (OsValRS1), LOC_Os10g36210
(OsValIRS3), and LOC_0s07g06940 (WP1). OsValRS3 was
mostly expressed in anthers, and its expression level was
much lower than the other ValRSs. OsValRS1 was highly
expressed in all organs (Supplemental Fig. S4), and
OsValRS1 protein was targeted to the cytosol (Fig. 4B).
The differential localization of OsValRS1 and WP1 sug-
gested that OsValRS1 and WP1 functioned independently
without redundancy.
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Figure 3. Positional cloning of the WP1 A Markers
gene. A, Map-based cloning of the WP1 Chr7
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gene. The WPT locus was initially mapped
to the short arm of chromosome 7 between
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Expression of Nuclear Genes Involved in Photosynthesis Is
Repressed in wpls

Chloroplast development is dependent on the coor-
dinated expression of both chloroplast and nuclear
genes and is largely under the control of nuclear genes
(Pogson and Albrecht, 2011). To analyze the effect of
the wpl mutation on gene expression, we compared
the transcriptional profiles of nuclear and plastidic
genes in wpls and wild-type seedlings using RNA-seq
17.5 million reliable clean reads were obtained from
both wp1s and wild type (Fig. 5A-C). The results showed
that, in seedlings, 2038 nuclear genes (q < 0.005; |log2
(FoldChange) | > 1) exhibited an over 2-fold difference in
their expression (repressed 972; induced 1066) between
wpls and wild type (Supplemental Data S1).

Many genes involved in photosynthesis were signif-
icantly repressed, including genes encoding proteins
of the light-harvesting complex, PSI and PSII, electron
carriers, ATP synthase, ferredoxin-NADP" reductase,
and proteins involved in carbon fixation (Supplemental
Data S2a), which are necessary for photosynthesis. The
reduction in expression of photosynthetic genes could

2114

wp1/1390

be caused by the stagnancy of chloroplast development.
Meanwhile, the expression levels of many genes in-
volved in both synthesis and degradation of Val, Leu,
and Ile were remarkably increased in wpls, which is
consistent with the result that WP1 encodes a Val-tRNA
synthetase. It was interesting that the chlorophyll syn-
thesis genes were not changed, which was verified us-
ing real-time PCR (Supplemental Fig. S5), whereas the
chlorophyll content of wpls mutants was much lower
(Fig. 1Ac).

WP1 Affects the mRNA levels of Plastid-Encoded Genes

The wpl mutant had an abnormal chloroplast struc-
ture similar to pap (polymerase-associated protein)
mutants (Allison et al., 1996). We therefore compared
the expression profiles of plastidic genes in wpls and
wild type using RNA-seq. The expression levels of
many plastidic genes differed between wpls and
wild type (Supplemental Data 53). Plastidic genes are
transcribed by NEP and PEP. Accordingly, plastidic
genes can be divided into three types. Class I genes are
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Figure 4. Expression levels of WPT in different tissues and localization of WP1 in rice protoplasts. A, Expression analysis of WP1.
a, qPCR analysis of WPT expression in roots, seedlings, stems, leaves, panicles, and sheaths of wild type. b, Relative expression of
WPT1 in P4 stage leaves. Values are means = sp of three replicates relative to rice ubiquitin. B, Localization of WP1-GFP, WP1'"1%-
GFP, OsValRS1, and GFP in rice protoplasts. Constructs encoding the indicated fusion proteins were transformed into rice
protoplasts prepared from 10-d-old seedlings and incubated in the dark at 28°C for 16 h before examination with a confocal
microscope, Green fluorescence signals, chlorophyll red autofluorescence signals, Mito-tracker Orange CM-H2Xros fluores-
cence, and merged images. Bar = 10 um.
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wild type and wpTsusing oligo-(dT) was fragmented and reverse-transcribed using random hexamer primers. The library was then
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A, Frequencies of detected genes sorted according to their

expression levels. B, Read numbers of wild-type and wp1s sequences. C, Volcano plot showing the overall alterations in gene

expression in wild type and wpls.

predominantly transcribed by PEP, class II genes are
transcribed by both NEP and PEP, and class III genes
are exclusively transcribed by NEP. In wpls, the ex-
pression levels of class III genes including RNA poly-
merase and genes encoding ribosomal proteins were
strongly increased, while class I genes including PSI,
PSII, and the large subunit of Rubisco (RbcL) decreased
(Fig. 6). These results suggest that wpl was defective in
PEP activity.

The wpl Mutant Was Defective in Plastidic
Protein Synthesis

Since WP1 encodes a ValRS located in chloroplasts
and mitochondria, we tested the accumulation of
chloroplast proteins in wpl mutants and wild type us-
ing western-blot analysis. As shown in Figure 7, the
levels of Rbcl, Rubisco small subunit (RbcS), and
Rubisco activase (RCA) were reduced in wp1(Fig. 7, A
and B), although RbcL was a plastid-encoded protein
while RbcS and RCA were encoded by the nucleus. The
RNA-seq results showed that the expression levels of
RbcS and RCA were significantly repressed. We there-
fore inferred that the lower levels of RbcS and RCA
proteins were due to the decreased expression levels of
both genes.

We next tested the levels of other plastid-encoded
proteins, including Al of PSI, D1 of PSII, alpha and 8"
subunits of RNA polymerase, NADH dehydrogenase
subunit 4, and ATP synthase CF1 beta (AtpB). We
found that the levels of all plastid-encoded proteins
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were strikingly reduced in wpls seedlings (Fig. 7C) as
well as in young panicles of wplw (Supplemental Fig.
56). To determine whether the reduced protein levels in
wpl mutants resulted from reduced mRNA levels, we
examined the expression levels of these genes in wpls
and wild type using gPCR. We found that the expres-
sion levels of the class I genes rbcL, psaA, psaB, and psbA
were remarkably reduced, while the expression of class
III genes rpoA, rpoC2 and class II genes ndhD, atpB in-
creased or was unchanged (Fig. 7E). The expression
level of psaA was greatly increased in wild type but
increased only slowly in wpls during the P4 stage
(Fig. 7F). Conversely, the expression of rpoB de-
creased in wild type but increased in wpls during the
P4 stage (Fig. 7G). These results suggested that the
lower accumulation of chloroplast proteins in wpl
was most likely due to the defects in chloroplast
protein biosynthesis.

The wp1 Mutant Was Defective in Biogenesis of
Chloroplast Ribosomes

The expression levels of class III genes increased,
yet the accumulation of these proteins was strikingly
decreased. This feature was very similar to the obgc
mutant, which is defective in biogenesis of plastidic
ribosomes, probably because ObgC acts as a 70S ribo-
some assembly factor (Bang et al., 2012). Chloroplast
ribosomes consist of 505 large subunit and 30S small
subunit. The 50S and 30S subunits are comprised of
rRNAs (23S, 16S, 5S, and 4.55) and ribosomal proteins.
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We analyzed the composition and content of rRNAs
using an Agilent 2100. The rRNAs, including 23S and
165 rRNAs, were decreased in wp1s seedlings displaying
the albino phenotype and slightly decreased in wplw
leaves showing the virescent phenotype (Fig. 8A, a—c).
Consistently, the IRNAs were decreased in wplw glumes
(Fig. 8A, d and e). The chloroplast rRNAs could not be
detected in roots as a negative control (Fig. 8A, f). We
tested the protein levels of some plastid-encoded ribo-
somal proteins, including RPL2 (ribosomal protein large
subunit 2), RPS3 (ribosomal protein small subunit 3), and
RPS18 (ribosomal protein small subunit 18) by western-
blot analysis. The levels of these ribosomal proteins were
significantly decreased in wpls seedlings and wplw
glumes and slightly decreased in wplw seedlings (Fig.
8B, a and b). The mRNA levels of chloroplast ribosomal
proteins were increased in wp1s seedlings compared to
wild type (Fig. 6; Supplemental Fig. S7). These results
clearly indicated that severe defects in plastidic ribo-
some biogenesis in wpl lead to lower levels of protein
biosynthesis in chloroplasts. Because WP1 is also tar-
geted to mitochondria, we examined biogenesis of
mitochondrial ribosomes. The results showed little
difference between 26S and 185 rRNA levels in wpl and
wild type (Supplemental Fig. S9A), while the ribosomal
protein levels were the same in wpl and wild type
(Supplemental Fig. S9B). These results indicated that
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Figure 6. Differential expression of plastid-

S encoded genes in wild type and wpTs. mRNA
enriched from total RNA isolated from 10-d-old
seedlings of wild type and wpTs using Ribo-
Zero rRNA Removal Kits (Plant Leaf) was frag-
mented and reverse-transcribed using random
hexamer primers. The library was then con-
structed and sequenced using an Illumina
HiSEquation 2000. The graph shows the log2
ratio of transcript levels in wp1s mutants com-
pared with wild type. Raw data are shown in

493 3 g 8 E Supplemental Data S3.
RRE-¥-F
g
66
mwpis
CWOESITD
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mitochondrial ribosome biogenesis was almost normal
in wpl.

DISCUSSION

WP1 Plays an Important Role during Early
Chloroplast Development

In this study, we isolated the wpl mutant, which
displays virescent to albino phenotypes in seedlings
and white panicles at heading. We found that wpl
chloroplasts were defective in the P4-2, P4-4, and P4-8
stages (Fig. 2). Further, chlorophyll fluorescence could
be observed in wild type 2 d after germination but not
in wpl mutant seedlings (Fig. 2A, a and b). Thus, the
defect in chloroplasts could occur earlier than the P4-2
stage. Strikingly, the morphologies and ultrastructures
of wpls mutant chloroplasts were very similar to those
of mutants in PEP-associated proteins such as pap5/
ptac12 and pap8/ptac6 (Pfalz et al., 2006), pap7/ptacl4
(Gao etal., 2011; Steiner et al., 2011), pap4/fad3 and pap9/
fsd2 (Myouga et al., 2008), pap6/fin1 (Arsova et al., 2010;
Steiner et al., 2011), pap10/trxz (Arsova et al.,2010), and
papll/atmurE (Garcia et al., 2008). These results indi-
cated that WP1 plays an important role during early
chloroplast development.

The severity of the phenotype varied between plants,
resulting in the fact that some seedlings were albino
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Figure 7. Transcript and protein levels of some A C
representative genes. A, Rubisco in wild-type

and wp1 seedlings. CBB, Coomassie Brilliant CBB stain
Blue-stained gel. B, Western-blot analysis of
RCA and RbcS. C, Western-blot analysis of
chloroplast proteins. D, Western-blot analysis
of mitochondrial proteins. Hsp90 was used as
an internal control. The seedlings were grown
for 10 d at 30°C. E, Relative expression of plastidic
genes in wild-type and wp1 seedlings grown for
10 d at 30°C. Relative expression levels of psaA (F)
and rpoB (G) in P4 stage leaves. Error bars indicate
SD (n=3).
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(wpls) and others were virescent (wplw), perhaps due several other analyses confirmed that they were caused
to conditions in the parent as the embryos developed. by a single mutation to the same gene. In addition to the
However, back-crossing sequencing, transformation, and virescent or albino leaf phenotype, the wplw mutant also
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Figure 8. Analyses of rRNA and ribosomal proteins from wild type and wpT. A, rRNA analysis using Agilent 2100. RNA was
isolated from 10-d-old wild-type seedlings (a), wp 7w seedlings (b), wpTs seedlings (c), wild-type panicles (d), wpTw panicles (e),
and wild-type roots as control (f). B, Western-blot analysis of chloroplast ribosomal proteins. Proteins were extracted from 10-d-
old seedlings (a) and panicles (b). The proteins were hybridized with antibodies against RPL2, RPS3, and RPS18, respectively.

Hsp90 was used as an internal control.

had a white panicle phenotype (Fig. 1B, b). In rice, white
panicle mutants are rarely reported and no gene was
isolated. We have obtained another virescent mutant that
has a white panicle phenotype as well (Wang YL, Wang
YH, Wan JM, unpublished data). This mutant has a de-
fect in trxz, which is part of the PEP/PAP complex
(Arsova et al., 2010; Pfalz and Pfannschmidt, 2013). In
Arabidopsis, the trxz mutant showed pale yellowish
leaves and also played an important role in chloroplast
development (Arsova et al., 2010). Therefore, we de-
duced that chloroplast development is frail in seedlings
and young panicles in rice, and mutations in genes
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participating in chloroplast development might lead to
the white panicle phenotype.

WP1 Encodes OsValRS2 and Is Required for Plastidic
Protein Biosynthesis and Gene Expression

Plants synthesize proteins in three cellular compart-
ments: the cytosol, the mitochondria, and the chloro-
plasts. Thus, full sets of AARSs, which catalyze the
addition of amino acids to their cognate tRNAs, need to
be localized in each of these compartments. In plants, all
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AARSs are nuclear-encoded and posttranslationally
targeted to their respective compartments. In this
study, we show that WP1 encodes a Val-tRNA syn-
thetase (OsValRS2) that is targeted to both chloroplasts
and mitochondria and that the first N-terminal 100
amino acids are sufficient to ensure its proper targeting
(Fig. 4B).

We found that the wpl mutant harbors a single base
transition (G to T) that causes the change of a Trp into a
Cys in the coding sequence of OsValRS2. This amino
acid substitution might alter the enzymatic activity of
OsValRS2 protein and lead to a defect in plastidic Val-
tRNA and in protein biosynthesis in the chloroplasts.
The RNA-seq results showed that the expression levels
of both the genes for synthesis and degradation of Val,
Leu, and Ile were increased (Fig. 5, D and E). We infer
that the mutation in WP1 may lead to lack of Val-tRNA.
The increased biosynthesis and degradation of Val,
Leu, and Ile could maintain the Val, Leu, and Ile flow at
a high level.

Consistent with this, we found that the levels of
chloroplast genome-encoded proteins transcribed by
NEP or PEP were severely reduced (Fig. 7C). In addi-
tion, ribosomal proteins encoded by the chloroplast
genome and chloroplast rRNAs were also reduced in
the wpl mutant (Fig. 8). In early chloroplast develop-
ment, a number of housekeeping genes are transcribed
and translated and in this stage chloroplast develop-
ment is rapid and sensitive. The decrease in chloroplast
Val-tRNA restrained the synthesis of these plastid-
encoded housekeeping proteins, including chloroplast
ribosomal proteins. This could lead to a deficiency in
functional ribosomes, which would inhibit protein
synthesis in chloroplasts. It could establish a vicious
circle leading to the breakdown of protein synthesis
during early chloroplast development. Thus, WP1
could indirectly regulate the biogenesis of chloroplast
ribosomes. Moreover, we found that in wpI mutants the
expression levels of PEP-dependent genes were de-
creased, whereas those of NEP-dependent genes were
increased or unchanged (Fig. 7). These results sug-
gested that the wpl mutant is severely impaired in
PEP activity and WP1 is important for plastidic gene
expression.

Reduced expression of class I genes and increased
expression of class III genes has also been described in
other mutants, such as PEP-related mutants (Pfalz et al.,
2006; Steiner et al., 2011), obgc (Bang et al., 2012), rh3
(Asakura et al., 2012), and some PPR protein-related
mutants (Chateigner-Boutin et al., 2008; Zhou et al.,
2009; Chateigner-Boutin et al., 2011; Pyo et al., 2013).
These mutants were all involved in the “housekeeping”
functions of chloroplast development. The switch of
RNA polymerase usage in chloroplasts is mediated by
the plastid-encoded Glu-tRNA whose expression de-
pends on PEP and directly binds to and inhibits the
transcriptional activity of NEP. Compromised PEP ac-
tivity in plants would lead to decreased Glu-tRNA
expression, thus preventing inhibition of NEP and
eventually leading to higher expression levels of class
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III genes compared to control plants with normal PEP
activity (Hanaoka et al., 2005; Arsova et al., 2010).
Therefore, the wpl mutation leads to impaired PEP
activity resulting in reduced expression of class I genes
and increased expression of class III genes, which is a
general phenomenon in most mutants with important
roles in establishment of basic chloroplast functions
including transcription and translation. Chloroplast
development depends on the coordination of nuclear
and plastidic gene expression. Most chloroplast pro-
teins are encoded by the nuclear genome, while the
plastid genome only encodes a few proteins (Sugiura,
2003). The status of the chloroplast influences the
transcription of nuclear genes through retrograde sig-
naling. Some retrograde signaling factors such as tet-
rapyrrole signaling and redox signaling have been
reported (Strand et al., 2003; Laloi et al., 2007). In
wpls expression of many nuclear genes changed
(Supplemental Data S1). The RNA-seq results showed
that the expression of photosynthetic genes was re-
duced (Fig. 5F). This was also observed in the rice obgc
mutants (Bang et al., 2012). Conversely, expression of
nuclear-encoded chloroplast ribosomal protein genes
increased (Supplemental Fig. S7). These changes in ex-
pression levels could be due to retrograde signaling.
The wpl chloroplasts were defective in mRNA and
protein levels, and chloroplast development was stag-
nant. Some form of retrograde signaling could conduct
the signal that the chloroplast’s genetic system was not
established and restrained the expression of nuclear-
encoded photosynthetic genes. Expression levels of
the nuclear-encoded chloroplast ribosomal protein genes
were increased. In wpls the expression levels of these
nuclear genes maintain the chloroplasts” status during
the early stages of development.

It is interesting to note that earlier studies reported
that the knock-out mutant of Arabidopsis ValRS2
(AtValRS2) showed an embryo lethality phenotype
(Berg et al., 2005), whereas the rice wpl we reported
here showed a virescent phenotype or a more severe
albino phenotype in seedlings. This indicates that the
mutation in wpl may represent a partial loss-of-
function mutation caused by a single amino acid sub-
stitution. Alternatively, other OsValRS homologs
(OsValRS1 and OsValRS3, which share high homology)
may play a partially redundant role with OsValRS2.
OsValRS3 was predominantly expressed in anthers,
and its expression level was much lower than the other
OsValIRS1 and OsValRs2. OsValRS1 was highly expressed
in all tissues, but its product was only targeted to the cy-
tosol (Fig. 4B). Therefore, OsValRS1 and WP1/OsValRS2
may have evolved nonredundant function to support
protein synthesis in the cytosol and the plastids and mi-
tochondria, respectively.

Since WP1 is also targeted to mitochondria, we
measured mitochondrial 26S and 185 rRNA levels us-
ing real-time PCR and found that these rRNAs were
slightly decreased in wpls but were not changed in
wplw (Supplemental Fig. S9A). We tested levels of
mitochondrial ribosomal proteins using western blot.

Plant Physiol. Vol. 170, 2016


http://www.plantphysiol.org/cgi/content/full/pp.15.01949/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01949/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01949/DC1

The results showed that the levels of ribosomal pro-
teins were unchanged or decreased slightly in wpl
(Supplemental Fig. S9B). We also examined the ex-
pression of some genes encoded by the mitochondrial
genome. We found that the expression levels of these
genes increased in wplw and increased even more in
wpls (Supplemental Fig. S9C). The levels of the proteins
encoded by these genes were almost the same in wild
type and wpl (Fig. 7D; Supplemental Fig. S9B). Thus,
mitochondrial protein synthesis might be impaired in
wpl and mitochondrial ribosomal biogenesis might be
slightly impaired. Hence, we deduced that WP1 func-
tioned in both chloroplasts and mitochondria, and WP1
and OsValRS1 functioned without redundancy. How-
ever, we found no differences between wild-type and
wpls mitochondrial ultrastructures. Similar results
were observed in the rice VIRESCENT2 (V2) mutant
(Sugimoto et al., 2007). V2 encodes a guanylate kinase
(GK) that is dual-targeted to chloroplasts and mito-
chondria, while there is another GK that is targeted to
the cytosol. V2 played an important role in translation
of plastidic transcripts at an early stage of chloroplast
differentiation (Sugimoto et al., 2004). The phenotypes
of v2 mutants were most apparent during early plasti-
dic rather than mitochondrial development. AEF1/
MPR25 is implicated in editing of plastidic atpF and
mitochondrial nad5 transcripts and promotes atpF
splicing (Toda et al., 2012; Yap et al., 2015). In mpr25 the
NADH dehydrogenase activity of complex I was not
affected, but photosynthesis was defective. The NADH
dehydrogenase genes were up-regulated in mpr25. The
reason why we could observe only slight differences
between wild-type and wpls mitochondria could be
that mitochondrial differentiation is different from
chloroplast differentiation during early development.
In chloroplast differentiation, the genetic system is re-
built. We therefore speculate that the single base mu-
tation in WP1 is important for establishment of the
plastidic genetic system but has little effect on mito-
chondrial differentiation. Hence, we could not observe
any differences between the ultrastructures of wild-
type and wpls mitochondria.

In conclusion, we report herein that WP1, which
plays an important role in expression of plastidic genes
and biogenesis of plastidic ribosomes, is essential for
differentiation from proplastids to chloroplasts.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

The wpl mutant was isolated from a Nipponbare T-DNA insertion mutant
library (Yang et al., 2004), but no T-DNA insertion was detected (Supplemental
Fig. S1C). The seedlings were grown in a paddy field or growth chambers. The
chamber conditions were as follows: 12-h light (300 umol m ?s™ ') at 30°C and
12-h dark at 28°C (sp).

Fluorescent Stereoscopic and TEM Analyses

Wild type and wp1 were grown in growth chambers. Leaves of wild type and
mutants were harvested to observe fluorescence and fixed overnight at 4°C in a
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phosphate buffer containing 2.5% glutaraldehyde (pH 7.4). The sampling time
was performed as described previously (Kusumi et al., 2010). The fluorescence
was observed using a NIKON AZ100. The samples fixed in 2.5% glutaralde-
hyde were further fixed in 1% O,0,, stained with uranyl acetate, dehydrated in
an ethanol series, and finally embedded in Spurr’s medium prior to ultrathin
sectioning. The samples were stained again and observed using a Hitachi
H-7650 transmission electron microscope.

Measurement of Photosynthetic Pigments

For pigment extraction, equal fresh weights of plant tissues were extracted
with equal volumes of 95% ethanol. Specific chlorophyll contents were deter-
mined with 800 UV/Vis Spectrophotometers (Beckman Coulter) according to
the method of Lichtenthaler (1987).

Map-Based Cloning and Complementation Analysis

A total of 1047 plants showing the mutant phenotype derived from the F2
progeny of the cross wpl X 93-11 (indica) were used for genetic mapping. Ten F2
recessive plants were used for preliminary mapping based on 200 genome-wide
microsatellite markers. New genetic markers were designed by comparing the
sequences of 93-11 and Nipponbare posted at NCBI (http:/ /www.ncbinlm.
nih.gov) and listed in Supplemental Table S2.

For complementation of the wpl mutation, the WP1 cDNA was cloned into
the pUbi-1390 binary vector. The pUbi:WP1 plasmid was introduced into
Agrobacterium tumefaciens (strain EHA105) and used to transform calli prepared
from wpl. Hygromycin-resistant calli were regenerated and seedlings were
grown in a greenhouse to obtain transgenic plants.

qPCR Analysis

Total RNA was isolated using the RNA prep pure plant kit (TTANGEN). The
first-strand cDNA was synthesized using random hexamer primers (TaKaRa) for
chloroplast-encoded genes and oligo(dT) (TaKaRa) for nuclear-encoded genes
and reverse-transcribed using Prime scriptase (TaKaRa). Rice (Oryza sativa)
ubiquitin (UBQ) was used as an internal control. The real-time PCR analysis was
performed using an ABI 7500 real-time PCR system with SYBR Green MIX
(BIO-RAD) and three biological repeats. Primers used for real-time PCR anal-
ysis are listed in Supplemental Table S3.

Subcellular Localization

The coding sequences of OsValRS2, OsValRS2''*’, OsValRS1, and AtValRS2
were amplified and fused to the N terminus of GFP under control of the double
CaMV35S promoter in the transient expression vector pAN580-GFP, referred to
as WP1-GFP, WP1"'", OsValRS1-GFP, and AtValRS2-GFP. WP1 was also
fused to the N terminus of GFP in the binary vector pPCAMBIA1305-GFP for
agro-infecting tobacco (Nicotiana tabacum) mesophyll cells. The cDNA frag-
ments were PCR-amplified using the corresponding primer pairs shown in
Supplemental Table S4. The rice protoplasts were isolated from 10-d-old
seedlings. The transient expression constructs were separately transformed
into rice protoplasts and incubated in the dark at 28°C for 16 h before exami-
nation (Chiu et al., 1996; Chen et al., 2006). Tobacco mesophyll cells were agro-
infected by injection and incubated in the chamber (12 h light/ 12 h dark, 25°C)
for 2 d, and protoplasts were isolated from injected leaves. The fluorescence of
GFP was observed using a confocal laser scanning microscope (Zeiss LSM 780).
To stain mitochondria, protoplasts were incubated with 0.5 uM MitoTracker
Orange CM-H,TMRos (Invitrogen) for 30 min and washed before observation.

Western-Blot Analysis

Total proteins were isolated from 10-d-old wild-type and wp1 seedlings and
panicles before flowering. The tissues were ground in liquid nitrogen and
thawed in equal volumes of extraction buffer [50 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 1 mM EDTA, 0.1% Triton X-100, 0.5 (v/v) B-mercaptoethanol, 1 mM 4-(2-
aminoethyl)-benzenesulfonyl fluoride, 2 ug/mL antipain, 2 ug /mL leupeptin,
2 pg /mL aprotinin] for 30 min on ice. Cell debris was removed by centrifu-
gation at 12,000g for 15 min at 4°C. Total proteins were separated by SDS-
PAGE, transferred to polyvinylidene difluoride membrane, immunoblotted with
various antibodies, and detected using the Clarity western ECL Substrate (BIO-
Rad). Antibodies were obtained from BGI (http:/ /www.proteomics.org.cn/).
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RNA-seq Analysis

Total RNA was isolated from 10-d-old wild-type and wp1s seedlings. mRNA
was enriched using oligo-(dT) primer for nuclear-encoded genes and Ribo-Zero
rRNA Removal Kits (Plant Leaf) for chloroplast-encoded genes, then frag-
mented into segments approximately 200 nucleotides in length and reverse-
transcribed using random hexamer primers. The library was then constructed
and sequenced using an Illumina HiSEquation 2000 (Novogene-BeiJing). The
raw sequence data were collected and filtered. A total of 17.5 million reads each
from wild type and wpls were obtained for nuclear-encoded genes and
33 million reads each from wild type and wpls were obtained for chloroplast-
encoded genes. Levels of gene expression were calculated using the RPKM
method. The significance of differentially expressed genes (DGEs) was deter-
mined using q values < 0.005 and |log2 (FoldChange)| > 1. Gene Ontology
(http:/ /www.geneontology.org/) analyses were performed referring GOseq
(Wang et al., 2009). Pathway enrichment analysis was performed using the
Kyoto Encyclopedia of Genes and Genomes database (Kanehisa et al., 2008).
The rice chloroplast genes were identified by referring to the chloroplast ge-
nome database (http://chloroplast.ocean.washington.edu/). DGEs with more
than 2-fold differences are listed in Supplemental Data S1 and chloroplast ge-
nome DGE:s are listed in Supplemental Data S3.

RNA Analysis

Total RNA was isolated from 10-d-old seedlings of wild type and wpl
panicles of wild type and wp1 and roots of wild type using the RNA prep pure
plant kit (TTANGEN). The RNA samples were diluted to 10 ng/uL and ana-
lyzed by Agilent 2100. The RNA 6000 Nano Total RNA analysis Kit (Agilent)
was used for analysis.

Supplemental Data

The additional supporting information is available in the online version of
this article.

Supplemental Data S1. List of genes that are differentially expressed in
wild type and wp1s.

Supplemental Data S2a. List of photosynthesis genes that are differentially
expressed in wild type and wpls.

Supplemental Data S2b. List of genes involved in synthesis and degrada-
tion of Val, Leu, and Ile that are differentially expressed in wild type and
wpls.

Supplemental Data S3. List of plastid-encoded genes that are differentially
expressed in wild type and wpls.

Supplemental Figure S1. Phenotypes of wild type and wp1l.
Supplemental Figure S2. Subcellular localization of ValRS2.

Supplemental Figure S3. Alignment of OsValRS1, WP1, AtValRS1, and
AtValRS2.

Supplemental Figure S4. Expression profiles of OsValRS1, WP1, and
OsValRS3.

Supplemental Figure S5. Expression levels of chlorophyll synthesis genes
in wild type and wp1.

Supplemental Figure S6. Western-blot analysis of chloroplast proteins in
wild type and wplw glumes.

Supplemental Figure S7. Expression of nuclear-encoded chloroplast ribo-
somal protein genes in seedlings

Supplemental Figure S8. TEM observation of mitochondria in wild type
and wpls.

Supplemental Figure S9. Analysis of mitochondrial ribosome and mRNA
levels of some mitochondrial genes.

Supplemental Table S1. Agronomic characteristics of WT and wplw.
Supplemental Table S2. Primers used in mapping.
Supplemental Table S3. Primers used in real-time PCR.

Supplemental Table S4. Primers used in vector construction.
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