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Aminoacyl-tRNA synthetases (ARSs) are key enzymes involved in
protein translation, and both cytosolic and organellar forms are
present in the genomes of eukaryotes. In this study, we investigated
cellular effects of depletion of organellar forms of ARS using virus-
induced gene silencing (VIGS) in Nicotiana benthamiana. VIGS of
NbBERS and NbSRS, which encode organellar GluRS and SerRS,
respectively, resulted in a severe leaf-yellowing phenotype. The
NbBERS and NbSRS genes were ubiquitously expressed in plant tis-
sues, and induced in response to light. Green fluorescent protein
(GFP) fusion proteins of the full-length glutamyl-tRNA synthetase
(ERS) and seryl-tRNA synthetase (SRS) of Arabidopsis and GFP
fusions to the N-terminal extension of these proteins were all dual-
targeted to chloroplasts and mitochondria. At the cell level, deple-
tion of NbERS and NbSRS resulted in dramatically reduced num-
bers of chloroplasts with reduced sizes and chlorophyll content. The
numbers and/or physiology of mitochondria were also severely
affected. The abnormal chloroplasts lacked most of the thylakoid
membranes and appeared to be degenerating, whereas some of
them showed doublet morphology, indicating defective chloroplast
division. Pulse-field gel electrophoresis analyses demonstrated that
chloroplast DNA in subgenomic sizes is the predominant form in
the abnormal chloroplasts. Interestingly, despite severe abnormal-
ities in chloroplasts and mitochondria, expression of many nuclear
genes encoding chloroplast- or mitochondria-targeted proteins,
and chlorophyll biosynthesis genes remained unchanged in the ERS
and SRS VIGS lines. This is the first report to analyze the effect of
ARS disruption on organelle development in plants.

* This work was supported by grants from the Plant Diversity Research Center of the 21st
Century Frontier Research Program (to H.-S. P. and D. C.) and the Molecular and Cel-
lular BioDiscovery Program (H.-S. P.), which are funded by the Ministry of Science and
Technology of the Korean government. The costs of publication of this article were
defrayed in part by the payment of page charges. This article must therefore be
hereby marked “advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

The nucleotide sequence(s) reported in this paper has been submitted to the GenBank™/EBI
Data Bank with accession number(s) AAY18610.

1 The on-line version of this article (available at http://www.jbc.org) contains supple-
mental Figs. S1 and S2.

' Both authors contributed equally to this work.

2 Present address: Dept. of Genetics, 445 Henry Mall, University of Wisconsin-Madison,
Madison, W1 53706-1574.

3To whom correspondence may be addressed: Tel.: 82-42-860-4340; Fax: 82-42-860-
4309; E-mail: doil@kribb.re kr.

“To whom correspondence may be addressed: Tel.: 82-31-330-6191; Fax: 82-31-335-
8249; E-mail: hspai@mju.ac.kr.

37098 JOURNAL OF BIOLOGICAL CHEMISTRY

Aminoacyl-tRNA synthetases (ARSs)® play a critical role in protein
synthesis by catalyzing the addition of amino acids to their cognate
tRNAs (1, 2). The specificity of aminoacyl-tRNA synthesis in pairing the
appropriate tRNAs and amino acids is a key determinant in faithful
transmission of genetic information. Despite the crucial function of
ARSs in protein synthesis, there are only limited reports on function and
regulation of the ARS genes and proteins in plants (3). Protein synthesis
in plants takes place in the cytosol, mitochondria, and chloroplasts, and
these compartments do not require full sets of unique ARSs encoded by
separate nuclear genes. In general, plant ARSs are classified into two
groups based on their substrate specificity: the cytosolic enzymes that
most efficiently aminoacylate plant or yeast cytosolic tRNAs, and the
organellar enzymes that aminoacylate organelle or Escherichia coli
tRNAS (4).

Recent research has uncovered an extensive degree of sharing of ARS
isoforms between compartments, between cytosol and mitochondria or
between plastids and mitochondria (5). For example, the cytosolic and
mitochondrial leucyl-tRNA synthetases of Phaseolus vulgaris amino-
acylate cytosolic and mitochondrial tRNAs"" with equal efficiency but
do not aminoacylate chloroplast and E. coli tRNAs™" (6). In addition,
AlaRS, ValRS, and ThrRS of Arabidopsis are dual targeted to both the
cytosol and mitochondria, and the same gene encodes both the mito-
chondrial and the cytosolic enzyme in each case (7, 8). Dual targeting to
mitochondria and chloroplasts has also been observed for HisRS (9),
MetRS (10, 11), AsnRS (10), CysRS (10), and one of the GlyRS enzymes
(12) in Arabidopsis.

Phenotypes of several mutants with defects in ARS gene structure or
expression have been characterized in Arabidopsis. A tDNA insertion
mutant of the cytosolic and mitochondrial AlaRS showed an embryonic
lethal phenotype (13). Embryo development of this mutant was arrested
at the globular stage with altered patterns of cell division and differen-
tiation. Altered expression of a cytosolic ValRS in plant tissues also
caused severe defects in early embryogenesis in the twn2 mutant in
Arabidopsis (14). In this mutant, development of apical cells is arrested
atavery early stage, and the basal cells proliferate abnormally, giving rise
to multiple embryos. Taken together, these results show that cytosolic
ARS activity is indispensable in plant cell viability and development. To

> The abbreviations used are: ARSs, aminoacyl-tRNA synthetases; ERS, glutamyl-tRNA
synthetase; SRS, seryl-tRNA synthetase; IRS, isoleucyl-tRNA synthetase; c-IRS, cyto-
plasmicisoleucyl-tRNA synthetase; Rubisco, ribulose-bisphosphate carboxylase/oxy-
genase; VIGS, virus-induced gene silencing; RT, reverse transcription; GFP, green flu-
orescent protein; RFP, red fluorescent protein; TMRM, tetramethylrhodamine methyl
ester; aa, amino acid(s); MG, MitoTracker Green FM; c-IRS, cytosolic form of lleRS; DAPI,
4',6-diamidino-2-phenylindole; cp-DNA, chloroplast DNA; TRV, tobacco rattle virus;
PFGE, pulse-field gel electrophoresis.
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date, there has been only one report regarding the function of an
organelle-specific ARS (15). The insertion mutation of the organellar
GIyRS gene was lethal, arresting embryo growth between the globular
and heart stages of embryo development in Arabidopsis. An N-terminal
fragment of the GlyRS protein was able to direct a marker protein into
both chloroplasts and mitochondria (12). Thus, normal organellar ARS
function is obviously essential for plant embryogenesis. However, there
has been no report directly demonstrating how loss of organellar ARS
function affects the development and physiology of chloroplasts and
mitochondria, and how it in turn affects plant cells in which the
organelles reside.

In this study, we investigated cellular functions of organellar ARSs by
generating reduced-expression mutants using virus-induced gene
silencing (VIGS), thereby circumventing the embryonic-lethal pheno-
types associated with the complete loss of ARS function. VIGS of NDERS
and NbSRS, encoding the Nicotiana benthamiana organellar forms of
GIuRS and SerRS, respectively, severely affected the numbers, morphol-
ogy, and physiology of both chloroplasts and mitochondria. These data
are consistent with the import of the Arabidopsis orthologs of NbERS
and NbSRS into both chloroplasts and mitochondria and suggest that
NbERS and NbSRS are responsible for the GIuRS and SerRS activity
required for translation in both organelles.

EXPERIMENTAL PROCEDURES

Virus-induced Gene Silencing—Various cDNA fragments of NDERS
and NbSRS were PCR-amplified and cloned into the pTVO0O vector con-
taining a part of the TRV genome (16) using BamHI and Apal sites.
VIGS was carried out as described (16 —18). The fourth leaf above the
infiltrated leaf was used for RT-PCR and cytological analyses.

RT-PCR—Semiquantitative RT-PCR was performed with 5 pg of
total RNA, isolated from the fourth leaf above the infiltrated leaf, as
described previously (17). To detect the NHERS transcripts, the ERS-A
(5'-ATGCCTCACTTTGCGCAT-3" and 5'-TGCATCCTTCCACCT-
TTC-3') and the ERS-B (5'-GTACCTCAAGCTGGGTTT-3' and 5'-
GCAAGTGGCAGTAAGATA-3') primer sets were used. To detect
the NSRS transcripts, the SRS-A (5'-ACAGCTTATCAAAGCCGT-3’
and 5'-TAAACGTCTGTCCCATGT-3’) and the SRS-B (5'-ATGTT-
CATACTGTGCCGA-3" and 5'-ATTGCTGACCTCACCATA-3')
primer sets were used. To detect the NbIRS transcripts, the IRS-A (5'-
GGCAGTAAACCGCATTTC-3"and 5'-CAACCCCCTTTCATCCA-
T-3")and IRS-B (5'-ATCTCAGGTGGAGATTCT-3" and 5'-CATTG-
TGCTATAGCCTCT-3') primer sets were used. The primers used to
detect nuclear genes were: for rbcS, 5'-CCTTGACATCACTTCCAT-
T-3"and 5'-AGCCCTCTGGCTTGTAGG-3'; for Lhcb, 5'-TGAAGG-
ATATAGGGTTGGTG-3" and 5'-GGGTCATTAATCTGGTCAAA-
3'; for FtsZ,5'-TCTGCTGCCTGTTCCCCCAA-3" and 5'-AGCAAC-
TCTGGACCCTCTCA-3'; for chalcone synthase (CHS), 5'-GAATAC-
ATGGCTCCTTCT-3" and 5'-CCCAGGCCCAAATCCAAA-3’; for
ChiD, 5'-TTGGACGTATCATGATTGTTGC-3' and 5'-CTATGAC-
GAGGAGAGACATTCC-3'; for ChiH, 5'-CACCCTTTGGCTCCTT-
GTATGT-3" and 5'-CCATGATCACAGCCACATAGTG-3'; for SGT,
5-AGAACGCTGAGCTTTTCG-3' and 5'-CAGCAGATCCTTGA-
TAGG-3'; for SKP, 5'-GTAGAAGAGTCAGTTGCC-3" and 5'-TCA-
GCAGACTATTGACGC-3'; for pyruvate dehydrogenase Ela (PDHE-
la), 5'-GGGTCATGGGATTGTTGG-3" and 5'-GCAGGATCAGA-
CATGGAG-3’; for malate dehydrogenase (MDH), 5'-ACCCCTGGT-
GTTGCCGCT-3" and 5'-CCATCTTGGGTTCGCTTG-3'; for actin,
5-GCCACACTGTCCCAATTTATGA-3" and 5'-GAAGCCAAAAT-
AGAACCTCCAA-3".
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Subcellular Localization of AtERS and AtSRS—The AtERS cDNA
fragments corresponding to the N-terminal 70 amino acids (residues
1-70) and the full-length sequence of 570 amino acids (residues 1-570)
were cloned into the 326-GFP (green fluorescent protein) plasmid (19)
using BamHI sites to generate AtERS-GFP fusion proteins. The AtSRS
c¢DNA fragments corresponding to the N-terminal 90 amino acids (res-
idues 1-90) and the full-length sequence of 514 amino acids (residues
1-514) were cloned into the same vector for the AtSRS-GFP fusion
proteins. The various GFP fusion constructs and the F; ATPase-y-RFP
fusion construct were introduced into protoplasts prepared from Ara-
bidopsis seedlings by polyethylene glycol-mediated transformation (19).
Expression of the fusion constructs was monitored at 24 h after trans-
formation by confocal laser scanning microscopy, as described previ-
ously (18).

Measurement of Chlorophyll Content—The fourth leaf above the
infiltrated leaf was collected from the VIGS plants and boiled in 95%
ethanol at 80 °C for 30 min to extract chlorophyll. Chlorophyll concen-
tration per unit fresh weight was calculated as described before (20).

Analysis of Starch Content—Leaves were harvested from the VIGS
lines at 20 days after infiltration, and bleached in 80% (v/v) ethanol.
After rinsing with double-distilled water, the leaves were stained with
Lugol’s iodine staining reagent (Sigma) and briefly destained with water.

Histochemical Analyses—Tissue sectioning and microscopy were
carried out as described previously (17), using the fourth leaf above the
infiltrated leaf from the VIGS lines.

Confocal Laser Scanning Microscopy—For TMRM (tetramethylrho-
damine methyl ester, Molecular Probes) staining of mitochondria,
TMRM was added into the leaf protoplasts at the final concentration of
200 nM. After incubation for 1-2 min at 25 °C, protoplasts were trans-
ferred to wells on microscope slides and examined by confocal micros-
copy (Carl Zeiss LSM 510) with a BP560-615 (543 nm excitation, 560 —
615 nm emission) optical filter to visualize the red fluorescent probe.
Quantitative images were captured, and data were analyzed using the
LSM 510 software (version 2.8). Chlorophyll autofluorescence was
observed using an LP650 (excitation 488 nm, emission 650 nm) optical
filter. MitoTracker Green FM (Molecular Probes) staining of proto-
plasts and 4',6-diamidino-2-phenylindole staining of chloroplasts were
carried out, as described previously (18).

PFGE Analysis—Protoplasts were prepared from the fourth to sixth
leaves above the infiltrated leaf of the VIGS lines and counted. Roughly
equal numbers of protoplasts from the VIGS lines were embedded, and
pulse-field gel electrophoresis was carried out as described (18, 21). The
rbcL cDNA was used as a probe.

RESULTS

Virus-induced Gene Silencing of the NDERS and NbSRS Caused Severe
Leaf-yellowing Phenotypes—Functional genomics has been carried out
in N. benthamiana using TRV-based virus-induced gene silencing
(VIGS) to assess functions of signaling genes and genes that likely cause
embryo or seedling lethality when their expression is suppressed. VIGS
is based on the phenomenon that gene expression is suppressed in a
sequence-specific manner by infection with viral vectors carrying host
genes (22) and has been proved to be a powerful tool to analyze embryo-
or seedling-lethal genes (17, 18). Using a VIGS screen, we found that
gene silencing of the N. benthamiana NDERS and NbSRS genes, encod-
ing isoforms of GIuRS and SerRS, respectively, causes severe leaf yellow-
ing and abnormal leaf morphology, while maintaining almost normal
plant growth.

The full-length NDERS cDNA was obtained by 5'-rapid amplification
of ¢cDNA ends. The full-length NbSRS cDNA was obtained by PCR
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FIGURE 1. VIGS phenotypes and suppression of
endogenous transcripts. A, schematic represen-
tation of the structure of NbERS, the cDNA regions
used in the VIGS constructs, and the VIGS pheno-
types of the three TRV:ERS VIGS lines. The box indi-
cates the protein-coding region of NbERS. The
three VIGS constructs containing different regions
of the NbERS cDNA are marked by bars. N.
benthamiana plants were infected with Agrobacte-
rium containing the TRV control or one of the TRV:
ERS constructs. The plants were photographed 20
days post-inoculation. The positions of the primer
sets used for RT-PCR analyses, ERS-A and ERS-B, are
also shown. The arrow indicates a flower bud with
yellowed sepal. B, schematic representation of the
structure of NbSRS, the cDNA regions used in the
VIGS constructs, and the VIGS phenotypes of the
three TRV:SRS VIGS lines. The plants were photo-
graphed 20 days post-inoculation. The positions
of the primer sets, SRS-A and SRS-B, are shown. C,
VIGS phenotypes of the TRV:IRS VIGS line. TRV:IRS

NBERS

56590

VIGS constructs
TRV:ERS(1)
IRV:ER5(2)
TRV:ERS(3)

Primer sets
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1 NBSRS Saa
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TRV:SRS(1)
TRV:SR5(2)
TRV:SRS(3)

Prumer sets

SRS-A

construct contains a 1.5-kb cDNA fragment of SRS(3)
NbIRS encoding the organellar lleRS. The plants
were photographed 20 days post-inoculation.
Note that VIGS of NbIRS caused only a weak leaf-
yellowing phenotype. D, VIGS phenotypes of the
TRV:c-IRS line. VIGS of the TRV:c-IRS construct con-
taining a 0.3-kb cDNA fragment of the cytoplasmic
1leRS resulted in arrested plant growth and abnor-
mal leaf development in newly emerged leaves
(arrow). E, semiquantitative RT-PCR analysis to
examine the transcript levels of NbERS. RNA was
extracted from the leaves of each VIGS line. As con-
trols, NbSRS, NbIRS, and actin mRNA levels were
examined. F, semiquantitative RT-PCR analysis to
examine the transcript levels of NbSRS. As controls,
NbERS, NbIRS, and actin mRNA levels were
examined.

IRS

SRS5-B

IRV SRS(1)

SRS-A
SRS-B
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based on the sequence in the TIGR data base (accession number
TC8134). NbERS and NbSRS encode polypeptides of 569 and 506 amino
acids, respectively, corresponding to theoretical molecular masses of
63410.40 and 56266.37 Da. The NDERS and NbSRS genes exhibited high
sequence similarity to the corresponding genes of prokaryotes, partic-
ularly cyanobacterial species, indicating that they encode an organellar
isoform of GIuRS and SerRS. The Arabidopsis data base contains one
sequence encoding an organellar GIuRS (GenBank™ accession num-
ber NP_201210), designated A¢ERS, and a sequence for an organellar
SerRS (AAL16281), designated AtSRS. When the amino acid sequences
of the organellar ERS and SRS genes from plants were aligned with the
corresponding genes from prokaryotes, a notable difference between
the plant proteins and the corresponding bacterial proteins is that plant
proteins contain a long extension at their N terminus, which has fea-
tures of chloroplast and mitochondria targeting signals (23).
Suppression of the NDERS and NbSRS Transcripts by VIGS—To
induce gene silencing of NbERS and NbSRS, we cloned different frag-
ments of the NPERS and NbSRS cDNAs into the TRV-based VIGS vec-
tor pTVO00 (16), and infiltrated N. benthamiana plants with Agrobacte-
rium containing each plasmid (Fig. 1, A and B). TRV:ERS(1) and TRV:
ERS(2) contain the N-terminal 333 bp and the C-terminal 383 bp of the
NDERS cDNA, respectively, whereas TRV:ERS(3) contains a 1.5-kb
c¢DNA fragment. Similarly, TRV:SRS(2) and TRV:SRS(3) contains the
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N-terminal 330 bp and the C-terminal 373 bp of the NbSRS cDNA,
respectively, whereas TRV:SRS(1) contains a 1.2-kb ¢cDNA fragment.
VIGS with these constructs all resulted in a similar yellowing phenotype
in newly emerged leaves, whereas overall plant growth was normal (Fig.
1, A and B). During flower formation, the sepals became yellow in the
ERS plants (Fig. 14). However, except that, flower development was
normal in both ERS and SRS VIGS lines (data not shown). In contrast,
VIGS of NbIRS, which encodes an organellar form of IleRS resulted in
only a mild leaf-yellowing phenotype, when a 1.5-kb ¢cDNA fragment
was used for VIGS (Fig. 1C). As a control, we also carried out VIGS of
¢-IRS, which encodes a cytosolic form of IleRS, and it resulted in arrested
plant growth and severe developmental abnormalities in newly emerged
leaves, distinct from the VIGS phenotypes of the organellar ARSs
(Fig. 1D).

Effects of gene silencing on the amounts of endogenous NHERS and
NbSRS mRNAs were examined by semiquantitative RT-PCR (Fig. 1, E
and F). RT-PCR using the ERS-A primers (indicated in Fig. 14) pro-
duced significantly reduced amounts of PCR products in the yellow
sectors of the leaves from the TRV:ERS(2) line, indicating that the
endogenous level of the NHERS transcripts is greatly reduced in these
plants (Fig. 1E). The same primers detected high levels of viral genomic
transcripts containing the N-terminal region of NbERS in the TRV:
ERS(1) and TRV:ERS(3) lines. Similarly, RT-PCR using the ERS-B prim-
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FIGURE 2. Expression of the NbERS and NbSRS genes. Semiquantitative RT-PCR analy-
sis was carried out with total RNA from N. benthamiana plants using the NbERS- and
NbSRS-specific primers. As a control, the transcript level of actin was examined. A, expres-
sion in various plant tissues. B, light-stimulated expression. Seedlings were grown for 7
days under normal light conditions (16 h light/8 h dark) (/ight), under dark conditions
(dark), or under dark conditions followed by a transfer to light for 1 h (dark—light). As a
control for light regulation, the expression of NbGyrB, which encodes the chloroplast-
targeted DNA gyrase subunit B (18) was examined.

ers (indicated in Fig. 14) produced significantly reduced amounts of
PCR products in the yellow sectors of leaves from the TRV:ERS(1) line,
whereas the same primers detected high levels of viral genomic tran-
scripts containing the C-terminal region of NbERS in the TRV:ERS(2)
and TRV:ERS(3) lines. In all of the ERS VIGS lines, the transcript level of
NbSRS, NDIRS, and actin remained constant (Fig. 1E).

Silencing of NbSRS was also examined by semiquantitative RT-PCR
(Fig. 1F). RT-PCR using the SRS-A and SRS-B primers produced signif-
icantly reduced amounts of PCR products in yellow sectors of leaves
from the TRV:SRS(3) and TRV:SRS(2) lines, respectively, indicating
that the endogenous level of the NbSRS transcripts is significantly
reduced in those plants. In all of the SRS VIGS lines, the transcript levels
of NBPERS, NbIRS, and actin stayed constant (Fig. 1F). These results
clearly show that VIGS using the NbERS and NbSRS cDNA fragments
specifically suppresses expression of these genes. The transcripts levels
of NDERS and NbSRS in TRV were identical to those in wild-type, indi-
cating that TRV infection did not affect the expression of NbERS and
NbDSRS (supplementary Fig. S1A). Although VIGS of NbIRS caused only
mild phenotypes compared with silencing of NbERS and NbSRS, the
degree of gene silencing of NbIRS in its VIGS lines was similar to that of
NDERS and NDSRS, at least at the mRNA level (supplementary Fig. S1B).
These data suggest that each organellar ARS may have a distinct thresh-
old level required for normal organelle function.

Expression Patterns of NDERS and NbSRS—To examine tissue-spe-
cific expression patterns of NPERS and NbSRS, semiquantitative RT-
PCR analyses were carried out using the NbERS- and NbSRS-specific
primer sets. RT-PCR products of NDERS and NbSRS were detected in all
of the tissues examined, including roots, stems, mature leaves, young
leaves, flower buds, and open flowers in N. benthamiana, with some-
what higher levels of the transcripts in young tissues such as young
leaves and flower buds (Fig. 24). The light-dependent gene expression
of NbERS and NbSRS was examined by semiquantitative RT-PCR (Fig.
2B). N. benthamiana seedlings were grown for 7 days on MS media
under normal light conditions (16 h light/8 h dark), under dark condi-
tions, or under dark conditions followed by a transfer to light for 1 h.
The NHERS and NbSRS mRNA levels were lower in dark-grown seed-
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FIGURE 3. Targeting of AtERS and AtSRS to both chloroplasts and mitochondria.
Arabidopsis protoplasts were cotransformed with GFP fusion constructs of AtERS or
AtSRS and the F,ATPase-y-RFP construct, and the localization of the fluorescent signals
was examined at 24 h after transformation using a confocal laser scanning microscope.
Chloroplasts and mitochondria were visualized by chlorophyll autofluorescence and the
red fluorescence of F,ATPase-y-RFP, respectively. Chlorophyll autofluorescence is pseu-
do-colored (blue) to distinguish it from the red fluorescence of RFP. Merged and bright-
fieldimages are also shown. A, GFP was fused to the N-terminal 70-aa peptide of AtERS in
M1G70:GFP, and to the full-length AtERS in M1T570:GFP. B, GFP was fused to the N-ter-
minal 90-aa peptide of AtSRS in M1A90:GFP, and to the full-length AtSRS in M1K514:GFP.

lings than light-grown seedlings, but exposure to light for 1 h after the
dark-grown period increased the NDERS and NbSRS mRNA levels to
that of light-grown seedlings (Fig. 2B). As a positive control, NbGyrB
expression in response to light was also monitored. NbGyrB encodes
subunit B of DNA gyrase, which plays a critical role in chloroplast DNA
metabolism, and is induced by light (18). These results indicate that
expression of NDERS and NbSRS is stimulated by light.

Dual Targeting of AtERS and AtSRS to Chloroplasts and Mito-
chondria—We examined the subcellular localization of AtERS and
AtSRS (Fig. 3). Both AtERS and AtSRS contain a long extension at their
N terminus, which contains features of dual targeting signals to chloro-
plasts and mitochondria (23). We generated fusion proteins in which
the N-terminal regions or the full-length proteins of AtERS and AtSRS
were fused to GFP. For AtERS, the N-terminal sequence of 70 aa (Met-1
to Gly-70, M1G70) and the full-length sequence of 570 aa (Met-1 to
Thr-570, M1T570) were used. For AtSRS, the N-terminal sequence of
90 aa (Met-1 to Ala-90, M1A90) and the full-length sequence of 514 aa
(Met-1 to Lys-514, M1K514) were used. These DNA constructs encod-
ing different forms of AtERS-GFP or AtSRS-GFP fusion proteins under
the control of the CaM V35S promoter were introduced into protoplasts
isolated from Arabidopsis seedlings. To track mitochondria, a DNA
construct encoding an F,;ATPase-y-RFP fusion protein of the mito-
chondrial F;ATPase-vy subunit (19), and red fluorescent protein (RFP)
was cotransformed into the protoplasts. After incubation at 25 °C for
24 h, expression of the introduced genes was examined by confocal laser
scanning microscopy with different filters to capture images of GFP,
RFP, and autofluorescence of chlorophyll.

For both AtERS(M1G70)-GFP- and AtERS(M1T570)-GFP-trans-
formed protoplasts, the green fluorescent signal completely overlapped
with both autofluorescence of chloroplasts and the red fluorescent sig-
nal of F; ATPase-y-RFP, indicating that the AtERS protein was targeted
to both chloroplasts and mitochondria (Fig. 3A). Similarly, both
AtSRS(M1A90)-GFP- and AtSRS(M1K514)-GFP-transformed proto-
plasts exhibited overlapping fluorescent signals from GFP, RFP, and
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chlorophyll autofluorescence, indicating dual targeting of AtSRS (Fig.
3B). These results demonstrate that the N-terminal extension of AtERS
and AtSRS contains a signal for transport of the protein to both chloro-
plasts and mitochondria.

Numbers of Chloroplasts and Mitochondria—Protoplasts were gen-
erated from yellow sectors of the leaves from the TRV:ERS and TRV:
SRS lines, and examined by confocal laser scanning microscopy (Fig.
4A). As controls, protoplasts from the TRV were also observed. In both
TRV:ERS and TRV:SRS, almost all of the protoplasts, mostly originated
from leaf mesophyll cells, exhibited drastically reduced numbers of
chloroplasts. The average number of chloroplasts in the TRV:ERS and
TRV:SRS lines was about 27 and 35% of the TRV control, respectively
(Fig. 4B). Chlorophyll content of the leaves was consistently much lower
in the VIGS lines than the TRV controls (Fig. 4, C and G). Furthermore,
chloroplasts from the TRV:ERS and TRV:SRS lines were significantly
smaller than TRV controls (Fig. 4D) and measured ~31 and 55% of the
average control diameter, respectively. Some of the chloroplasts in the
TRV:ERS and TRV:SRS lines were dumbbell-shaped, indicating dis-
rupted chloroplast division (results not shown). The chloroplast num-
bers and diameter, chlorophyll autofluorescence, and total chlorophyll
contents in TRV were very similar to those in wild-type (supplementary
Fig. 2, A-D).

Mitochondria in leaf protoplasts isolated from the TRV control, TRV:
ERS, and TRV:SRS lines were examined by TMRM and MitoTracker
Green FM (MG) fluorescent probes (Fig. 4, A, E, and F). TMRM is a
lipophilic cation that accumulates in mitochondria in proportion to the
mitochondrial membrane potential (24), and a drop in the membrane
potential leads to a decrease in fluorescence. The average TMRM fluo-
rescence of protoplasts from TRV:ERS and TRV:SRS leaves was ~9 and
25% of TRV controls, respectively (Fig. 4E). This decrease in fluores-
cence could be due to either reduced mitochondrial numbers or altered
membrane potential of mitochondria in the protoplasts. MitoTracker
Green FM (MG) accumulates in mitochondria regardless of the mito-
chondrial membrane potential, and is widely used to determine mito-
chondrial mass (25). The MG fluorescence of the protoplasts from TRV:
ERS and TRV:SRS leaves, ~8 and 11%, respectively, was significantly
lower than that of the TRV control (Fig. 4, A and F). This indicates that
mitochondrial numbers and/or mass are reduced in the ERS and SRS
VIGS lines. The TMRM and MG fluorescence of mitochondria in TRV
were very similar to those in wild-type (supplementary Fig. S2, E and F).

Ultrastructural Analysis of Chloroplasts—Transmission electron
microscopy of transverse leaf sections of the TRV:ERS and TRV:SRS
VIGS lines showed a large difference in the chloroplast number and
morphology compared with TRV controls (Fig. 5), whereas the leaf cell
structure was relatively normal (results not shown). In TRV controls,
mesophyll cell chloroplasts have a well developed thylakoid membrane
system and large starch granules (Fig. 5, A, D, and G). Yellow sectors of
the leaves from the TRV:ERS and TRV:SRS lines exhibited severely
reduced chloroplast numbers, and morphological abnormalities were
apparent in the chloroplasts (Fig. 5, B, E, C, and F). The abnormal chlo-
roplasts were small and irregular in shape, and contained few starch
grains (Fig. 5, E and F). The thylakoid membranes were either poorly
developed or in the process of disintegration and exhibited radical alter-
ations in arrangement and distribution (Fig. 5, H and I). Interestingly,
some of the chloroplasts in the TRV:ERS and TRV:SRS lines exhibited a
dumbbell-shaped morphology with a central constriction, mimicking
chloroplasts undergoing division, but with the two daughter chloro-
plasts differing in size (Fig. 5F). Those organelles may represent chloro-
plasts arrested during division due to abnormal conditions within the
organelle. Consistent with the lack of starch accumulation in the abnor-
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mal chloroplasts (Fig. 5, Band C), starch contents in the yellowing leaves
from the TRV:ERS and TRV:SRS lines were much lower than that of
TRV leaves during the light period, based on iodine staining (Fig. 5/). As
expected, the yellow sectors of the leaves from the TRV:ERS and TRV:
SRS lines perfectly overlapped with the regions that were not stained
with iodine (Fig. 5/, results not shown). In contrast to the leaf-yellowing
phenotype of the organellar ARSs, VIGS of the cytosolic form of IleRS
(c-IRS) resulted in arrested plant growth and abnormal leaf develop-
ment (Fig. 1D). Transverse leaf sections revealed that the TRV control
leaves had the typical leaf structure of dicotyledonous plants (Fig. 5K). In
the TRV:c-IRS leaves, the cell numbers decreased, and the cell sizes
increased in every layer, which was accompanied by an irregular cell
morphology, whereas the typical dorsoventral organization of the pali-
sade and mesophyll cells was mostly maintained (Fig. 5L). Transmission
electron microscopy showed that chloroplasts of the mesophyll cells in
the TRV:c-IRS lines contained large starch granules (Fig. 5M), a dra-
matic contrast to the lack of starch accumulation in the TRV:ERS and
TRV:SRS chloroplasts (Fig. 5, Band C). Thus, depletion of the organellar
or the cytosolic form of ARS resulted in completely different cellular and
organellar phenotypes in plants.

Chloroplast DNA Structure—Isolated protoplasts from TRV, TRV:
ERS, and TRV:SRS lines were stained with DAPI and squashed on a
microslide to visualize individual chloroplasts and chloroplast nucleoids
(Fig. 6A). The TRV control exhibited faint staining of chloroplast nucle-
oids. Chloroplast nucleoids are dispersed as small particles in the stroma
mostly associated with thylakoids, and the nucleoid numbers and chlo-
roplast DNA (cp-DNA) content vary during chloroplast development
(26, 27). Recent studies have revealed that the amount of cp-DNA per
chloroplast decreases as the chloroplasts develop, and reaches unde-
tectable levels in mature leaves long before the onset of senescence in
Arabidopsis and maize (28, 29). Compared with the TRV control, chlo-
roplasts of TRV:ERS and TRV:SRS lines had increased DAPI fluores-
cence suggesting increased chloroplast DNA content, whereas the chlo-
roplast size was much reduced.

We used PFGE to estimate the size of cp-DNA molecules in leaf
chloroplasts isolated from TRV, TRV:ERS, and TRV:SRS VIGS lines
(Fig. 6B). Equal numbers of leaf protoplasts prepared from each VIGS
line were embedded and subjected to PFGE. Previously, Lilly et al. (21)
demonstrated that both linear and circular DNA fibers with one to four
copies of the chloroplast genome are present in tobacco chloroplasts,
with monomers being the predominant structure. In the TRV control,
hybridization of the rbcL gene probe to DNA blots from PFGE consis-
tently revealed a band corresponding to the monomeric cp-DNA (Fig.
6B). Faint hybridization signals below the monomeric band (indicated
by the red arrow) are likely to represent cp-DNA molecules of sub-
genomic size or sheared cp-DNA. In the TRV:ERS line, a distinct mono-
meric cp-DNA band was not detected and the subgenomic hybridiza-
tion signal was prominent. In the TRV:SRS line, the monomeric band
was visible, but the hybridization signal from the subgenomic cp-DNA
was more prominent than control cp-DNA. The small cp-DNA mole-
cules abundant in these lines could be a cleavage product of replication
intermediates. In contrast, cp-DNA molecules containing multiple
chloroplast genomes were not observed in these VIGS lines. Thus, com-
promised translation activity in the chloroplasts appeared to induce
accumulation of cp-DNA representing partial genome units.

Expression of the Nuclear Genes for the Chloroplast- or Mitochondria-
targeted Proteins, and the Chlorophyll Biosynthetic Enzymes—Chloro-
plast development involves coordinated expression of both plastidic
and nuclear genes, and subsequent translocation of nuclear-encoded
proteins into developing chloroplasts (30). It has been proposed that
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FIGURE 4. Numbers of chloroplasts and mitochondria. A, confocal laser scanning microscopy of chloroplasts and mitochondria in protoplasts isolated from the TRV, TRV:ERS, and
TRV:SRS VIGS lines. Chloroplasts were visualized by chlorophyll autofluorescence (red fluorescence), and mitochondria were visualized by staining with TMRM and MitoTracker Green
FM (MG). Bright-field and merged images are shown. B, confocal microscopy was used to determine the number of chloroplasts per protoplast. TRV controls had, on average, 57
chloroplasts per protoplast. The data points represent means =+ S.D. of 40-50 individual protoplasts. C, total chlorophyll contents in the yellow (Y) and green (G) sectors of the leaves
from VIGS lines were measured, as described (20). D, the average diameter of chloroplasts was measured. The data points represent means = S.D. of 40-50 individual protoplasts. E-G,
the average fluorescence of TMRM (E), MitoTracker Green FM (F), and chlorophyll autofluorescence (G) in individual protoplasts was quantified by confocal microscopy. Data points
represent means * S.D. of 40-50 individual protoplasts. PIV, pixel intensity values.
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FIGURE 5. Ultrastructural analysis of mesophyll cell chloroplasts and mitochondria.
A-I, transmission electron micrographs of leaf mesophyll cells (A-C), chloroplasts (D-F),
and chloroplast thylakoid membranes (G-/) of the TRV control (A, D, and G), TRV:ERS (B, E,
and H), and TRV:SRS (C, F, and /) lines. ¢, chloroplast; s, starch; tm, thylakoid membrane.
Scale bars = 5 umin A-C; 1 umin D-F; 0.1 um in G-1.J, iodine staining of the leaves from
the TRV, TRV:ERS, and TRV:SRS lines. Black staining indicates accumulated starch. K-M,
light micrographs of leaf transverse sections of the TRV (K) and TRV:c-IRS (L) lines, and
transmission electron micrograph of a mesophyll cell of the TRV:c-IRS (M) line. ¢, chloro-
plast; s, starch. Scale bars = 100 um in Kand L; 10 wm in M.

signals from chloroplasts, known as plastid factors, regulate nuclear
gene expression (31). The effects of depletion of the organellar ARSs on
transcription of various nuclear genes were examined by semiquantita-
tive RT-PCR using RNA from wild-type and TRV leaves, and yellow
sectors of the TRV:ERS and TRV:SRS leaves (Fig. 7). The mRNA levels
of nuclear genes encoding chloroplast-targeted proteins such as RbcS
(Rubisco small subunit), Lhcb (chlorophyll a/b-binding protein), and
FtsZ (chloroplast division protein) in the TRV:ERS and TRV:SRS lines
were very similar to those in the TRV control. Furthermore, transcript
levels of nuclear genes that encode enzymes in the chlorophyll biosyn-
thesis pathway, such as ChlD, ChlH, and CHS (chalcone synthase), in
the TRV:ERS and TRV:SRS lines were also similar to those of TRV (Fig.
7). As controls, expression of SGT1 and SKP1I, signaling genes in plant
defense (32—34), and the actin gene remained constant. Thus, many
nuclear genes for chloroplast function were expressed at normal levels,
regardless of the grossly abnormal status of chloroplasts in the cell,
indicating disrupted communication between the chloroplasts and the
nucleus. This result indicates that the chloroplast translation system
may be involved in biosynthesis of the plastid factor.

We also observed that expression of nuclear genes encoding the
mitochondrial pyruvate dehydrogenase Ela (PDHEIa) and malate
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FIGURE 7. Expression of the nuclear genes coding for chloroplast- or mitochondria-
targeted proteins, and chlorophyll biosynthetic enzymes. Semiquantitative RT-PCR
analysis was carried out with total RNA from wild-type, TRV, and two different TRV:ERS
and TRV:SRS lines. As controls, the transcript levels of SGT, SKP, and actin were examined.

dehydrogenase (MDH) remained unaffected by impaired mitochondrial
function in the leaf cells of the ERS and SRS VIGS plants (Fig. 7). The
mechanism of communication between mitochondria and the nucleus
has been well documented in yeast and animal systems (35, 36). How-
ever, the regulation of nuclear-encoded mitochondrial proteins in
plants is largely unknown. The results in this study suggest that a defec-
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tive mitochondrial translation system may inhibit the signaling of mito-
chondrial dysfunction to the nucleus.

DISCUSSION

In this study, we show that depletion of the organellar forms of glu-
tamyl-tRNA synthetase (NbERS) and seryl-tRNA synthetase (NbSRS)
effectively eliminated both chloroplasts and mitochondria, indicating
that these proteins are responsible for the GluRS and SerRS activity
required for translation in chloroplasts and mitochondria. In higher
plants, cytosolic tRNAs are all nucleus-encoded, and chloroplastic
tRNAs are all chloroplast-encoded (37). However, the mitochondrial
genome specifies fewer than the minimally required tRNAs, and as a
result, one-third to one-half of the mitochondrial tRNAs are nuclear-
encoded and imported from the cytosol (38, 39). The number of
imported tRNAs and their identities vary among plant species, and in
Arabidopsis, these include tRNA®?, tRNA™, tRNAY?, and tRNASY
(38, 39). To complicate matters, some of the mitochondria-encoded
tRNA genes, such as trnWin Arabidopsis (40), and trnP and trnR in rice
(41), are either untranscribed or processed inefficiently. In Arabidopsis,
the cytosolic tRNA™" is imported to mitochondria to compensate for
the lack of expression of the trnW gene (40). Correlated with import of
the cytosolic tRNAs into mitochondria, the cytosolic forms of some
ARSs, such as AlaRS, ThrRS, ValRS, and GIyRS in Arabidopsis, are
imported into the mitochondria to catalyze aminoacylation of their cog-
nate nucleus-encoded tRNAs (38). For Arabidopsis AlaRS, ThrRS,
ValRS, and GIyRS, a single gene encodes both the cytosolic and mito-
chondrial enzymes by using two in-frame translation initiation codons
(7, 8). However, further studies revealed that the mitochondria-targeted
cytosolic GIyRS is inactive in the mitochondrial fraction, and the
organellar GIyRS is likely to glycylate both the organelle-encoded
tRNACY and the imported tRNASY (12). Thus, to understand the com-
plete picture of mitochondrial import of individual tRNAs and ARS
enzymes in plants, further investigation is required.

The mitochondrial genome of Nicotiana tabacum, a close relative of
N. benthamiana, was recently sequenced (42) and found to contain a
single chloroplast-derived gene for tRNA™ (trnE-ULIC) and three
native genes for tRNAS® (trnS-GCU, trnS-UGA, and trnS-GGA). These
genes have also been found in the mitochondrial genome of Arabidop-
sis, rapeseed, wheat, rice, and sugar beet (39, 43— 46). In these plants, and
most likely in N. benthamiana as well, the mitochondria-encoded
tRNAs are sufficient to read all the codons of glutamic acid and serine by
wobble base pairing for protein synthesis in mitochondria. Consistently,
the cytosolic forms of Arabidopsis GIuRS and SerRS do not have the
conserved mitochondria-targeting signal or the two different transla-
tion initiation codons at the N terminus (data not shown). Furthermore,
expression of the maize organellar SerRS complemented the phenotype
of a yeast mutant with a defective mitochondrial SerRS, and the purified
organellar SerRS protein aminoacylated the maize chloroplast and
mitochondrial tRNAS" with equal efficiency (47). These results,
together with our current results, suggest that the organellar forms of
GIuRS and SerRS are responsible for aminoacylation of tRNAs“™ and
tRNAs** in the mitochondria of higher plants.

The numbers of chloroplasts are much reduced in affected cells of the
ERS and SRS VIGS lines. Furthermore, the chloroplasts were signifi-
cantly smaller than those of the TRV control (approximately one-thir-
tieth and one-sixth the control volume, for ERS and SRS, respectively),
but had a higher cp-DNA content. In higher plants, the population size
of mature chloroplasts and photosynthetic competence are achieved by
the post-mitotic division of young chloroplasts in the expanding meso-
phyll cells (48, 49). At early stages, the proplastids in mitotic cells
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undergo a series of divisions that are correlated with cell division, ensur-
ing that the young post-mitotic cells contain at least 15 proplastids (48,
49). During cell expansion, the young chloroplasts expand and begin to
divide when they have grown to ~50% of their final volume. The
reduced sizes and numbers of chloroplasts in the ERS and SRS VIGS
lines indicate defective proplastid/chloroplast expansion and division.
The chloroplasts in the ERS and SRS VIGS lines also appeared to accu-
mulate a large number of small-sized cp-DNA molecules representing
partial genome units (Fig. 6B). The abnormal cp-DNA structure as well
as other defects in biogenesis due to suppression of plastid translation
likely inhibited further growth and differentiation of chloroplasts and
suppressed normal division, which eventually led to degeneration of the
organelle.

The ERS, SRS, and IRS VIGS lines each showed a different degree of
phenotypic severity. Suppression of NPERS resulted in the most severe
abnormality among the three genes, as shown by chloroplast numbers
and leaf chlorophyll content, whereas gene silencing of NbIRS caused
only mild leaf yellowing. In the NbERS, NbSRS, and NbIRS VIGS lines,
the degree of silencing of each individual mRNA did not seem to differ
significantly (Fig. 1 and Supplementary Fig. S1). A possible reason for
the difference in phenotypes may be differences in the threshold level of
each ARS required for minimal translation activity to maintain normal
chloroplast function. Threshold differences may reflect differences in
biochemical characteristics of individual ARS proteins or substrate
availability for each ARS within the chloroplasts. Recently, in addition to
the role in the translation process, ARSs have been shown to have other
cellular functions, including RNA processing and trafficking, apoptosis,
rRNA synthesis, angiogenesis, and inflammation (50, 51). In plants, it
has been reported that the plastid-encoded tRNA®™ mediates the
switch in RNA polymerase usage from nuclear-encoded plastid RNA
polymerase to plastid-encoded plastid RNA polymerase during chloro-
plast biogenesis, by directly binding to nuclear-encoded plastid RNA
polymerase and inhibiting the transcriptional activity of nuclear-en-
coded plastid RNA polymerase (52). Thus, there is a possibility that the
phenotypic differences we observed in this study are caused by other
functions of the organellar ARSs, yet unidentified.

Biogenesis of plastids is tightly coupled to temporal and spatial stages
of plant development and involves coordinated expression of plastidic
genes and nuclear genes encoding chloroplast proteins, which requires
precise communication between the nucleus and plastids. Signals from
the plastid, termed “plastid factors,” have been postulated to provide the
nuclear genome with information about the developmental status of the
plastid (31). These signals were initially identified by their capacity to
affect transcription of subsets of nuclear genes. For example, impaired
chloroplast function or development by herbicides or mutations
resulted in reduced expression of the nuclear genes Lhcb (chlorophyll
a/b-binding protein) and RbcS (Rubisco small subunit) (53—55). Recent
evidence suggests that at least two different plastid factors operate in
plants: redox signals (56) and intermediates in chlorophyll biosynthesis
(57, 58). Recently, Ahlert et al. (59) used cell-line specific recombina-
tion-based knockouts of chloroplast translation to demonstrate that
plastid protein synthesis is essential for plant development and cell divi-
sion. Furthermore, the nuclear-encoded plastid ribosomal proteins L35
and S9 were shown to be critical for the very early stages of embryo
development in maize (60, 61).

These results indicate that the chloroplast gene(s) and gene prod-
uct(s) critically influence processes outside the chloroplast, in addition
to the well established metabolic signals between the chloroplast and
nucleus. In this study, we observed that the defective chloroplasts that
result from depletion of GIuRS and SerRS did not influence the expres-
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sion of diverse nuclear genes encoding chloroplast-targeted photosyn-
thetic proteins and chlorophyll biosynthesis enzymes. Thus, in the
affected cells, the nucleus did not seem to sense the functional status of
the chloroplasts. We speculate that a block of protein synthesis within
the plastids resulting from a lack of GIuRS and SerRS activity may inter-
fere with the biosynthetic pathway of the plastid factors. Genetic anal-
yses of plastid-encoded genes may identify the pathway and the signal-
ing mechanism that links the plastids to the nucleus.
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