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Paraquat is one of the most widely used herbicides worldwide. In green plants, paraquat targets the chloroplast by transferring
electrons from photosystem I to molecular oxygen to generate toxic reactive oxygen species, which efficiently induce membrane
damage and cell death. A number of paraquat-resistant biotypes of weeds and Arabidopsis (Arabidopsis thaliana) mutants have
been identified. The herbicide resistance in Arabidopsis is partly attributed to a reduced uptake of paraquat through plasma
membrane-localized transporters. However, the biochemical mechanism of paraquat resistance remains poorly understood.
Here, we report the identification and characterization of an Arabidopsis paraquat resistant1 (par1) mutant that shows strong
resistance to the herbicide without detectable developmental abnormalities. PAR1 encodes a putative L-type amino acid
transporter protein localized to the Golgi apparatus. Compared with the wild-type plants, the par1 mutant plants show
similar efficiency of paraquat uptake, suggesting that PAR1 is not directly responsible for the intercellular uptake of paraquat.
However, the par1 mutation caused a reduction in the accumulation of paraquat in the chloroplast, suggesting that PAR1 is
involved in the intracellular transport of paraquat into the chloroplast. We identified a PAR1-like gene, OsPAR1, in rice (Oryza
sativa). Whereas the overexpression of OsPAR1 resulted in hypersensitivity to paraquat, the knockdown of its expression using
RNA interference conferred paraquat resistance on the transgenic rice plants. These findings reveal a unique mechanism by
which paraquat is actively transported into the chloroplast and also provide a practical approach for genetic manipulations of
paraquat resistance in crops.

Paraquat (or methyl viologen; N,N9-dimethyl-4,49-
bipyridinium dichloride) is a rapid-acting, nonselective
herbicide that has been widely used for weed control
(Haley, 1979). In green plants, paraquat causes rapid
membrane damage by accepting electrons from PSI
and subsequently transferring them to molecular oxy-
gen, resulting in the production of toxic reactive oxygen
species (ROS), which efficiently induce cell death (Dodge,
1971; Haley, 1979; Babbs et al., 1989; Fujii et al., 1990;

Suntres, 2002; Bonneh-Barkay et al., 2005). As a fast-
acting and nonselective herbicide for green plant tis-
sues, paraquat rapidly kills a wide range of annual
grasses as well as broad-leafed and perennial weeds
upon contact. When entering the soil, paraquat be-
comes biologically inactive and has minimal or no
toxicity toward roots and rhizomes. In addition, para-
quat has no effects on mature bark (Dodge, 1971;
Suntres, 2002). Because of these characteristics, para-
quat is widely used in orchards, plantation crops,
conservation tillage systems, and other applications
(Bromilow, 2004).

During the course of commercial paraquat applica-
tions for decades, many paraquat-resistant biotypes,
ecotypes, and mutants, including weeds and culti-
vated plants, have been characterized. To date, nearly
30 species of paraquat-resistant weeds have been
reported worldwide (http://www.weedscience.org),
and the best-studied examples are Conyza bonariensis
(Fuerst et al., 1985; Amsellem et al., 1993), Lolium rigidum
(Yu et al., 2004, 2007), Arctotheca calendula (Powles et al.,
1989; Preston et al., 1994), and Rehmannia glutinosa (Chun
et al., 1997a, 1997b). In the model plant species Arabi-
dopsis (Arabidopsis thaliana), several paraquat-resistant
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mutants have been identified based on various ge-
netic screens, including photoautotrophic salt tolerance1
(pst1), radical-induced cell death1 (rcd1), paraquat resis-
tant2 (par2), pleiotropic drug resistance11 (atpdr11), and
resistant to methyl viologen1 (rmv1; Tsugane et al., 1999;
Ahlfors et al., 2004; Chen et al., 2009; Fujita et al.,
2012; Xi et al., 2012).
Several mechanisms have been proposed for para-

quat resistance in higher plants (Fuerst and Vaughn,
1990). In the early studies on paraquat-resistant weeds,
a sequestration mechanism was proposed, in which
paraquat is prevented from diffusing into PSI, the ac-
tive site of the herbicide (Fuerst et al., 1985; Fuerst and
Vaughn, 1990; Preston et al., 1992; Norman et al., 1993;
Chun et al., 1997a). In addition, detoxification through
reduction of the ROS level or the reduced uptake of
paraquat have been suggested as alternative mecha-
nisms for paraquat resistance in weeds (Shaaltiel and
Gressel, 1986; Fuerst and Vaughn, 1990; Donahue
et al., 1997; Jóri et al., 2007). Consistent with the ob-
servations that paraquat resistance is correlated with
the increased activity of the ROS-scavenging enzymes
superoxide dismutase, ascorbate peroxidase, and glu-
tathione reductase (Shaaltiel and Gressel, 1986; Tsugane
et al., 1999; Ye and Gressel, 2000), the expression level of
these genes has been associated with the paraquat-
resistant phenotype in several transgenic studies and
in the Arabidopsis mutants rcd1 and pst1 (Bowler et al.,
1991; Gupta et al., 1993; Arisi et al., 1998; Tsugane
et al., 1999; Ye and Gressel, 2000; Ahlfors et al., 2004;
Fujibe et al., 2004; Murgia et al., 2004). The charac-
terization of the Arabidopsis par2-1 mutant has pre-
sented an alternative detoxification mechanism of
paraquat resistance in plants. PAR2 encodes an S-
nitrosoglutathione reductase that catalyzes the irre-
versible degradation of S-nitrosoglutathione, a major
biologically active species of nitric oxide (NO), and
mutations in PAR2 cause an increased level of NO
species (Feechan et al., 2005; Lee et al., 2008; Chen
et al., 2009). It has been proposed that an elevated NO
level might exert an antagonistic effect against paraquat-
induced oxidative stress (Chen et al., 2009), a mechanism
similar to the reciprocal scavenging of NO and superox-
ide observed in the hypersensitive response (Delledonne
et al., 2001).
Recent studies on two Arabidopsis paraquat-resistant

mutants, atpdr11 and rmv1, have provided compelling
evidence supporting the model that the uptake of para-
quat is a critical factor responsible for resistance to para-
quat (Fujita et al., 2012; Xi et al., 2012). AtPDR11 and
RMV1 encode an ATP-binding cassette transporter and
an L-type amino acid (LAT) transporter, respectively, both
of which are localized to the plasma membrane and are
involved in the uptake of paraquat (Fujita et al., 2012; Xi
et al., 2012). In the cyanobacterium Synechocystis sp. PCC
6803, a heteromeric ATP-binding cassette-type transporter
has been shown to function as a paraquat exporter for
the exclusion of the herbicide from the photosynthetic
machinery of the cells (Prosecka et al., 2009) and may act
via a similar mechanism as AtPDR11 (Xi et al., 2012).

Despite this progress, it remains unknown how
paraquat is transported into its major target site, the
chloroplast, upon entry of a plant cell. Here, we report
the identification and characterization of an Arabi-
dopsis mutant, par1. We found that PAR1 encodes a
putative LAT transporter that is localized to the Golgi
apparatus and is required for the accumulation of para-
quat in the chloroplast.

RESULTS

Identification and Characterization of the
Paraquat-Resistant Mutant par1

In a genetic screen for par mutants from an ethyl
methanesulfonate-mutagenized M2 population in the
Columbia-0 (Col-0) background (Chen et al., 2009), we
identified four allelic mutants: par1-1 through par1-4
(see below for the genetic analysis). Because these four
mutant alleles showed a similar phenotype under all
tested conditions, we present only the data for the
par1-1 mutant allele unless otherwise indicated. Under
normal growth conditions, the par1 mutants were in-
distinguishable from wild-type plants throughout all
of the developmental stages (Fig. 1A; Supplemental
Fig. S1A). However, when germinated and grown in
the presence of various concentrations of paraquat,
the par1-1 mutant showed a phenotype that was
more resistant than wild-type plants (Fig. 1, A and B;
Supplemental Fig. S2). To determine whether the
paraquat-resistant phenotype of par1-1 is also persis-
tent during postgerminative growth, we transferred
5-d-old seedlings germinated and grown on paraquat-
free medium onto paraquat-containing medium, and
continued culturing for an additional 7 d. Under the
assay conditions, par1-1 displayed substantial resistance
to paraquat, whereas wild-type seedlings showed an
inhibition of leaf and root growth (Fig. 1C). These re-
sults indicate that par1 mutations confer paraquat tol-
erance at both the germination and postgermination
developmental stages.

Paraquat is known to induce the generation of ROS
and consequent cell death (Babbs et al., 1989; Fujii
et al., 1990). When treated with paraquat, par1-1 showed
a reduced accumulation of superoxide and hydrogen
peroxide compared with wild-type plants, as revealed
in leaves stained with nitroblue tetrazolium (NBT) and
3,39-diaminobenzidine (DAB), respectively (Fig. 1, D
and E). When stained with Evans blue, the reduced cell
death was observed in par1-1 leaves (Fig. 1F). These
results indicate that the paraquat-induced generation
of ROS and resulting cell death are inhibited by the
par1 mutation.

Because the generation of ROS is associated with the
responses to abiotic stress and defense, we examined
the responses of par1 to various stresses. The par1-1
mutant responded to salt, abscisic acid, salicylic acid,
pathogens, and hydrogen peroxide in a similar pattern
to the wild-type plants (Supplemental Fig. S1, B–F),
suggesting that the responses to abiotic stress and
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defense remain relatively unaltered in par1 mutants.
Collectively, these data suggest that the par1-1 muta-
tion specifically confers paraquat resistance without
detectable effects on the growth, development, and stress
responses of the plants.

Molecular Characterization of the PAR1 Gene

To investigate the nature of the par1 mutation, we
reciprocally crossed par1-1 with Col-0 plants. All ex-
amined F1 progeny (107 seedlings) showed a paraquat-
sensitive phenotype similar to that of wild-type plants.
In the F2 population, the par1-1 phenotype segregated
at an approximately 1:3 ratio (par1:wild type = 66:219;
x2 = 0.42), indicating that par1-1 is a recessive mutation
at a single nuclear locus.

To identify the PAR1 gene, the par1-1 mutant was
crossed with Landsberg erecta (Ler), and F2 progeny
exhibiting paraquat resistance were used for genetic
mapping. The par1 mutation was mapped to a 93-kb
region on chromosome I between the markers F27M3
and F5M6-4 (Fig. 2A). DNA sequencing analysis of
candidate genes in this region revealed a G-to-A tran-
sition at nucleotide 1,081 in the AT1G31830 gene, which
resulted in the substitution of Gly-361 with an Arg
residue (Fig. 2B). AT1G31830 encodes a polypeptide
of 495 amino acid residues containing 12 predicted
transmembrane domains (Supplemental Fig. S3A). The
amino acid substitution in par1-1 occurs within the

ninth transmembrane domain. In par1-2, a C-to-T tran-
sition at nucleotide 893 resulted in the substitution of
Ser-298 with a Phe residue in the region between the
seventh and eighth transmembrane domains in the
same gene. In par1-3 and par1-4 of AT1G31830, G-to-A
mutations were identified at nucleotides 1,183 and 992,
which resulted in the substitution of Glu-395 with Lys
and Ser-331 with Asn, respectively (Fig. 2B; Supplemental
Fig. S3B). The mutated amino acid residues in par1-1 (Gly-
361), par1-3 (Glu-395), and par1-4 (Ser-331) are highly
conserved (Supplemental Fig. S3B). Notably, all four
mutations occurred at the region between the seventh
and 10th transmembrane domains, suggesting that this
region is functionally important. Reverse transcription
(RT)-PCR analysis revealed that these mutations had
no obvious effects on the transcription of AT1G31830
(Supplemental Fig. S4).

We also identified two additional mutants that con-
tained transfer DNA (T-DNA) insertions in AT1G31830,
par1-5 (SALK_119707C) and par1-6 (SALK_129045;
Alonso et al., 2003; Fig. 2B). PAR1 transcripts were not
detected in par1-5, and a reduced expression of PAR1
was observed in par1-6, as revealed by RT-PCR
(Supplemental Fig. S4). These two mutants showed a
paraquat-resistant phenotype similar to par1-1 (Fig.
2C). To test the possible allelism among these mutants,
we crossed par1-1 with other par1 mutants and found
that all F1 progeny showed a paraquat-resistant phe-
notype (Fig. 2D), thus demonstrating that all par1
mutants are allelic.

Figure 1. The par1-1 mutant phenotype. A, Wild type (Col-0) and par1-1 seedlings (10 d old) germinated and grown on MS
medium supplemented with 0 and 1 mM paraquat (PQ). B, Wild type (Col-0) and par1-1 seedlings (20 d old) germinated and
grown on MS medium in the presence of 1 mM paraquat. C, Wild type (Col-0) and par1-1 seedlings (5 d old) grown on MS
medium were transferred to MS medium supplemented with 0 mM (top panels) or 1 mM paraquat (bottom panels) for an ad-
ditional 7 d. D, Accumulation of superoxide induced by paraquat. Wild type (Col-0) and par1-1 seedlings (4 weeks old) were
sprayed with water or 5 mM paraquat and then incubated for 24 h. The leaves were subsequently detached from the treated
plants and stained with NBT. E, Accumulation of hydrogen peroxide induced by paraquat. Samples were treated as described in
D and then stained with DAB. F, Cell death induced by paraquat. Samples were treated as described in D and then stained with
Evans blue. [See online article for color version of this figure.]
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To further verify the identity of the PAR1 gene, we
transformed the par1-1 mutant with a 3.9-kb genomic
DNA fragment containing the putative promoter and
coding sequences of AT1G31830 fused with or without a
GFP gene. Both transgenes fully restored the paraquat-

resistant phenotype of par1-1 to the paraquat-sensitive
phenotype, similar to that of wild-type plants (Fig. 2E),
thereby confirming that the par1-1 mutant phenotype is
caused by mutations in AT1G31830. Taken together, these
results demonstrate that AT1G31830 represents PAR1.

Figure 2. Map-based cloning of PAR1. A, Genetic mapping of PAR1. Markers used for the genetic mapping are shown on the
top, and the number of recombinants for each marker is given below the map. Predicted genes are shown at bottom, and the
arrows indicate the direction of transcription. The PAR1 candidate gene is shown in red. B, Genome structure of the PAR1 gene.
The black boxes, gray boxes, and lines indicate exons, untranslated regions, and introns, respectively. The positions and the
nature of the par1 mutant alleles are shown. The positions and orientations of PCR primers (for genotyping and RT-PCR
analyses; P1–P4) are shown. C, Two-week-old seedlings of the wild type (Col-0) and par1 allelic mutants germinated and grown
on MS medium in the presence or absence of 1 mM paraquat (PQ). D, Ten-day-old Col-0, par1, and F1 seedlings derived from
the crosses between different combinations of par1 allelic mutants germinated and grown in the presence of 1 mM paraquat.
E, Genetic complementation of the par1 mutant phenotype. Seven-day-old seedlings with the indicated genotypes were germi-
nated and grown on MS medium in the presence or absence of paraquat. par1-1/PAR1 and par1-1/PAR1-GFP refer to par1-1
seedlings carrying a PAR1 and a PAR1-GFP transgene, respectively, under the control of the PAR1 promoter. [See online article for
color version of this figure.]
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PAR1 Encodes a Putative LAT Transporter or Amino
Acid Permease

A sequence comparison revealed that PAR1 encodes
a putative amino acid permease belonging to a small
family of highly conserved proteins in eukaryotic or-
ganisms. In mammals, this class of proteins has been
functionally characterized as LAT transporters, in-
volved in the transport of LATs, polyamines, and
organocations (Jack et al., 2000). In Arabidopsis, PAR1
belongs to a small gene family with four additional
members, of which the encoded proteins share 43% to
75% identity (Supplemental Figs. S3B and S5). Among
these members, LAT1 was characterized as RMV1
(Fujita et al., 2012). LAT3 (AT1G31820) is immediately
adjacent to PAR1 (LAT4; AT1G31830). LAT3 shares the

highest homology with PAR1 (75% identity). However,
two T-DNA insertional mutants in LAT3 (lat3-1 and
lat3-2) showed a paraquat-sensitive phenotype similar
to that of wild-type plants (Supplemental Fig. S6), in-
dicating that the paraquat-resistant phenotype is spe-
cific to mutations in PAR1/LAT4.

PAR1 Is Constitutively Expressed throughout
Arabidopsis Development

To examine the expression pattern of PAR1, quan-
titative reverse transcription (qRT)-PCR was per-
formed using total RNA extracted from various
tissues. PAR1 was ubiquitously expressed in all of the
examined tissues, and the highest expression level was
observed in seeds (Fig. 3A). To monitor the tissue-
specific expression of PAR1, we generated a PAR1:
GUS reporter construct, in which a 2.1-kb genomic
fragment upstream of the translation start codon of
PAR1 was used. Of the 18 independent lines that were
examined, 14 lines showed similar GUS staining pat-
terns. One representative line was selected for further
detailed analysis of PAR1 expression patterns. PAR1:
GUS showed strong GUS staining in almost all ex-
amined tissues, including roots, rosette leaves, cauline
leaves, inflorescences, the floral organs (with the ex-
ception of petals), siliques, and seeds (Fig. 3, B–J).
Consistent with the qRT-PCR analysis result, a higher
level of PAR1:GUS expression was observed in the
reproductive organs than in other organs (Fig. 3).

PAR1 Overexpression Confers Paraquat Hypersensitivity

The data presented above indicate that loss-of-
function mutations in PAR1 result in resistance to
paraquat. To explore the correlation of PAR1 expres-
sion with paraquat sensitivity, we generated trans-
genic plants overexpressing a PAR1-MYC transgene
under the control of a Super promoter (Li et al., 2001;
Super:PAR1-MYC). These Super:PAR1-MYC transgenic
lines showed a substantially higher level of PAR1 ex-
pression than the wild-type plants (Fig. 4A). Moreover,
the accumulation of PAR1-MYC protein was readily
detected (Fig. 4B). Under normal growth conditions,
the Super:PAR1-MYC transgenic plants did not show
any detectable abnormalities (Supplemental Fig. S7A).
However, the overexpression of PAR1-MYC caused
the transgenic plants to be hypersensitive to paraquat
at both the seed germination and postgerminative
growth stages (Fig. 4, C and D). The paraquat sensi-
tivity of these transgenic plants was correlated with
the expression levels of the transgene. When treated
with paraquat, Super:PAR1-MYC transgenic plants
showed increased cell death (Fig. 4E) and reduced
chlorophyll content compared with wild-type plants
(Fig. 4, F and G). Similar results were obtained in trans-
genic plants overexpressing PAR1 via an inducible pro-
moter (Zuo et al., 2000; Supplemental Fig. S7, B–E). These

Figure 3. Expression pattern of the PAR1 gene. A, Analysis of the
expression of PAR1 in the roots, stems, rosette leaves, flowers, siliques,
and seeds using qRT-PCR. The means of three replicates 6 SD are
shown. Similar results were obtained in three independent experi-
ments. B to J, GUS expression in PAR1:GUS transgenic lines. GUS
expression is shown in seedlings at the cotyledon stage (B) and eight-
leaf stage (C), cauline leaf (D), inflorescence (E), flower (F), silique (G),
immature seed (H), mature seed (I), and 2-d-old seedling (J). [See
online article for color version of this figure.]
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results indicate that the overexpression of PAR1-MYC
renders the transgenic plants hypersensitive to paraquat,
and the paraquat sensitivity is correlated with the PAR1
expression level.

PAR1 Is Localized to the Golgi Apparatus

To gain insight into the molecular mechanism of
PAR1-mediated paraquat sensitivity, we examined the
subcellular localization of the PAR1-GFP fusion pro-
tein in PAR1:PAR1-GFP transgenic plants. This trans-
gene fully rescued the par1-1 mutant phenotype (Fig.
2E). PAR1 is predicted to contain 12 transmembrane
domains, implying possible localization to the plasma
membrane. Unexpectedly, the fluorescent signal of

PAR1-GFP was not detected in the plasma membrane
but instead was detected in the cytoplasm with a punc-
tate pattern (Fig. 5A). A similar pattern was observed
in Arabidopsis protoplasts transformed with the Super:
PAR1-GFP transgene (Fig. 5B). To determine the na-
ture of the punctate structures containing PAR1-GFP,
the Super:PAR1-GFP transgene was transiently coex-
pressed in protoplasts with various marker genes for
the plant cell organelles, including the Golgi appara-
tus (GmMan1-mCherry), endoplasmic reticulum (ER-
mCherry), and peroxisome (px-mCherry; Nelson et al.,
2007). PAR1-GFP fluorescence colocalized with the
Golgi marker GmMan1-mCherry, indicating that these
PAR1-GFP-containing punctate structures were Golgi
stacks (Fig. 5B). Notably, the mutated form of the par1-1-
GFP (mPAR1-GFP) protein showed a similar subcellular

Figure 4. Overexpression of PAR1 confers hypersensitivity to paraquat. A, Analysis of PAR1 overexpression in Col-0, par1-1,
and Super:PAR1-MYC (OE lines) using qRT-PCR. RNA prepared from 2-week-old seedlings was used for this assay, and the
means of three replicates 6 SD are shown. Similar results were obtained in three independent experiments. B, Immunoblot
analysis of PAR1 protein in the plants described in A using an anti-MYC antibody. Equal loading was verified by Coomassie blue
staining. RBCL, Rubisco large subunit. C, Ten-day-old seedlings with the indicated genotypes germinated and grown in the
presence of 0.5 mM paraquat (PQ). D, Phenotypes of Col-0, par1-1, and three independent overexpression seedlings (5 d old)
grown on MS medium were transferred to MS medium supplemented with water (control) or 1 mM paraquat for an additional
7 d. E, Paraquat-induced cell death in leaves of wild-type (Col-0), par1, and PAR1-OE plants (4 weeks old) treated with water or
5 mM paraquat for 24 h by spraying. Leaves were then detached from treated plants and stained with Evans blue. F, Phenotypes
of wild-type (Col-0), par1, and PAR1-OE seedlings (10 d old) transferred onto MS medium supplemented with 10 mM paraquat
for 48 h. G, Chlorophyll content in the seedlings shown in F. Asterisks indicate P , 0.05 (Student’s t test) when compared with
the paraquat-treated Col-0. [See online article for color version of this figure.]
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localization pattern to that of PAR1-GFP (Fig. 5C),
suggesting that the par1-1 mutation does not affect the
subcellular localization of PAR1 but may affect its
biochemical activity. In contrast, PAR1-GFP did not
colocalize with ER-mCherry, px-mCherry, or the mi-
tochondria dye Mitotracker Red (Supplemental Fig. S8).
These results indicate that PAR1-GFP is localized to the
Golgi apparatus.

We observed that LAT3 shares greater than 75%
identity with PAR1 and is also predicted to contain
12 transmembrane domains (Supplemental Fig. S9A).
However, mutations in LAT3 did not alter the sensi-
tivity to paraquat (Supplemental Fig. S6). In contrast
to the plasma membrane-localized RMV1-GFP (Fujita
et al., 2012) and the Golgi-localized PAR1-GFP, the
LAT3-GFP protein was localized to the endoplasmic
reticulum when transiently expressed in protoplasts
(Supplemental Fig. S9, B and C). The different sensi-
tivities of the rmv1, par1, and lat3 mutants to paraquat
may be partly attributed to their different subcellular
localization patterns.

PAR1 Is Involved in the Transport of Paraquat
into Chloroplasts

To characterize the biochemical basis of the paraquat-
resistant phenotype of par1, we examined the possible

transporter activity of PAR1 on paraquat. We first tested
the capability of PAR1 for paraquat uptake. Wild-type,
par1-1, and PAR1-overexpressing seedlings were treated
with 14C-labeled paraquat, and the radioactivity was
measured in the seedlings. No obvious difference in
paraquat uptake was observed in the wild-type, par1-
1mutant, and PAR1-overexpressing plants (Supplemental
Fig. S10). Because PAR1 is localized to the Golgi, it is
expected that PAR1 is not directly involved in the uptake
of paraquat.

Because the paraquat resistance of a number of weeds
has been attributed to a reduced level of intracellular
paraquat transport to chloroplasts (Fuerst et al., 1985;
Fuerst and Vaughn, 1990; Preston et al., 1992; Norman
et al., 1993), it is reasonable to assume that PAR1 may
function in the transport of paraquat into the chloroplast.
To test this possibility, we analyzed the accumulation of
paraquat in the chloroplast of wild-type and par1-1 mu-
tant plants using HPLC coupled with tandem mass
spectrometry (MS/MS). We obtained high-quality chlo-
roplast preparations, which did not have detectable con-
tamination with other cellular components (Supplemental
Fig. S11). When incubated with 10 mM paraquat for 9 h,
the accumulation of paraquat in the chloroplasts of
par1-1 was approximately 67% of that in wild-type
plants (Fig. 6; Supplemental Fig. S12). In contrast, the
accumulation of paraquat is markedly increased in
chloroplasts prepared from PAR1-overexpressing plants

Figure 5. PAR1 is localized to the
Golgi apparatus. A, Subcellular locali-
zation of PAR1 in the roots of PAR1:
PAR1-GFP transgenic plants. Confocal
laser scanning microscopy revealed
punctate PAR1-GFP fluorescence sig-
nals. Bar = 40 mm. B and C, Colocal-
ization of PAR1-GFP (B) and mutated
PAR1-GFP (C; mPAR1-GFP) with the
Golgi marker in protoplasts. The PAR1-
GFP or mPAR1-GFP transgene was
cotransformed with a Golgi marker
gene (GmMan1-mCherry) into proto-
plasts prepared from mature leaves of
5-week-old Arabidopsis plants. mPAR1
harbors a mutation identical to the
par1-1 mutant allele (see Fig. 2B).
Bars = 10 mm. [See online article for
color version of this figure.]
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compared with wild-type plants (Fig. 6B). These results
suggest that PAR1 is required for the transport of para-
quat to the chloroplast, and the paraquat-resistant
phenotype of par1 is likely attributed to the reduced
transport of paraquat into the chloroplast.

The Inhibition of Vesicle Trafficking Antagonizes the
Cellular Toxicity of Paraquat

Given that PAR1 is involved in the transport of
paraquat into the chloroplast, it is reasonable to expect
that the inhibition of intracellular trafficking may
reduce the cellular toxicity of paraquat. To test this
possibility, we treated wild-type and par1-1 mutant
plants with brefeldin A (BFA), an inhibitor that blocks
the intracellular trafficking of proteins and causes the
formation of visible aggregates (BFA compartments)
in the Golgi apparatus and the trans-Golgi network
(Nebenführ et al., 2002). Under the assay conditions,
BFA did not have detectable effects on plant growth
and development (Fig. 7A). However, BFA reduced
the sensitivity of wild-type seedlings to paraquat and
slightly enhanced the paraquat-resistant phenotype of
par1 mutants (Fig. 7A), suggesting that BFA is capable
of antagonizing the cellular toxicity of paraquat.
Consistent with these observations, when the PAR1:
PAR1-GFP transgenic plants were treated with BFA,

apparent aggregates of PAR1-GFP fluorescence were
observed in the root cells (Fig. 7B). These results pro-
vide additional evidence supporting that PAR1-GFP is
localized to the Golgi apparatus and that PAR1 is in-
volved in the intracellular transport of paraquat, which
is partially inhibited by BFA.

A PAR1-Like Gene, OsPAR1, Is Involved in Paraquat
Resistance in Rice

PAR1-like genes are highly conserved (Supplemental
Fig. S5), implying a similar function in both monocots
and dicots. To explore the possible applications of PAR1-
like genes, we investigated the function of a rice (Oryza
sativa) PAR1-like gene in paraquat resistance. The rice
genome contains four PAR1-like genes, of which
Os03g0576900 shows the highest similarity to PAR1
(62%; Supplemental Figs. S3B and S5). We designated
Os03g0576900 as OsPAR1.

When expressed in protoplast cells of Arabidopsis and
rice, an OsPAR1-GFP fusion protein colocalized with the
Golgi marker GmMan1-mCherry (Supplemental Fig.
S13), suggesting that OsPAR1 may function similarly
to PAR1. To further test this possibility, we generated
transgenic rice plants (in the Nipponbare background)
overexpressing OsPAR1 driven by a Ubi1 promoter
(OsPAR1-OE) or knocked down OsPAR1 expression

Figure 6. Measurement of the para-
quat contents in chloroplasts. A,
Analysis of the paraquat levels in the
chloroplasts of wild-type (Col-0) and
par1-1 seedlings. Chloroplasts used for
paraquat measurements were prepared
from 2-week-old plants treated with
10 mM paraquat for 9 h. HPLC-MS/MS
was used to measure the paraquat
levels. The HPLC chromatograms (top)
and the MS/MS spectra (bottom) are
shown. B, Quantitative analysis of the
paraquat (PQ) contents in chloroplasts
prepared from seedlings of the indi-
cated genotypes assayed using HPLC-
MS/MS as shown in A. Seedlings were
treated with 10 mM paraquat for 0, 3, or
9 h. The means of three replicates6 SD

are shown. Asterisks indicate P , 0.05
(*) and P , 0.01 (**) by Student’s t test
when compared with Col-0. Similar
results were obtained in three inde-
pendent experiments.
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using an RNA interference (RNAi) construct. In the
OsPAR1-overexpressing transgenic lines, the expres-
sion of the PAR1 transgene was over 30-fold higher
than the expression of the endogenous gene. In con-
trast, the expression of the endogenous OsPAR1 gene
was substantially reduced in the RNAi transgenic lines
(Fig. 8A). We have followed the complete life cycle of
these transgenic lines and did not observe detectable
phenotypes under field growth conditions. In addi-
tion, the grain yield of the transgenic plants was sim-
ilar to that of wild-type plants (Supplemental Fig. S14).
These results suggest that the overexpression or knock-
down ofOsPAR1 has no detrimental effects on the growth
and development of rice.

We examined the sensitivity of these transgenic plants
to paraquat during germination. Wild-type rice seedlings
were slightly more resistant to paraquat than Arabi-
dopsis. Under our assay conditions, rice was tolerant to
approximately 1 mM paraquat (Fig. 8, B and C). In the
germination assay, the RNAi knockdown transgenic
lines were more resistant to paraquat than the wild-type
plants, especially when treated with the relatively high
concentrations of paraquat (Fig. 8, B and C). In contrast,
the OsPAR1-overexpressing transgenic seedlings were
hypersensitive to paraquat (Fig. 8, B and C). When
treated with 0.5 mM paraquat, the chlorophyll level in
the OsPAR1-overexpressing transgenic seedlings was
reduced by greater than 70% (Fig. 8C). Under field
growth conditions, we sprayed the transgenic plants

with paraquat using a concentration equivalent to that
used by farmers (approximately 140 mM). Similar to the
results of the germination assay, the overexpression
of OsPAR1 dramatically increased sensitivity to para-
quat, leading to the death of the transgenic plants at
4 to 5 d after spraying (Fig. 8, D and E; Supplemental
Fig. S15). However, knockdown of the OsPAR1 ex-
pression level conferred the transgenic plants significant
resistance to paraquat (Fig. 8, D and E). These results
indicate that OsPAR1 functions similar to PAR1 in
Arabidopsis in the regulation of paraquat sensitivity.

DISCUSSION

In this study, we report the identification and char-
acterization of a paraquat-resistant mutant, par1. We
present multiple lines of evidence obtained from
studies of molecular genetics, biochemistry, and cell
biology, demonstrating that PAR1 encodes a Golgi-
localized putative transporter protein involved in the
intracellular transport of paraquat to the chloroplast.
Because PSI is the main target site of paraquat in
higher plants, the paraquat-resistant phenotype of par1
is likely caused by the reduced transport of paraquat to
the chloroplast.

Since paraquat was used as an herbicide worldwide
half a century ago, many paraquat-resistant biotypes,
mostly as weeds, have been identified. The biochemical

Figure 7. BFA affects the subcellular
localization of PAR1-GFP. A, BFA
causes a reduced sensitivity to para-
quat. Ten-day-old seedlings of the wild
type (Col-0) and par1-1 were germi-
nated and grown on MS medium sup-
plemented with different combinations
of BFA (4 mM) and paraquat (1 mM). B,
Subcellular localization of PAR1-GFP
in the roots of PAR1:PAR1-GFP trans-
genic seedlings treated with 30 mM BFA
for 2.5 h. The GFP fluorescence signal
was analyzed using confocal laser
scanning microcopy. BFA induces the
formation of aggregates of PAR1-GFP.
Bars = 40 mm. [See online article for
color version of this figure.]
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mechanisms of paraquat resistance in these weeds
have been extensively investigated, from which sev-
eral models have been proposed (Fuerst and Vaughn,
1990; Norman et al., 1993). Paraquat is presumed to
enter plant cells through plasma membrane-localized
transporters (Fujita et al., 2012; Xi et al., 2012) and to
be subsequently transported into the chloroplast by an
unknown mechanism. Paraquat resistance in several
weeds is associated with the reduced accumulation of
paraquat in the chloroplast of resistant biotypes com-
pared with that of susceptible biotypes, which was
proposed as excluding paraquat from the chloroplast
(Fuerst et al., 1985; Fuerst and Vaughn, 1990; Preston
et al., 1992; Norman et al., 1993). However, it has also
been argued that reduced paraquat translocation is a
consequence, but not a cause, of paraquat resistance
(Chun et al., 1997a; Soar et al., 2003). The discovery
that Golgi-localized PAR1 is involved in the accumu-
lation of paraquat in the chloroplast suggests the in-
volvement of an intracellular transport mechanism
that actively translocates paraquat into the chloroplast.
Although one cannot exclude the possibility that the
reduced accumulation of paraquat is caused by the
exclusion of the herbicide from the chloroplast, as
proposed in the sequestration model (Fuerst and
Vaughn, 1990; Norman et al., 1993), our results indicate
that active transport of paraquat into the chloroplast is

an important mechanism that causes the toxicity to
plant cells. This view is supported by the observation
made in studies on the paraquat-resistant weed R.
glutinosa, in which paraquat tolerance is attributed to
paraquat metabolism outside of the chloroplast (Chun
et al., 1997a). Additionally, we notice that the accu-
mulation of paraquat in the chloroplast is only par-
tially blocked by the par1 mutation, implying the
presence of functionally redundant genes or PAR1-
independent routes to mediate the transport of par-
aquat into the chloroplast. Consistent with this notion, a
considerable fraction of paraquat is distributed in the
cytosol and the vacuole of paraquat-treated maize (Zea
mays) seedlings, implying that other organelles may also
be targets of paraquat in plant cells (Hart et al., 1992).

Resistance to paraquat has also been demonstrated
by the reduced uptake of paraquat by two Arabidopsis
mutants, atpdr11 and rmv1 (Fujita et al., 2012; Xi et al.,
2012). Both AtPDR11 and RMV1 are plasma membrane-
localized transporters. RMV1 (LAT1) and PAR1 (LAT4)
belong to the same LAT family and have considerable
structural similarities. However, these two proteins are
localized to different subcellular foci, implying that they
are involved in distinctive cellular activities. Consistent
with this notion, whereas RMV1 plays an important role
in the intercellular uptake of paraquat, PAR1 is involved
in the accumulation of paraquat in the chloroplast. These

Figure 8. Genetic manipulation of
OsPAR1 alters paraquat resistance in
transgenic rice plants. A, Analysis of
OsPAR1 expression in wild-type (WT;
Nipponbare), RNA interference (RNAi),
and PAR1-overexpressing (OE) trans-
genic plants using qRT-PCR. Both RNAi
and OE transgenes were expressed un-
der the control of the Ubi1 promoter.
The numbers refer to transgenic lines.
RNA prepared from 6-d-old seedlings
was used for the qRT-PCR analysis. B,
Six-day-old wild-type, RNA interfer-
ence, and PAR1-overexpressing trans-
genic seedlings germinated and grown
in the presence of different concentra-
tions of paraquat (PQ) as indicated.
Bar = 2 cm. C, Chlorophyll content of
the seedlings shown in B. The means of
three replicates (biological repeats)6 SD

are shown. D, Field-grown plants (8
weeks old) sprayed with 140 mM para-
quat followed by continued growth in
the field for different durations. Repre-
sentative plants are shown. Bars = 10
cm. E, Analysis of chlorophyll contents
in the leaves of wild-type and transgenic
plants treated with 140 mM paraquat for
the indicated durations. The means of
three replicates (biological repeats)6 SD

are shown. [See online article for color
version of this figure.]
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two processes are presumed to be major factors re-
sponsible for the toxicity of paraquat in plant cells.
Notably, RMV1/LAT1 is a functional transporter for
polyamines that are structurally similar to paraquat
(Fujita et al., 2012). A recent study showed OsPUT1 (for
POLYAMINE UPTAKE TRANSPORTER1), which shares
approximately 60% identity with OsPAR1, is a high-
affinity transporter of polyamines when expressed in yeast
(Saccharomyces cerevisiae) cells (Mulangi et al., 2012). Like-
wise, PAR1 and OsPAR1 may have a similar function in
the transport of polyamines. Again, the different subcel-
lular localization patterns of RMV1/LAT1, PAR1, and
OsPAR1 imply that these proteins are involved in different
processes of polyamine transport.

In animal models, paraquat has been associated
with Parkinson’s disease via the induction of dopa-
minergic toxicity in the brain (Berry et al., 2010). To
execute its neurotoxicity, paraquat must cross the
blood-brain barrier to enter the brain. How paraquat
penetrates the blood-brain barrier and whether para-
quat is a cause of Parkinson’s disease in humans re-
main controversial (Bartlett et al., 2009; Berry et al.,
2010). Nonetheless, the results of a competition ex-
periment using various amino acids suggest that para-
quat is taken up into the brain through a neutral amino
acid transport system (Shimizu et al., 2001). Therefore,
the utilization of the transporter system for structural
analogs, such as amino acids or polyamines, for the
transport of paraquat appears to be a conserved mecha-
nism in both animals and plants.

In mammalian cells, the transport of polyamines has
been proposed to be mediated by a vesicular seques-
tration mechanism or an endocytosis-based mecha-
nism (Soulet et al., 2004; Poulin et al., 2012). In both
models, polyamines are actively transported by LAT
transporters into the cytosol or various cellular or-
ganelles such as lysosomes (Poulin et al., 2012). The
observation that PAR1 is localized in the Golgi appa-
ratus and that BFA partially relieves the paraquat
toxicity suggests that paraquat should be, at least
partly, imported into the chloroplast through a BFA-
sensitive transport system. However, this has not been
reported for the presence of a vesicle trafficking-based
transport route from the Golgi apparatus to the chlo-
roplast. Therefore, it remains questionable that para-
quat is directly transported from the Golgi apparatus
into the chloroplast. We speculate that PAR1 may
transport paraquat (or polyamines) into the cytosol or
an unidentified organelle by endocytosis, and para-
quat is then transported into the chloroplast by un-
known transporters. An alternative explanation is that
a small fraction of PAR1 is also localized at the chlo-
roplast, which is under the detection limit in our assay.
In this case, paraquat is presumably to be directly
transported from the cytosol into the chloroplast.

Paraquat is one of the most widely used herbicides
in the world. In the agricultural application of herbi-
cides, a major concern is to minimize the toxicity to
crops and the ecological system. Moreover, an in-
creasing problem is the generation of herbicide-resistant

weed biotypes. Currently, more than 350 herbicide-
resistant biotypes have been identified, including several
biotypes with multiple herbicide resistance (Vaughn,
2003; Powles and Preston, 2006; Yu et al., 2007; http://
www.weedscience.org). An efficient approach to killing
herbicide-resistant weeds is to use herbicides with
different modes of action or with different targets in
plant cells. Paraquat targets PSI, which is mechanisti-
cally distinct from other commonly used herbicides,
such as glyphosate, phosphinothricin, and sulfonyl-
urea. Moreover, paraquat exhibits nonselective and
rapid action and is biologically inactive in soil. Despite
these advantageous features, the application of para-
quat in agriculture is relatively limited, and this herbi-
cide is primarily used in orchards, plantation crops, and
conservation tillage systems (Bromilow, 2004). This
limitation is partly attributed to the lack of a molecular
target that can be genetically modified to confer para-
quat resistance to crops, in contrast to several other
herbicides, such as glyphosate, whose utilization has
been successfully manipulated by genetic engineering
(Comai et al., 1983, 1985). Therefore, it will be of
paramount importance to identify key targets that can
be used to genetically manipulate paraquat-resistant crops.
The identification and characterization of AtPDR11,
RMV1, PAR1, and, in particular, OsPAR1 have made
genetic manipulations of paraquat-resistant crops
feasible.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

The Arabidopsis (Arabidopsis thaliana) accessions Col-0 and Ler and the rice
(Oryza sativa japonica) Nipponbare variety were used in this study. The
Arabidopsis plants were grown at 22°C under a long-day (16-h-light/8-h-dark
cycle) photoperiod at 100 mmol m22 s21 light intensity with 50% to 70% rel-
ative humidity in soil or on solid Murashige and Skoog (MS) medium (Sigma-
Aldrich) containing 1.5% Suc and 0.8% agar. The rice plants were grown in a
greenhouse or in the field in Beijing and Hainan.

The T-DNA insertional mutants par1-5 (SALK_119707C), par1-6 (SALK_129045),
and lat3-1 (SAIL_270_G10) were obtained from the Arabidopsis Biological Resource
Center, and lat3-2 (GABI_890C10) was obtained from the European Arabidopsis
Stock Center. Homozygous T-DNA insertional mutants were identified using PCR-
based genotyping with a T-DNA-specific primer and the gene-specific primers
PAR1-p5 and PAR1-p6 (for par1-5 and par1-6) or LAT3-p1 and LAT3-p2 (for lat3-1
and lat3-2), respectively. All primers used in this study are listed in Supplemental
Tables S1 and S2.

Detection of Cell Death, Superoxide, and
Hydrogen Peroxide

The leaves were stained with Evans blue, NBT, and DAB to detect cell
death, superoxide, and hydrogen peroxide, respectively, as described previ-
ously (Chen et al., 2009).

Genetic Mapping and Cloning of the PAR1 Gene

To map the par1-1 mutation, the par1-1 mutant (Col-0 background) was
crossed with wild-type Ler plants. A total of 1,014 F2 plants exhibiting the
paraquat-resistant phenotype were selected as a mapping population. Ge-
nomic DNA from these F2 plants was extracted and used for PCR-based
mapping using simple sequence length polymorphism, cleaved-amplified
polymorphic sequence, and derived cleaved-amplified polymorphic se-
quence markers. Additional mapping markers were developed based on
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insertions/deletions identified from the Cereon Arabidopsis polymorphism
and Ler sequence collection (www.arabidopsis.org). These markers are listed
in Supplemental Table S2. Genomic DNA fragments corresponding to can-
didate genes were PCR amplified from par1 mutants and used in the DNA
sequencing analysis to identify the mutations.

Plasmid Construction and Plant Transformation

To generate the PAR1:GUS fusion, a 2.1-kb genomic fragment upstream of
the PAR1 ATG start codon was PCR amplified using PAR1-p7 and PAR1-p8
primers. The amplified fragment was fused with the GUS reporter gene in the
binary vector pZPGUS2 (Diener et al., 2000).

The PAR1 complementary DNA (cDNA) fragment lacking a stop codon was
PCR amplified using primers PAR1-p9 and PAR1-p10 and fused with GFP in
frame in pUC-GFP (Walter et al., 2004) to generate the transient expression vector
35S:PAR1-GFP. The fragment was also fused upstream of GFP or MYC under the
control of a Super promoter in the pCAMBIA1300 vector (CAMBIA) to generate
the Super:PAR1-GFP or Super:PAR1-MYC construct, respectively.

For the molecular complementation assay, a 3.9-kb genomic fragment com-
prising the PAR1 promoter, coding region, and 39 untranslated region was PCR
amplified from the genomic DNA of Col-0 plants using PAR1-p3 and PAR1-p2
primers. The PCR product was subsequently cloned into pCAMBIA1300 to gen-
erate the PAR1:PAR1 construct. To generate the PAR1:PAR1-GFP construct, an
XbaI/ClaI fragment of PAR1:PAR1 containing the promoter region and the 59 end
region of the PAR1 genomic DNA was ligated with a ClaI/SacI fragment of Super:
PAR1-GFP containing 39 end sequences of PAR1 genomic DNA fused in frame
with GFP, which was cloned into pCAMBIA1300-NOS to generate the PAR1:
PAR1-GFP construct.

To generate pER10-PAR1-FLAG, a PAR1 genomic DNA fragment was PCR
amplified using primers PAR-p11 and PAR-p12 and cloned into the XhoI and
SmaI sites of pSK-c-FLAG vector, which contain a FLAG epitope followed by
an in-frame stop codon. The PAR1-FLAG fusion fragment was subsequently
cloned into the XhoI and SpeI sites of pER10 (Zuo et al., 2000).

A 5.3-kb rice genomic DNA fragment containing the OsPAR1 coding se-
quences was PCR amplified from the Nipponbare genomic DNA using the
primer pairs OsPAR1F1 and OsPAR1B1. The PCR fragment was digested with
BamHI and NheI and then cloned into the BamHI and SpeI sites of pTCK303
under the control of a Ubi1 promoter (Wang et al., 2004). To construct the
RNAi vector, a 0.43-kb OsPAR1 cDNA fragment corresponding to part of exon 4
(the last exon) and the 39 untranslated region was obtained by RT-PCR, using the
primer pair OsPAR1F2 and OsPAR1B2. Two copies of this cDNA fragment were
inserted into pTCK303 in a tail-to-tail configuration (Wang et al., 2004).

The Agrobacterium tumefaciens strain GV3101 carrying different constructs
was used to transform wild-type or par1 mutant plants using the floral dip
method (Clough and Bent, 1998). Genetic transformation of rice was per-
formed as described (Hiei et al., 1994).

qRT-PCR

Total RNA was prepared with TriReagent (Sigma-Aldrich) followed by
treatment with RNase-free DNase I (Promega) at 37°C for 1 h. The treated RNA
samples (1 mg each) were used as templates for first-strand cDNA synthesis.
Real-time PCR was performed using an Applied Biosystems 7500 real-time
PCR system with SYBR Premix Ex Taq (Takara). The relative expression levels
were calculated as described previously (Deng et al., 2010; Wang et al., 2011).

Histochemical GUS Staining and Analysis of
Subcellular Localization

The histochemical detection of GUS activity was performed as described
previously (Jefferson et al., 1987). For the transient expression analysis, the
Super:PAR1-GFP and various organelle-specific marker genes (Nelson et al.,
2007) were cotransformed into protoplasts prepared from mature leaves of
5-week-old Arabidopsis plants using a previously described protocol (Yoo
et al., 2007). The preparation and transformation of rice protoplast cells were
performed as described (Zhang et al., 2011). The roots of 7-d-old stable
transgenic plants expressing PAR1:PAR1-GFP were treated without or with
BFA (30 mM) for 2.5 h as described previously (Lam et al., 2009).

The fluorescence of GFP and mCherry in the protoplasts and transgenic
plants was visualized using a confocal laser scanning microscope (LSM510;
Carl Zeiss).

Preparation of Protein Extracts and Immunoblot Analysis

Total protein exacts were prepared from freshly collected or frozenmaterials
as described previously (Huang et al., 2009). Immunoblot analysis was carried
out as described previously (Huang et al., 2009).

Chloroplast Preparations

Two-week-old Col-0, par1-1, and overexpressing transgenic plants were
submerged in 10 mM paraquat solutions for 3 and 9 h in the dark. The prep-
aration of chloroplasts was performed as described previously (Nishimura
et al., 1976). After discontinuous Suc density gradient centrifugation, 0.5-mL
fractions were collected, and aliquots were used for measuring the paraquat
and chlorophyll contents.

Analysis of Paraquat Uptake

Seedlings from the wild type, the par1-1 mutant, and the PAR1-OE3 line
were grown on MS medium for 7 d under dark conditions. The paraquat
uptake experiment was performed as described previously (Xi et al., 2012)
with modifications. Briefly, the seedlings were submerged in 3 mL of pre-
treatment buffer (5 mM MES-Tris buffer, pH 6.0, and 0.02 mM CaCl2) for 20 min
followed by incubation in 3 mL of treatment buffer (5 mM MES-Tris buffer, pH
6.0, 0.02 mM CaCl2, and 2 mM [14C]paraquat [2 kilobecquerel mL21]) for 0.5 to
9 h. After the incubation, the sample was washed four times with 10 mL of
washing buffer (5 mM MES-Tris buffer, pH 6.0, 0.02 mM CaCl2, and 10 mM

paraquat). The seedlings were blotted, weighed, and soaked in 1 mL of
scintillation fluid. The radioactivity in the seedlings was measured using a
Liquid Scintillation Spectrometer-1450 (Perkin Elmer Wallac).

Measurement of Paraquat Level by HPLC-MS/MS

Approximately 0.5 mL of the chloroplast preparations was lysed by adding
2 mL of milli-Q water, followed by centrifugation at 10,000g for 10 min. The
supernatant was used for subsequent HPLC-MS/MS analysis.

The samples were purified using solid-phase extraction columns (Oasis
Waters). The column was activated with 3 mL of methanol and 3 mL of water,
and a 2-mL sample was loaded onto the column. A volume of 1 mL of a
methanol:milli-Q water (1:1) solution was used to rinse the column, and
paraquat was eluted with 1 mL of a trifluoroacetic acid:acetonitrile:milli-Q
water (2:84:14) solution. The eluted solution was dried in a 50°C water bath
under a stream of nitrogen and reconstituted with 500 mL of a milli-Q water:
acetonitrile (1:1) solution for HPLC-MS/MS analysis.

HPLC-MS/MS analysis was performed using an Agilent 1260 HPLC device
coupled with an Agilent 6460 triple quadrupole mass spectrometer (Agilent
Technologies). A Syncronis HILIC (100 mm 3 2.1 mm, 5 mm; ThermoFisher
Scientific) column was used. Mobile phase A consisted of water with 10 mM

ammonium formate and 0.1% acetonitrile, and mobile phase B contained ac-
etonitrile. The samples were separated using gradient elution. The flow rate
was 200 mL min21, and the injection volume was 10 mL. The Agilent 6460 mass
spectrometer was operated in the positive product ion scan mode. The fol-
lowing instrument parameters were used: spray voltage, 3,500 V; heater
temperature, 350°C; sheath gas pressure, 35 c; auxiliary gas pressure, 10 c;
capillary temperature, 300°C; fragmenter voltage, 135 V; and collision-induced
dissociation energy, 30 eV. The peak area of the paraquat fragment at mass-to-
charge ratio = 171 was used for quantitative measurements.

Measurement of Chlorophyll Level

Total chlorophyll was extracted from Arabidopsis or rice leaves and ana-
lyzed as described (Lichtenthaler, 1987). All leaves from randomly collected
seedlings or plants were used for the extraction of total chlorophyll. All ex-
periments were repeated at least three times with biological replicates, and
mean values of these replicates are presented.

Sequence data from this article can be found in the GenBank/EMBL
data libraries under accession numbers PAR1/LAT4 (AT1G31830), LAT3
(AT1G31820), and OsPAR1 (Os03g0576900).
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The following materials are available in the online version of this article.
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