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Polyamines (PAs) are ubiquitous, polycationic compounds that are
essential for the growth and survival of all organisms. Although
the PA-uptake system plays a key role in mammalian cancer and in
plant survival, the underlying molecular mechanisms are not well
understood. Here, we identified an Arabidopsis L-type amino acid
transporter (LAT) family transporter, named RMV1 (resistant to
methyl viologen 1), responsible for uptake of PA and its analog
paraquat (PQ). The natural variation in PQ tolerance was deter-
mined in 22 Arabidopsis thaliana accessions based on the poly-
morphic variation of RMV1. An RMV1-GFP fusion protein
localized to the plasma membrane in transformed cells. The Ara-
bidopsis rmv1 mutant was highly resistant to PQ because of the
reduction of PQ uptake activity. Uptake studies indicated that
RMV1 mediates proton gradient-driven PQ transport. RMV1 over-
expressing plants were hypersensitive to PA and PQ and showed
elevated PA/PQ uptake activity, supporting the notion that PQ
enters plant cells via a carrier system that inherently functions in
PA transport. Furthermore, we demonstrated that polymorphic
variation in RMV1 controls PA/PQ uptake activity. Our identifica-
tion of a molecular entity for PA/PQ uptake and sensitivity pro-
vides an important clue for our understanding of the mechanism
and biological significance of PA uptake.

Polyamines (PAs) are widely distributed in all living organisms
and are involved in various cellular processes, including

transcription, RNA modification, translation, membrane stabili-
zation, and the modulation of cell signaling (1–4). They also
control the activities of various types of cation channels (5–9).
Because of the multiple functions of PAs, their content must be
carefully controlled for the maintenance of cellular homeostasis.
The intracellular levels of PAs are tightly regulated through the
coordination of PA biosynthesis, catabolism, conjugation, and
transport at the cell surface (3, 10). Despite extensive studies on
PA metabolism, the PA transport system is largely unknown in
eukaryotes (10, 11). Nevertheless, the significance of PA uptake
has been demonstrated in several studies. In mammalian cancer
cells, inhibition of PA uptake enhances the antitumor effects of
anticancer agents such as α-difluoromethylornithine (DFMO)
(10, 12), and in plants, exogenous PA application can ameliorate
the effects of environmental stresses (2, 11, 13). The PA analog
methyl viologen (MV), which is commonly known as paraquat
(PQ) (Fig. S1), functions as an oxidative stress inducer and is one
of the most widely used herbicides, despite the fact that its in-
gestion can cause death by multiorgan failure (14, 15). Data
showing that PA and PQ (PA/PQ) displayed similar uptake
characteristics in animal and plant systems suggested that PQ
uptake is mediated by PA transporters (16, 17), although little is
known about the molecular components responsible for the in-
flux of PA/PQ. Here, we identified an Arabidopsis L-type amino
acid transporter (LAT) family transporter named RMV1 (re-
sistant to methyl viologen 1) responsible for the uptake of PA
and PQ by analyzing the natural variation of PQ tolerance in
Arabidopsis accessions.

Results and Discussion
Natural Variation in PQ Tolerance in Arabidopsis Accessions. To
identify the loci responsible for the natural variation in PA/PQ
transport, Arabidopsis accessions showing alterations in PA/PQ
tolerance were screened for primary root growth in PA- or PQ-
containing media. Whereas none of the accessions examined
displayed PA tolerance, several accessions, such as Nos-d, Est-1,
Lov-5, RRS-10, Sha, and Tamm-2, showed significant tolerance to
PQ toxicity (Fig. 1 A and B). Nos-d was more tolerant to diquat,
a bipyridinium-derived PQ analog, than Col-0, whereas there was
no apparent difference in tolerance to the other oxidative stress
inducers, including hydroxyperoxide and Rose Bengal (Fig. S2).
This suggested that the tolerance may be related to PQ structure
and possibly occurs at the level of PQ uptake, rather than an ox-
idative stress response. Consistent with this hypothesis, the PQ
uptake rate in sensitive accessions was higher than in tolerant
accessions, except for accession Lov-5 (Fig. 1C).

Mapping of PQ (MV)-Resistant Genes. To understand the genetic
basis of PQ tolerance, Col-0 to Nos-d plants were crossed. The
PQ sensitivity of the resultant F1 plants was intermediate to that
of the parent accessions, implying that PQ tolerance is semi-
dominant (Fig. S3A). Bulked segregant analysis (BSA) (18) of
Col-0 × Nos-d or Ler-1 × Nos-d F2 plants indicated that the trait
is mostly regulated by a single locus situated on the 1.4 Mb upper
arm region of chromosome 5 (Fig. S3 B–D). Further BSA
analyses confirmed that in all PQ-tolerant accessions, except for
Lov-5, this locus mapped to the same region as in Nos-d (Fig.
S4). The locus in Nos-d was therefore named resistance to methyl
viologen 1 (RMV1), which is the trade name for PQ.

Map-Based Cloning and Association Analysis of the RMV1 Gene. Fine
mapping using 883 F2 plants narrowed down the candidate re-
gion of RMV1 to 21.1 kb of chromosome 5 (Fig. S5A). This re-
gion, which is annotated to contain nine protein-coding genes,
showed a significant association between two single nucleotide
polymorphisms (SNPs) in two genes (At5g05600 and At5g05630)
and PQ tolerance (P < 0.0005) (Fig. S5B). To determine the
gene responsible for PQ tolerance, complementation analysis
was performed by reciprocal introduction of the genomic regions

Author contributions: M.F., Y.F., and K.S. designed research; M.F., S.I., K.Y., and K.U.
performed research; M.K., K.Y.-S., and K.S. contributed new reagents/analytic tools;
M.F., Y.F., S.I., K.Y., and Y.K. analyzed data; and M.F. and Y.F. wrote the paper.

The authors declare no conflict of interest.

*This Direct Submission article had a prearranged editor.
1Present address: Department of Plant Microbe Interactions, Max Planck Institute for
Plant Breeding Research, 50829 Cologne, Germany.

2Present address: Laboratory of Plant Cell Technology, Faculty of Applied Biological Sci-
ences, Gifu University, Gifu 501–1193, Japan.

3To whom corresponding should be addressed. E-mail: sinozaki@rtc.riken.jp.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1121406109/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1121406109 PNAS | April 17, 2012 | vol. 109 | no. 16 | 6343–6347

PL
A
N
T
BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121406109/-/DCSupplemental/pnas.201121406SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121406109/-/DCSupplemental/pnas.201121406SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121406109/-/DCSupplemental/pnas.201121406SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121406109/-/DCSupplemental/pnas.201121406SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121406109/-/DCSupplemental/pnas.201121406SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121406109/-/DCSupplemental/pnas.201121406SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121406109/-/DCSupplemental/pnas.201121406SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121406109/-/DCSupplemental/pnas.201121406SI.pdf?targetid=nameddest=SF5
mailto:sinozaki@rtc.riken.jp
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121406109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121406109/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1121406109


that contained the promoters and coding regions of these can-
didate genes from Col-0 and Nos-d into Nos-d and Col-0, re-
spectively. The PQ tolerance of transgenic Nos-d was abolished
by the introduction of the Col-0 At5g05630 gene, which encodes
a putative amino acid permease protein, suggesting that this gene
is responsible for PQ resistance (Fig. S5C). Sequence analysis of

the At5g05630 gene in all accessions examined revealed that
a single base substitution causing an amino acid change from
isoleucine 377 to phenylalanine is linked to the loss of PQ sen-
sitivity (Fig. 2A and Fig. S5D). To further analyze the signifi-
cance of At5g05630, we obtained a T-DNA insertion mutant
(designated as rmv1; Fig. 2A) and identified homozygous
knockout plants with no detectable At5g05630 transcripts (Fig.
2B). The rmv1 mutant displayed higher PQ tolerance than the
corresponding wild-type Ler-1, Col-0, and Nos-d lines (Fig. 2C
and Fig. S6), whereas the PQ sensitivity of transgenic rmv1 plants
carrying a genomic region of At5g05630 from Col-0 (designated
as the complemented line, rmv1-comp) recovered to a level of
PQ tolerance that was comparable to that of Col-0 (Fig. 2C).
These results confirmed that At5g05630 identifies RMV1 and that
the PQ tolerance phenotype of Nos-d is caused by a missense
mutation at RMV1.
RMV1 consists of one exon (Fig. 2A) with an ORF of 1,470 bp

encoding a polypeptide of 490 amino acids, which is predicted to
contain 12 transmembrane domains (TMs) (Fig. 2D and Fig.
S7A). The amino acid substitution between RMV1Ler and
RMV1Nos is located within the ninth TM (Fig. 2D). RMV1 is
a putative amino acid permease that belongs to the LAT family
within the amino acid, polyamine, and organic cation (APC)
superfamily, which is conserved in eukaryotes (19). In Arabi-
dopsis, five members of the LAT family are annotated (Fig. S7 A
and B), among which the isoleucine 377 of RMV1 is not a con-
served amino acid (Fig. S7A).

RMV1 Gene Expression Pattern and RMV1 Protein Plasma Membrane
Localization. RMV1 expression was examined in transgenic plants
expressing β-glucuronidase (GUS) under the control of the 2.1 kb
upstream region of RMV1-coding sequences. Transgenic plants
showed strong GUS activity in the hypocotyls and petioles of
cotyledons in 1- to 3-d-old seedlings (Fig. 2 E–G), and weak GUS
activity in the roots and veins of leaves in 10-d-old-seedlings (Fig.
2H). PQ treatment did not affect GUS activity. The subcellular
localization of GFP-tagged RMV1 was investigated by generating
transgenic Arabidopsis plants (Col-0) expressing Col-0-, Nos-d-,
or Ler-1-type RMV1-GFP under the control of the constitutive
cauliflower mosaic virus 35S RNA (CaMV35S) promoter (Fig.
S8). In these transgenic plants, the GFP signals overlapped with

Fig. 1. Natural variation of PQ tolerance in Arabidopsis accessions. (A)
Relative root growth of 22 accessions grown on MS medium containing 0.1
μM PQ. Arrows denote accessions that were resistant to PQ. Data represent
median values (n = 15) for each accession. Error bars represent SD. (B) Rep-
resentative sensitive (Ler-1 and Col-0) and tolerant (Nos-d) accessions grown
in 1 μM PQ. Yellow lines indicate root tips. (C) PQ uptake in nine selected
accessions. Error bars represent SD (n = 3).

Fig. 2. Characterization of RMV1. (A) Schematic
representation of the structure of RMV1. The position
of nucleotides and amino acid residues that differ
between Ler-1 and Nos-d is indicated. The position of
the T-DNA insertion of rmv1 (GT_3_3436) is shown as
a filled rectangle. Arrows denote primers used for RT-
PCR. (B) RMV1 transcript levels in wild-type (Ler-1),
rmv1, and complementation transgenic lines (rmv1-
comp). RMV1 transcripts were detected by RT-PCR
using total RNA extracted from 2-d-old seedlings. (C)
PQ sensitivity of the wild-type (Ler-1), rmv1, and
complementation transgenic lines (rmv1-comp). (D)
Schematic view of the topology of RMV1, as predicted
by ConPred II (34). Transmembrane domains are in-
dicated as cylinders. The star denotes the position of
amino acid residues that differ between the RMV1
proteins derived from Ler-1 and Nos-d. (E–H) RMV1
promoter-GUS reporter gene expression in transgenic
plants (E–H: 1, 2, 3, and 10 d after germination, re-
spectively). (I–L) Subcellular localization of the RMV1c-
GFP fusion protein. Roots of Arabidopsis stably
transformed with RMV1Col-GFP and stained with FM4-
64. (I) GFP filter. (J) FM4-64 filter. (K) merged. (L)
Nomarski images. [Scale bars: 1 cm (C); 1 mm (E–G);
5 mm (H); 50 μm (L).]
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the FM4-64 signal, which localizes to the plasma membrane under
the conditions used (Fig. 2 I–L and Fig. S8 A and B). Moreover, in
onion epidermal cells, RMV1-GFP was detected in the plasma
membrane after plasmolysis (Fig. S8 D–H). Together with the
prediction that RMV1 has transmembrane domains, these results
indicate that RMV1 is localized to the plasma membrane.

RMV1 Mediates PQ Uptake. To verify that RMV1 has a role in PQ
uptake, an rmv1 knockout mutant was analyzed. [14C] PQ uptake
was reduced in the rmv1mutant compared with wild-type (Ler-1)
plants, suggesting that RMV1 is required for PQ uptake (Fig.
3A). To further examine the transport activity of RMV1, three
types of transgenic Arabidopsis (Col-0) plants were generated
expressing Nos-d-, Col-0-, or Ler-1-type RMV1 variants (desig-
nated as OX-N, OX-C, or OX-L, respectively) under the
CaMV35S promoter (Fig. S9). These transgenic plants showed
similar expression levels of the transgenes, as demonstrated by
quantitative RT-PCR (Fig. 3B). Under normal growth con-
ditions, there were no morphological differences between the
transgenic plants and vector control plants (Fig. S9). However,
when grown in a PQ-containing medium, the OX-C plants
showed severe growth defects, indicating hypersensitivity to PQ
(Fig. 3C). Likewise, the RMV1Col-GFP-overexpressing plants
showed PQ hypersensitivity (Fig. S8C), implying that RMV1-
GFP fusion proteins are functional. Furthermore, OX-C trans-
genic lines also displayed PQ hypersensitivity in leaves (Fig. 3 C–
E), suggesting that RMV1 or the RMV1-like transporter, or
both, mediates PQ entry into leaf cells as well as into root cells.
Kinetic analysis further indicated that RMV1 is capable of me-
diating PQ transport against a concentration gradient (Fig. 3F),

as shown by the Km value (24.4 μM) for PQ uptake in RMV1-
overexpressing plants, which was similar to the Km for PQ influx
in wild-type maize roots (17). Moreover, the PQ uptake in the
OX-C transgenic plants showed pH dependency (Fig. 3G), and
the reduction of the proton gradient by the protonophore car-
bonyl cyanidem-chlorophenylhydrazone (CCCP) significantly
abolished PQ uptake in the OX-C transgenic plants (Fig. 3H).
Taken together, these results suggest that RMV1-mediated PQ
uptake is dependent on proton cotransport. Consistently, CCCP-
dependent inhibition of PQ uptake was also observed in wild-
type (Ler-1) plants (Fig. S10A).

PQ Uptake Activity and Tolerance Is Controlled by Polymorphic
Variation in RMV1. Analysis of transgenic plants with similar lev-
els of transgene expression revealed that the OX-N transgenic
lines exhibited lower uptake activity than OX-C or OX-L (Fig.
3H), which could explain the difference in PQ sensitivity of Nos-d,
Col-0, and Ler-1 lines (Fig. 1B). Recently, the crystal structure of
the bacterial amino acid antiporter AdiC, which belongs to the
APC superfamily, was reported (20–22). AdiC shares 20% amino
acid identity with RMV1 (Fig. S7A). Structural analysis of the
AdiC variant bound to Arg, a substrate of AdiC, mapped the
substrate-binding sites to TM3, 6, 8, and 10 (22) (Fig. S7A). The
ninth TM, which has an amino acid substitution between
RMV1Ler and RMV1Nos, is predicted to locate to the molecular
surface (20–22). Therefore, the substitution at position 377 may
have indirect effects such as alterations in molecular stability
rather than affecting the transport activity itself.

Fig. 3. PQ transport by RMV1. (A) PQ uptake of the wild-type (Ler-1) and rmv1 mutant. Error bars represent SD (n = 3). (B) RMV1 transcript levels of vector
control (VC) and RMV1 transgenic lines (OX-N, -C, or -L). The RMV1 transcripts were detected by real-time quantitative RT-PCR using total RNA extracted from
10-d-old seedlings. (C–E) PQ sensitivity of transgenic Arabidopsis (Col-0) plants expressing Col-type RMV1. (C) Root growth on MS plates containing 0.05 μM
PQ. (D) Fully expanded leaves of transgenic plants were floated on buffer containing 3 mM MES, 0.1% Tween-20, and 0.1 mM PQ for 2 d. (E) Chlorophyll
contents of leaves floated on the indicated concentrations of PQ. Error bars represent SD (n = 5). (F) Concentration-dependent kinetics of PQ influx into roots
of OX-C1 plants. Seedlings were incubated with increasing concentrations of PQ for 15 min before determination of intracellular radioactivity. Inset shows
a time course of PQ uptake with 2 μM (open circles) or 30 μM (closed circles) PQ. The Km value was determined from the Hanes–Woolf plot. Uptake data were
fitted to Michaelis–Menten and Hanes–Woolf equations. (G) pH dependence of PQ transport in OX-C1 plants. Seedlings were incubated in MS medium at
indicated pH values containing 10 μM PQ for 15 min. (H) The effect of CCCP on PQ uptake activity of OX-C plants. Seedlings were incubated in MS medium
containing 10 μM PQ with indicated concentrations of CCCP for 15 min. (I) PQ uptake of overexpressing lines. Error bars represent SD (n = 3).
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RMV1 Participates in PA Uptake. The PA transport activity of
RMV1 was examined using OX-C and control transgenic plants.
OX-C transgenic lines were significantly more sensitive to PAs
such as spermine, spermidine, and putrescine (Fig. 4A), and
exhibited higher PA uptake activity than the control lines, as
demonstrated with 14C-labeled PAs and HPLC (Fig. 4B and Fig.
S10 B and C). RMV1 showed high affinity for spermine (Km =
0.6 μM) and spermidine (Km = 2.2 μM), and lower affinity for
putrescine (Km = 56.5 μM) (Fig. S10D). Although there was no
significant difference in PA uptake between the rmv1 knockout
mutant and the wild type (Ler-1) under the conditions used,

possibly attributable to genetic redundancy, the rmv1 knockout
mutant showed significantly enhanced tolerance to putrescine in
the early stage of seedling development (Fig. 4C). These results
support the notion that RMV1 is also involved in PA uptake,
which is consistent with previous findings (23, 24) and our
observations that the exogenous application of PAs counteract
PQ toxicity (Fig. S10 E and F). In fact, the simultaneous appli-
cation of PA rather than amino acids appeared to inhibit PQ
uptake in roots (Fig. S10A).
Collectively, these results provide evidence that the LAT family

transporter RMV1 is engaged in the proton-dependent transport
of PA and PQ (MV) in Arabidopsis, consistent with the recent
report of a rice genemediating spermidine uptake (25).Moreover,
we demonstrated that natural variation in RMV1 defines PQ
uptake in A. thaliana. These data support the hypothesis that PQ
enters plant cells via a transport system that inherently functions in
the transport of PAs, which have structural similarities to PQ (17).
Our data imply that other transporters in addition to RMV1 may
participate in PAuptake inArabidopsis, suggesting the existence of
diverse transport systems, which might serve to increase the rep-
ertoire of PAs that plants can absorb from the environment. Our
identification provides insight into the molecular basis of the PA/
PQ uptake system in eukaryotes and may contribute to the de-
velopment of genetically engineered crops, phytoremediation
strategies, and anticancer drugs.

Materials and Methods
Plant Materials and Growth Conditions. The following A. thaliana accessions
used in this studywere provided by the RIKENBioResource Center, Japan (http://
www.brc.riken.go.jp/lab/epd/Eng/), and Arabidopsis Biological Resource Center
(ABRC): Bay-0 (CS22676), Bor-4 (CS22677), Br-0 (CS22678), Bur-0 (CS22679), C24
(CS22680), Col-0 (CS22681), Cvi-0 (CS22682), Est-1 (CS22683), Fei-0 (CS22684),
Got-7 (CS22685), Ler-1 (CS22686), Lov-5 (CS22695), NFA-8 (CS22687), RRS-7
(CS22688), RRS-10 (CS22689), Sha (CS22690), Tamm-2 (CS22691), Ts-1 (CS22692),
Tsu-1 (CS22693), Van-0 (CS22694), andWs (CS28823). TheNossen line usedhere is
the parent line of the RIKEN Ds transposon line (CS8522) that contains different
polymorphisms from a generally distributed Nossen (No-0) ecotype (26), which
was temporary named “Nos-d” in this report. The rmv1 T-DNA insertionmutant
(GT_3_3436) was obtained from the ABRC. Plants were grown on agar plates
containing half-strength Murashige and Skoog (MS) salt (pH 7.5), a vitamin
mixture, 1% sucrose, and 0.8% or 1.2% (wt/vol) agar under long-day conditions
(16-h light/8-h dark cycle; 60± 10 μmolm−2 s−1) at 22 °C. For the analysis of stress
tolerance, 4-d-old plants grown onMSmediumwere transferred toMSmedium
containing 1.2% (wt/vol) agar and the indicated concentrationsof chemicals and
grown vertically for 6 d. Tolerancewas analyzed bymonitoring the primary root
growth of seedlings.

Mapping. An F2 population derived from a Col × Nos-d cross showed a 1:2:1
(sensitive:intermediate:tolerant) segregation ratio based on the root growth
assay (Fig. S3B), suggesting that the PQ-resistant phenotype in Nos-d is
controlled either by a single locus or by several closely-linked loci. To obtain
a rough map position, a bulked segregant analysis (BSA) experiment was
performed in combination with PCR using fluorescently-labeled primers.
More details will be published elsewhere. Briefly, genomic DNA from 32
plants with the highest MV tolerance (Fig. S3B) was pooled and used for PCR
analysis with fluorescently-labeled primers flanking the simple sequence
length polymorphism (SSLP) marker site (Fig. S3D) generated using the
INDEL database, Monsanto SNP, and Ler Collections (www.arabidopsis.org/
browse/Cereon/index.jsp). The resulting SSLP-containing PCR products were
separated by size using a capillary sequencer (ABI PRISM3100 DNA Se-
quencer, Applied Biosystems) and the amount of PCR product for each ge-
notype was calculated based on the fluorescence intensity. Data are
presented as linkage, which represents the ratio of the amount of PCR
product from Nos-d/Col-0 or Nos-d/Ler-1 normalized to that of the F1 line
from the Nos-d × Col-0 or Nos-d × Ler-1 cross. A strong peak was detected
for two SSLP markers located at 1,372,518 bp (CER457340) and 5,386,803 bp
(CER456831) in the upper arm region of chromosome 5 (Figs. S2C and S3A),
indicating that the PQ-resistant trait is mostly regulated by a single locus
between these markers. To further narrow down the map position of the
Rmv locus, genotyping of individual F2 plants was performed using SSLP and
SNP markers. Analysis of 883 F2 progeny mapped the RMV1 locus to a
26.1 kb region between the newly generated SNP markers at positions
1670281 kb (S8) and 1691394 kb (S9) on chromosome 5 (Fig. S3A).

Fig. 4. RMV1 is a PA transporter. (A) PA sensitivity of OX-C plants. Four-day-
old plants were transferred to MS medium with the indicated concentration
of PAs and grown for 6 d. (B) PA uptake of OX-C plants. Put, putrescine; Spm,
spermine; Spd, spermidine. Error bars represent SD (n = 3). (C) Putrescine
sensitivity of wild-type and rmv1 mutant plants. The wild type (Ler-1) and
rmv1 mutant were germinated on MS medium containing the indicated
concentrations of Put and grown for 9 d. The average frequencies of ex-
panded green cotyledons are expressed as the average percentage and SD of
plants grown on three plates containing 30 seeds each (*P < 0.01).
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Association Analysis. The association analysis was carried out by a general
linear model (GLM) function of TASSEL using the haploid setting, as described
previously (27). The analysis was carried out based on the Q (population
structure), while the principle component (PC) was used to replace Q in
TASSEL according to Zhao et al. (28). The PC analysis datasets were created
with 250K genome-wide SNPs obtained from the laboratory of Magnus
Nordborg (University of Southern California, Los Angeles).

Uptake Assay. Fourteen-day-old seedlings grown on MS agar plates were
transferred to MS liquid medium. After overnight incubation, plants were
soaked into 4.5 mL of fresh medium and the reaction was started by the
addition of 0.5 mL of MS medium containing 10 μM [14C] PQ (American
Radiolabeled Chemicals), 10 μM [14C]Spm, 100 μM [14C]spermidine, or 10 mM
[14C]Put (Amersham Biosciences). The total substrate concentration was ad-
justed by adding unlabeled substrate. For competition analysis, competitors
or inhibitors were added 5 min before the start of the reaction. After in-
cubation, seedlings were washed three times with 40 mL of buffer (MS
containing a 10-fold concentration of substrates) and roots were excised.
Roots from six seedlings were blotted and weighed in bulk and soaked into 2
mL of scintillation fluid (Clear-sol II; Nacalai Tesque), and the radioactivity was
determined using a liquid scintillation spectrophotometer (TriCarb2800-TR;
Perkin-Elmer). Fifteen-minute uptake periods were used in all concentration-
dependent kinetic studies because uptake was linear up to at least 20 min.

Constructs and Real-Time Quantitative RT-PCR Analysis. For complementation
analysis, the At5g05600 or At5g05630 genome regions including the 1.32 or
1.16kbpromoter regionupstreamof theATG start codon, respectively, and the
0.84 or 0.55 kb region downstream of the stop codon, respectively, were am-
plified from Col-0, Ler-1 or Nos-d genomic DNA by PCR with SfiI linker primers
(5′-gcttggcctgcttggccGATCCGATTTCTAGAAACTTTCAC-3′ and 5′-aattcggccgc-
gacggccCTATTCAGGATCGAAGTGGGG-3′ for At5g05600; and 5′-gcttggcctg-
cttggccTGATGTTTAGTGCAACCCACCC-3′ and 5′-aattcggccgcgacggccGAGAGG-
GAGTGACGACTTAG-3′ for At5g05630) and cloned into the SfiI site of the bi-
nary vector pBIG-CD. The RMV1 promoter-GUS plasmid was constructed by
amplifying a 1.99 kb DNA fragment upstream of the RMV1 coding region by
PCR with an upstream XbaI linker primer (5′-gcgtctagaACTGTGCTGGATGTT-
ATGAGG-3′) and a downstream EcoRI linker primer (5′-cctgaattcCGA-
GAATTGGAACTTAAAATAATTG-3′), and cloned into the XbaI/EcoRI site of the

pGH-GUS plasmid, a hygromycin-version of pGK-GUS (29). For construction of
the 35S-RMV1-GFP, the RMV1 coding region was amplified by PCR with the
XbaI linker primers 5′-gcgtctagaATGACTGAGCTTAGCTCTCCG-3′ and 5′-
gcgtctagaCTCCATCAGGTTTGGTAGGTG-3′ and cloned into the XbaI site of
pGHX-CsGFP, a hygromycin-version of pGHX-CsGFP (29). This construct was
introduced into Agrobacterium tumefaciens strain GV3101 and used for plant
transformation. To analyze the expression level of the transgene, quantitative
RT-PCR analysis was performed as described previously (30) using gene-specific
primers, 5′-CACATAAGCATTGGTGTCACCAC-3′ and 5′-TTCTTGATTTGGTTGA-
CGGTTCT-3′.

Histochemical GUS Staining and Analysis of Subcellular Localization. Histo-
chemical analysis was performed as described previously (31). For transient
expression analysis of the GFP fusion protein in onion epidermal cells, the
35S-RMV1-GFP or pGHX-CsGFP plasmid was introduced into onion epidermal
cells as described previously (32). After incubation at 22 °C for 16 h, cells
were plasmolyzed by incubating onion epidermal strips in a 0.8 M sucrose
solution for 10 min. The roots of transgenic plants expressing the RMV1-GFP
fusion protein were stained with FM4-64 for 1 min, according to the plasma
membrane labeling protocol in the instructions of the manufacturer. Fluo-
rescence was observed in whole mounts using a confocal laser scanning
microscope (FV1000, Olympus).

Leaf Floating Test. Fully expanded third or fourth rosette leaves detached
from soil-grown transgenic plants were floated in a buffer containing 3 mM
2-(N-morpholino) ethanesulfonic acid monohydrate (Mes) and 0.05%
Tween-20, containing appropriate concentrations of PQ (Sigma) at 22 °C for
24 h under continuous light (130 μmol m−2 s−1). Chlorophyll was extracted
overnight at 4 °C with 1 mL of dimethylformamide. Chlorophyll contents
(Chl a + b = 17.67A646.8 + 7.12A663.8) were calculated according to Porra
et al. (33) and divided by leaf area, which was measured using ImageJ
software (National Institutes of Health).
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