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Abstract Despite the paraquat-resistant mutants that
have been reported in plants, this study identified a novel
A. thaliana mutant (pqr2) from an XVE inducible activation library based on its resistance to 2 μM paraquat. The
pqr2 mutant exhibited a termination mutation in the exon
of AT1G31830/PAR1/PQR2, encoded a polyamine uptake
transporter AtPUT2/PAR1/PQR2. The PQR2 mutation
could largely reduce superoxide accumulation and cell
death in the pqr2 plants under paraquat treatment. Moreover, compared with wild type, the pqr2 mutant exhibited
much reduced tolerance to putrescine, a classic polyamine
compound, which confirmed that PQR2 encoded a defective polyamine transporter. Notably, co-treated with ABA
and paraquat, both pqr2 mutant and wild type exhibited a
lethal phenotype from seed germination, but the wild type
like pqr2 mutant, could remain paraquat-resistance while
co-treated with high dosage of Na2WO4, an ABA synthesis inhibitor. Gene expression analysis suggested that ABA
signaling should widely regulate paraquat-responsive genes
distinctively in wild type and pqr2 mutant. Hence, this
study has for the first time reported about ABA negative
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effect on paraquat-resistance in A. thaliana, providing
insight into the ABA signaling involved in the oxidative
stress responses induced by paraquat in plants.
Keywords Polyamine transporter · Paraquat resistance ·
ABA · A. thaliana

Introduction
Paraquat (or methyl viologen; N, N’-dimethyl-4, 4′-bipyridinium dichloride) is a broad spectrum herbicide, widely
used in weed control of many cropping systems. Nonselectively, paraquat controls weeds by inhibiting photosynthesis. It targets photosystem I and transfers electrons to
molecular oxygen. In this manner, destructive ROS (reactive oxygen species) are produced. ROS are highly reactive molecules including H2O2, HClO and free radicals
(e.g. OH and O2−) (Valko et al. 2007). They damage living organisms (Davies 1995) by triggering chemical chain
reactions such as lipid peroxidation, DNA oxidation, and
proteins oxidation (Sies 1997), causing mutations (Jena
2012), suppressing enzymes, denaturing and degrading
proteins (Stadtman 1992). Excessive ROS facilitates the
killing effect of paraquat (Fujii et al. 1990), and induces
rapid cell death in plants (Babbs et al. 1989). Subsequently,
paraquat undergoes redox cycling (Bus and Gibson 1984),
regenerating the oxidized form, and receives electrons from
photosystem I to start a new cycle. Accordingly, paraquat
is frequently used as a potent inducer of oxidative stress to
investigate how plants respond to oxidative stresses.
ROS also act as secondary messengers involved in signaling transduction (Li et al. 2004) and play a vital role in
multiple cellular and developmental processes, including
tracheary element formation, root hair growth, and seed
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germination (Foreman et al. 2003; Fukuda 2000; Kwak
et al. 2003). Polyamines are organic compounds having two or more primary amino groups, which also act as
regulatory molecules in fundamental cellular processes,
including cell division, differentiation, gene expression,
DNA and protein synthesis, and apoptosis in many organisms (Alcázar et al. 2010; Childs et al. 2003; Igarashi and
Kashiwagi 2010; Seiler and Raul 2005). Previous studies
indicate that polyamine signaling involves cross-talk with
other stress pathways, like ABA, ROS and ethylene signaling pathways in stress responses (Tanou et al. 2014; Tiburcio et al. 2014).
A number of reports have indicated that exogenous
application of polyamines confers high levels of protection
against paraquat toxicity in various plant species (Benavides et al. 2000; Kurepa et al. 1998; Soar et al. 2004; Ye
et al. 1997). It suggests that the protective effects of polyamines against paraquat toxicity are partially attributed to
competitive transport interactions between polyamines
and paraquat, Putrescine and cadaverine inhibit paraquat
transport in maize roots (DiTomaso et al. 1993; Hart et al.
1992), whereas spermidine, spermine and putrescine inhibit
paraquat uptake in A. thaliana root (Fujita et al. 2012). Furthermore, the protection mechanism of polyamines is proposed to be related to their antioxidant role as free-radical
scavengers (Bors et al. 1989; Das and Misra 2004; Drolet
et al. 1986). For activating the antioxidant enzyme machinery, polyamines could reduce membrane injury and electrolyte leak induced by oxidative stresses (Gill and Tuteja
2010; Kubiś 2008; Nayyar and Chander 2004; Tang and
Newton 2005).
Enhanced tolerance to paraquat has evolved in many
weeds due to excessive use of the herbicide, but the
molecular mechanism of paraquat resistance has not been
fully understood. Two hypotheses have been proposed to
explain paraquat resistance: increased capability to scavenge ROS and paraquat sequestration away from target
sites in chloroplasts (Szigeti 2005; Tsuji et al. 2013). It
has been reported that paraquat can be recognized as a
substrate and transported through the polyamine transport
system due to structural similarity (Dinis-Oliveira et al.
2008). In A. thaliana, RMV1 encodes a putative amino
acid permease, AtLAT1, which has been categorized into
the L-type amino acid transporter (LAT) family. Compared
with the corresponding wild-type plants, the rmv1 mutant
displays paraquat resistance due to its reduced paraquat
uptake. Moreover, transgenic plants overexpressing RMV1
showed much higher uptake, indicating that RMV1 is
a paraquat transporter (Fujita et al. 2012). As one of the
homologs of RMV1, AtLAT4 is identified in the paraquat resistant 1 (par1) mutants (Li et al. 2013). AtPDR11
encodes another type of paraquat transporter belonging
to ATP-binding cassette transporter superfamily. Mutants
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lacking the AtPDR11 gene exhibit higher survival rate than
wild-type plants (Xi et al. 2012). Although recent studies
have helped the understanding of polyamine and paraquat transport in plants, the molecular entity of polyamine
transporters has not fully been identified (Fujita and Shinozaki 2014).
In this study, we identified paraquat-resistant mutant
pqr2 carrying a novel termination mutation, which is
allelic to PAR1, and then proposed that PQR2/PAR1 should
be involved in anti-oxidative stress responses and ABA
signaling.

Materials and methods
Plant materials and growth condition
Arabidopsis thaliana ecotype Columbia (Col-0) and
Landsberg erecta (Ler) are used in the study. Arabidopsis plants were grown at 22 °C under long-day
conditions (16-h-light/8-h-dark cycle; light intensity:
60 ± 10 μmol m−2 s−1)with 50 to 70 % relative humidity on half solid MS medium containing 1.0 % sucrose and
1.0 % agar or in soil.
For analysis of polyamine tolerance, Col-0 and pqr2
were germinated and grown on half MS medium supplemented with putrescine at different concentrations. Tolerance was analyzed by monitoring the primary root length.
Map‑based cloning of the PQR2 gene
The F2 population derived from a Col-0 × pqr2 cross
segregating paraquat-resistance was selected for genetic
mapping. DNA extracted from these F2 plants was used
for PCR-based mapping using SSLP and InDel markers designed according to databases in TAIR (http://www.
arabidopsis.org). The markers are listed in Supplemental
Table 1. cDNA fragments corresponding to candidate genes
were amplified from pqr2 mutants and used in the DNA
sequencing analysis to identify the mutations.
Transformation constructs
For complementation analysis, the full length CDS of
AT1G31830 was PCR amplified from the genomic DNA of
Col-0 plants using primers: OE-pf (5′-GGGGTACCAAAC
CTTATTGGGATGTGGG-3′) and OE-pr (5′-GCTCTA
GACCGTGCTAACGATGACCTA-3′). The PCR product
was subsequently cloned into the XbaI and KpnI sites of
pD1301s to generate the pqr2: PQR2 construct. The Agrobacterium tumefaciens strain GV3101 carrying the construct was used to transform pqr2 mutant plants using the
floral dip method (Clough and Bent 1998).
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Fig. 1  Isolation of paraquatresistant mutants in A. thaliana.
a Amplified fragments of
T-DNA insertion sequences
in eight mutants; b Wild type
(Col-0) and pqr2 seedlings
(9-day-old) germinated on half
MS medium supplemented with
50 mg/L kanamycin; c Wild
type and pqr2 mutant treated
with 2 μM paraquat on half MS
medium

Detection of cell death and superoxide
Wild type (Col-0) and pqr2 seedlings (4-week-old) were
sprayed with water or 5 μM paraquat and then incubated
for 24 h. The leaves were subsequently detached from the
treated plants and stained with Evans blue, NBT, to detect
cell death, superoxide respectively, as described previously
(Chen et al. 2009; Shi et al. 2007). All experiments were
repeated 3–5 times (biological repeats).
Semi‑quantitative RT‑PCR analysis
Wild type (Col-0) and pqr2 seedlings (10-d-old) were germinated and grown on half MS medium or supplemented
with 0.5 μM ABA, or 50 μM Na2WO4, or 7-day-old seedlings grown on half MS medium then transferred to half
MS medium supplemented 2 μM paraquat for an additional
3 d. RNA was extracted from these seedlings for cDNA
synthesis. Semi-quantitative RT-PCR analysis was performed using gene specific primers (Supplemental Table 2),
and primer GAP (PF: 5′-GCAACATACGACGAAATCAAGAA-3′, PR: 5′-CGACACGAGAACTGTAACCCC-3′)
was used as control. To illustrate the relative expression
level of each gene, band optical densities were calculated
by Quantity One as described previously (Kumar et al.

2015) and used to generate a heat map by software R. The
expression of each gene was confirmed in at least three
rounds of independent RT-PCR reactions.

Results
Genetic identification of paraquat‑resistant mutant
pqr2
In this study, 2 μM paraquat was initially used to screen
out the XVE inducible activation T-DNA mutagenesis lines
carrying a kanamycin resistant marker (Zuo et al. 2000).
Eight paraquat resistant mutants were isolated, designated
as pqr1–8. To analyze the paraquat-resistance phenotypes
in the mutants selected, a 509 bp fragment of the T-DNA
sequence was amplified, but T-DNA insertion was only
detected in paraquat-resistant mutants pqr1, pqr3, pqr5,
pqr6, and pqr7, rather than pqr2, pqr4, and pqr8 (Fig. 1a).
This study then focused on testing the pqr2 mutant showing kanamycin sensitivity, similar to its wild type (Fig. 1b),
suggesting that T-DNA insertion was not responsible for
the paraquat resistance phenotype in pqr2 (Fig. 1c).
To identify the pqr2 mutation, we reciprocally crossed
pqr2 with Col-0 plants. All verified F1 progeny (107
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Fig. 2  Identification of pqr2
mutant. a Genetic mapping
of PQR2: genetic mapping
markers shown on the top; the
number of recombinants for
each marker listed below the
map; predicted genes indicated
on the bottom; PQR2 candidate
gene highlighted in red.
b Sequence alignment of PQR2
and its homologs in different
plant species: Amino acids
identical with >50 % homology highlighted in dark blue;
XP_002893691.1 (Arabidopsis
lyrata), XP_002304384.1 (Populus trichocarpa), ACL52765.1
(Zea mays), BAK08341.1
(Hordeum vulgare). c Genetic
complementation of the pqr2
mutant phenotype: 10-day-old
seedlings of wild type (Col-0),
pqr2, nd four pqr2-PQR2 lines
carrying PQR2 transgene under
the control of 35S promoter
grown on half MS medium
in the presence or absence of
2 μM paraquat

seedlings) showed a paraquat-sensitive phenotype, similar
to that of wild-type plants. In the F2 population, the pqr2
phenotypes segregated at an approximately 1:3 ratio, based
on the resistant/sensitive to paraquat (66:151; χ2 = 2.0),
indicating that pqr2 is a recessive mutant at a single genetic
locus. Furthermore, the pqr2 mutant was crossed with Ler,
and the F2 progeny exhibiting paraquat-resistance were
used for genetic mapping. The pqr2 locus was mapped to
a 116-kb region on chromosome I. The region includes a
reported gene, PAR1/AT1G31830, which conferred paraquat resistance in A. thaliana mutants (Li et al. 2013).
DNA sequencing of AT1G31830 revealed a site-mutation
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in pqr2 by substitution of T with A at nucleotide 453 in the
AT1G31830 CDS, which encoded a tyrosine into a terminator at amino acid residue 151 (Fig. 2a). Notably, the tyrosine residue is highly conserved in related proteins across
different plant species (Fig. 2b). To verify the candidate
PQR2 gene, full length CDS of AT1G31830 was amplified
to construct a complementation vector under the control of
35S promoter. Four independent complementary transgenic
lines fully restored the paraquat-sensitive phenotype, similar to that of wild type (Fig. 2c). Thereby, the data indicated
that the pqr2 mutant phenotype is caused by a mutation in
the AT1G31830.
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Fig. 3  Observation of paraquatresistant phenotype in pqr2
mutant. a Wild type and pqr2
mutant grown in soil (8-weekold), scale bar 10 cm. b Leaves
of wild type and pqr2 mutant
stained with NBT after plants
(4-week-old) sprayed with
5 μM PQ for 24 h, scale bar
25 μm. c Samples were treated
as described in B and stained
with Evans blue, scale bar 1 cm

Functional analysis of PQR2 revealed a mutated
polyamine transporter in pqr2
The pqr2 mutant showed normal growth in soil, similar to
wild type (Fig. 3a). Supplied with paraquat, however, the
pqr2 mutant was examined with much less blue stain on the
leaf than that of wild type by detection with NBT, a superoxide accumulation marker (Fig. 3b). In addition, stained with
Evans blue dye, a cell death indicator, the wild type exhibited
dark blue spots on the leaf after paraquat treatment, whereas
the pqr2 mutant showed less blue staining (Fig. 3c). Hence,
the data indicated that the pqr2 mutant should strongly inhibit
either ROS accumulation or cell death induced by paraquat
pretreatment as reported in other mutants (Li et al. 2013).
The pqr2 mutant exhibited a distinct mutation of polyamine transporter as described above. In this study, the pqr2
mutant was treated with putrescine, a typical polyamine
compound (Fig. 4). Although wild type exhibited retarded
growth under high concentrations of putrescine, the pqr2
mutant was much more sensitive to putrescine (Fig. 4a). As
comparison, supplied with putrescine at 600 and 700 μM,
wild type respectively had 1.49 and 0.71 cm root lengths,
whereas pqr2 exhibited reduced root lengths at 0.96 and
0.55 cm (Fig. 4b). The results indicated that the pqr2 mutant
could affect polyamine transporting in plant cells.

ABA effect on paraquat tolerance in pqr2 mutant
Since ABA signaling is proposed to play a role in regulating polyamines levels in plants (Marco et al. 2011), we
investigated ABA effects on paraquat tolerance by treating the pqr2 mutant and wild type with ABA and ABA
synthesis inhibitor (Na2WO4) (Fig. 5). As a result, supplied with 0.5 μM ABA or 10 μM Na2WO4, both pqr2
mutant and wild type exhibited similar growth phenotypes. By comparison, treated with 2 μM paraquat, the
pqr2 mutant was fully germinated to growth, but wild
type was strongly retarded (Fig. 5a). However, co-treated
with 2 μM paraquat and 0.5 μM ABA, both pqr2 mutant
and wild type were completely inhibited on seed germination. On the other hand, supplied with 2 μM paraquat and
10 μM Na2WO4, the wild type was partially restored on
germination, but the pqr2 mutant remained full germination (Fig. 5a). Furthermore, adding higher concentrations
of Na2WO4 (50, 80, 100 μM), the wild type exhibited
increased rates of germination (Fig. 5b). Notably, while
co-treated with 80 μM Na2WO4, the wild type could be
fully restored on seed germination, similar to the pqr2
mutant (Fig. 5c). Hence, the results indicated that ABA
signaling should play a role in paraquat tolerance in A.
thaliana.
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Fig. 4  Detection of putrescinesensitive phenotype in pqr2
mutant. a Wild type and pqr2
mutant (10-day-old) grown
on half MS medium supplemented with putrescine. b Root
length of wild type and pqr2
mutant (10-day-old) on half
MS medium supplemented
with three concentrations of
putrescine (400, 600, 700 μM),
asterisk indicated significant
difference between wild type
and pqr2 mutant by t test at
p < 0.01 (n = 9 ~ 18)

Analysis of gene expression in pqr2 mutant
To understand ABA effects on paraquat tolerance, we
detected transcription levels of total 21 representative genes
that could be regulated by paraquat (Supplemental Table 3;
Han et al. 2014). In general, treated with Na2WO4, the pqr2
mutant and wild type exhibited a reduced expression of
eight genes examined, but the pqr2 mutant had a different
expression pattern from wild type under ABA or paraquat
treatment (Fig. 6 and Supplemental Fig. 1). In particular,
total nine genes were up-regulated, and two protein kinase
genes (AT5G07180, AT3G46370) were highly expressed
in the pqr2 mutant under all treatments. In addition, two
ROS-burst-related genes (AT3G11180, AT1G31690) were
up-regulated in the pqr2 mutant under ABA treatments,
whereas one gene (AT3G11180) was highly expressed in
the wild type under paraquat treatment.
Furthermore, four genes related to phytoprotection and
stress response (AT1G77120, AT4G37930, AT3G52960,
AT5G01600) were down-regulated in the wild type under
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Na2WO4 treatment, but two genes: AT4G37930 and
AT3G52960 remained at relatively high expression levels in
the pqr2 mutant. In terms of one transcription factor gene
(AT1G75390), the pqr2 mutant showed higher expression
levels than wild type under ABA and Na2WO4 treatments,
but the wild type exhibited down-regulation by Na2WO4
(Fig. 6). Hence, the data suggested that ABA should distinctively regulate various types of genes expression in the
pqr2 mutant and wild type.

Discussion
In this study, we have identified the pqr2 mutant that
resulted from an early termination mutation at the
PQR2/AT1G31830 locus responsible for a polyamine
transporter (polyamine uptake transporter 2, AtPUT2). It
has been indicated that AtPUT2 has affinity to putrescine
(Mulangi et al. 2012), and mutation in AT1G31830 causes a
reduction in the accumulation of paraquat in the chloroplast
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Fig. 5  Characterization of the pqr2 mutant responses to ABA and
ABA inhibitor (Na2WO4). a Wild type and pqr2 mutant (10-dayold) grown on half MS medium supplemented with 0.5 μM ABA or
10 μM Na2WO4 or 2 μM paraquat or 2 μM paraquat plus 0.5 μM
ABA or 2 μM paraquat plus 10 μM Na2WO4. b Wild type and

pqr2 mutant (10-day-old) grown on half MS medium supplemented
with 2 μM paraquat plus three concentrations of Na2WO4 (50, 80,
100 μM). c Seed germination rate (%) of wild type and pqr2 mutant
(10-day-old) grown on half MS medium supplemented with 2 μM
paraquat plus four concentrations of Na2WO4 (10, 50, 80, 100 μM)

Fig. 6  Heat-map of genes
expressions in wild type (Col-0)
and pqr2 mutant. All genes
information listed in Supplemental Table 3 and gene relative
expression levels shown in Supplemental Fig. 1

(Li et al. 2013). Here, the pqr2 mutant has exhibited
remarkable resistance to paraquat and decreased tolerance
to putrescine, suggesting that this mutation in PQR2 specifically causes intracellular putrescine transport defect,

which could interpret why the pqr2 mutant has exhibited
a different expression pattern of the genes related paraquat
responses compared with the wild type under paraquat
treatment.
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It has been reported that stress conditions promote ABA
levels in plant cells, which induces generation of ROS. ROS
acts as signal molecules to turn on the gene expressions of
antioxidant enzymes, such as Cu/Zn-SOD (Guan and Scandalios 1998), Mn-SOD (Zhu and Scandalios 1994), Fe-SOD
(Kaminaka et al. 1999) and CAT (Guan et al. 2000). More
recently, paraquat has been reported to generate ROS that
results in severe oxidative stress in plant cells by regulating various gene expressions (Benina et al. 2014). Hence,
regardless of a paraquat-resistance, the pqr2 mutant, cotreated with 2 μM paraquat and 0.5 μM ABA, shows similar phenotype to the wild type with null-seed-germination
(Fig. 5a). In contrast, both pqr2 mutant and wild type, cotreated with 2 μM paraquat and ABA synthesis inhibitor
(80 μM Na2WO4), exhibited a full germination phenotype
(Fig. 5b, c). Despite that ABA induced protection against
paraquat-generated oxidative damage in maize leaves
through Mitogen-activated protein kinase (Ding et al. 2009),
our data suggest that a high dosage of ABA might overenhance paraquat transporting and anti-oxidative systems in
cells, leading to a lethal phenotype in wild type and pqr2
mutant, consistent with recent reports that the ROS signaling pathway can cross talk with the ABA signaling pathway
in response to oxidative stress (Mittler and Blumwald 2015;
Pottosin et al. 2014; Zhou et al. 2014).
Since several paraquat-responsive genes are up-regulated
in the pqr2 mutant under paraquat and ABA treatments
including protein kinases, ROS burst, phytoprotection and
stress response genes, it suggests that PQR2 should play
an important role in regulating gene expression in response
to ROS generated by both paraquat and ABA signaling
pathway. The increased gene expression levels in the pqr2
mutant might be due to its polyanime transport defect, which
thereby affects the connection of polyamines signaling transduction to the ABA and ROS signaling pathway. Nevertheless, it provides insight into the interactions among polyamines, ABA, and ROS signaling pathways in the future.
In conclusion, PQR2 is a polyamine transporter gene
and can regulate down-stream gene expression probably
via ABA signaling pathway. Additionally, ABA inhibits
paraquat resistance by regulating various types of genes
related to ROS burst, phytoprotection and stress responses.
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