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Polyamines in plants are involved in various physiological and developmental processes including abiotic
and biotic stress responses. We investigated the expression of ADCs, which are key enzymes in putrescine
(Put) biosynthesis, and roles of Put involving defense response in Arabidopsis. The increased expression of
ADC1 and ADC2, and the induction of Put were detected in GVG-NtMEK2PP transgenic Arabidopsis,

Keywords: whereas, their performance was partially compromised in GVG-NtMEK2P®/mpk3 and GVG-NtMEK2PP/
Putrescine mpk6 mutant following DEX treatment. The expression of ADC2 was highly induced by Pst DC3000 inoc-
2\51%1, dopsis MPK3/MPK6 ulation, while the transcript levels of ADC1 were slightly up-regulated. Compared to the WT plant, Put
Pst DC3000 content in the adc2 knock-out mutant was reduced after Pst DC3000 inoculation, and showed enhanced

PR-1 susceptibility to pathogen infection. The adc2 mutant exhibited reduced expression of PR-1 after bacterial
infection and the growth of the pathogen was about 4-fold more than that in the WT plant. Furthermore,
the disease susceptibility of the adc2 mutant was recovered by the addition of exogenous Put. Taken
together, these results suggest that Arabidopsis MPK3 and MPK6 play a positive role in the regulation

of Put biosynthesis, and that Put contributes to bacterial pathogen defense in Arabidopsis.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Mitogen-activated protein kinase (MAPK) cascades are major
signal transduction pathways to translate extracellular stresses
into intercellular responses in all eukaryotes. A MAPK cascade min-
imally consists of MAPKKKs, MAPKKs and MAPKs modules that are
linked in various ways to upstream receptors and downstream tar-
gets [1]. In several species, including Arabidopsis, MAPK cascades
are activated by a variety of stress stimuli, including pathogen at-
tack, drought, cold, salt, wounding, osmotic shock and reactive
oxygen species [2,3]. Approximately 20 different MAPKs can be
identified in the Arabidopsis genome, and other plants are likely
to have similar numbers of MAPKs [2]. A number of research
groups demonstrated that especially MPK3 and MPK6, two Arabid-
opsis MAPKs, have been implicated in biotic and abiotic stress re-
sponses in Arabidopsis [1,4,5]. However, little is known about the
downstream targets that are regulated by this MAPK cascade.
According to the studies of Zhang and co-workers, MPK3 and
MPK6 regulate Botrytis cinerea-induced ethylene production, and
also, camalexin production in GVG-NtMEK2PP Arabidopsis [5,6]. In
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tobacco, we demonstrated that the SIPK and WIPK, which are to-
bacco orthologs of MPK6 and MPK3, regulate polyamine (PA) syn-
thesis through transcriptional regulation of the biosynthetic genes
[7].

In plants, three PAs (putrescine, spermidine and spermine) are
abundant and involved in mainly abiotic stresses as well as biotic
stresses [8,9]. PA biosynthesis was started from ornithine or argi-
nine to synthesize putrescine (Put) by the activation of ornithine
decarboxylase (ODC) or arginine decarboxylase (ADC), respec-
tively. Produced Put was converted into spermidine (Spd) by sper-
midine synthase (SPDS) and spermdine was catalyzed into
spermine (Spm) by spermine synthase (SPMS) [9]. However, there
are no intact or degrade ODC sequences in the model plant Arabid-
opsis genome, and no ODC expressed sequences tags. As ODC is a
key enzyme in PA biosynthesis, Arabidopsis is reliant on the addi-
tional ADC pathway [10]. In Arabidopsis, there are two genes of
ADC, ADC1 and ADC2. The duplicated genes in Arabidopsis seem to
be related to the differential regulation of gene responsiveness.
The differential expression of ADCs has been mostly reported under
abiotic stress conditions. ADC2 expression is strongly induced by
several abiotic stresses like drought, high salinity, and mechanical
injury, while ADC1 is mainly induced by cold [9,11,12]. In many
plants, including Arabidopsis, the overexpression of ADC that
accumulates Put confers plant tolerance against abiotic stresses
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[13-15]. By contrast, the Arabidopsis mutant defective Put biosyn-
thesis (adc1, adc2, adc2-1) displayed more sensitivity to salt and
low temperature stresses than that of WT plants [16,17]. However,
an expression of ADCs and roles of Put in plant defense against
pathogens still remains elusive in Arabidopsis. In this paper, we re-
port that Arabidopsis MPK3 and MPK6 are involved in regulating
Put synthesis through transcriptional regulation of both ADC1
and ADC2 genes. The expression of ADC2 was induced by bacterial
pathogen infection, and the adc2 mutant defective in Put biosyn-
thesis was more susceptible to pathogen infection than the WT
plant. The disease susceptibility of the adc2 mutant was correlated
with a reduced expression of the PR-1 gene.

2. Materials and methods
2.1. Plant materials and growth conditions

Arabidopsis thaliana ecotype Columbia, GVG-NtMEK2PP, GVG-
NtMEK2PP/mpk3, GVG-NtMEK2P®/mpk6 and adc2 mutant plants
were grown at 22°C in a growth room. Transgene expression
was induced by spraying with dexamethasone (DEX, 1 uM). The
adc2 mutant was ordered from the ABRC. T-DNA specific primers
and the gene specific primers were used for determining the posi-
tion of SALK T-DNA tags [17]. Homozygous plants were identified
by PCR.

2.2. Bacterial pathogen inoculation

Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) were
streaked out from —80 °C glycerol stock onto king’s B agar medium
with 25 pM/ml rifampicin for 2 days at 28 °C. 4-week-old Arabid-
opsis plants are used for infiltration (1 x 10° CFU/ml) or dipping
(4 x 108 CFU/ml) inoculation. To test bacterial growth, diluted leaf
extracts were spotted on king’s B agar medium containing the
appropriate antibiotics. The plate was incubated at 28 °C for 2,
and 4 days, and the number of colonies were counted. For comple-
mentation, 2 M Put was infiltrated into leaves 1 day before infil-
tration with Pst DC3000. For the TLC and HPLC analysis of PAs,
plants were dipped with Pst DC3000 in 10 mM MgCl, with 0.01%
silwet L-77.

2.3. Reverse transcription-polymerase chain reaction (RT-PCR) and
quantitative real-time polymerase chain reaction (qRT-PCR)

Reverse transcription was then performed following the proto-
col described in [7]. qRT-PCR with the QuantiTect SYBR Green RT-
PCR kit (JMC R&D) was conducted using a Rotor-Gene 2000 real-
time thermal cycling system (Corbett Research). After normaliza-
tion to an Actin control, the relative levels of gene expression were
calculated. The primer pairs are listed in Supplemental Table 1.

2.4. Protein extraction, immunoblot analysis and in-gel kinase activity
assay

Total protein was extracted from leaf tissue and was stored at
—80 °C. The protein concentration was determined by the Bio-
Rad protein assay kit using bovine serum albumin standard. Immu-
noblot analysis of proteins was carried out as described previously
[7]. In-gel kinase activity assay was performed with myelin basic
protein as a substrate for kinase as described previously [7].

2.5. Polyamine analysis

The PAs were extracted by homogenizing the powdered plant
samples (100 mg) with 5% cold perchloric acid (PCA) as described

by Marcé et al. [18]. The dansylamines were separated on a TLC
plate using 4:1 (V/V) chloroform/triethylamine as the developing
solvent [19]. The samples dissolved in acetonitrile were then ana-
lyzed by reversed phase high-performance liquid chromatography
(HPLC, Agilent Technologies 1200) [18].

3. Results and discussion

3.1. Polyamine content and the expression of polyamine synthetic
genes in GVG-NtMEK2PP transgenic Arabidopsis

Our previous study has shown that the NtMEK2-SIPK/WIPK cas-
cade regulates polyamine (PA) synthesis, especially putrescine
(Put) synthesis, through transcriptional regulation of biosynthetic
genes in tobacco [7]. To fully understand the interactions between
PA regulated by MAPK cascade and defense response, we decided
to use the model plant system of Arabidopsis, because the knock-
out mutants were available. Therefore we used gain-of-function
GVG-NtMEK2PP transgenic Arabidopsis plants, which had already
been used in a number of other studies [5,6]. To investigate
whether a stress-responsive MPK3/MPK6 MAPK cascade is in-
volved in PA biosynthesis in Arabidopsis, we monitored the tran-
script levels of PA synthetic genes such as ADC1, ADC2, SPDSI,
SPDS2, SPDS3 and ACL5 using RT-PCR in GVG-NtMEK2PP plants after
DEX treatment. The both ADC1 and ADC2 genes involved Put bio-
synthesis were highly up-regulated. By contrast, the mRNA levels
of SPDS1, SPDS2 and SPDS3 involving Spd biosynthesis and ACL5
involving Spm biosynthesis were not induced or some genes were
down-regulated (Fig. 1A). Then, we examined the expression of
ADC1 and ADC2 in GVG-NtMEK2PP/mpk3 and GVG-NtMEK2PP/mpk6
mutant using real-time gRT-PCR. The activation of NtMEK2 and
knock-out of either MPK3 or MPK6 in GVG-NtMEK2P, GVG-
NtMEK2PP/mpk3 and GVG-NtMEK2PP/mpk6 plants were evaluated
by an in-gel kinase assay using myelin basic protein as a substrate
and immunoblot analysis using anti-Flag, anti-MPK3 and anti-
MPK6 (Supplementary Fig. S1). The expression of ADC1 and ADC2
was partially compromised in GVG-NtMEK2P®/mpk3 and GVG-
NtMEK2PP/mpk6 plants compared to that in GVG-NtMEK2PP plants.
Especially, the transcripts of ADC1 were dramatically reduced in
GVG-NtMEK2PP/mpk3 plants (Fig. 1B). It was suggested that MPK3
and MPK6 play positive roles in the full expression of ADC genes
in Arabidopsis. Several previous researches have represented that
MPK3 and MPK6 of Arabidopsis are induced by different biotic
and abiotic stress stimuli such as pathogen infections, wounding,
reactive oxygen species, high and low temperatures, drought, hy-
per-osmolarity [6,20-24]. Also both ADC1 and ADC2 expression is
strongly induced by several stresses like drought, high salinity,
mechanical injury, cold, and virus infection [9,11,12,25]. Taken to-
gether, the induction of ADC1 and ADC2 by several stresses is reg-
ulated by activation of the stress-responsive MPK3/MPK6 cascade
in Arabidopsis.

Since a stress-responsive MPK3/MPK6 cascade was found to
regulate Put biosynthetic genes, we extracted PAs from GVG-
NtMEK2PP before and after DEX treatment and separated them
by thin-layer chromatography (TLC). At 24 h, the GVG-NtMEK2°P
plants were found to have a significantly higher Put content
(Fig. 2A). Then we quantitatively measured PAs content in GVG-
NtMEK2PP and GVG-NtMEK2P°/mpk3 and GVG-NtMEK2°P/mpk6
plants before and after DEX treatment using HPLC. HPLC assay
showed that the Put level in the GVG-NtMEK2PP plants 24 h after
DEX treatment was increased to about 8 times that before DEX
treatment. Partially compromised Put induction by loss of either
MPK3 or MPKG6 is correlated with the reduced ADC1 and ADC2 gene
expression in GVG-NtMEK2PP/mpk3 and GVG-NtMEK2PP/mpk6
plants. Despite changes of Put content, Spd and Spm content are
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Fig. 1. RT-PCR and qRT-PCT analysis of the PA synthetic genes in GVG-NtMEK2PP transgenic Arabidopsis plants, GVG-NtMEK2PP/mpk3 and GVG-NtMEK2P°/mpk6 mutant. (A)
Both ADC1 and ADC2 genes involving Put biosynthesis are up-regulated in NtMEK2PP transgenic plants after DEX treatment. RT-PCR analysis of GVG-NtMEK2PP transgenic
plants was performed to observe the expression patterns of two Put synthetic genes (ADC1 and ADC2), three Spd synthetic genes (SPDS1, SPDS2 and SPDS3) and the Spm
synthetic gene (ACL5) in Arabidopsis. The Actin gene was used as a control to confirm the integrity of the RNA samples. (B) The expression of ADC1 and ADC2 is partially
compromised in GVG-NtMEK2°P/mpk3 and GVG-NtMEK2°P/mpk6 mutant. Transcripts levels were determined by qRT-PCR analysis. Levels of Actin transcript were used to
normalize the different samples. Data shown are means + SE of samples conducted in triplicate.

almost unchanged (Fig. 2B). This means that the levels of Spd and
Spm in the cells are under tight homeostatic regulation [14]. Taken
together, these results demonstrate that the stress-responsive
MPK3/MPK6 cascade involved in PA biosynthesis, especially Put
biosynthesis, through transcriptional regulation of the biosynthetic
genes in Arabidopsis.

3.2. Pathogen-induced expression patterns of the ADC1 and ADC2
genes and Put level in the adc2 mutant

To understand the expression of ADCs in plant defense re-
sponses against bacterial pathogen, we analyzed the expression
of ADC1 and ADC2 transcript levels in WT plants after inoculation
with the virulent bacteria Pst DC3000. WT plants inoculated with
Pst DC3000 exhibited a greater increase in ADC2 transcript levels
at 48 h, which remained until 72 h, while ADC1 transcript levels
were slightly induced upon inoculation with bacterial pathogen
(Fig. 3A). There are lots of research data to define the different
expressions of ADC1 and ADC2 in Arabidopsis after abiotic stress
treatment, but just one previous report has mentioned biotic stress
as far as we know. ADC2 expression is strongly induced by several
abiotic stresses, such as drought, high salinity, and mechanical in-
jury, while ADC1 is mainly induced by cold [8,9,11-13]. In contrast,
both ADC1 and ADC2, which were up-regulated during cucumber
mosaic virus (CMV)-elicited hypersensitive response (HR) [25]. In
this study, we demonstrate that ADC1 and ADC2 transcript levels
showed different transcriptional expression upon bacterial infec-
tion. This observation might be associated with potential differ-
ences of ADC1 or ADC2 promoter activity under specific stress

conditions. Several putative cis-acting regulatory elements such
as STRE (stress response element), SURE (sucrose-responsive ele-
ments) and DRE (dehydration-responsive element) showed con-
trasting patterns of distribution between ADC1 and ADC2
promoters [26]. The monocotyledonous rice also has two ADC
genes which contain different putative cis-acting elements, and
mRNA analysis showed the two rice genes are differently regulated
by abiotic stresses [27].

To investigate the roles of Put in plant defense response, we ob-
tained the mutant of a pathogen-inducible gene for ADC2, adc2
(SALK_073977, named as adc2) from ABRC. T-DNA insertion was
detected by genomic DNA PCR in adc2 mutant. The T-DNA inser-
tion was positioned at the exon of ADC2 gene (Fig. 3B). Under nor-
mal growth conditions, there was no difference in development
between the adc2 mutant and the WT plant. RT-PCR analysis with
RNA samples infected with Pst DC3000 demonstrated that the
ADC2 transcripts were completely abolished in the adc2 mutant.
However, the expression of ADC1 gene was not affected in the
adc2 mutant compared to the WT plants (Fig. 3C). To evaluate
the PAs content in adc2 mutant missing the ADC2 gene, PA levels
were measured by HPLC. In the WT plants, Put content increased
over 3-fold under Pst DC3000 inoculation, but not Spd and Spm.
In the adc2 mutant, Put content were about 60% that of the WT
plants before Pst DC3000 inoculation (Fig. 3D). The 60% Put content
of WT plants were detected in adc2 mutant, which could be asso-
ciated with presence of ADCI gene in the adc2 mutant. However,
in adc2 mutant, Put content was a little increased under Pst
DC3000 inoculation. This observation is consistent with the
slightly induced expression of ADC1 upon inoculation with the



S.-H. Kim et al./Biochemical and Biophysical Research Communications 437 (2013) 502-508

B

Std

0 24  Hr after DEX
NtMEK2PP

Putrescine
(nmol/g fresh weight)

Spermidine
(nmol/g fresh weight)

Spermine
(nmol/g fresh weight)

505

50

2500

2000
1500
1000

500

300

200

100

0 24 Hr after DEX

NtMEK2PP

0 24
NtMEK2PP
/mpk3

0 24
NtMEK2PP
/mpk6

Fig. 2. TLC and HPLC analysis of PA biosynthesis in GVG-NtMEK2" transgenic Arabidopsis plants, GVG-NtMEK2°°/mpk3 and GVG-NtMEK2PP/mpk6 mutant. (A). Elevated levels
of Put in NtMEK2PP transgenic plants following treatment with DEX. Three different dansylated PAs were then separated and evaluated by TLC after being developed using a
solvent system that contained PA standards that included Put, Spd, and Spm. (B) Loss of MPK3 or MPK6 partially compromised Put induction in GVG-NtMEK2°°/mpk3 and
GVG-NtMEK2P"/mpk6 mutant. The samples were quantitatively measured by HPLC. Different letters among treatments indicate significant differences according to Duncan’s
multiple range test, P < 0.05. Data shown are means + SE of samples conducted in triplicate.

bacterial pathogen in Fig. 3A. However, Spd and Spm content were
not change in the adc2 mutant compared to the WT plants, which
suggests that the levels of Spd and Spm in the cells are under tight
homeostatic regulation [28]. These results suggest that ADC2 gene
is responsible for the major route of Put biosynthesis induced by
inoculation with Pst DC3000.

The amount of PAs derived from Pst DC3000 was undetectable
on TLC when we extracted from a 1 x 107 cell culture of Pst
DC3000 (data not shown). This result is consistent with a study
conducted by Yoda et al. [29], in which a small amount of Spd de-
rived from P. cichorii was detected, while those of Put and Spm de-
rived from P. cichorii were undetectable in tobacco plants. These
results indicate that the accumulation of PAs in pathogen infected
leaves resulted from the host’s metabolic compounds, and PAs de-
rived from pathogens were negligible in estimating the total PA
content in pathogen-inoculated leaves. Taken together, these re-
sults suggest that the expression of ADC2 gene is important for full
Put biosynthesis under normal conditions, and also for pathogen-
inducible Put biosynthesis under Pst DC3000 infection in
Arabidopsis.

3.3. Increased susceptibility to Pst DC3000 and suppression of PR-1
expression in the adc2 mutant

To evaluate whether reduced Put content in the adc2 mutant
have effect on bacterial pathogen response, WT plants and adc2
mutant were inoculated through infiltration with the Pst DC3000
and disease progression was investigated. As shown in Fig. 4A,
the adc2 mutant developed more disease symptoms than WT
plants. The bacterial growth was monitored for 4 days, and that

in the adc2 mutant was approximately 4-fold higher than that in
WT plants (Fig. 4B). These results indicate that the reduced Put
in the adc2 mutant resulted in the suppression of defense against
Pst DC3000, and Put plays an important role in plant defense
against the bacterial pathogen. To investigate that a supply of
Put is recovered for plant defense response, we performed chemi-
cal complementation analysis in the adc2 mutant. 2 pM Put was
infiltrated into leaves of the adc2 mutant exogenously. One day la-
ter after Put treatment, adc2 mutant were inoculated with Pst
DC3000. The WT plants were then infiltrated with water 1 day be-
fore Pst DC3000 inoculation as a control. After 4 days after Pst
DC3000 inoculation, the exogenous Put-treated adc2 mutant
showed recovered symptoms and reduced bacterial growth on
WT plants treated with Pst DC3000 (Fig. 4A and B). These results
indicate that Put is required for defense resistance to Pst DC3000
in Arabidopsis plants.

We checked the expression of defense related gene PR-1 after
Pst DC3000 inoculation both WT and adc2 mutant. However, the
transcripts of PR-1 showed different kinetics to WT plants after
bacterial infection in the adc2 mutant. The transcript levels of
PR-1 in the adc2 mutant were slow, and less induction was ob-
served 24 h and 48 h after inoculated with Pst DC3000 compared
to that in WT plants (Fig. 4C). Because PR-1 is a biomarker for
the defense hormone salicylic acid (SA), this result suggested that
Put might play a role in the increased plant defense resistance re-
lated to the SA signaling pathway. Alcazar et al. [30] demonstrated
that a potential cross-talk occurred between Put and gibberellin
(GA) in transgenic Arabidopsis plants with increased levels of
ADC2 transcript and elevated Put content. The transgenic plants
showed dwarfism and late-flowering, and the phenotype was
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rescued by gibberellin A; (GAs3) application. In addition, these
authors represented that PR-1 gene was increased in the transgenic
ADC2 overexpressor line using microarray analysis. This suggests
that alterations in Put levels may affect different stress signaling
pathways including GA, SA and possibly other hormones. Recently,
Marco et al. [31] suggested that the elevation of endogenous PA ac-
tively participated in stress signaling, through intricate cross-talk
with abscisic acid (ABA), GA and other hormones, including ethyl-
ene (ET), Jasmonic acid (JA) and SA using MAPMAN analysis of Ara-
bidopsis plants with increased Put levels.

To our knowledge, the interplay of PA, especially Put, and SA in
response to plant defense response is less discussed. Lots of results
from many authors has represented that PA, especially Spm, tetra-
amine thermospermine (TSpm), and their degradation product,
hydrogen peroxide, were one of the key elements to induce host
and nonhost HRs and defense against pathogens in higher plants.

However, Spd and Spm efficiently induced the production of
hydrogen peroxide and concomitant cell death in Arabidopsis, to-
bacco and rice plants, whereas Put did not [29]. This means that
further mechanisms govern the roles of Put in plant and pathogen
interactions. In this study, we demonstrated that the other role of
Put in disease response is related to plant defense hormones, SA, at
least partially. However, we still do not fully understand how Put
was related to SA signaling in Arabidopsis. Therefore, further works
needs to be done to determine the defense mechanism involving in
Put and plant hormones such as SA.
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