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Biosynthesis of the polyamines putrescine, spermidine, and spermine is induced in response to pathogen infection of plants.
Putrescine, which is produced from Arg, serves as a metabolic precursor for longer polyamines, including spermidine and
spermine. Polyamine acetylation, which has important regulatory functions in mammalian cells, has been observed in several
plant species. Here we show that Arabidopsis (Arabidopsis thaliana) N-ACETYLTRANSFERASE ACTIVITY1 (NATA1) catalyzes
acetylation of putrescine to N-acetylputrescine and thereby competes with spermidine synthase for a common substrate. NATA1
expression is strongly induced by the plant defense signaling molecule jasmonic acid and coronatine, an effector molecule
produced by DC3000, a Pseudomonas syringae strain that initiates a virulent infection in Arabidopsis ecotype Columbia-0.
DC3000 growth is reduced in nata1 mutant Arabidopsis, suggesting a role for NATA1-mediated putrescine acetylation in
suppressing antimicrobial defenses. During infection by P. syringae and other plant pathogens, polyamine oxidases use
spermidine and spermine as substrates for the production of defense-related H2O2. Compared to wild-type Columbia-0
Arabidopsis, the response of nata1mutants to P. syringae infection includes reduced accumulation of acetylputrescine, greater
abundance of nonacetylated polyamines, elevated H2O2 production by polyamine oxidases, and higher expression of genes
related to pathogen defense. Together, these results are consistent with a model whereby P. syringae growth is improved in a
targeted manner through coronatine-induced putrescine acetylation by NATA1.

Plant polyamines, including putrescine, spermidine,
and spermine (Fig. 1A), accumulate in response to a
variety of biotic and abiotic stresses (Walters, 2003a,
2003b; Minocha et al., 2014). Synthesis of putrescine
from Arg occurs via two pathways, with either Orn or
agmatine as an intermediate (Fig. 1B). Although there
are two arginases (ARGAH1 and ARGAH2) in the
Arabidopsis (Arabidopsis thaliana) genome (Brownfield

et al., 2008), Orn decarboxylase is apparently absent,
indicating that, unlike in most other plant species, Orn
is not a direct metabolic precursor for putrescine syn-
thesis in Arabidopsis (Hanfrey et al., 2001). Putrescine,
in turn, is converted into spermidine through the ad-
dition of an aminopropyl group from decarboxylated
S-adenosyl-Met by spermidine synthases (SPDS1 and
SPDS2). An additional aminopropyl group is added to
spermidine to form spermine by spermine synthase
(SPMS).

Polyamine acetylation, which has important regu-
latory functions in mammalian stress responses (Pegg,
2008; Tavladoraki et al., 2012), also has been observed
in plants. N-acetylputrescine was detected in Daucus
carota, Nicotiana plumbaginifolia, and Datura stramo-
nium (Mesnard et al., 2000; Fliniaux et al., 2004).
N1-acetylspermine, N1-acetylspermidine, and N8-
acetylspermidine have been found in several plant
species (Dufeu et al., 2003; Hennion et al., 2012). In
Arabidopsis, N1-acetylspermidine is as abundant as
spermidine in both roots and above-ground tissue
(Kamada-Nobusada et al., 2008). However, despite the
apparently widespread distribution of acetylated
polyamines in the plant kingdom, there has been as yet
no in-depth investigation of functions of these plant
metabolites and their biosynthetic enzymes.

Polyamine catabolism is mediated by two classes of
polyamine oxidases: the copper amine oxidases (EC
1.4.3.6) and the flavin-containing polyamine oxidases
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(PAOs; EC 1.5.3.11; Fig. 1B; Bagni and Tassoni, 2001;
Moschou et al., 2008; Alcázar et al., 2010; Moschou
et al., 2012). Copper amine oxidases form homodimers
and can catalyze the oxidation of putrescine at its
primary amino group, producing H2O2, NH4

+, and
4-aminobutanal (Cona et al., 2006; Angelini et al., 2010).
Arabidopsis PAOs, on the other hand, function in a
polyamine back-conversion pathway; oxidizing the
carbon at the exo-side of the N4-nitrogen of the triamine
spermidine, and the tetraamines spermine and ther-
mospermine, thereby producing putrescine and sper-
midine, respectively, in addition to 3-aminopropanal
andH2O2 (Fig. 1B;Moschou et al., 2012; Ono et al., 2012;
Tavladoraki et al., 2012; Ahou et al., 2014; Kim et al.,
2014).

Five PAO homologs have been identified in Arabi-
dopsis; whereas PAO1 and PAO5 are cytosolic en-
zymes, PAO2, PAO3, and PAO4 are targeted to the
peroxisomes (Kamada-Nobusada et al., 2008; Moschou
et al., 2008; Ahou et al., 2014; Kim et al., 2014). Poly-
amine oxidation by PAOs is a major source of stress-
induced H2O2 accumulation in plant tissue (Yoda
et al., 2009). Both necrotrophic and biotrophic patho-
gens can induce H2O2 production via polyamine oxi-
dation (Marina et al., 2008; Moschou et al., 2009;
Angelini et al., 2010), and up-regulation of polyamine
biosynthesis has been reported in plants infected with a
variety of viral, bacterial, and fungal pathogens (Wal-
ters, 2003a, 2003b). Arabidopsis PAOs oxidize spermine
and spermidine more efficiently than N1-acetyl-
spermine and N1-acetylspermidine (Moschou et al.,
2008; Kim et al., 2014), suggesting that nonacetylated
polyamines are more likely to be physiologically rele-
vant substrates of these enzymes.

Coronatine, a toxin produced by some Pseudomonas
syringae pathovars, including the commonly studied
DC3000 strain (Xin and He, 2013), is a molecular mimic
of the jasmonate-Ile conjugate that binds to the COI1
(CORONATINE INSENSITIVE 1) receptor and acti-
vates jasmonate-specific defense responses (Brooks
et al., 2004; Fonseca et al., 2009). In the case of bacteria
on the leaf surface, coronatine can prevent flagellin-
induced stomatal closure, thereby enabling bacterial
entry into the leaves (Melotto et al., 2006). Arabidopsis
NATA1 (N-ACETYLTRANSFERASE ACTIVITY1;
At2g39030), which is one of the most strongly induced
genes after jasmonate or coronatine treatment, is anOrn

acetyltransferase that producesNd-acetyl-Orn fromOrn
(Adio et al., 2011). The NATA2 gene (At2g39020) is di-
rectly adjacent to NATA1 in the Arabidopsis genome
and encodes a protein that is 80% identical to NATA1.
However, unlike NATA1, NATA2 expression is not in-
duced by jasmonic acid or coronatine (Adio et al., 2011).
Instead, NATA2 is expressed at a uniformly high level
throughout Arabidopsis development (Supplemental
Fig. S1).

Recent in vitro assays with NATA1 (Jammes et al.,
2014) showed that this enzyme also acetylates 1,3-dia-
minopropane, which has been reported as a product of
polyamine oxidation by maize PAO (Terano and
Suzuki, 1978).N-Acetyl-1,3-diaminopropane, in turn, is
an antagonist of abscisic acid-induced stomatal closure
(Jammes et al., 2014). Thus, it is hypothesized that, by
inducing diaminopropane acetylation with coronatine,
P. syringae may inhibit stomatal closure and facilitate
entry into the leaf. Once P. syringae is growing inside of
plant tissue, coronatine promotes virulence by activat-
ing jasmonate-regulated defenses and thereby sup-
pressing pathogen-targeted defenses (Cui et al., 2005;
Uppalapati et al., 2007).

Salicylic acid and H2O2 act synergistically to initiate
both local and systemic plant responses to pathogen
infection (Neuenschwander et al., 1995; Sharma et al.,
1996; Alvarez et al., 1998; Mukherjee et al., 2010). A
rapid increase in H2O2 production, initiated through
the activity of NADPH oxidase, occurs as a hypersen-
sitive response to pathogen infection in many plant
species (Lamb and Dixon, 1997; Torres et al., 2005). In
contrast, more sustained H2O2 accumulation during
virulent pathogen infection occurs through degrada-
tion of spermidine and spermine by PAO activity and
also contributes to plant defense (Marina et al., 2008;
Moschou et al., 2009; Angelini et al., 2010). In addition
to NADPH oxidase and PAO, Class III peroxidase ac-
tivity is a source of H2O2 that can limit bacterial growth
in Arabidopsis (Mitchell et al., 2015).

After infiltration into Arabidopsis leaves, virulent
P. syringae DC3000 propagation was lower in nata1
mutant than in wild-type Columbia-0 (Col-0) plants
(Adio et al., 2011), suggesting that NATA1 might
function in suppressing antibacterial defenses. We now
provide an explanation for this observation by showing
that, in addition to using Orn and diaminopropane as
substrates (Adio et al., 2011; Jammes et al., 2014),

Figure 1. Polyamine metabolism in Arabi-
dopsis. A, Structures of three common plant
polyamines. B, Pathways of polyamine syn-
thesis and catabolism in Arabidopsis. Known
Arabidopsis enzymes are indicated in bold.
Orn decarboxylase is found in other plants, but
is not present in Arabidopsis.
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NATA1 functions as a putrescine acetyltransferase (Fig.
1B). Up-regulation of NATA1 expression by coronatine-
producing P. syringae DC3000 causes elevated N-ace-
tylputrescine production and reduced H2O2 production
by polyamine oxidase. Higher H2O2 accumulation in
nata1 mutants leads to increased expression of defense-
related genes and reduced bacterial growth. Together,
these observations indicate that, by inducing jasmonate-
regulated polyamine acetylation, coronatine-producing
P. syringae suppress pathogen-specific defenses.

RESULTS

Arabidopsis NATA1 Functions as a
Putrescine Acetyltransferase

The Arabidopsis NATA1 and NATA2 genes are the
closest homologs of known mammalian polyamine
acetyltransferases (Supplemental Fig. S2). This simi-
larity, together with the observation of acetylated
polyamines in Arabidopsis and other plants (Mesnard

et al., 2000; Fliniaux et al., 2004; Kamada-Nobusada
et al., 2008; Hennion et al., 2012), suggested that
NATA1 and NATA2 might be polyamine acetyltrans-
ferases. Although the predicted catalytic residues of the
mammalian enzymes are conserved in the Arabidopsis
NATA1 and NATA2 proteins, not all of the known
spermine binding residues are present (Supplemental
Fig. S3). Thus, Arabidopsis NATA1 and NATA2 likely
acetylate amines, but the in vivo substrates might be
different from those of the corresponding mammalian
enzymes.

To determine whether NATA1 and/or NATA2
acetylate polyamines, the corresponding genes were
expressed transiently in Nicotiana benthamiana. NATA1,
but not NATA2, expression caused accumulation of
N-acetylputrescine (Fig. 2A). Similar to what was ob-
served in the case of Nd-acetyl-Orn (Adio et al., 2011),
N-acetylputrescine accumulation was induced at 2, 3,
and 4 d after methyl jasmonate treatment of wild-type
Col-0 plants (Fig. 2B; P , 0.05, t-test relative to day 0
control). Consistentwith a role forNATA1 inArabidopsis

Figure 2. Arabidopsis NATA1 is a putrescine acetyltransferase. A, p35S::NATA1 transient expression inN. benthamiana results in
N-acetylputrescine production.Mean6 SE of n = 12-14. B, Time course ofN-acetylputrescine accumulation in rosette leaves after
methyl jasmonate treatment. Mean 6 SE of n = 3, *P , 0.05, two-tailed t-test relative to wild type at the same time point. C,
Accumulation ofN-acetylputrescine in Arabidopsis is affected by the circadian clock. Mean6 SE of n = 12-23. Plants were grown
in a 16-h-light/8-h-dark cycle, with dawn at 7 AM. Different letters indicate significant differences, P, 0.05, ANOVA followed by
Tukey’s honest significant difference test. D, Relative activity of recombinant NATA1 enzyme, measured by release of CoA, in
100 mM Tris-HCl at pH 7.5 and 30˚C. Substrate concentration was fixed at 5 mM and the acetyl-CoA concentration was fixed at
600 mM. Values are mean6 SE of n = 3. E, Kinetic constants of substrate acetylation by recombinant NATA1. For Orn, putrescine,
and 1,3 diamionopropane, Km was determined by Michaelis-Menten curve with a 1-mM fixed concentration of acetyl-CoA and
varying substrate concentration from 25 to 1000mM. For acetyl-CoA,Kmwas determined byMichaelis-Menten curvewith a 5-mM

fixed concentration of substrate and varying acetyl-CoA concentration from 1.25 to 600 mM. All data are mean 6 SE of three
independent experiments. ND, not detected.
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polyamine metabolism, this induction was significantly
reduced in nata1 mutant plants (Fig. 2B). In contrast, a
nata2 T-DNA insertion knockout did not have a sig-
nificant effect on methyl jasmonate-induced N-ace-
tylputrescine accumulation. Acetylated spermine and
spermidine were either not present or accumulated at
concentrations below the detection limit of our assay
(;20 nmol g21 for acetylated spermine and spermidine
added to Arabidopsis leaf extracts). Arabidopsis eco-
types with natural nata1 knockout mutations, which
were identified through the 1001 Genomes project
(Burren-0 [Bur-0], Ameland-1 [Amel-1], and Calver-0
[Cal-0]; http://1001genomes.org/; Supplemental Fig.
S4), did not exhibit any detectable amounts of N-ace-
tylputrescine and Nd-acetyl-Orn accumulation in re-
sponse to methyl jasmonate treatment. Consistent with
the circadian cycle of jasmonate accumulation in plants
(Goodspeed et al., 2012; Shin et al., 2012), we observed
circadian regulation in the abundance of N-acetylpu-
trescine (Fig. 2C). Maximum levels of N-acetylpu-
trescine accumulation in this experiment were lower
than those observed in response to methyl jasmonate or
other elicitor treatments. However, given the observed
circadian regulation, plant material for all subsequent
induction experiments to measure gene expression or
metabolite abundance was collected when the back-
ground N-acetylputrescine abundance was low, that is,
within 3 hours of when the lights were turned on in the
growth chambers at 7 AM.

To confirm NATA1 catalytic activity and examine
substrate preferences, in vitro assays were performed
with Arabidopsis NATA1 protein that was purified
after expression in Escherichia coli (Supplemental Fig.
S5). Orn, putrescine, and 1,3-diaminopropane served as
acetyltransferase substrates in vitro (Fig. 2D). Consis-
tent with the absence of known spermine and spermi-
dine binding residues in NATA1 (Supplemental Fig.
S3), these two compounds did not serve as acetylation
substrates in vitro. The apparent Km values for Orn,
putrescine, 1,3-diaminopropane, and acetyl-coA were
measured with purified NATA1 by varying the sub-
strate concentrations and graphing Michaelis-Menten
curves (Supplemental Fig. S6). Consistent with the rel-
ativeNATA1 acetylation activity of Orn. putrescine.
1,3-diaminopropane (Fig. 2D), the relative Km values
for these substrates were 1,3-diaminopropane . pu-
trescine . Orn (Fig. 2E).

Virulent DC3000 Infection Induces Acetylputrescine
Accumulation in a NATA1-Dependent Manner

Similar to methyl jasmonate treatment (Fig. 2B), ex-
ogenous coronatine addition induced greater N-ace-
tylputrescine accumulation in wild type than in nata1
mutant plants (Fig. 3A). Consistent with a role for cor-
onatine in triggering putrescine acetylation, wild-type
P. syringae strain DC3000 infiltration induced Arabi-
dopsis NATA1 gene expression to a higher level than
DC3000 cor- (Fig. 3B). DC3000 infection induced

N-acetylputrescine accumulation inNATA1-dependent
manner (Fig. 4A). Prior research demonstrated that,
after methyl jasmonate treatment, putrescine and
spermidine are significantly more abundant in nata1
than in wild-type Arabidopsis (Adio et al., 2011).
Consistent with the observation that NATA1 converts
putrescine to N-acetylputrescine, putrescine accumu-
lated to a higher level during DC3000 infection of nata1
mutant than wild-type plants (Fig. 4B). Spermidine was
slightly increased in nata1 relative to wild-type Arabi-
dopsis (Fig. 4C), and spermine showed variable effects,
with significantly lower levels in nata1 2 d after
P. syringae infiltration and significantly higher levels
after 4 d (Fig. 4D). These variable effects may reflect
complex regulation of the polyamine pathway in re-
sponse to stress, as well as the fact that polyamines are
pathway intermediates and precursors of other plant
metabolites. Thus, the steady-state levels may not
be fully indicative of flux through the pathway. The
transcript levels of spermidine and spermine synthases,
SPDS1, SPDS2, and SPMS, were induced to comparable
levels in nata1 mutant and wild-type Arabidopsis
2 d after P. syringae infiltration (Fig. 4, E and F).
However, transcript abundance of SPMS was induced
to a higher level in nata1 mutant plants 4 d after path-
ogen challenge (Fig. 4G), which may indicate increased
metabolic flux through this pathway.

H2O2 Induction by P. syringae Is Increased in nata1
Mutant Plants

As H2O2 synthesis by polyamine oxidase commonly
occurs during pathogen infection (Marina et al.,
2008; Moschou et al., 2009; Angelini et al., 2010), we

Figure 3. P. syringae induces acetylputrescine accumulation in a
NATA1-dependent manner. A, N-Acetylputrescine accumulation in
rosette leaves 4 d after coronatine treatment. Mean 6 SE of n = 12
(control) or 9 (coronatine), *P, 0.05, two-tailed t-test comparing Col-0
and nata1. ND, not detected. B, NATA1 gene expression in wild-type
Col-0 plants infiltrated with P. syringae DC3000 and DC3000 cor(-).
NATA1 gene expression was measured by quantitative RT-PCR.
Mean6 SE of n = 6-9, *P, 0.05, two-tailed t test comparingmutant and
wild type at the same time point.
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determined whether this response is altered in nata1
mutant Arabidopsis. In contrast to water-only controls,
infiltration with virulent P. syringae strain DC3000 in-
duced H2O2 to a higher level in nata1 than in wild-type
Arabidopsis (Fig. 5A). H2O2 accumulation was greatly
reduced if P. syringae bacteria were coinfiltrated with
guazatine, an inhibitor of polyamine oxidase activity
(Yoda et al., 2003). The final concentration of guazatine
in the leaves was ,2 mM, which does not cause sig-
nificant negative effects on bacterial growth in vitro
(Supplemental Fig. S7). Further experiments also
showed that in planta P. syringae growth was not
inhibited by this level of guazatine infiltration. DC3000
infection induced H2O2 accumulation to a higher level
in the coi1 mutant than in wild-type Col-0 (Fig. 5B),
indicating that recognition of coronatine by COI1 is
required for the suppression of the H2O2 response.
Suppression of the H2O2 increase by guazatine suggests
that most of the H2O2 that was detected in these ex-
periments is produced from polyamines by PAO.
PAO activity was measured in Arabidopsis extracts

to determine whether the observed differences in H2O2
accumulation could result from different levels of en-
zyme activity in wild-type and nata1 plants infiltrated
with P. syringae. Two and 4 d after infection, there was a
similar induction of polyamine oxidase enzymatic ac-
tivity by DC3000 infiltration in the two Arabidopsis
genotypes (Fig. 6A). Consistent with previously ob-
served differential regulation of the five known Arabi-
dopsis PAO genes (Fincato et al., 2012), the effects of

DC3000 infection on PAO expression varied (Fig. 6).
Whereas expression of PAO1, PAO2, PAO3, and PAO4
was up-regulated, that of PAO5 was not. However, no
clear pattern was observed when comparing PAO
transcript levels in the nata1 mutant and wild-type
plants. Whereas PAO1 was expressed at a higher level
in wild-type Col-0, PAO2 and PAO3 were expressed at
a higher level in the nata1 mutant. There were no sig-
nificant differences in the case of PAO4 and PAO5.
Taken together, these data indicate that differential
H2O2 accumulation in wild-type and nata1 plants may
be caused by substrate availability rather than enzyme
abundance.

Coronatine-Mediated Induction of NATA1 Improves
P. syringae Growth

Bacterial growth experiments were conducted to
determine whether NATA1 up-regulation by corona-
tine benefits P. syringae. Four days after infiltration,
bacterial counts were 3-fold higher in wild-type Col-0
than in nata1 plants (Fig. 7A), similar to the effect ob-
served by Adio et al. (2011). In contrast, in plants trea-
ted with guazatine at the time of P. syringae infiltration,
bacteria in nata1 mutants did not grow to a lower final
concentration than in wild type (Fig. 7B), showing that
H2O2 production by PAO, which is inhibited by gua-
zatine, contributes to plant defense. Consistent with
this observation, there was also a significant increase in

Figure 4. Polyamine concentrations and transcript
abundance of spermidine and spermine synthases
in wild-type Col-0 and nata1 mutant Arabidopsis
infiltrated with P. syringae DC3000. N-acetylpu-
trescine (A), putrescine (B), spermidine (C), and
spermine (D). FW, fresh weight. Mean 6 SE of n =
6. *P , 0.05, two-tailed t-test. SPDS1 (E), SPDS2
(F), and SPM (G) expression was measured by
quantitative RT-PCR. Mean 6 SE of n = 8-9, *P ,
0.05, two-tailed t-test comparing expression in
wild type and nata1 at the same time point.
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the bacterial titer in guazatine-treated wild-type Ara-
bidopsis relative to controls 4 d after infiltration (com-
paring Fig. 7A and 7B; P , 0.05, two-tailed t test).
Growth of DC3000 cor- was similar in wild-type and
nata1 Arabidopsis, indicating that at least some sup-
pression of plant defenses by coronatine occurs in a
NATA1-dependent manner (Fig. 7C).

To determine whether NATA1 activity can lead to a
suppression of antibacterial defenses in other plants,
P. syringae growth was assessed in N. benthamiana
leaves that were transiently expressing NATA1. Unlike
in the case of Arabidopsis, wild-type DC3000 effectors
are recognized by N. benthamiana to mount a defense
response. Therefore, to trigger a virulent infection
that is comparable to the Arabidopsis experiments, a
DC3000 DhrcQ-U mutant (Badel et al., 2006) was used

to infectN. benthamiana. Consistent with the Arabidopsis
results, DC3000 DhrcQ-U grew to a higher titer 2 and
4 d after infiltration into N. benthamiana that was tran-
siently expressing NATA1 compared to control plants
expressing a GFP gene (Fig. 7D).

Differential Responses to P. syringae in Wild-Type and
nata1 Arabidopsis

Reduced P. syringae growth in nata1 mutant Arabi-
dopsis could be due to the induction of other defense
responses. Therefore, quantitative RT-PCR assays were
used to determine whether known defense-related
genes are differentially regulated by P. syringae infec-
tion of wild-type and nata1 Arabidopsis leaves. The

Figure 5. H2O2 induction by P. syringae infection.
A, H2O2 content of wild-type Col-0 and nata1
mutant Arabidopsis infiltrated with water as a
control, wild-type DC3000, and wild-type
DC3000 together with guazatine, a polyamine
oxidase inhibitor. Mean 6 SE of n = 6-10. B, H2O2

content in Col-0 wild-type and coi1 mutant Ara-
bidopsis after infiltration with DC3000. Mean6 SE

of n = 6 for wild type, n = 9 for coi1. *P , 0.05,
two-tailed t test. DW, dry weight.

Figure 6. Polyamine oxidase responses to P.
syringae. A, Col-0 wild-type and nata1 mutant
leaves were infiltrated with P. syringae DC3000.
Mean 6 SE of n = 3. Different letters indicate sig-
nificant differences, P , 0.05, ANOVA followed
by Tukey’s honest significant difference test.
Transcript abundance of polyamine oxidases
PAO1 (B), PAO2 (C), PAO3 (D), PAO4 (E), and
PAO5 (F) was measured by quantitative RT-PCR at
the indicated times after P. syringae infiltration
into leaves. Mean 6 SE of n = 9, *P , 0.05, two-
tailed t-test comparing wild type and nata1 ex-
pression at the same time point.
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expression levels of PR1, PR2, and PR5 are commonly
used as markers for the induction of antimicrobial de-
fense responses in Arabidopsis. Consistent with the
elevated P. syringae resistance of nata1 plants (Fig. 7A),
P. syringae infiltration induced PR1 expression to a
significantly higher level than in wild-type Arabidopsis
(Fig. 8A). Induced PR2 and PR5 expression showed a
delayed response, but ultimately also reached a higher
level in nata1 (Fig. 8, B and E). On the other hand, ex-
pression of PR3, PR4, and PR6, common marker genes
for jasmonate-induced plant defenses, was up-
regulated to comparable levels in nata1 and wild-type
Arabidopsis leaves (Fig. 8, C, D, and F).
As H2O2 acts synergistically with salicylic acid to

induce plant defense responses (Neuenschwander
et al., 1995; Sharma et al., 1996; Alvarez et al., 1998;
Mukherjee et al., 2010), we measured salicylic acid
concentrations in response to DC3000 infection. Al-
though P. syringae infiltration into Arabidopsis leaves
significantly increased the concentration of salicylic
acid 2 d later, there was no significant difference in the
free or total salicylic acid content of wild-type and nata1
leaves (Fig. 9A; Supplemental Fig. S8). Similarly, al-
though therewas a jasmonic acid increase in P. syringae-
infected nata1 leaves relative to controls on day 4 after
infection, this was not significantly higher than in
P. syringae-infected wild-type Arabidopsis (Fig. 9B).

DISCUSSION

Our observation of increasedH2O2 accumulation and
P. syringae resistance in the Arabidopsis nata1mutant is
consistent with prior observations of greater pathogen
resistance in plants with elevated polyamines. Over-
expression of S-adenosyl-Met decarboxylase, which is
required to convert putrescine to spermidine, increased
spermidine abundance in Arabidopsis (Marco et al.,

2014). These transgenic plants also had elevated de-
fense gene expression (including PR1and PR2) and are
more resistant to P. syringae. Similarly, both spermine
synthase overexpression and exogenous spermine ad-
dition made Arabidopsis more resistant to Pseudomonas
viridiflava (Gonzalez et al., 2011). Concomitant addition
of a polyamine oxidase inhibitor partly suppressed the
plant-protective effect of exogenous spermine, indicat-
ing that this oxidation contributes to increased plant
resistance.

Induction of NATA1 activity by the P. syringae
DC3000 coronatine effector resulted in greater putres-
cine acetylation and reduced levels of nonacetylated
polyamines (Figs. 3A and 4). In nata1 mutant Arabi-
dopsis, there was increased H2O2 accumulation from
spermine and/or spermidine oxidation (Fig. 5). PR1,
PR2, and PR5 gene expression, which is induced as part
of the antimicrobial defense response in Arabidopsis,
was increased in nata1 mutant plants relative to wild
type (Fig. 8). As it was not possible to show a significant
difference in the abundance of salicylic acid (Fig. 9),
defense gene expression may be regulated directly or
indirectly by changes in H2O2 abundance. Further ex-
periments using Arabidopsis mutants that are deficient
in bothNATA1 and salicylic acid signaling, for example,
nata1 sid2 or nata1 npr1, will make it possible to test this
hypothesis of H2O2-mediated defense gene induction in
the absence of changes in salicylic acid abundance.

A previous report showed a 30% increase in salicylic
acid after infection with coronatine-deficient P. syringae
compared to wild-type P. syringae strain Psm ES4326
(Zheng et al., 2012). However, we observed no salicylic
acid differences between wild-type and nata1 mutant
plants (Fig. 9A), suggesting that the decrease of sa-
licylate abundance in response to P. syringae-derived
coronatine is regulated independently of polyamine
acetylation. Another recent publication showed that
during the second stage of the biotrophic Plasmodiophora

Figure 7. Effects of NATA1 on P.
syringae growth. Bacterial titers in wild-
type Col-0 and nata1 rosette leaves after
infiltrating 105 CFU mL21 culture of
DC3000, n = 30 (A); DC3000 and
guazatine, n = 20 (B); DC3000 (cor-),
n = 22-30 (C); different letters indicate
significant differences, P , 0.05,
ANOVA followed by Tukey’s honest
significant difference test. D, Growth of
P. syringae in N. benthamiana was
measured over 4 d after infiltrating 108

CFU mL21 into leaves transiently
expressing NATA1 or GFP (control)
genes from the constitutive cauliflower
mosaic virus 35S promoter. n = 20-30.
CFU, colony-forming units. Different
letters indicate significant differences,
P , 0.05, ANOVA followed by Tukey’s
honest significant difference test.
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brassicae (clubroot) infection, which results in the forma-
tion of root galls through cellular hyperplasia and hy-
pertrophia (Mithen andMagrath, 1992), there is enhanced
accumulation of salicylate, as well as lower jasmonate
pathway induction, in Bur-0, an Arabidopsis ecotype that
has a deletion in NATA1 promoter region and start
codon (http://1001genomes.org/; Supplemental Fig.
S4), but not in Col-0 (Lemarié et al., 2015). The role of
NATA1 in the observed plant defense differences is
further indicated by the fact that both nata1 mutant
Arabidopsis and Bur-0 show enhanced resistance to club-
root compared to Col-0 (Lemarié et al., 2015). Together
with our findings, this suggests that NATA1-mediated

polyamine acetylation plays a function in the complex
cross-talk between salicylate and jasmonate defense
signaling. However, more research will be required to
further elucidate the molecular mechanisms of this
predicted cross-talk.

Our results are consistent with the hypothesis that
NATA1-mediated regulation of H2O2 production by
PAOs influences plant defense.However,we cannot rule
out the possibility that diamine oxidases (EC 1.4.3.6)
may also contribute to the H2O2 production by oxidizing
putrescine. In an in vitro experiment, guazatine inhibited
PAO activity by 75% and diamine oxidase activity by
only 30% (Marina et al., 2008). Hence, the greatly

Figure 8. Defense-related gene expression
in response to P. syringae. Wild-type Col-0
and nata1 were infiltrated with P. syringae
DC3000. Expression of PR1 (A), PR2 (B),
PR3 (C), PR4 (D), PR5 (E), and PR6 (F)
measured by quantitative PCR. Mean 6 SE

of n = 9. *P , 0.05, two-tailed t test com-
paring Col-0 wild type and nata1 at the
same time point.

Figure 9. Plant hormone induction by P.
syringae infection. Salicylic acid (A) and jas-
monic acid (B) levels at 0, 2, and 4 d after P.
syringae infiltration into wild-type Col-0 wild-
type and nata1 Arabidopsis leaves. Mean 6 SE

of n = 12. Within each figure, different letters
indicate significant differences, P , 0.05,
ANOVA followed by Tukey’s honest significant
difference.
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diminished differences between nata1mutant and wild-
type Arabidopsis observed after guazatine treatment
(Figs. 5 and 7) may indicate that polyamine catabolism
via polyamine oxidases is the main source of defense-
induced H2O2 production in these experiments.
In addition to regulation of H2O2 production, other

NATA1 functions may also contribute to the pheno-
types observed in our experiments. For instance, dia-
minopropane acetylation by NATA1 could counteract
abscisic acid-dependent stomatal closure (Jammes
et al., 2014). However, the timing of stomatal closure in
response P. syringae, which occurs within hours
(Melotto et al., 2006), appears to be different from the
induction of NATA1 expression and metabolite accu-
mulation, which occurs over a period of days (Fig. 3B).
Compared to wild-type plants, nata1 mutants show a
smaller attenuation of primary metabolism, particu-
larly sugars and amino acids, after jasmonate treatment
(Adio et al., 2011). This alteration in primary metabo-
lism could have as-yet-unknown effects during Arabi-
dopsis defense against P. syringae and other pathogens.
The involvement of diverse metabolic and signaling

pathways likely accounts for the fact that coronatine is
such an effective suppressor of plant defenses during P.
syringae infection. In addition to promoting stomatal
opening and reducing salicylic acid levels (Zheng et al.,
2012), coronatine also regulates glucosinolate accumu-
lation and thereby inhibits callose induction by indole
glucosinolate breakdown (Geng et al., 2012). Coronatine-
mediated suppression of innate immune defenses in
Arabidopsis roots occurs in a COI1-dependent manner,
but does not involve direct interference with salicylic
acid signaling (Millet et al., 2010). Future research will
determine whether NATA1 acts in parallel or sequen-
tially with these other coronatine-regulated plant de-
fense pathways.
NATA1-mediated polyamine acetylation induced by

P. syringae-derived coronatine likely represents the
misdirection of a plant defense response. A possible
endogenous plant function for jasmonate-induced
NATA1 expression may be to attenuate H2O2 produc-
tion during insect feeding, which typically triggers a
strong jasmonate response in Arabidopsis. Nd-Acetyl-
Orn, a metabolic product of NATA1, also has been
shown to have direct effects on aphid resistance (Adio
et al., 2011). The observation that there are at least three
Arabidopsis ecotypes that lack NATA1 (Bur-0, Amel-1,
and Cal-0) suggests divergent selection for this enzy-
matic activity. In certain environments, the avoidance
of coronatine-mediated suppression of Arabidopsis
defenses may outweigh any benefits that are provided
by NATA1 enzymatic activity.
Compared to the circadian regulation of jasmonate

accumulation (Goodspeed et al., 2012; Shin et al., 2012),
the observed diurnal N-acetylputrescine oscillation is
slightly delayed, consistent with the observation thatN-
acetylputrescine accumulation is jasmonate regulated.
Several studies have demonstrated circadian regulation
of Arabidopsis susceptibility to pathogen infection
(Shin et al., 2012; Zhang et al., 2013; Ingle and Roden,

2014; Zhou et al., 2015). Thus, the circadian cycle of N-
acetylputrescine biosynthesis (Fig. 2C) may be a com-
ponent of a network of plant responses that contribute
to diurnal variation in susceptibility to P. syringae in-
fection. In particular, based on the results that we have
presented, low constitutive NATA1 activity early in the
morning would be expected to promote resistance to
virulent P. syringae by increasing the availability of
polyamines for the production of H2O2.

It is likely that polyamine-mediated defense regula-
tion is not limited to Arabidopsis, but rather is more
widespread in the plant kingdom. Negative cross-talk
between the jasmonate- and salicylate-dependent sig-
naling pathways predates the development of vascular
plants (Thaler et al., 2002). Similarly, polyamines and
their acetylated versions have an ancient evolutionary
origin, being present in plants, animals, and microor-
ganisms. Other plant species for which significant
amounts of genome data are available contain genes
that are predicted to be polyamine acetyltransferases
(Supplemental Fig. S2), and expression of Arabidopsis
NATA1 in N. benthamiana causes not only acetylpu-
trescine accumulation (Fig. 2A) but also improved
P. syringae growth (Fig. 7B). To date, acetylated poly-
amines have been reported in only a relatively limited
number of plant species (Deagazio et al., 1995; Mesnard
et al., 2000; Dufeu et al., 2003; Fliniaux et al., 2004;
Kamada-Nobusada et al., 2008; Hennion et al., 2012;
Kim et al., 2014). However, this is more likely due to the
fact that that these metabolites have not been actively
searched for, rather than that they are not present.

Whereas most research on cross-talk between plant
defense signaling pathways has focused on the role of
transcription factors, the pathway described here is
mediated by metabolic enzymes and small molecules.
Thus, jasmonate-regulated putrescine acetylation may
represent a mechanism whereby H2O2 production by
polyamine oxidases and the initiation of other antimi-
crobial plant defense responses can be attenuated. The
observation of polyamine-mediated cross-talk between
plant defense signaling pathways in Arabidopsis, as
well as the evolutionarily ancient origins of the con-
tributing metabolites, suggests that further research is
warranted to determine whether similar defense regu-
lation occurs more broadly in other plant species.

MATERIALS AND METHODS

Plants and Growth Conditions

Seeds of Arabidopsis (Arabidopsis thaliana) ecotypes Amel-1, Bur-0, Cal-0,
Col-0, Pedriza, TDr-1, and Zal-1, as well as the nata1 mutation in the Col-0
background (GK-256F07; Rosso et al., 2003) and nata2 mutation in the Col-0
background (SALK_092319; Alonso et al. 2003), were obtained from the Ara-
bidopsis Biological Resource Center (www.arabidopsis.org). Plants were
grown in Cornell mix (by weight: 56% peat moss, 35% vermiculite, 4% lime, 4%
Osmocote slow-release fertilizer [Scotts, Marysville, OH], and 1% Unimix
[Scotts]) in 20- x 40-cm nursery flats in Conviron growth chambers with a
photosynthetic photon flux density of 200 mmol m22 s21 and a 16-h-day/8-h-
night photoperiod, with lights being turned on at 7 AM at 23°C with a 50%
relative humidity.
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Methyl Jasmonate and Coronatine Induction

Formethyl jasmonate induction, the leaves of 4-week-oldArabidopsis plants
were sprayed with an aqueous solution containing 0.01% (v/v) Tween 20 and
0.45 mM methyl jasmonate (diluted from a 1.5-M stock in acetone). Control
plants were treated with water containing 0.01% Tween 20 and 0.03% acetone.
Plants were covered with plastic domes, and leaves were harvested 4 d after
elicitation and immediately frozen in liquid nitrogen. Pulverized tissue was
extracted and polyamines were analyzed as described below. For coronatine
induction, similar assays were performed, with the sprayed aqueous solution
containing 0.01% (v/v) Tween 20 and 10 mM coronatine.

Transient Gene Expression

For transient expression in Nicotiana benthamiana, NATA1 and NATA2were
cloned downstream of the cauliflower mosaic virus 35S promoter in the T-DNA
binary vector pMDC32, as described by Adio et al. (2011), and transformed into
Agrobacterium tumefaciens strain GV3101 for Arabidopsis transformation
(Clough and Bent, 1998). A pMDC32::GFP vector, which was generated by
cloning GFP amplified from the plasmid pMDC83 (Curtis and Grossniklaus,
2003) as the gene of interest in the same construct, was used as a control, to-
gether with an empty vector control. Primers used for cloning are listed in
Supplemental Table S1. GV3101 carrying the transgenic constructs was cul-
tured overnight at 30°C in Luria-Bertani (LB) broth supplemented with 100 mg
mL21 kanamycin. Bacteria were pelleted at 3,600g for 20 min, washed three
times with sterile water, and resuspended in sterile 10 mM MgCl2 solution to
approximately 0.2 x 108 colony-forming units/mL. To reduce gene expression
silencing, cultures were mixed with A. tumefaciens (0.1 x 108 CFU mL21)
transformed with the turnip crinkle virus capsid protein (P38; Thomas et al.,
2003). The bacterial solutionwas infiltrated intoN. benthamiana leaves using a 1-
mL needleless syringe. Leaf plugs (8-mm diameter) were collected 3 d after
infiltration to confirm expression of the transgenes by qRT-PCR and 4 d after
infiltration to extract polyamines for high-performance liquid chromatography
(HPLC) analysis.

Protein Extraction and in Vitro Assays

For protein purification, Escherichia coli strain M15 was transformed with
full-length NATA1 cDNA cloned with a His tag in pQE30 (Qiagen, Hilden,
Germany). Expression of recombinant NATA1 was induced by 0.5 mM iso-
propyl-b-D-1-thiogalactopyranoside at 22°C for 8 h. Cells were centrifuged at
3,000g and 4°C for 10 min and resuspended in 0.5 M NaCl, 50 mM NaH2PO4 (pH
8.0) prior to being incubated with lysozyme on ice for 30min. Cells were further
disrupted by sonication and centrifuged at 15,000g for 15 min at 4°C to obtain a
clear supernatant containing the soluble proteins. Recombinant NATA1 was
purified with the Ni-NTA Purification System from Invitrogen (Carlsbad, CA).
The supernatants were applied to Ni2+-charged resin equilibrated in extraction
buffer. After 60min of bindingwith gentle agitation, the resinwaswashed three
times with 0.5 M NaCl, 50 mM NaH2PO4 (pH 8.0) with 20 mM imidazole, fol-
lowed by protein elution with the same buffer containing 250 mM imidazole.
After purification, a single protein band of about 27 kD could be observed by
SDS-PAGE with silver staining. Enzymatic activity toward potential substrates
and the catalytic parameter Km were determined using 2 mg purified protein
under the following conditions: 100mMTris-HCl (pH 7.5), 2mM EDTA (pH 7.5),
and 10% glycerol at 30°C, with substrate concentration varying from 1.25 to
1000 mM. Orn, putrescine, spermidine, spermine, and 1,3-diaminopropane
were used as substrates, while acetyl-CoA was used as the acetyl-group donor,
as it is the case for known spermidine/spermine-N1-acetyltransferases (Igna-
tenko et al., 1996). TwomM5-59-dithiobis[2-nitrobenzoic acid] was added at the
end of each reaction to allow spectrophotometric measurement of the free CoA
that was generated. Samples were further derivitazed and analyzed by HPLC,
as described below, for confirmation of the expected products. Km values were
determined fromMichaelis-Menten plots, and nonlinear least-squares fitting of
data were performed usingMicrosoft Excel with Solver add-in software (www.
solver.com).

Quantification of Free Polyamines

Polyamines were extracted and derivatized either with either benzoyl
chloride or 6-aminoquinolyl-N-hydroxysuccinimidylcarbamate using anAccQ-
Fluor reagent kit (Waters, Millford, MA) prior to HPLC detection. One hundred
milligrams of fresh rosette leaves was ground in liquid nitrogen to fine powder

with 3-mm steel beads using a Harbil model 5G-HD paint shaker (Fluid
Management, Wheeling, IL). Ground tissue was taken up in 20 mM HCl (10 mL
mg21 of leaf tissue) containing 40 mM L-nor-Leu as an internal standard. Ex-
tracts were centrifuged at 15,000g at 23°C for 20min, and the supernatants were
saved for analysis. For derivatization, 5-mL extracts were mixed with 35 mL
borate buffer prior to initiating the reaction by adding 10 mL 6-aminoquinolyl-
N-hydroxysuccinimidylcarbamate solution. Themixture was then immediately
incubated at 55°C for 10 min, and 10-mL aliquots of each sample were injected
onto a Nova-Pak C18 column (3.9- x 150-mm particle size 4 mm) using aWaters
2695 pump system. A Waters model 2475 fluorescence detector with an exci-
tation wavelength of 250 nm and an emission wavelength of 395 nm was used
to detect eluted amino acid derivatives, with the data being recorded byWaters
Empower Software. Solvent A (containing sodium acetate and tris-acetate-
EDTA at pH 5.05) was purchased premixed from Waters; Solvent B was ace-
tonitrile:water (60:40). The gradient used was 0 to 0.01 min, 100% A; 0.01 to 0.5
min, linear gradient to 3% B; 0.5 to 12 min, linear gradient to 5% B; 12 to 15 min,
linear gradient to 8% B; 15 to 40 min, linear gradient to 30% B; 40 to
43 min, linear gradient to 37% B; 43 to 46 min, linear gradient to 42% B; 46
to 54 min, linear gradient to 45% B; 54 to 58 min, linear gradient to 50% B; 58 to
60 min, linear gradient to 60% B; 60 to 67 min, linear gradient to 80% B; 68 to
71 min, linear gradient to 100% B. The flow rate was 1.0 mL min21.

For improved sensitivity and accuracy in quantifying spermidine and
spermine, a benzoylation method was used for derivatization prior to HPLC-
based detection. Polyamines were extracted from the ground leaf powder in
water with 1% HCl containing 25 mM 1,6-hexanediamine (internal standard),
derivatized, and detected by HPLC (Yoda et al., 2003). The extracts were
centrifuged at 15,000g at 10°C for 20 min. Then 500 mL of the supernatants
was transferred to fresh tubes, 500 mL 2 N NaOH and 10 mL benzoyl chloride
were added, and samples were incubated at 48°C for 20 min. Following in-
cubation, 1 mL saturated NaCl was added, samples were mixed, and ben-
zoylated polyamines were extracted by the addition of 1 mL diethyl ether
after centrifuging the extract at 5,000g, 25°C for 10 min. The upper phase was
collected and evaporated under N2 gas. After complete evaporation, the
residue was dissolved in 200 mL diethyl ether and evaporated under N2 gas.
Benzoylated polyamines were dissolved in 50 mL of 50% acetonitrile for
HPLC analysis with the system described above. The gradient was water
(solvent A) and 100% acetonitrile (solvent B), with a flow rate of 1.0 mLmin21 at
28°Cwith the following gradient: 0 to 1min 100%A; 1 to 3min 85%A, 3 to 10min
70% A,10 to 20 min 47.5% A, 20 to 21 min 100% B; 21 to 27 min 100% B; 27 to
28 min 100% A; and 28 and 35 min 100% A. Separated benzoylated poly-
amines were detected at 229 nm with Waters 2996 photodiode array detector.
Known concentrations of polyamine standards were treated according to both
procedures described above, and standard curves were used for polyamine
quantification.

Bacterial Growth Assays

Pseudomonas syringae strains DC3000 and DC3000 Cor- [mutant line DB29
cfa- cma- (Millet et al., 2010)] were supplied by Nicole Clay (Yale University,
New Haven, CT). DC3000 DhrcQ-U was supplied by Alan Collmer (Cornell
University, Ithaca, NY). Bacteria were cultured at 30°C in LB broth supple-
mented with 50 mg mL21 rifampicin and 50 mg mL21 kanamycin. For leaf in-
filtration, bacterial cultures were centrifuged at 3,000g for 10 min, resuspended
in water, and diluted to approximately 105 colony forming units mL21. Three-
week-old Col-0 wild-type and nata1 leaves were pressure-infiltrated using a
1-mL syringe, and excess bacterial solution was wiped off with a paper towel.
Plants were infiltrated in a staggeredmanner, so that leaf discs (8-mmdiameter)
corresponding to 0, 2, and 4 d after infiltration were collected on the same day.
Leaf discs were submerged in 1 mL sterile water with 0.01% Tween 20 for 4 h to
allow equilibration of the bacteria between the apoplastic space of the leaf disks
and the surrounding water, as described previously (Anderson et al., 2006).
Ten-mL samples of a dilution series (1021 to 1026) prepared in 96-well microtiter
plates were spotted on an LB agar plate supplemented with 50 mg mL21 ri-
fampicin and incubated at 30°C. After 2 d, bacterial colonies were counted at a
point in the dilution series where there were fewer than about 50 colonies in the
spotted cluster, and the concentration of bacteria relative to the weight of the
leaf disks was calculated.

For bacterial growth in N. benthamiana, DC3000 DhrcQ-U was cultured at
30°C in LB broth supplemented with 50 mg mL21 rifampicin and 50 mg mL21

kanamycin. Overnight bacterial cultures were centrifuged at 3,000g for 10 min,
resuspended in water, and diluted to approximately108 CFU mL21. N. ben-
thamiana leaves were infiltrated with P. syringae solution 2 d after they had been
infiltrated with A. tumefaciens carrying the desired overexpression construct.
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P. syringae growth in N. benthamiana leaves was measured as described
above for Arabidopsis.

H2O2 Detection and Quantification

H2O2 was detected and quantified by 3.39-diaminobenzidine (DAB) staining
(Ramel et al., 2009; Daudi et al., 2012). Leaves from mock- or P. syringae-infil-
tratedplantswere placed in 12-wellmicrotiter plates. TwomLof 1mgmL21 DAB
solution with 0.05% v/v Tween 20 (pH 3.0) was pipetted into the wells and
plates were covered with aluminum foil and placed on a platform shaker at
100 rpm for 4 h at 25°C. After incubation, the DAB solution was replaced with
2 mL of bleaching solution (3:1:1 ethanol: acetic acid: glycerol), and plates were
placed in water bath at 85 to 90°C for 15 to 20 min. Following bleaching, the
solution in the wells was replaced with 1 mL of fresh bleaching solution, and
leaves were used for photography or quantification. For quantification assays,
DAB-stained leaves were ground in liquid nitrogen and homogenized in 0.2 M

HClO4. Following homogenization, samples were centrifuged at 12,000g for 10
min at 4°C. Supernatants were transferred to new tubes and their absorbance
was measured at 450 nm. Quantification of H2O2 was calculated by comparing
the absorbance values with a standard curve prepared with known H2O2
concentrations (5-200 mmol mL21).

Gene Expression Analysis

Relative transcript abundances of PR1 (At2g14610), PR2 (At3g57260), PR3
(At3G54420), PR4 (At3G04720), PR5 (At1G75040), PR6 (At2G38900), PAO1
(At5g13700), PAO2 (At2g43020), PAO3 (At3g59050), PAO4 (At1g65840), PAO5
(At4g29720), SPDS1 (AT1G23820), SPDS2 (AT1G70310), SPMS (AT5G53120),
and NATA1 (At2g39030) were analyzed and compared by quantitative reverse
transcription-PCR (qRT-PCR) using elongation factor 1-a (EF1a, At5g60390) as
the internal standard. Leaves (approximately 30 mg) from sample groups were
ground in liquid nitrogen, and total RNAwas extracted using the SV total RNA
isolation system (Promega, www.promega.com) with on-column DNAse
treatment. After the verification of the integrity of RNA and quantification with
a Nanodrop system (www.nanodrop.com), 1 mg of total RNA was reverse
transcribed using AMV Reverse Transcriptase (Promega) and RNasin RNase
inhibitor (Promega) using oligo(dT)15 as primer. Following cDNA synthesis, the
samples were diluted 10-fold in nuclease free water. Gene-specific primers
(Supplemental Table S2) were designed using Primer-Blast (http://www.ncbi.
nlm.nih.gov/tools/primer-blast/). qRT-PCR reactions were performed using
an Applied Biosystems 7900HT Instrument with the SYBR Green PCR master
mix (Applied Biosystems, www.appliedbiosystems.com). The reaction mixture
(10 mL total volume) contained 3.3 mL of cDNA solution and 6.7 mL PCRmaster
mix (5 mL of SYBR Green master mix, 0.4 mL of forward and reverse gene
specific primers, both at 10 mM, and 0.9 mL nuclease free H2O). Reactions were
initiated by the activation of the enzyme at 95°C for 10 min, followed by 40
cycles of: 95°C for 15 s, 60°C for 15 s, and 72°C for 15 s and final extension at 72°
C for 2min. The resulting CT valueswere used to calculate the relative transcript
abundance according to the standard curve method.

Polyamine Oxidase Enzyme Activity Assay

Polyamine oxidase activity was assayed spectrophotometrically (Lim et al.,
2006; Tavladoraki et al., 2006). Leaves (200 mg) were ground in liquid nitrogen,
homogenized in 0.2 M sodium phosphate buffer, pH 6.5 (1:5 w/v), and centri-
fuged at 12,000g for 20 min. Supernatants were transferred to fresh tubes, and
half of the total volume was used for protein quantification by Bradford assay
using bovine serum albumin as the standard (Bradford, 1976). The reaction
mixture contained 1 mg mL21 horseradish peroxidase, 0.1 mM 4-amino-
antipyrine, 1 mM 3,5-dichloro-2-hydroxybenzenesulphonic acid, and 2 mM

spermine in 0.2 M Na-phosphate buffer (pH 6.5). The reaction was initiated by
the addition of 100mL of the leaf homogenate into the reactionmixture, andA515
was recorded after incubating for 20 min at 25°C. Specific enzyme activity was
calculated per milligram protein.

Guazatine Inhibition Assays

For PAO inhibition treatments, 1 mM guazatine acetate solution containing
2.5% Tween 20 was sprayed onto plants 2 d before P. syringae infiltration (Fu
et al., 2011). The guazatine concentration in the leaves was determined by
HPLC and quantified using a standard curve based on samples with known

guazatine concentrations. As guazatine is a mixture of compounds, the two
most abundant peaks in the HPLC runs of guazatine solution were used for
quantification, preparation of a standard curve, and estimation of leaf guaza-
tine concentrations. Leaf samples (100 mg) were extracted with 20 mM HCl
containing 100 pM L-nor-Leu as the internal standard and centrifuged at 12,000g
at 25°C for 15 min. Supernatants were transferred to new tubes and used for
derivatization with 6-aminoquinolyl-N-hydroxysuccinimidylcarbamate using an
AccQ-Fluor reagent kit (Waters). For derivatization, 5 mL extract was mixed with
35 mL borate buffer, and the reaction was initiated by the addition of 10 mL
AccQ-Fluor reagent (Waters), followed by mixing and incubation for 10 min at
55°C. Ten microliters of each sample were injected onto a Nova-Pak C18 col-
umn (3.9- x 150-mm particle size 4 mm) using a Waters 2695 pump system at
38°C . Eluted guazatine derivatives were detected using a Waters model 2475
fluorescence detector with an excitation wavelength of 250 nm and an emission
wavelength of 395 nm, and the data were recorded using Waters Empower
software. Solvent A, containing sodium acetate and TAE at pH 5.05, was
purchased premixed from Waters; Solvent B was acetonitrile:water (60:40).
Linear gradient of the run was as follows with a 1.0-mLmin21

flow rate: 1 to
12 min 97% A; 12 to 15 min 95% A; 15 to 40 min 92% A; 40 to 43 min 70% A,
B; 43 to 46 min 63% A; 46 to 54 min 58% A; 54 to 58 min 55% A; 58 to 60 min
50% A; 60 to 67 min 40% A; 67 to 67.1 min 20% A; 67.1 to 71 min 0%A; 71 to
75 min 100% A.

For in planta growth experiments, P. syringae DC3000 was cultured at 30°C
in LB broth supplemented with 50 mg mL21 rifampicin, centrifuged, resus-
pended in sterile water, and diluted to a concentration of 1025 CFU mL21.
Bacterial cultures were pressure-infiltrated into leaves with a syringe and
samples were collected tomeasure bacterial growth, as described above. To test
the effect of guazatine on P. syringae growth in culture, 0, 1, 10, and 100 mM
guazatine acetate was added to LBmedium, cultures were inoculated with 1:10
diluted (500 mL into 5 mL) fresh cultures, and optical density at 600 nm was
measured at 0, 1, 3, 6, 9, 12, 24, and 48 h after inoculation.

Phytohormone Analysis

For free phytohormone analysis, 100 mg of fresh rosette leaves was ground in
liquidnitrogenasdescribedaboveandextracted in1mLof isopropanol:water:HCl
(2:1:0.005) buffer. Then 80 ng each ofD4-salicylic acid andD5-jasmonic acid (C/D/
N Isotopes Inc., www.cdnisotopes.com/)were added as internal standards. After
homogenization in a FastPrep homogenizer (MP Biomedicals, www.mpbio.com)
at 6ms21 for 45 s, samples were extractedwith dichloromethane, dried in a rotary
evaporator, and dissolved in 200 mL methanol. For free and conjugated salicylic
acid measurement, 200 mg of fresh rosette leaves was extracted in 1 mL 90%
methanol prior to being reextracted in 0.5 mL 100% methanol. Then 60 ng of D4-
salicylic acid was added as an internal standard. Extracts were combined and
dried completely prior to being resuspended in 5% trichloroacetate and extracted
with an ethylacetate-cyclopentane-isopropanol (50:49:1) buffer. The organic
phase, containing free salicylic acid, was collected, dried under nitrogenflow, and
dissolved in 200 mL methanol. The aqueous phase was adjusted to pH 1 with
concentrated HCl, boiled for 30min, and extracted again as described above. The
resulting organic phase was dried under nitrogen flow and dissolved in 200 mL
methanol for total salicylic acid analysis.

Extracted samples were analyzed using a triple quadrupole liquid
chromatography-tandem mass spectrometry system (Thermo Scientific, www.
thermoscientific.com) on a C18 reverse-phase HPLC column (3 mm, 150 3
2.00 mm; Gemini-NX; Phenomenex, www.phenomenex.com), as described
previously (Rasmann et al., 2012). Analytes were separated using a gradient of
0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile
(solvent B) at a flow rate of 300 mL min21. Phytohormones were analyzed by
negative electrospray ionization (spray voltage, 3.5 kV; sheath gas, 15; auxiliary
gas, 15; capillary temperature, 350°C), collision-induced dissociation (argon gas
pressure, 1.3 mTorr; energy, 16 V), and selected reaction monitoring of
compound-specific parent/product ion transitions (salicylic acid, 137→93; D4-
SA, 141→97; jasmonic acid, 209→59; D5-JA, 214→62).

Sequence Alignment and Phylogenetic Tree Generation

Arabidopsis NATA1 homologs in the Brassicaceae and other plants were
obtained by comparison to genomic andESTdata inGenBank andSolGenomics
Network. The closestNATA1homologof human (Homo sapiens)was includedas
an outgroup. Amino acid sequences were aligned using Clustal Omega (Sievers
et al., 2011), and rooted phylogenetic trees were constructedwithMEGA5 using
a maximum-likelihood algorithm (Jones-Taylor-Thornton probability model,
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gamma distributed rates among sites). To evaluate the tree topology, a boot-
strap resampling analysis with 1,000 replicates was performed.

Statistical Analysis

Statistical analysis was conducted using JMP software (www.jmp.com).

Supplemental Data

The following supplemental materials are available.

Supplemental Table S1. List of primers used for cloning and PCR ampli-
fication in this study.

Supplemental Table S2. List of primers used for qRT-PCR.

Supplemental Figure S1. Developmental expression pattern of NATA1
and NATA2.

Supplemental Figure S2. Phylogeny of polyamine acetyltransferase-like
proteins in plants.

Supplemental Figure S3. Acetyltransferase sequence alignment.

Supplemental Figure S4. NATA1 natural variants.

Supplemental Figure S5. Protein gel showing purified NATA1.

Supplemental Figure S6. Michaelis-Menten curves for NATA1 enzymatic
activity.

Supplemental Figure S7. Effect of guazatine on P. syringae growth in vitro.

Supplemental Figure S8. Total salicylic acid accumulation in wild-type
and nata1 plants after P. syringae infection.
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