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The perception of lipopolysaccharides (LPS) by plant cells can lead to nitric oxide (NO) production and defense gene induction.
However, the signaling cascades underlying these cellular responses have not yet been resolved. This work investigated the
biosynthetic origin of NO and the role of NONEXPRESSOR OF PATHOGENESIS-RELATED GENESI1 (NPR1) to gain insight
into the mechanism involved in LPS-induced resistance of Arabidopsis (Arabidopsis thaliana). Analysis of inhibitors and mutants
showed that LPS-induced NO synthesis was mainly mediated by an arginine-utilizing source of NO generation. Furthermore,
LPS-induced NO caused transcript accumulation of alternative oxidase genes and increased antioxidant enzyme activity, which
enhanced antioxidant capacity and modulated redox state. We also analyzed the subcellular localization of NPR1 to identify the
mechanism for protein-modulated plant innate immunity triggered by LPS. LPS-activated defense responses, including callose
deposition and defense-related gene expression, were found to be regulated through an NPR1-dependent pathway. In summary,
a significant NO synthesis induced by LPS contributes to the LPS-induced defense responses by up-regulation of defense genes
and modulation of cellular redox state. Moreover, NPR1 plays an important role in LPS-triggered plant innate immunity.

Plants have evolved inducible defense mechanisms
against bacterial, fungal, and viral pathogens upon rec-
ognition of diverse bacteria-derived elicitors (Scheel, 1998).
Emerging evidence suggests that pathogen-associated
molecular patterns (PAMPs) are potent elicitors that
play an important role in basal resistance (Jones and
Dangl, 2006). PAMPs are molecular motifs conserved
within a class of microbes, including lipopolysaccha-
rides (LPS) from gram-negative bacteria, bacterial fla-
gellin, lipoteichoic acid from gram-positive bacteria,
peptidoglycans, and bacterial nucleic acids. The defense
system mediated by the PAMP perception in plants is
similar to the innate immunity system in animals (Cohn
et al., 2001; Niirnberger et al., 2004).

Bacterial LPS, endotoxins of bacterial outer mem-
brane, are considered to be the prototypical PAMP.
LPS treatment can induce various plant defense-related
responses, including the oxidative burst, nitric oxide (NO)
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generation, cell wall alteration, and PATHOGENESIS-
RELATED (PR) gene expression (Newman et al., 2002;
Braun et al., 2005; Desaki et al., 2006). In some cases,
LPS do not induce direct defense responses but act to
increase the speed and/or degree of induction upon
subsequent pathogen inoculation (Newman et al., 2002).
During defense-related responses, NO production is an
important hallmark of innate immunity elicited by LPS
(Melotto et al., 2006).

NO is emerging as an important multifunctional sig-
naling molecule in plant defense (Delledonne, 2005;
Corpas et al.,, 2011). In plants, two major enzymatic
pathways are proposed for NO formation: oxidation of
Arg to citrulline by a nitric oxide synthase (NOS)-like
enzyme and reduction of nitrite to NO by a nitrate re-
ductase (NR; Neill et al., 2008; Frohlich and Durner,
2011; Gupta et al., 2011). NO is also generated from other
potential sources (Bethke et al., 2004; Wimalasekera et al.,
2011). A NOS-like enzyme from Arabidopsis (Arabidopsis
thaliana), AtNOSI, has been identified based on homol-
ogy to a hypothetical snail NOS (Guo et al., 2003).
However, the function of AtNOS1 as a NOS has recently
been questioned (Zemojtel et al., 2006); therefore, the
name AtNOS1 has been changed to NITRIC OXIDE
ASSOCIATED1 (AtNOA1; Crawford et al., 2006). Recent
studies show that AtNOAT1 actually has GTPase activity
rather than NOS activity (Moreau et al., 2008; Van Ree
et al,, 2011). However, NOS activity as well as inhibition
of NO synthesis by animal NOS inhibitors have been
reported in plants (Durner et al., 1998; Corpas et al,,
2009). Evidence also suggests that r-Arg-dependent
NOS activity is localized in at least two subcellular
compartments, peroxisomes and chloroplasts (Corpas
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et al., 2004; Jasid et al., 2006). Oxidative stress-induced
redox imbalance is often triggered by pathogen attack.
However, plants have antioxidant systems, including
enzymatic antioxidants, such as superoxide dismutase
(SOD), catalase (CAT), and peroxidase (POD), as well
as nonenzymatic antioxidants, such as glutathione,
ascorbic acid, and tocopherols, which help restore the
redox homeostasis and alleviate oxidative damage
(Mittler, 2002; Apel and Hirt, 2004). Alternative oxi-
dase (AOX) activation plays a role in detoxification of
the harmful effect of reactive oxygen species (ROS) and
in the maintenance of cellular redox homeostasis un-
der adverse stresses (Moore et al., 2002). Fu et al. (2010)
demonstrated the cross talk of mitochondrial AOX and
NO in the induction of antiviral defense response
against tobacco mosaic virus infection. These findings
indicate that NO is possibly connected with antioxi-
dant mechanisms that underlie elicitor-induced cellu-
lar responses.

NONEXPRESSOR OF PATHOGENESIS-RELATED
GENESI (NPR1), a key regulator of systemic acquired
resistance (SAR), is essential for salicylic acid (SA)
signal transduction (Rockel et al., 2002). In an unin-
duced state, NPR1 is present as an inactive oligomer
formed through intermolecular disulfide bonds. Dur-
ing SA induction, NPR1 is reduced to an active mono-
mer that can translocate from the cytosol to the nucleus,
which leads to defense gene activation (Mou et al,
2003). NPR1 plays important roles in activating defense
genes and mediating plant defense responses (Zhang
et al,, 1999). In addition, during pathogen or SA in-
duction, NPR1 regulates the high transcript accumu-
lation of callose synthase genes CalS1 and CalS12 in the
formation of callose (Dong et al., 2008), which is re-
lated to defenses against fungal and oomycete patho-
gens. LPS are known to activate the PR gene and to
promote innate immune responses in plants. Consid-
erable efforts have been made to evaluate the molecular
mechanisms and the associated signal transduction
cascades of LPS during the activation of defense re-
sponses. LPS from various sources can induce defense
responses in pepper (Capsicum annuum) without trig-
gering the oxidative burst and SA synthesis (Newman
etal., 2002). In contrast, Zeidler et al. (2004) showed that
LPS-treated Arabidopsis could cause NO generation,
which plays a significant role in defense gene activa-
tion. NO is a redox regulator of the NPR1/TGA1 (for
TGACG-sequence-specific DNA-binding protein) sys-
tem that promotes the nuclear translocation of NPR1
(Lindermayr et al., 2010). However, the role of NPR1 in
the LPS-induced defense responses in Arabidopsis is
undefined.

In this study, we investigated the signaling mecha-
nism of NO during LPS treatment and demonstrated
the important role of NPR1 in LPS-induced innate
immunity. Pharmacological and cellular microscopic
evidence obtained in vivo indicated that LPS trigger an
Arg-utilizing source of NO generation. The evidence
likewise demonstrated the role of NO in LPS-induced
defense responses by up-regulation of defense genes and
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modulation of the cellular redox state. We further stud-
ied the role of NPR1 in LPS-induced plant defense re-
sponses including PR1 induction and callose deposition.
Our results demonstrate that NO-mediated maintenance
of redox homeostasis contributes to NPR1-dependent
defense response triggered by LPS.

RESULTS
LPS Protect Arabidopsis from Pathogen Infection

LPS from gram-negative bacteria stimulate a series
of defense-associated plant responses and strongly
enhance the plant response to subsequent bacterial
infection (Dow et al., 2000). When Arabidopsis plants
were inoculated with Pseudomonas syringae pv mac-
ulicola (Pma) DG3 (virulent), the wild-type plant leaves
without LPS treatment turned light yellow and finally
wilted and died (Fig. 1A); whereas plants pretreated
with 100 ug mL ™" LPS showed no visible symptoms at
3 d post inoculation (dpi), although minute yellow
disease lesions were observed at 5 dpi. The nprl mu-
tant plants showed more developed chlorotic lesions
compared with wild-type plants, and LPS-treated npr1
plants showed no significant improvement on disease
progression both at 3 and 5 dpi. In addition, the
numbers of bacteria were significantly reduced by LPS
treatment in wild-type plants but not in nprl plants
(Fig. 1B). This finding correlated with the disease
symptoms shown in Figure 1A. For the pathogen-
growth assays in Figure 1B, the nprl Arabidopsis
plants were more susceptible than wild-type plants
and showed obvious lesions at 5 dpi. Such damaged
leaves resulted in nutrition loss and limited bacterial
growth rate. Therefore, the bacterial numbers in nprl
plants were nearly maximal at 3 dpi (Fig. 1B).

Significant Role of NOS-Like Enzyme in Mediating
LPS-Induced NO Synthesis in Protoplasts

NR and NOS are two key enzymes responsible for
plant NO biosynthesis. It seems that plant NOS is not a
canonical animal NOS, but it uses the same substrate
and cofactors as the animal NOS. Therefore, pharma-
cological analyses with mammalian NOS inhibitors are
often used to study the physiological mechanism of
plant NO production. However, the effects of mam-
malian NOS inhibitors in plants are somewhat difficult
to interpret, because the molecular targets and speci-
ficity of these compounds are unknown. In this ex-
periment, we combined pharmacological and genetic
approaches to investigate the potential source of NO
using a mesophyll protoplast system. The freshly iso-
lated Arabidopsis mesophyll protoplasts are similar
to those in intact tissues and plants in physiological
and cell-autonomous responses (Tena et al., 2001).
LPS-induced NO accumulation could be detected after
approximately 80 min and leveled off at about 150 min
(Supplemental Fig. S1). LPS application resulted in a
significant increase of 3-amino,4-aminomethyl-2’,7’-
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Figure 1. Effect of LPS application on disease progression in leaves of
wild-type (WT) and npr1 plants. A, After spraying with 250 um MgCl,
and 100 um CaCl, (control solution) or LPS (100 ug mL™" in 250 UM
MgCl, and 100 um CaCl,) solution for 24 h, wild-type Arabidopsis and
npr1 mutant plants were inoculated with pathogen Pma DG3 (ODg, =
0.01 in 10 mm MgCl,). Leaves were infected on their left halves, and
samples were collected at 3 and 5 dpi. B, Bacterial growth quantifi-
cation of Pma DG3-inoculated (OD,, = 0.0001) leaves after spraying
with control solution or 100 ug mL™" LPS. Samples were collected at 3
and 5 dpi for assay. Each value is the mean = st of three replicates.
Different letters indicate statistically significant differences between
treatments (Duncan’s multiple range test: P < 0.05). CFU, Colony-
forming units. [See online article for color version of this figure.]

difluorescein (DAF-FM) fluorescence, which could not
be inhibited by the NR inhibitor sodium tungstate.
However, the increases were markedly decreased by
incubating the protoplasts together with the mamma-
lian NOS inhibitors N“-nitro-L-arginine (L-NNA; 300
M), Nc-nitro-L-arginine-methyl ester (L-NAME; 300
uM), or the NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide (cPTIO; 300 un;
Fig. 2, A and C). Furthermore, we tested the NO level
in mutant nialnia2 Arabidopsis that exhibited null NR
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activity (Zhao et al., 2009), the Atnoal mutant, the gsnor1-3
plant (also named hot5-2), which is a loss-of-function
mutation in Arabidopsis S-NITROSOGLUTATHIONE
REDUCTASE1 (AtGSNORT1; Feechan et al., 2005), and
the cuel mutant (also known as noxI) with elevated
L-Arg levels. In contrast to the wild-type plant, nial-
nia2, and Atnoal Arabidopsis, in which no significant
DAF-FM fluorescence was observed, gsnorl-3 and
cuel mutant protoplasts showed increased endoge-
nous NO levels under normal conditions. Protoplasts
of gsnorl-3 and cuel exhibited significantly high
levels of DAF-FM signals under LPS induction (Fig.
2, B and C). Although the basal NO level in Atnoal
and nialnia2 plants was lower than that in wild-type
plants, the DAF-FM fluorescence levels of protoplasts
from both these mutants were also elevated under
LPS treatment. It has been suggested that DAF does
not react directly with the NO free radical but does so
with NO-derived species (such as N,O,; Mur et al,,
2011). To confirm that the changes in fluorescence
were caused by NO itself, electron paramagnetic
resonance (EPR) analysis was also used. The pre-
sented data also demonstrated NO production after
LPS treatment (Fig. 2D). In addition, an increase in
NOS-like enzyme activity was detected during LPS
induction, and these increases were dramatically
inhibited by L.-NNA and L-NAME (Fig. 2E). More-
over, under LPS treatment, we did not observe any
increased NR activity in both wild-type and nialnia2
plants. On the contrary, a slight inhibition of NR
activity was seen in wild-type plants (Fig. 2F). The
results demonstrate that the NOS-like enzyme pos-
sibly plays a key role in LPS-elicited NO generation.

LPS-Activated Defense Responses Are Dependent
on NPR1

The transgenic PR1:GUS reporter plants were used
to detect the PR1 gene expression (Gust et al., 2007),
which marks the SA-dependent gene expression. As
shown in Figure 3A, when the seedlings were grown
on Murashige and Skoog (MS) medium with LPS, a
strong PR1:GUS expression was induced; PR1:GUS in
these transgenic seedlings was present primarily in the
cotyledons and in the older leaves, but it was absent in
the roots. The Arabidopsis NPR1 protein plays an es-
sential role in SA-mediated SAR (Kinkema et al., 2000).
To test whether LPS-activated PR1 expression acts
through an NPR1-dependent signaling pathway, the
effect of LPS on PR1 activation in wild-type and nprl
mutant plants was investigated. A transient increase in
PR1 transcripts was detected at 6 h after LPS applica-
tion in wild-type plants and showed high accumula-
tion at 12 h. However, LPS treatment did not promote
increased PR1 transcripts in the nprl plants (Fig. 3B).

We further analyzed callose deposition and the ex-
pression of CalS1 and CalS12 genes to investigate the
role of NPR1 on these LPS-induced responses. After 24
h of LPS treatment, callose deposition was observed in
wild-type plants but not in nprl plants (Fig. 3, C-E).
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Figure 2. LPS-elicited Arg-utilizing source of NO generation. A, Effects of mammalian NOS inhibitors and NO scavenger on
NO level by LPS induction. Protoplasts prepared from wild-type plants were loaded with DAF-FM DA for 20 min prior to
different treatments for 2 h. For each treatment, fluorescence and bright-field images are shown. B, Confocal images of DAF-FM
fluorescence in protoplasts from AtnoaT, nialnia2, cuel, and gsnori-3 plants treated with control solution or 100 ug mL™" LPS
for 2 h. Bars = 50 um. C, Quantitative analysis of NO-related DAF-FM fluorescence by a fluorescence spectrometer under
various treatments for 2 h as shown in A and B. WT, Wild type. D, NO production was examined by EPR analysis. E, Effect of
LPS and mammalian NOS inhibitors on NOS-like enzyme activity. F, Effect of LPS on NR activity of wild-type and nia7nia2
plants. Pr, Protein. Data are means = st of three experiments. Different letters indicate statistically significant differences be-
tween treatments (Duncan’s multiple range test: P < 0.05). [See online article for color version of this figure.]

Analysis of CalS1 and CalS12 gene expression by re-
verse transcription (RT)-PCR revealed that, after 12 h
of LPS treatment, the CalS1 and CalS12 transcripts
were significantly increased in wild-type plants (Fig. 3,
F and G), whereas no significant differences in the
amount of RT-PCR products were found in the nprl
mutant plants with and without LPS treatment (Fig. 3,
F and G). In fully grown Arabidopsis, LPS could also
induce PRI gene expression and callose deposition
(Supplemental Fig. S2). These data imply that LPS
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induction leads to direct PR1 transcription and callose
deposition, which are related to an NPR1-dependent
signaling pathway.

LPS Treatment Leads to a Nuclear Localization of NPR1

To test the hypothesis that LPS might affect the
subcellular localization of NPR1, we analyzed the
distribution of NPR1-GFP during LPS induction.
Cytosolic fluorescence in a protoplast system is difficult

Plant Physiol. Vol. 160, 2012
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Figure 3. Induction of PRT gene expression and callose deposition in Arabidopsis by LPS. A, Approximately 10-d-old trans-
genic PR1:GUS seedlings grown on MS medium were then transferred to 24-well plates containing 400 ul of liquid MS
medium without 100 ug mL ™" LPS (control) for 12 h or with 100 ng mL ™" LPS for 6, 12, or 24 h and collected for histochemical
GUS staining. Each experiment was performed with eight plants and repeated twice with similar results. B, Quantitative RT-PCR
data showing the expression of the PRT gene in wild-type (WT) and npr1 Arabidopsis. Total RNA was extracted from the leaves
of Arabidopsis after spraying with control solution at 12 h post treatment or 100 ug mL™"' LPS at 0, 6, 12, and 24 h post
treatment. Arabidopsis ACTIN2 was used as an internal control. Expression levels for each treatment were normalized to a LPS-
treated (6 h) wild-type plant. Values represent means = st of three independent experiments. C, Callose-staining imaging of
leaves and roots from LPS-treated plants. D and E, Callose deposition in leaves (D) and roots (E) was quantified by determining
the number of pixels (corresponding to LPS-induced callose) per million pixels in digital photographs. Data are means = st of
three experiments. F, Induction of CalS7 and CalS12 genes in wild-type and npri mutant Arabidopsis by LPS treatment. Total
RNA was extracted from leaves treated with control solution (—) or 100 ug mL~" LPS (+) for 12 h. ACTIN2 was used as an
internal control. The experiment was performed three times with similar results. G, Quantitative analysis of CalST and CalS12
genes shown in F with Image] software. Three gel photographs were taken for quantitative analysis, and values represent
means * sk. Different letters indicate statistically significant differences between treatments (Duncan’s multiple range test: P <
0.05). [See online article for color version of this figure.]
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to detect because the fusion protein in larger cells is too
diffuse, as pointed out by Kinkema et al. (2000). Thus,
guard cells, in which the amount of NO could also be
induced by LPS (Supplemental Fig. S3), were used in
this experiment for analysis. As shown in Figure 4,
while in the treatment with control solution, NPR1-GFP
fluorescence mainly occurred in the cytoplasm, with a
small amount occurring in the guard cell nuclei. How-
ever, strong NPR1-GFP fluorescence localized pre-
dominantly to the guard cell nuclei when the seedlings
were treated with LPS. NO scavenging with cPTIO or
inhibitors of the mammalian NOS (1.-NNA, .-NAME)
prevented the translocation into the nucleus. Unless
otherwise mentioned, the concentration of cPTIO used
in this and following experiments was 1 mm (Sup-
plemental Fig. S4). 2-Aminoindan-2-phosphonic acid
(AIP), an inhibitor of Phe ammonia lyase, also partially
inhibited LPS-induced nuclear localization of NPRI.
Moreover, the addition of the NO scavenger cPTIO,
mammalian NOS inhibitors, or AIP alone did not in-
duce the nuclear translocation of NPR1-GFP. A nuclear
localization of NPR1 was also detected in protoplasts
during LPS treatment (Supplemental Fig. S5). These
results suggest that LPS treatment resulted in a nuclear
localization of NPR1, for which a NO-modulated
mechanism is responsible.

Involvement of NO in the Induction of AOX Gene
Expression and the Up-Regulation of Antioxidant
Enzyme Activity

As early as 3 h, the AOX1a and AOX1b transcripts
significantly increased upon LPS induction. Genes were

Figure 4. LPS induction results in nuclear locali-
zation of NPR1. Approximately 10-d-old trans-
genic 355:NPR1-GFP seedlings grown on MS
medium were then transferred to 24-well plates
containing control solution, 300 um L-NNA, 300
um L-NAME, T mm cPTIO, 50 um AIP, 100 ug
mL™" LPS, 100 ug mL™" LPS + 300 um L-NNA,
100 g mL™" LPS + 300 um L-NAME, 100 ug
mL~" LPS + 1 mm cPTIO, or 100 ug mL™" LPS +
50 um AIP for 12 h. GFP fluorescence in guard
cells was observed with a laser confocal scanning
microscope. Results shown are representative.
Bars = 20 um. [See online article for color version
of this figure.]

NPRI-GFP

Bright-field

NPR1-GFP
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Control

apparently expressed after 6 and 9 h of treatment, albeit
to a lesser extent than that at 3 h (Fig. 5, A and B).
However, AOX1c and AOX1d only showed slight ac-
cumulation, and the expression of AOX2 was almost
not changed (Fig. 5, C-E). Furthermore, we also eval-
uated AOX gene expression with the NO scavenger
cPTIO and inhibitors of mammalian NOS to determine
the specificity of NO signal. The evidence that LPS plus
cPTIO, L-NNA, or L-NAME markedly reduced AOXIa
and AOX1b induction supported the conclusion that
NO was positively correlated with the LPS induction of
AOX genes. In addition, compared with that in wild-
type Arabidopsis, AOX1a and AOX1b transcript accu-
mulations were reduced in the nprl mutant (Fig. 5F).

Enzymatic and nonenzymatic antioxidants play
important roles in ROS scavenging and thereby influ-
ence the cellular ROS level. The activities of three
significant antioxidant enzymes (SOD, POD, and CAT)
were assessed in the LPS-treated leaves. As shown in
Figure 6, significant increases of SOD, POD, and CAT
activities occurred at 6 h in wild-type Arabidopsis. The
nprl mutant showed lower enzyme activities than
wild-type plants (Fig. 6D). The LPS-induced increases
in antioxidant enzyme activities (SOD, POD, and
CAT) were decreased by the NO scavenger cPTIO and
mammalian NOS inhibitors (Fig. 6, A-C). These results
point to the involvement of NO in the LPS-induced up-
regulation of antioxidant enzyme activities.

NO-Mediated Processes in the Regulation of Cell
Redox Status

Pathogen attack triggers ROS production, especially hy-
drogen peroxide (H,O,), which could result in oxidative

LPS + L-NNA LPS+L-NAME LPS +cPTIO LPS + AIP

Plant Physiol. Vol. 160, 2012
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damage and impairment of cellular functions. AOX
and enzymatic antioxidants play significant roles
in ROS scavenging and thus influence the cellular
redox state. The oxidized reduction-oxidation sen-
sitive (ro)GFP in transgenic Arabidopsis that ex-
pressed mitochondrial (mit)-roGFP1 was measured
to evaluate the redox state following inhibitor treat-
ment. LPS pretreatment decreased the pathogen Pma
DG3-induced mit-roGFP1 oxidation as well as H,O,
production, whereas this effect was reversed by the
AOX inhibitor salicylhydroxamic acid (SHAM), inhibi-
tors of the mammalian NOS (L-NNA, .-NAME), and
the NO scavenger cPTIO (Fig. 7, A-C; Supplemental
Fig. 56).

Furthermore, we determined the levels of reduced
glutathione (GSH) and oxidized glutathione (GSSG),
which is an important antioxidant buffer system, to get
more information on overall cellular redox states. Dur-
ing the pathogen infection, GSH-to-GSSG ratios de-
creased, reflecting an increasing oxidative stress (Fig.
7E). Total antioxidant capacity, as an indicator of the

Plant Physiol. Vol. 160, 2012

T
h 9
PS

h

Control 3h_©

Control 3h_6h 9h
LPS

intracellular redox state, was also decreased after the
pathogen challenge (Fig. 7F). LPS pretreatment could
enhance GSH-to-GSSG ratio and antioxidant capacity,
however, which were drastically reduced with inhibitor
treatments (Fig. 7, E and F).

NO Is Responsible for LPS-Induced Plant
Defense Responses

The effects of mammalian NOS inhibitors and NO
scavenger on callose deposition and PRI gene ex-
pression were studied to investigate the role of NO
production in LPS-induced plant innate immunity.
Callose deposition and PRI gene expression by LPS
induction were partially reduced by L-NNA, .-NAME,
and cPTIO after treatment for 12 h (Fig. 8, A-C). LPS
treatment inhibited bacterial growth, and application
of 200 uM sodium nitroprusside (SNP) could also re-
duce the bacterial number; however, L-NNA, .-NAME,
and cPTIO infiltration impaired the effect of LPS
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Figure 6. A to C, Activities of antioxidant enzymes during LPS and NO scavenger treatment. Leaves were treated with control
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POD (B), and CAT (C) activities. Asterisks indicate significant differences from the control (Duncan’s multiple range test: *P <
0.05, **P < 0.01). D, Activities of antioxidant enzymes in wild-type (WT) and npr1 Arabidopsis. Asterisks indicate significant
differences between the wild-type and the mutant (Student’s paired t test: *P < 0.05, **P < 0.01). FW, Fresh weight; U, units.

Data are means * st of at least three independent experiments.

treatment (Fig. 8D). Therefore, NO plays a crucial role
in LPS-induced defense responses as an early signal
molecule.

DISCUSSION

The experimental evidence supports that LPS, as a
plant defense activator, can lead to NO production and
play a key role in plant disease resistance (Delledonne
et al.,, 1998; Melotto et al., 2006). However, the bio-
synthetic origin of NO and the signaling mechanisms
underlying these cellular responses are not fully re-
solved. Our findings demonstrated that LPS treatment
protected Arabidopsis from bacterial infection (Fig. 1).
Enhanced disease perturbation confirms the alternative
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role of LPS as a PAMP elicitor to trigger defense re-
sponses. PR1 gene expression and callose deposition are
indicators of defense-related responses (van Loon and
van Strein, 1999; Ton and Mauch-Mani, 2004). Some
biological agents and synthetic compounds cannot in-
duce PR1 expression and callose deposition per se until
pathogen infection; these induced reactions are based
on primed accumulation (Ton and Mauch-Mani, 2004;
van Hulten et al., 2006; Ahn et al., 2007). However, a
number of elicitors can induce direct callose accumula-
tion (Goémez-Gémez et al., 1999; Galletti et al., 2008;
Millet et al., 2010). In this study, we found that LPS, as a
typical PAMP, could directly induce such defense-
related responses (Fig. 3). Therefore, the cellular de-
fense responses involved in induced resistance are
either activated directly or primed for augmented

Plant Physiol. Vol. 160, 2012
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expression upon pathogen attack. Although directly
activated and primed resistances seem to share several
common features, including callose deposition and
defense-related gene expression, the differences sug-
gest that different mechanisms exist. Determining the
corresponding mechanisms is a challenge and will be
the focus of future research. LPS-induced PRI accu-
mulation was observed in leaves but not in roots,
whereas the LPS-induced callose accumulated signifi-
cantly both in leaves and roots of wild-type Arabidopsis
(Fig. 3, A and C), implying that different physiological
and developmental signals are possibly involved in
different tissues in response to LPS. The PR1:GUS ex-
pression and callose deposition in fully grown LPS-
treated Arabidopsis were much weaker than those in
Arabidopsis seedlings grown in liquid MS medium
with LPS (Supplemental Fig. S2). One possible expla-
nation is that LPS is more readily taken up by seedlings
than by fully grown plants. Taken together, our find-
ings indicate that PRI transcription and callose depo-
sition that are directly induced by LPS constitute plant
innate immunity, which protects Arabidopsis against
pathogen infection.

NO-Mediated Maintenance of Redox Homeostasis
Contributes to LPS-Induced Plant Resistance Responses

Two key enzyme pathways are responsible for NO
synthesis in plants: reduction of nitrite to NO by NR
and oxidation of Arg to citrulline by NOS (Besson-
Bard et al., 2008; Neill et al., 2008). Although con-
siderable efforts need to be made to identify the plant
NOS activity, a summary of the L-Arg-dependent
NOS activities detected in tissues of different plant
species supports the existence of NOS activity in plants
(Corpas et al., 2009). In this study, the endogenous
NO level in wild-type protoplasts was markedly de-
creased after the addition of inhibitors of the mam-
malian NOS but not after the addition of sodium
tungstate, an NR inhibitor (Fig. 2). Although phar-
macological analyses with mammalian NOS inhibi-
tors have been used to explore the mechanisms of
LPS-induced NO production in Arabidopsis, it
should be noted that significant questions remain
concerning the specificity and targets of these com-
pounds in plants. Besides NOS, mammalian NOS
inhibitors could also affect the activities of other
L-Arg-metabolizing enzymes and have been proposed
to interact with other substances (Peterson et al., 1992;

Besson-Bard et al., 2008). Recent evidence also suggests
that .-NAME could inhibit NR activity (Rasul et al.,
2012). Therefore, we should also not rule out the pos-
sibility that the effects of mammalian NOS inhibitors
could be complex.

Furthermore, NR-null mutant nialnia2 protoplasts
also generated NO induced by LPS (Fig. 2). A slight in-
hibition of NR activity was also seen in wild-type plants
by LPS treatment (Fig. 2F), while the transcript levels of
NIAT and NIA2 did not decrease (Supplemental Fig. S7).
It has been proposed that posttranslational regulation
of NR takes place in response to various treatments
(Lillo et al., 2004). We did not show evidence whether
NR was modulated by a posttranslational mechanism
or how the NR activity was regulated. Further studies to
elucidate the mechanism are warranted. Moreover, the
addition of L-Arg promoted NO generation, and the
cuel mutant, which accumulates L-Arg, also showed
high NO levels during LPS treatment. These observa-
tions provide further support for the hypothesis that the
L-Arg-dependent NOS-like enzyme is likely responsible
for the biosynthetic mechanism involved in LPS-induced
NO because 1-Arg is the NOS substrate for generating
NO. GSNOR, which reduces S-nitrosoglutathione to
GSSG and NHj;, plays critical roles in modulating
cellular NO status (Lee et al., 2008). The higher NO
content in gsnorl-3 mutant protoplasts than in the wild
type under LPS treatment (Fig. 2) suggests that GSNOR
activity is involved in the regulation of NO contents in
our conditions.

Delledonne et al. (1998) reported that NO can po-
tentiate hypersensitive cell death concomitant with
the ROS burst during inoculation with an avirulent
pathogen, but less ROS were produced together with
NO in response to a virulent strain. In our study here,
NO alleviated mit-roGFP1 oxidation and decreased
3,3'-diaminobenzidine (DAB) staining during LPS in-
duction (Fig. 7). These results indicate that different
mechanisms underlie NO-modulated resistance re-
sponses between virulent and avirulent pathogen at-
tacks. Palmieri et al. (2010) provided evidence for the
cross talk between NO and mitochondria in activating
the stress-related response in plants. The study of Fu
et al. (2010) highlighted a role for transcriptional acti-
vation of mitochondrial AOX in triggering systemic
basal defenses against Tobacco mosaic virus. The data
presented here suggested the involvement of NO in
mediating the expression of the AOX gene and the up-
regulation of antioxidant enzyme activities. Measurement

Figure 7. (Continued.)

transgenic mit-roGFP1 Arabidopsis were inoculated with Pma DG3 (ODg,, = 0.01) and then collected at 12 h for measurement
of mit-roGFP1 oxidation. B to F, Pma DG3-inoculated leaves of wild-type plants under various treatments were collected
at 24 h for DAB staining indicating H,0, generation (B) and quantitative analysis of DAB-stained areas (C) and were
collected at 12 h for determination of glutathione levels (D), the ratios of GSH to GSSG (E), and total antioxidant capacity (F).
Pr, Protein. Data are means * st of at least three independent experiments. Different letters indicate statistically sig-
nificant differences between treatments (Duncan’s multiple range test: P < 0.05). [See online article for color version of

this figure.]
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version of this figure.]

of the GSH redox state and antioxidant capacity fur-
ther supported that LPS-elicited NO generation as
well as increased antioxidant enzyme activities ca-
pable of maintaining the redox state could be im-
portant to protect plants against oxidative damage
from Pma DG3 attack (Figs. 5-7). We also found that

Plant Physiol. Vol. 160, 2012

inhibitors of mammalian NOS, together with LPS
treatment, partially inhibited the LPS-induced effect
(Fig. 8). Exogenous application of the NO donor SNP
could decrease the development of disease. These
findings confirm the significant contribution of NO to
LPS-induced resistance responses in plants.
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LPS-Induced Defense Responses Are Dependent on NPR1

NPR1 plays an important role in defense gene acti-
vation (Zhang et al., 1999; Ahn et al.,, 2007). During
pathogen or SA induction, NPR1 regulates the high
transcript accumulation of the callose synthase genes
CalS1 and CalS12 (Dong et al., 2008). However, little is
known about the signal transduction pathway leading
to LPS-triggered defense responses. The LPS-induced
increases in both PRI transcripts and callose deposi-
tion were nullified in npr]l mutant plants (Fig. 3, B and
C), and these effects were correlated with a faster de-
velopment of disease lesions in nprl plants (Fig. 1).
These findings highlight the importance of NPR1 in
LPS-induced immune responses. NO is a redox regu-
lator of the NPR1/TGA1 system that promotes the
nuclear translocation of NPR1 (Lindermayr et al.,
2010). We found that NPR1-dependent PR1 expression
and callose deposition induced by LPS were impaired
by inhibitors of mammalian NOS and NO scavenger
(Fig. 8, A—C); this result points to the involvement of
NO in regulating NPR1-dependent responses. On the
other hand, the NO-mediated up-regulation of SOD,
POD, and CAT activities, as well as AOX1a/b expres-
sion, was affected in the npr1 mutant (Figs. 5F and 6D).
It is likely that NPR1 and NO act somewhat syner-
gistically in mediating LPS-triggered defense re-
sponses. Further studies are needed to elucidate this
mechanism. Nuclear localization of NPR1 is required for
SA signal transduction to activate PR gene expression
upon SAR induction (Kinkema et al., 2000). In a non-
induced state, oxidized NPR1 forms an inactive oligo-
meric complex that remains in the cytosol; meanwhile,
intermolecular disulfide bonds of NPR1 are reduced
under SAR induction, thus leading to the translocation
of NPR1 to the nucleus (Mou et al., 2003; Pieterse and
Van Loon, 2004). We observed enhanced nuclear fluo-
rescence of NPR1-GFP in guard cells after LPS induc-
tion (Fig. 4). Although more recent studies argue that
the isochorismate synthase-mediated pathway is the
predominant route for pathogen-induced SA accumula-
tion in Arabidopsis, plant enzymes that convert iso-
chorismate to SA have not been identified; other evidence
suggest that a Phe ammonia lyase-mediated pathway
also is operational in disease resistance (Dempsey et al.,
2011). We found that AIP-mediated inhibition of Phe
ammonia lyase partially, but not fully, suppressed the
nuclear localization of NPR1 induced by LPS. The nu-
clear localization of NPR1 after LPS treatment suggests
that SA-linked NPR1 signal pathways are mechanisti-
cally involved in LPS-activated defense progress.

CONCLUSION

Our investigations provide evidence that NO is re-
sponsible for NPR1-dependent innate immunity in
plants by LPS. The possible signaling pathways for
LPS-induced plant innate immunity are summarized
in the model presented in Figure 9: LPS induce the
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Arg-utilizing source of NO production and nuclear
localization of NPR1; NO, in turn, up-regulates anti-
oxidant enzyme activity and/or promotes the nuclear
translocation of NPR1 to induce PRI expression and
callose deposition. The directly induced PRI expression
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Figure 9. Model showing the possible signaling pathway for LPS-induced
plant innate immunity. The extracellular LPS are recognized by a receptor
in the plant cell plasma membrane. LPS perceived by receptors result in an
increase in cytosolic Ca** (Ali et al., 2007; Ma et al., 2009), which may
activate NOS-like enzyme and then lead to an increase of NO level. NO
functions to potentiate cyclic GMP/Ca**-dependent PR1 gene expression
(Durner et al., 1998) as well as up-regulation of antioxidant enzyme ac-
tivity, and/or promote the nuclear translocation of NPR1 to induce PRT
expression (Lindermayr et al., 2010). LPS perception is mechanistically
linked to NPR1-dependent defense responses. Induction by LPS results
in the accumulation of SA and the activation of NPR1. Activated
NPR1 then translocates into the nucleus, where it may interact with
TGA transcription factors, thus leading to the induction of the PR1
gene, and it also activates the expression of CalS1 and CalS12 genes
in the formation of callose by interacting with some unknown tran-
scription factors. These directly induced PRT expression and callose
deposition by LPS constitute plant innate immunity, which protects
plants against pathogen infection.
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and callose deposition by LPS constitute plant innate
immunity, which protects plants against pathogen in-
fection. Our results contribute to the elucidation of the
signaling mechanism of NO, and they highlight an im-
portant role of NPR1 in modulating LPS-triggered innate
immunity in plants.

MATERIALS AND METHODS
Plant Material and Chemicals

Seeds of wild-type (ecotype Columbia) Arabidopsis (Arabidopsis thaliana),
nprl, Atnoal, nialnia2, cuel, and gsnorl-3 plants, transgenic mit-roGFP1, PRI:
GUS transgenic Arabidopsis, and the transgenic 355:NPR1-GFP in nprl mu-
tant Arabidopsis (Kinkema et al., 2000) were sterilized and grown in soil or
grown on solid MS medium as described previously (Zhang and Xing, 2008).

3-Amino,4-aminomethyl-2’,7’-difluorescein diacetate (DAF-FM DA) and
cPTIO were obtained from Molecular Probes. LPS, SNP, SHAM, sodium tung-
state, L-Arg, I-NNA, .-NAME, 5-bromo-4-chloro-3-indolyl-B-p-glucuronide, and
diethyldithiocarbamate (DETC) were purchased from Sigma-Aldrich. Aniline
blue was purchased from Acros Organics.

LPS Preparation and Treatment

LPS were purchased from Sigma-Aldrich and dissolved as described pre-
viously (Zeidler et al., 2004). For all experiments, the work concentration of
LPS was 100 ug mL ™" based on previous studies (Melotto et al., 2006). To treat
protoplasts, 100 g mL~! LPS was added to protoplast suspension on 48-well
plates and incubated for the indicated time period at room temperature.

Pathogen Growth and Inoculation

The bacterial strain used in this study was Pseudomonas syringae pv mac-
ulicola (Pma) DG3, and it was grown at 28°C in King’s B medium supple-
mented with appropriate antibiotics (Lu et al., 2003). Overnight log-phase
cultures were collected by centrifugation, washed with 10 mm MgCl,, and
then diluted to a final optical density at 600 nm (ODy) of 0.01 (for appearance
determination) and 0.0001 (for pathogen growth assay). The procedures of
pathogen inoculation and bacteria growth assays were as described previ-
ously (Mishina and Zeier, 2007).

Protoplast Isolation

Protoplast isolation was performed using 14- to 21-d-old Arabidopsis
according to a procedure described previously (He et al., 2007; Li et al., 2012).
The purified protoplasts were washed three times with W5 solution (154 mm
NaCl, 125 mm CaCl,, 5 mm KCl, 5 mm Gle, and 1.5 mm MES-KOH, pH 5.6) and
adjusted to a density between 10° and 10° protoplasts mL " with W5 solution.

NO Labeling and Measurements

The Arabidopsis protoplasts loaded with DAF-FM DA were analyzed as
described previously (Yao and Greenberg, 2006). Briefly, freshly isolated
protoplasts on 48-well cell culture plates were preloaded with DAF-FM DA at
room temperature. Subsequently, protoplasts were washed three times with
W5 solution before treatment. Microscopic observations were performed by a
Zeiss LSM510 laser confocal scanning microscope. DAF-FM and GFP signals
were visualized by using an excitation wavelength of 488 nm and a bandpass
500- to 550-nm filter. The fluorescence intensity of DAF-FM was also detected
with an LS 55 Luminescence Spectrophotometer (Perkin-Elmer) with an ex-
citation wavelength of 488 nm and emission wavelengths between 500 and 550
nm (Ye et al., 2012). The fluorescence intensity at 515 nm was used to deter-
mine the relative NO generation.

NO Detection by EPR

After 2 h of treatment, 500 uL of cells was harvested and then were in-
cubated in 0.6 mL of buffered solution (50 mm HEPES, 1 mwm dithiothreitol, and
1 mm MgCl,, pH 7.6) at 37°C for 2 min. After sample preparation, the
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supernatant was added to 300 uL of freshly made Fe(II)(DETC), solution (2 m
Na,S,0,, 3.3 mm DETC, 3.3 mm FeSO,, and 33 g L' bovine serum albumin)
and analyzed with a Bruker A200 spectrometer (Bruker Instrument) under the
following conditions: microwave frequency, 9.86 GHz; microwave power, 19
mW; modulation frequency, 100 kHz.

Histochemical GUS Staining

Approximately 10-d-old transgenic PR1:GUS seedlings grown on MS me-
dium were transferred to 24-well plates containing 400 uL of liquid MS me-
dium with or without 100 g mL ™" LPS at the indicated times. Histochemical
detection of GUS enzyme activity was performed as described previously
(Gust et al., 2007). After staining with 0.5 mg mL™" 5-bromo-4-chloro-3-
indolyl-B-p-glucuronide solution, the samples were boiled in 95% ethanol for
10 min to remove the chlorophyll.

Callose Staining

Approximately 10-d-old seedlings grown on MS medium were transferred
to 24-well plates containing 400 uL of liquid MS medium with 100 ug mL ™
LPS and/or other solutions for 24 h. The leaves and roots from wild-type or
nprl plants were fixed in ethanol:acetic acid (3:1, v/v) and stained with 0.01%
(w/v) aniline blue (Millet et al., 2010). The leaves or roots were mounted on
slides, and callose was observed with UV excitation.

Visualization of NPR1

Ten-day-old seedlings expressing NPR1-GFP grown on MS medium were
transferred to 24-well plates containing 400 uL of liquid MS medium with 100
ug mL™' LPS and/or other solutions and then were analyzed for GFP fluo-
rescence after 12-h treatments. Arabidopsis leaf tissues were mounted in water
and imaged with a Zeiss LSM510 for guard cell assays. GFP fluorescence was
captured following excitation at 488 nm and detection at 505 to 550 nm.

RNA Extraction and RT-PCR Analysis

Total RNA was extracted using the TRIzol reagent (Invitrogen) according to
the manufacturer’s specifications. First-strand complementary DNA was
synthesized from total RNA using a Reverse-iT first-strand synthesis kit
(ABgene).

The transcript levels of CalS1 and CalS12 genes were analyzed by gel
analysis and were quantified from the gel photographs. The gene-specific
primers of CalS1 and CalS12 were used as described (Dong et al., 2008). The
ACTIN2 gene was amplified as a semiquantitative control (Fan et al., 2008).

The transcripts of AOX genes, PR1, NIA1, and NIA2 were analyzed by
quantitative RT-PCR. The gene-specific primers were used as described
(Umbach et al., 2005; Mang et al., 2009; Konishi and Yanagisawa, 2011). The
ACTIN2 gene was amplified as a quantitative control (Fan et al., 2008). For
quantitative RT-PCR analyses, the Light Cycler 2.0 instrument (Roche Applied
Science) and SYBR Green real-time PCR master mix (Toyobo) were used to
run the three-step program. PCR cycling conditions for amplification were
95°C for 60 s followed by 40 cycles of 95°C for 5 s, 55°C for 10 s, and 72°C for
30 s. Relative expression levels were calculated using the 2**“ analysis
method (Livak and Schmittgen, 2001).

Enzyme Activity Assays

NOS activity was determined with the NOS Assay Kit (Sigma). Freshly
isolated protoplasts were incubated with LPS or in the presence of mammalian
NOS inhibitors and were measured according to the manufacturer’s instruc-
tions. The fluorescent product, which was formed from 4,5-diaminofluorescein
reacted with NO produced by NOS, was measured using an excitation filter at
492 nm and an emission filter at 515 nm. The activity of NOS was expressed as
a relative value.

The NR activity was determined following the modified method (Zhao
et al., 2009). The activities of three antioxidant enzymes, CAT, POD, and SOD,
were spectrophotometrically measured as described previously (Huang et al.,
2010). SOD activity was detected by monitoring the absorbance decrease at
560 nm due to the inhibition of nitroblue tetrazolium reduction. One unit of SOD
activity was defined as the amount of enzyme that inhibits the photochemical
reduction of nitroblue tetrazolium to 50%, considering the absorbance of the
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control mixture as 100%. The increase in A,;, was measured for POD activity,
and one unit of POD activity was defined as the increase of absorbance by 0.01
per min. The CAT activity was determined at 240 nm, and one unit of CAT
activity was defined as the decrease of absorbance by 0.01 per min.

DAB Staining

For H,0, detection, healthy or infected leaves were incubated in 1 mg mL ™
DAB solution (1 mg mL™"; pH 5.5) in the dark for 8 h (Liu et al., 2007). The leaves
were then cleared by boiling in 95% ethanol for 10 min to remove the chloro-
phyll completely. The reddish color of the leaves as evidence of H,0, was vi-
sualized by light microscopy. For each treatment, the percentage of stained DAB
area was determined by the software Image].

Measurements of roGFP1 Fluorescence

The roGFP1 degree of oxidation was determined as described (Rosenwasser
et al., 2010). Leaf discs were excited by using 400- = 15-nm and 485- * 10-nm
filters, and fluorescence values were measured using a 525- * 10-nm emission
filter. Leaf pieces were perfused with 10 mm H,O, and then 10 mm dithio-
threitol to drive the roGFP1 toward the fully oxidized and reduced forms,
respectively. The degree of oxidation of roGFP1 was calculated according to
Schwarzlander et al. (2008).

Total Antioxidant Capacity

Total antioxidant capacity was detected by a total antioxidant capacity assay
kit with the 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) method
(Beyotime). Measurements were performed in triplicate for each extract accord-
ing to the manufacturer’s specifications. Antioxidant capacity was determined
relative to the reactivity of Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid) as a standard.

Determination of Glutathione

Glutathione levels were measured based on the 5,5'-dithiobis(2-
nitrobenzoic acid)-recycling enzymatic method. The extracted samples were
divided in half for assay of total glutathione (GSH + GSSG) and for GSSG
alone as described previously (Ge et al., 2007). The absorbance change at 412
nm was measured, and the glutathione concentration was evaluated by
comparison with a standard calibration curve.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers NM_100436 (CalS1), NM_116593 (CalS12),
NM_106425 (NIA1), NM_103364 (NIA2), NM_113135 (AOX1a), NM_113134
(AOX1b), NM_113678 (AOX1c), NM_102968 (AOX1d), NM_125817 (AOX2),
NM._127025 (PR1), and NM_112764 (Actin2).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Generation of NO under LPS induction in wild-
type Arabidopsis protoplasts.

Supplemental Figure S2. Induction of PRI gene expression and callose
deposition in fully grown Arabidopsis by LPS.

Supplemental Figure S3. Generation of NO in guard cells of wild-type
plants during LPS induction.

Supplemental Figure S4. Effect of 1 mM cPTIO on protoplast viability.

Supplemental Figure S5. LPS-induced nuclear localization of NPR1 in
protoplasts.

Supplemental Figure S6. The changes of fluorescence intensity and the
resulting ratios in transgenic mit-roGFP1 plants.

Supplemental Figure S7. Quantitative RT-PCR analysis of NIAT and NIA2
transcriptions under LPS induction in wild-type plants.
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