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Nitric oxide (NO) is important in some physiological responses of plants and plays a crucial role in the
regulation of both defense responses and inducing resistance to fungal pathogens. NUBS-4190, a new
bis-aryl-methanone compound elicited NO production and defense responses in Nicotiana benthamiana
against Phytophthora infestans. NUBS-4190 induced resistance in N. benthamiana to P. infestans, without
association of reactive oxygen generation and hypersensitive cell death. Callose induction was reduced
in NUBS-4190-treated N. benthamiana leaves after challenge inoculation of P. infestans indicating the pen-
etration resistance. Involvement of pathogenesis-related 1a (NbPR1a) and nitric oxide associated 1
(NbNOA1) genes in the induced resistance to N. benthamiana against P. infestans was found to be associ-
ated with resistance. Increased susceptibility in NbPR1a- and NbNOA1-silenced plants correlated with the
constitutive accumulation of PR1a transcripts and NO associated salicylic acid. Moreover, reduced NO
generation in NOA1 silenced N. benthamiana plants treated with NUBS-4190 indicated that NbNOA1 is
involved in NUBS-4190-mediated NO production and is required for defense responses.

� 2013 Elsevier Inc. All rights reserved.
Introduction

Nitric oxide (NO) is a conserved signaling molecule common to
plants and animals [1,2]. In plants, NO is known to participate in
several responses, including germination, flowering, stomatal clo-
sure, and pathogen defense [2–6]. NO participates in the complex
interplay of defense-related signaling pathways controlling disease
resistance [7]. In the context of plant-pathogen interactions, NO is
involved in the modulation of salicylic acid (SA), jasmonic acid (JA),
and ethylene (ET) synthesis and possibly other response mecha-
nisms in plants [8–10].

Elicitors are signaling molecules that are involved in plant re-
sponses by triggering various defense reactions. Elicitors have been
isolated from fungi, bacteria and oomycete pathogens and can be
proteins, peptides, glycoproteins, lipids and oligosaccharides [11].
Many studies have demonstrated that NO plays important roles
in fungal elicitor-induced secondary metabolite production of
plant cells [12–15]. NO participates as an integrative signal of
ll rights reserved.

5-tetramethyl-imidazoline-1-
ate; DMSO, dimethyl sulfox-
pyridazine-1,4(2H,3H) dione
acid; MOPS, 3-(N-morpho-

–Skoog basal medium; NAA,
NS, reactive nitrogen species;

awakita).
diverse endogenous plant hormones including ABA-regulated sto-
matal closure [16], auxin-mediated lateral root formation [17], jas-
monic acid and cytokinin signaling [18,19]. Alkamides induce NO
accumulation during adventitious root formation in Arabidopsis
shoot explants [20,21]. Besides these natural elicitors or com-
pounds, many researchers have used NO donors and scavengers
in experiment to elucidate NO signaling [22–25] namely sodium
nitroprusside (SNP), a compound that is likely to generate NO+

[26], S-nitrosoglutathione (GSNO), a compound that releases NO
but that may have other effects [27] and SNAP (S-nitroso-N-acetyl-
penicillamine) [4]. To clarify NO signaling pathways in plants, it is
necessary to search for synthetic compounds which can induce NO
generation in plants besides natural extracts or elicitors.

The wild Nicotiana sp., Nicotiana benthamiana, is a Solanaceous
model plant which can be applied for functional analysis of genes
by manipulating expression level of genes of interest using Agro-
bacterium sp.-mediated transient gene expression or virus-induced
gene silencing (VIGS) [28]. N. benthamiana is used as a model plant
to analyze resistance reactions of Solanaceous plants against Phy-
tophthora infestans. N. benthamiana plants have age-related resis-
tance against P. infestans. Shibata et al. [29] proved that P.
infestans produced disease symptoms on 20- to 25-day-old N.
benthamiana plants but mature plants were resistant to all isolates.

We searched for the compounds which elicit NO production in
plants and defense response in N. benthamiana against P. infe-
stans. As a candidate, we found NUBS-4190, 3,5-difluorophenyl-
[3-methyl-4-(methylsulfonyl)isoxazol-5-yl]-methanone (Fig. 1)

http://dx.doi.org/10.1016/j.niox.2012.12.004
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Fig. 1. Chemical structure of NUBS-4190 (3,5-difluorophenyl-[3-methyl-4-(meth-
ylsulfonyl)isoxazol-5-yl]-methanone).
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elicits NO among chemical compounds library in our laboratory
(unpublished). We examined the effect of the compound in N.
benthamiana and characterized the plant responses to NUBS-
4190 in particular, (1) to know whether NUBS-4190 induces resis-
tance in N. benthamiana against P. infestans, (2) to explain the rela-
tionship between NUBS-4190-induced NO generation and reactive
oxygen generation (ROS) and hypersensitive response like (HR-
like) cell death, and (3) to identify the genes responsible for
NUBS-4190-induced resistance in N. benthamiana against P. infe-
stans infection.
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Fig. 2. NO generation activities of NUBS-4190 in N. benthamiana. (A) N. benthamiana leave
The treated leaf areas were infiltrated with 4,5-diaminofluorescein diacetate (DAF-2DA)
4190 was dissolved in DMSO. DMSO (0.2%) was used as a negative control. Treated l
idazoline-1-oxyl-3-oxide (cPTIO) 1 h before infiltration of DAF-2DA. (B) Signal intensitie
histogram function. Each value represents the mean and standard deviation of 5 replicat
control treatment.
Materials and methods

Chemical material

NUBS-4190 is a synthetic compound from chemical compounds
library in our laboratory. The chemical formula is 3,5-difluoro-
phenyl-[3-methyl-4-(methylsulfonyl)isoxazol-5-yl]-methanone.
NUBS-4190 is a highly pure compound because any contaminant
was not detected in 1H-NMR spectrum. In preliminary research it
was found that NUBS-4190 generated NO in tobacco suspension
cultured cells (unpublished).
Biological materials, growth conditions and inoculation

Seeds of N. benthamiana were provided by the Leaf Tobacco
Research Center (Japan Tobacco Inc., Tokyo). N. benthamiana plants
were grown at 23 �C and 70% humidity under a 16 h photoperiod
and an 8 h dark period in environmentally controlled growth
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s were infiltrated with 20 lg/ml NUBS-4190 and incubated for 24 h after treatment.
solution and were monitored 1 h later using fluorescence stereomicroscopy. NUBS-
eaf areas were infiltrated with 500 lM 2-4-carboxyphenyl-4,4,5,5-tetramethylim-
s were quantified by determining the mean channel values for the images with the
es. Data were subjected to Student’s t-test. ⁄P < 0.05, ⁄⁄P < 0.01 versus DMSO treated
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cabinets. The pathogenic isolate [P. infestans (Mont.) De Bary], race
1.2.3.4 was used throughout the research. Collection of zoosporan-
gia and induction of zoospore production from P. infestans was
performed [30]. Zoosporangia suspensions from the P. infestans
isolates were prepared as follows. P. infestans isolates were
sub-cultured on rye-media for 7–10 days. 20 ml of water was
added to the surface of the P. infestans colonies, which were then
rubbed with a cotton swab to release the zoosporangia. Leaves of
N. benthamiana plants were inoculated with 1 ml aliquots of P. infe-
stans zoospores (2 � 105 zoospores/ml) and covered with lens
paper to keep the suspension of zoospores on the surface of the
leaves. The inoculated plants were kept at high humidity at 20 �C
for 1 day post inoculation, and then moved to a growth room at
23 �C.

In this study, wild-type Colletotrichum orbiculare isolate 104-T
was also used. C. orbiculare was provided by Dr. Y. Takano at Kyoto
University. C. orbiculare cultures were maintained at 24 �C on pota-
to dextrose agar medium. For inoculation, 20–25 days-old N.
benthamiana plants were sprayed with 2 ml of conidial suspension
(1 � 106 conidia/ml) and incubated in a humid plastic box at 24 �C
[31]. For pathogenicity tests, inoculated leaves were observed daily
basis for symptoms.
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Fig. 3. O�2 and H2O2 production and HR-like cell death activities induced by NUBS-4190
plants. Plant leaves were treated with 20 lg/ml of NUBS-4190, and O�2 producing act
infiltrated with L-012 solution 12 h after treatment and were monitored using a CCD
Accumulation of H2O2 by NUBS-4190 (20 lg/ml) in N. benthamiana leaves after incubatio
at the concentration of 150 nM as a positive control, where 0.2% DMSO was used as a
Electrolyte leakage experiment of cell death in N. benthamiana leaves by NUBS-4190. Af
distilled water and shaken for 2 h at room temperature. Electrical conductivity was meas
versus DMSO treated control treatment.
Preparation of INF 1 elicitor

INF1 elicitor (inf1 gene product) was prepared according to the
method of Yamamoto et al. [32] as overnight cultures of Escherichia
coli cells, carrying a chimeric plasmid (pFB53) with the inf1 gene
[33], were diluted (1:100) in Luria–Bertani (LB) medium containing
50 lg/ml of ampicillin and incubated at 37 �C. E. coli preparations
of INF1 and pFB53 vector were provided by Dr. S. Kamoun at Sains-
bury Laboratory. When the OD600 of cultures reached 0.6, produc-
tion of INF1 was induced by adding 0.4 mM isopropyl b-D-
thiogalactopyranoside (IPTG) for 3–4 h. The culture was centri-
fuged and the resultant supernatant was dialyzed against water
with SnakeSkin dialysis tubing (7 kD molecular mass cutoff, Pierce
Biotechnology) overnight at 4 �C. This preparation was then used
as INF1 elicitor.
Measurement of NO production

N. benthamiana leaves were infiltrated with 200 mM sodium
phosphate buffer at pH 7.4 and 12.5 lM DAF-2DA, using a nee-
dle-less syringe and were incubated for 1 h in the dark at room
MSO NUBS-4190 INF1

6 h

12 h
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S-4190 INF1
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in N. benthamiana plants. (A) O�2 inducing activity of NUBS-4190 on N. benthamiana
ivity of N. benthamiana leaves was detected. NUBS-4190 treated leaf areas were
camera. Circles indicate the areas infiltrated with L-012. (B) H2O2 accumulation.
n of tissues with the dye DAB were determined 12 h after treatment. INF1 was used
negative control. Reddish brown coloration indicates the H2O2 accumulation. (C)

ter treatment with NUBS-4190 by infiltration into leaves, leaf discs were floated on
ured using a conductivity meter. Data were subjected to Student’s t-test. ⁄⁄⁄P < 0.001
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Fig. 4. Gene expression by NUBS-4190 in N. benthamiana leaves. Total RNA was
isolated from N. benthamiana leaves treated with NUBS-4190 for 24 h. INF1 elicitor
was used as a positive control and 0.2% DMSO was used as a negative control. RT-
PCR analysis was done using specific primers for NbPR1, NbNOA1, NbCUE1, NbSERK3,
NbPAL1a, NbNR, and NbAOX1. Equal loads of cDNA were monitored by amplification
of constitutively expressed NbEF1a.
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temperature before observation. Fluorescence from DAF-2T, the
reaction product of DAF-2DA with NO, was captured using a fluo-
rescence stereomicroscope (MZ16FA, Leica) equipped with a CCD
camera (Color 14 bit, AxioCam HRc, Carl Zeiss). The fluorescence
intensity of the scanned entire field of the image captured by a
CCD camera was quantified by determining the mean green chan-
nel values for the images with the histogram function of Adobe
Photoshop 7.0 (Adobe, Seattle) [34]. A fluorescence image was ob-
tained from an inoculated area per leaf and at least three inocu-
lated areas were analyzed as replicates for each treatment. To
account for background fluorescence, the corresponding mean va-
lue for non-inoculated leaves infiltrated with the fluorescent dye
(10.0 ± 1.0) was subtracted.

Measurement of ROS production

The relative intensity of ROS generation was determined by
counting photons from L-012-mediated chemiluminescence. L-
012 (Wako, Osaka, Japan) is a luminol derivative that is highly sen-
sitive to superoxide anion (O�2 ) [35]. To detect the ROS production
in N. benthamiana leaves, 0.5 mM L-012 in 10 mM MOPS-KOH (pH
7.4) was allowed to infiltrate to the intercellular space of leaves via
a syringe without a needle. Chemiluminescence was monitored
continuously using a photon image processor equipped with a sen-
sitive CCD camera in a dark chamber at 20 �C (Aquacosmos 2.5;
Hamamatsu Photonics, Shizuoka, Japan), and quantified using the
U7501 program (Hamamatsu Photonics).

H2O2 in situ detection

Leaves of N. benthamiana plants were infiltrated with elicitor
including NUBS-4190 and leaf discs were removed with a cork
borer at 24 h after infiltration. H2O2 detection was performed fol-
lowing the 3,30 diaminobenzidine-HCl (DAB) staining method
[36]. Treated intact leaves and leaf discs were placed in 1 mg/ml
DAB (Sigma, St. Louis, USA) and incubated at room temperature
overnight. DAB reactions were examined in leaves cleared in
boiling ethanol (96%) for 10 min. The samples were then stored
in ethanol (96%) at room temperature or mounted in PBS (phos-
phate-buffered saline)/glycerol (50%) and kept at 4 �C for further
examination. H2O2 was visualized as a reddish brown coloration.

Detection of cell death

To detect the cell death in the plant, elicitors were infiltrated by
using a syringe without a needle from the opposite surface of the
leaves. Cell death was checked by an electrolyte leakage method,
which was adapted from the method described by Yeom et al.
[37]. Leaves were infiltrated by elicitors under the leaf surface,
and leaf discs (1 cm in diameter) were collected from the leaf 6,
12 and 24 h after treatment. Seven leaf discs were floated on
7 ml of distilled water for 2 h at room temperature and electrical
conductivity was measured using a conductivity meter (Horiba,
Kyoto, Japan).

RT-PCR

Expression of N. benthamiana genes after the treatment of com-
pounds was analyzed by RT-PCR [31]. Total RNAs from N. benthami-
ana leaves were prepared by using TRIzol reagent according to the
procedure of the manufacturer (Invitrogen, Carlsbad, CA, USA.). RT-
PCR was conducted using a commercial kit (ReverTra-Plus; Toyobo
Co., Osaka, Japan). The cDNA was synthesized from total RNA (1 lg)
with an oligo (dT) primer. After the cDNA synthesis reaction, the
PCR was performed with denaturing, annealing, and extension tem-
peratures of 94 �C for 15 s, 55 �C for 30 s, and 72 �C for 30 s, respec-
tively, for 21–27 cycles. Gene-specific primers for each sequence
were as follows: NbEF-1a forward primer, 50-CTGATTATTGACTC-
CACCACTG-30, NbEF-1a reverse primer, 50-CATCTTGTTACAGCA
GCAAATC-30, NbPR1a forward primer, 50-CACTCTTGCCGTGCCC-30,
NbPR1a reverse primer, 50-CACGAACCGAGTTACGC-30, NbNOA1 for-
ward primer, 50-ACACCTCGGAAGTGGATG-30, NbNOA1 reverse pri-
mer, 50-GACAGTAGGCGACATCGTC-30, NbCUE1 forward primer, 50-
AAGCTTGATACTTTGGTGCTCGGA-30, NbCUE1 reverse primer, 50-GG
ATCCACCATAAACTTCTTGCTG-30, NbSERK3 forward primer, 50-GT
CCAATCCCTGACACACTG-30, NbSERK3 reverse primer, 50-GAGGC
GGAGGCGGAGAAGC-30, NbPAL1a forward primer, 50-CTGGTCGG
CCTAATTCTAAAG-30, NbPAL1a reverse primer, 50-GGTTGCAGAACG-
GATGAC-30, NbNR forward primer, 50-GTTCAGTCACCTAGAAGCCG-
30, NbNR reverse primer, 50-TGGAAATTAGTACTGTGGGACG -30, and
NbAOX1 forward primer, 50-ATGATGACACGTGGAGTG-30, NbAOX1 re-
verse primer, 50-TTGTACGTCTCCCATGGC-30.
Resistance-inducing activity against pathogen infection

N. benthamiana plants were grown and used for resistance
induction study. NUBS-4190 at the concentration of 20 lg/ml
was infiltrated into N. benthamiana leaves using a needleless syr-
inge. DMSO treatment was used as a control. After 24 h of treat-
ment, challenge inoculation was performed by P. infetans
(2 � 105 zoospores/ml) and plants were kept in dark and humid
condition for 18 h. The first three large leaves of N. benthamiana
plants from below were selected for challenge inoculation study
because young-aged, lower leaves are easily infected by P.
infestans.

Microscopic observation

To visualize plant cell death and colonization of P. infestans,
leaves of N. benthamiana were stained with lactophenol trypan
blue [38] with a minor modification. Briefly, infected leaves were
cleared in methanol overnight, and then the cleared tissue was
boiled for 2 min in lactophenol trypan blue stain (10 ml of H2O,
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Fig. 5. NUBS-4190 induced resistance in N. benthamiana against P. infestans. (A) 0.2% DMSO treated control plant leaves (upper panel) and NUBS-4190-treated plant leaves
were kept in an incubator for 24 h and then were inoculated with the spores of P. infestans. Arrowheads indicate the point of inoculation. Photographs were taken from 4 to
7 days post inoculation (from starting lesion to final damage). (B) Microscopic observation of N. benthamiana leaves from 4 to 7 days post inoculation with P. infestans.
Inoculated leaves were stained with lactophenol trypan blue to visualize dead plant cells. Bar = 50 lm. (C) Appearance of disease symptoms showing differences in severity
representative of the five classifications used in D. (D) Plots showing percentages of N. benthamiana leaves with disease symptom severities in each of the five classes
represented in D, for leaves of DMSO and NUBS-4190 treated plant leaves inoculated with P. infestans from 1 to 7 days post inoculation. At least 15 inoculated leaves from
each plant were counted.
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10 ml of lactic acid, 10 ml of glycerol, 10 g of phenol, and 10 mg of
trypan blue). After the leaves had been allowed to cool at room
temperature for 1 h, the stain was replaced with chloral hydrate
at the concentration of 1 g/ml. Stained leaves were monitored
using a microscope (Olympus BX51, Tokyo, Japan).
Preparation of silencing constructs and virus-induced gene silencing
(VIGS)

Partial cDNAs of NbNOA1 and NbPR1a were amplified from
N. benthamiana DNA using gene-specific primers. Amplified
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fragments were ligated into the SmaI site of the pTV00 vector [28]
to generate pTV00:NOA1 and pTV00:PR1a. pTV00 and pBINTRA6
vectors were provided by Dr. D. C. Baulcombe (University of Cam-
bridge, Cambridge, MA, USA.). For all constructs, the inserts were
amplified and sequenced to confirm cloning of the correct gene
fragment. The pTV00 vectors were transformed into Agrobacterium
tumefaciens (strain GV3101 with helper plasmid pSoup) by electro-
poration with a MicroPulser electroporator (Bio Rad) and transfor-
mants were selected on LB media supplemented with 50 lg/ml
rifampicin, 50 lg/ml kanamycin and 2.5 lg/ml tetracycline.

Induction of VIGS was performed as previously reported [28].
A. tumefaciens GV3101 carrying the binary TRV RNA 1 construct
pBINTRA6, and the TRV RNA2 vector pTV00 or pTV00 derivatives,
were cultured to saturation in LB media. Bacterial suspensions
were then collected by centrifugation at 16,000g for 1 min. The
bacterial cells were then resuspended in 10 mM MES–NaOH
(pH 5.6), 10 mM MgCl2 and 150 lM acetosyringone (final
OD600 = 0.5), and incubated at room temperature for 2 h. The cul-
tures were mixed in a 1:1 ratio (RNA1/RNA2), and used to infiltrate
into the intercellular space of leaves of N. benthamiana from the
backside of the leaf using a syringe without a needle by placing a
finger from on the other side of the leaf. After 3–4 weeks of infiltra-
tion, the upper leaves of the inoculated plants were used for exper-
iments. Plants inoculated with A. tumefaciens carrying pBINTRA6
and pTV00 were used as negative controls for the experiments.

Callose staining

To visualize callose deposition, leaves were treated and
stained in 0.1% aniline blue as described by Currier and Strugger
Mock DM

Mock DMSO NUBS-41
0

20

40

60

80

100

120

140

Fl
uo
re
sc
en
ce
sp
ot
s
in

1
cm

2
le
af
ar
ea

**

A

B

Fig. 6. Role of NUBS-4190 in N. benthamiana contributing to penetration resistance agai
DMSO-treated control plants were inoculated with P. infestans and penetration sites (cal
Bar = 50 lm). (B) Penetration sites by P. infestans were detected with aniline blue stai
subjected to Student’s t-test. ⁄⁄P < 0.01 versus NUBS-4190 treated elicitor treatment.
[39] with a minor modification. In brief, discs of leaf tissue with
a radius of 4 mm, were fixed in a solution of 1% gluteraldehyde,
5 mM citric acid, 90 mM Na2HPO4, pH 7.4, decolorized by 100%
ethanol overnight and then stained with 0.1% (w/v) water solu-
ble aniline blue in 67 mM phosphate buffer adjusted to pH 12
with 1 N KOH. Fluorescence due to callose was examined with
a microscope (Olympus BX51TRF, Tokyo, Japan) equipped with
fluorescence optics.
Results

NO producing activity

To examine the effect of NUBS-4190 on NO production N.
benthamiana leaves were infiltrated with NUBS-4190 at the con-
centration of 20 lg/ml. NO production was detected using DAF-
2DA-mediated fluorescence, and the fluorescence was eliminated
by cPTIO, an NO scavenger (Fig. 2A and B). Since NUBS-4190 was
dissolved in 0.2% DMSO, 0.2% DMSO was used as a negative con-
trol. INF1, a proteinacious elicitor from P. infestans, was used as a
positive control, since INF1 induces NO in N. benthamiana [40].
Visibility of green fluorescence indicating NO generation was
high in NUBS-4190-treated leaves 12 h after infiltration and low-
er fluorescence was detected in c-PTIO-treated leaves. Quantifi-
cation of fluorescence intensity was measured by determining
the mean green channel values for the images with the histo-
gram function of Adobe Photoshop (Fig. 2B). These results sug-
gest that NUBS-4190 induces NO generation in N. benthamiana
plants.
SO NUBS-4190

90

nst P. infestans. (A) Callose staining of P. infestans penetration sites. NUBS-4190- or
lose depositions, arrowheads) were stained with aniline blue 24 h after inoculation.
ning and number of spots were counted in 5 leaf discs per treatment. Data were
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ROS production and hypersensitive cell death are independent of
NUBS-4190

O�2 producing activity of N. benthamiana was measured by treat-
ing with NUBS-4190 using O�2 unique luminous reagent L-012.
NUBS-4190 did not generate O�2 in N. benthamiana leaves
(Fig. 3A). Moreover, DAB staining of N. benthamiana leaves were
done to detect H2O2 (Fig. 3B). H2O2 generation was not found in
the leaves treated with 20 lg/ml of NUBS-4190 or 0.2% DMSO,
while reddish brown coloration was found in the leaves treated
with 150 nM INF1 as a positive control.

HR-like cell death was also examined in N. benthamiana
leaves. Ion leakage has been observed as an indicator of plant
cell death [41]. Similar amounts of ion leakage was detected in
NUBS-4190-treated leaves 6, 12 and 24 h after treatment
compared to DMSO-treated N. benthamiana leaves (Fig. 3C), indi-
cating that no cell death activity is involved in NUBS-4190-trea-
ted plants. On the contrary, the INF1 elicitor induced higher
degrees of cell death. These results show that neither ROS nor
HR-like cell death producing activities participate with NO gen-
eration by NUBS-4190.

Expression of defense-related genes

Several defense-related gene primers for NbPR1a, NbNOA1,
NbCUE1, NbSERK3, NbPAL1a, NbNR and NbAOX1 were used to inves-
Fig. 7. Inhibition of P. infestans infection in NUBS-4190 treated N. benthamiana leaves.
growth and infection were observed microscopically. Inoculated leaves were stained with
red arrowheads indicate hyphae and zoosporangia of P. infestans, respectively. Bars = 50
referred to the web version of this article.)
tigate the NUBS-4190-induced gene expression on N. benthamiana.
Total RNAs were extracted from NUBS-4190-treated N. benthami-
ana leaves and were analyzed by RT-PCR using the NbEF1a gene
as an internal standard (Fig. 4). Gene expression in 0.2% DMSO-
and INF1-treated leaves were used as a negative and a positive
control, respectively. Expression of NbPR1a (pathogenesis-related
1a), a marker gene of disease resistance, was induced in NUBS-
4190 treated N. benthamiana leaves. NOA1 participates in NO gen-
eration induced by elicitors [31,42,43]. Expression of NbNOA1 (ni-
tric oxide associated 1) was markedly induced in NUBS-4190-
treated N. benthamiana leaves after 24 h treatment. NUBS-4190 in-
duced expression of NbCUE1 (chlorophyll a/b binding protein (CAB)
underexpressed 1) and NbSERK3 (somatic embryogenesis receptor
kinases 3) genes which are involved in elevation of endogenous NO
[5] and basal resistance against P. infestans in N. benthamiana [44],
respectively. Higher expression of NbAOX (Alternative oxidase),
NbNR (Nitrate reductase) and NbPAL1a (Phenylalanine amonia-
lyase 1a) was not found in NUBS-4190-treated leaves. These results
indicate that NbPR1 and NbNOA1 are mostly involved in NUBS-
4190-induced defense activities in N. benthamiana.

NUBS-4190 induced disease resistance in N. benthamiana against P.
infestans

To investigate the resistance activities during interaction be-
tween NUBS-4190-treated N. benthamiana and P. infestans, N.
NUBS-4190- or DMSO-treated leaves were inoculated with P. infestans and hyphal
lactophenol trypan blue to visualize hyphae of P. infestans. Yellow arrowheads and

lm. (For interpretation of the references to color in this figure legend, the reader is
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Fig. 8. Both NbPR1 and NbNOA1 are essential for NUBS-4190 induced resistance of
N. benthamiana to P. infestans. (A) N. benthamiana was inoculated with Tobacco
rattle virus (TRV), TRV:PR1 or TRV:NOA1 and total RNA was isolated from N.
benthamiana leaves after the treatment with 20 lg/ml of NUBS-4190 or with DMSO
as a control for 24 h. Silencing of target genes was confirmed by reverse-
transcription polymerase chain reaction with gene specific primers from at least
three separate leaves. (B) Leaves of NbPR1 and NbNOA1-silenced N. benthamiana
were treated with water containing DMSO and NUBS-4190 and treated plants were
kept in an incubator for 24 h and then were inoculated with the spores of P.
infestans. Arrowheads indicate the point of inoculation. Photographs were taken
5 days post inoculation.
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benthamiana plants were inoculated with P. infestans. Within
5 days after the inoculation of P. infestans, 0.2% DMSO treated
plants (20–25 days from the date of sowing) showed water-soaked
disease symptoms on inoculated areas of leaves (Fig. 5A), and the
disease lesions almost extended over entire leaves within 7–
8 days. In contrast, no symptoms or merely light brown discolor-
ations were observed in same-aged leaves treated with NUBS-
4190 (Fig. 5A and D). These results indicate that NUBS-4190 in-
duces resistance in N. benthamiana plants against P. infestans. The
interaction between N. benthamiana and P. infestans was examined
using light microscopy of inoculated leaves after staining with lac-
tophenol trypan blue which is indicative of cell death. As a result,
densely stained epidermal and mesophyll cells were observed in
the DMSO treated leaves from 5 days after inoculation. By 7 days
after inoculation, only dark-stained, dead areas remained
(Fig. 5B). On the other hand, no stained area developed in NUBS-
4190-treated leaves. These results confirm that NUBS-4190 in-
duces resistance in N. benthamiana plants against P. infestans.

NUBS-4190-treated plants display penetration resistance

Callose constitutes an important factor contributing to penetra-
tion resistance against invading pathogens. As a part of the defense
responses of plants against P. infestans, callose is deposited at the
penetration sites [45,46]. To detect the accumulation of callose,
N. benthamiana plant leaves were treated with NUBS-4190 and
inoculated with P. infestans. Callose was visualized by aniline blue
staining of inoculated plant leaves. NUBS-4190-treated leaves
showed fewer number of dot like calloses, whereas 0.2% DMSO-
treated control plant showed many callose structures as an indica-
tion of successful hyphal penetration (Fig. 6A and B). These data
suggest that NUBS-4190-treated plants show resistance against P.
infestans and protect plants from hyphal penetration.

Inhibition of P. infestans in NUBS-4190-treated N. benthamiana plants

To observe the degree of P. infestans infection, N. benthamiana
plants pre-treated with NUBS-4190 were inoculated with P. infe-
stans, and then stained with lactophenol trypan blue (Fig. 7). After
germination of cystspores of P. infestans, the hyphal growth and
infection were suppressed in NUBS-4190 treated plant leaves. After
3 days of inoculation, few hyphae were observed in leaf surface
treated with NUBS-4190, while normal hyphal growth of P. infe-
stans was observed in DMSO treated plant leaves.

NO- and SA-mediated signaling in NUBS-4190-induced resistance of N.
benthamiana against P. infestans

To investigate signaling pathways in NUBS-4190-induced resis-
tance of N. benthamiana against P. infestans, VIGS was applied to
knockdown genes involved in NO- and SA-mediated signaling
pathways. Gene fragments of N. benthamiana homologues of A. tha-
liana NO induction NOA1 and SA-mediated PR1a were isolated by
reverse-transcription polymerase chain reaction (RT-PCR) and
cloned into the vector for tobacco rattle virus (TRV)-mediated
VIGS, pTV00 [28]. It was confirmed that expression of target genes
was suppressed in VIGS-induced plants treated with NUBS-4190
(Fig. 8A). NbPR1a-silenced plants showed normal growth compared
with the control TRV-infected plant, while the NbNOA1-silenced
plant showed a chlorosis phenotype. Leaves of NbPR1a and
NbNOA1-silenced N. benthamiana were treated with 0.2% DMSO
and NUBS-4190. The treated plants were kept in an incubator for
24 h and then were inoculated with the spores of P. infestans. Over
7 days of observation after the inoculation, NbNOA1-silenced
plants showed the development of disease symptoms after 5 days
post inoculation and NbPR1a-silenced plants showed those
symptoms after 6 days post inoculation (Fig. 8B). These data indi-
cated that both NbPR1a and NbNOA1 genes are involved in NUBS-
4190-induced N. benthamiana resistance against P. infestans.
NbNOA1 associated NO generation by NUBS-4190 in N. benthamiana

To examine whether the induction of NO generation by NUBS-
4190 depends on NbNOA1 expression, NbNOA1 silenced N. benth-
amiana plants were used. After 20 days of inoculation with the
silencing constructs, N. benthamiana leaves were infiltrated with
NUBS-4190 at the concentration of 20 lg/ml and incubated for
24 h after treatment. DAF-2DA-mediated low visibility of green
fluorescence was detected in TRV:NOA1 N. benthamiana leaves
treated with NUBS-4190, indicating suppression of NO (Fig. 9A
and B). TRV plants treated with NUBS-4190 generated higher NO.
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Therefore, it is suggested that NbNOA1 is associated with NUBS-
4190-induced NO generation in N. benthamiana.
Resistance against C. orbiculare infection

In Fig. 5, it was shown that NUBS-4190 induced disease resis-
tance against late blight pathogen P. infestans. To know whether
NUBS-4190 induced resistance against other pathogens or not, a
hemi-biotrophic fungal pathogen, C. orbiculare (syn. Colletotrichum
lagenarium) was selected for this experiment. NUBS-4190 and
DMSO-treated control plants were kept in an incubator for 24 h
and then conidia of C. orbiculare were inoculated by spraying onto
the whole leaf. NUBS-4190 inducing resistance reactions success-
fully reduced C. orbiculare infection and disease development in
N. benthamiana (Fig. 10). In NUBS-4190-treated leaves, develop-
ment of disease spots began after one day compared to that in
DMSO treated plants (Fig. 10C). Initially developed spots in
NUBS-4190-treated N. benthamiana did not further spread
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Fig. 9. NbNOA1 associated NO generation by NUBS-4190 in N. benthamiana. (A) After 2
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and NO was determined by monitoring 1 h later using fluorescence stereomicroscopy. IN
respectively. (B) Signal intensities were quantified by determining the mean channel valu
standard deviation of three replicates. Different letters designate statistically different fl
and remained as a small and dot-like spot on the leaf surface
(Fig. 10A).
Discussion

NUBS-4190 as a candidate for NO elicitor

It has been characterized that the elicitor-induced secondary
metabolite production is mediated by the endogenous signaling
among which NO has been reported to play an important role
[47,48]. Elicitors derived from fungal or plant cell walls induce de-
fense responses in plants by means of complex signaling mecha-
nisms that include ion fluxes across the plasma membrane,
reversible protein phosphorylation and generation of ROS and NO
[49,50]. In the present situation involving an NO eliciting synthetic
compound, we showed that a new bis-aryl methanone compound
NUBS-4190 triggered NO generation in N. benthamiana leaves
when it was detected using DAF2-DA. Since NO induction by
TRV : NOA1

DMSO
NUBS-4190
INF1

b

cd
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0 days of inoculation with gene silencing construct TRV:NOA1 or TRV, silenced N.
24 h after treatment. The treated leaf areas were infiltrated with DAF-2DA solution

F1 elicitor (150 nM) and 0.2% DMSO were used as a positive and a negative control,
es for the images with the histogram function. Each value represents the mean and
uorescence intensity (ANOVA, ⁄⁄⁄P < 0.001).
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NUBS-4190 in N. benthamiana is sharp and reproducible, NUBS-
4190 could be a good candidate for a NO elicitor. However, further
investigation is still needed to convince that the induced molecule
should be NO.

Relationship among NO, ROS and HR

As shown in Fig. 3A and B, ROS (O�2 and H2O2) induction was not
detected in NUBS-4190-treated N. benthamiana. Ion leakage indi-
cating cell death was not induced by NUBS-4190 in N. benthamiana
leaves (Fig. 3C). It is unique that NUBS-4190-induced resistance is
dependent on a NO, non-ROS and non-HR-like cell death in N.
benthamiana. These results provide two possibilities. Firstly,
NUBS-4190 may not induce ROS completely. It is possible that
NO and ROS together, but not individually, are required to induce
cell death [3], and balanced production of NO and O�2 resulting in
production of ONOO� is important to induce hypersensitive re-
sponse (HR)-like cell death [51]. Secondly, NO production may sup-
press ROS production. Some studies reported that reducing
endogenous NO level using cPTIO or plant mutants impaired in
inducible NO production enhanced H2O2 accumulation [52,53],
suggesting that part of the O�2 produced by NADPH oxidase is scav-
enged by NO. Yun et al. [54] found that NO abolished AtrbohD
activity through S-nitrosylation. NO is not necessary to induce
Fig. 10. NUBS-4190 induced resistance against C. orbiculare in N. benthamiana plants. (A)
kept in an incubator for 24 h and then conidia of C. orbiculare were inoculated by sprayi
severity representative of the five classifications used in C. (C) Plots showing percentage
Treated leaves were inoculated with C. orbiculare and severities of disease symptoms w
treatment were counted.
HR-like cell death. Actually, dihydrosphingosine-induced NO pro-
duction in tobacco BY-2 cells is not necessary for the induction
of HR-like cell death [55].
Resistance in N. benthamiana against P. infestans

To examine the defense role of NUBS-4190, NUBS-4190-treated
N. benthamiana leaves were inoculated with P. infestans. It was found
that a higher level of resistance in N. benthamiana was stimulated at
the stage susceptible to P. infestans (Fig. 5). These results were not
caused by antifungal activity by NUBS-4190 because no inhibition
of P. infestans was recorded by NUBS-4190 in rye-seed nutrient med-
ia (Supplementary Fig. 1). Several studies support our findings. Elic-
itors from Phytophthora spp. could activate a wide variety of
protective mechanisms involved in preventing pathogen replication
and spread in Nicotiana species [15]. Similar results were also found
in Taxus chinensis suspension cells induced by elicitor from Penicil-
lium citrinum [56], soybean cotyledons induced by elicitor from Dia-
porthe phaseolorum f. sp. meridionalis [57] and Hypericum perforatum
suspension cells induced by elicitors from Aspergillum niger [14].
Elicitors and consequent NO play crucial roles in the regulation of
both defense responses and resultant resistance to fungal pathogens
[11,58]. Zheng et al. [59] reported that NO production induced by an
DMSO (0.2%) treated control plant leaves and NUBS-4190 treated plant leaves were
ng into the whole leaf. (B) Appearance of disease symptoms showing differences in
s of N. benthamiana leaves with disease symptom severities in each of five classes.

ere evaluated from 1 to 10 days after inoculation. Five inoculated leaves from each
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elicitor from Botrytis cinerea plays an important role in disease resis-
tance in tomato fruit.

Synthesis of secondary metabolite calloses plays a marginal role
in penetration resistance [60]. NUBS-4190-treated N. benthamiana
leaves showed the number of calloses to be reduced after challenge
inoculation of P. infestans indicating that the compound induced
the penetration resistance or inability to produce infection
(Fig. 6). The Arabidopsis mutants powdery mildew resistant 4
(pmr4) or glucan synthase-like 5 (gsl5), which are defective in gene
encoding callose synthase responsible for the callose depositions at
wound and penetration sites, were more resistant against powdery
mildew infection [60,61]. The enhanced resistance against other-
wise virulent pathogens suggests that callose is not required for
resistance and that, in fact, the loss of callose synthase is responsi-
ble for resistance [62]. Additionally, we investigated infection of P.
infestans in NUBS-4190 treated N. benthamiana and we found delay
or inhibition of P. infestans growth (Fig. 7). Taken together, these
results suggest that NUBS-4190 triggers penetration resistance in
N. benthamiana and P. infestans interactions.

NbPR1a and NbNOA1 are essential for the resistance to P. infestans

NUBS-4190 induced the expression of NbPR1a and NbNOA1 as
shown in Fig. 4. Salicylic acid functions as a key signal in regulating
disease resistance by inducing PR gene expression [63]. Eschen-
Lippold et al. [62] reported that the increased resistance in potato
transgenic plants correlated with the constitutive accumulation of
salicylic acid and PR1 transcripts. Furthermore, defense responses
in plants and PR1 gene expression are activated by NO [64]. These
reports suggest that NO induced SA-mediated signaling pathway
resulting in PR1a expression.

In addition, we showed that NO generation was reduced in
NOA1-silenced N. benthamiana treated with NUBS-4190 (Fig. 8).
NOA1 in plant cells was initially considered to be functionally
similar to mammalian NO synthase [64], but was shown to have
GTPase rather than NO synthase activity [65]. NO production and
its regulation still remain controversial. Recently, Van Ree et al.
[66] suggested that NOA1 has a primary role in chloroplast func-
tion and indirectly affects NO accumulation. Mandal et al. [67]
reported that oleic acid regulates NO synthesis by regulating
NOA1 levels. Our study revealed that leaves of NbPR1a and
NbNOA1-silenced N. benthamiana treated with NUBS-4190 showed
the development of disease symptoms after challenge inoculation
of P. infestans (Fig. 8B), indicating a significant reduction in
resistance against P. infestans. Kato et al. [31] showed that silencing
NbNOA1 decreased INF1-induced NO production as well as
suppressed INF1-induced PR1a gene expression and increased
susceptibility to C. lagenarium. It may be possible that NO levels
increased by NOA1 activate disease resistance against plant
pathogen via expression of PR1a.

Resistance against C. orbiculare infection

Our experiment showed induction of substantial resistance by
NUBS-4190 in N. benthamiana to P. infestans. NUBS-4190 also lead
to enhanced resistance against C. orbiculare, which possibly
resulted in the NO generation and PR1a gene induction by
NUBS-4190 in N. benthamiana. Some early infections were ob-
served in NUBS-4190 treated leaves, but the infected areas were
not increased and leaves developed normally (data not shown).
This suggested that NUBS-4190 and resultant NO induced basal
resistance.

All of these results by NUBS-4190 provide a better understand-
ing of the NO-mediated defense mechanisms in N. benthamiana.
The bioassay of NUBS-4190 in N. benthamiana thus revealed the
role of NO for defense against P. infestans. In particular, in
NbNOA1- and NbPR1a-silenced N. benthamiana plants defense abil-
ity against P. infestans was reduced suggesting their involvement in
resistant reactions.
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