
lable at ScienceDirect

Physiological and Molecular Plant Pathology 75 (2011) 120e128
Contents lists avai
Physiological and Molecular Plant Pathology

journal homepage: www.elsevier .com/locate/pmpp
SGT1 and HSP90 are essential for age-related non-host resistance of Nicotiana
benthamiana against the oomycete pathogen Phytophthora infestans

Yusuke Shibata, Kazuhito Kawakita, Daigo Takemoto*

Plant Pathology Laboratory, Graduate School of Bioagricultural Sciences, Nagoya University, Chikusa, Nagoya 464-8601, Japan
a r t i c l e i n f o

Article history:
Accepted 15 October 2010

Keywords:
Age-related resistance
HSP90
Nicotiana benthamiana
Phytophthora infestans
RAR1
Reactive oxygen species
SGT1
Abbreviations: EDS1, Enhanced disease suscepti
protein 90; NDR1, Non-race-specific disease resistanc
resistance 1; ROS, reactive oxygen species; SGT1, Su
skp1; VIGS, Virus-induced gene silencing.
* Corresponding author. Tel.: þ81 52 789 4029; fax

E-mail address: dtakemo@agr.nagoya-u.ac.jp (D. T

0885-5765/$ e see front matter � 2010 Elsevier Ltd.
doi:10.1016/j.pmpp.2010.10.001
a b s t r a c t

The oomycete pathogen, Phytophthora infestans, is the causal agent of potato late blight, which is one of
the most destructive and economically important plant diseases. We investigated the interaction
between P. infestans and Solanaceous model plant Nicotiana benthamiana. Mature N. benthamiana plants
were resistant to 8 isolates of P. infestans, whereas relatively young plants were susceptible to all isolates.
Analysis with virus-induced gene silencing (VIGS) indicated that NbSGT1 and NbHSP90, genes essential
for the function of R proteins, are required for the resistance of N. benthamiana to P. infestans. NbSGT1was
also required for the production of reactive oxygen species (ROS), hypersensitive cell death and
expression of NbEAS, a gene for phytoalexin biosynthesis, induced by INF1, a secretory protein derived
from P. infestans. These results suggested that N. benthamiana possibly possesses a broad-spectrum R
protein against P. infestans, which requires an SGT1/HSP90-dependent mechanism, for the recognition of
a conserved molecular pattern of P. infestans.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Phytophthora infestans is an oomycete pathogen that causes
potato late blight, one of the most destructive and economically
important plant diseases. This pathogen is historically significant as
a causal agent of the Irish potato famine in the 1840s. Even today,
the control efforts and yield losses related to this pathogen amount
to more than $3 billion per year worldwide [1]. About 10 dominant
race-specific disease resistance (R) genes have been identified in
the wild species Solanum demissum, several of which have been
introduced into cultivated potato varieties. However, resistance
dependent on these R genes were quickly defeated by emerging
new races of P. infestans [1,2]. More recently, R genes for broad-
spectrum resistance to P. infestans have been identified from several
wild Solanum species, including RB/Rpi-blb1 and Rpi-blb2 from
Solanum bulbocastanum [3e5], Rpi-pnt1 from Solanum pinnati-
sectum [6] and Rpi-moc1 from Solanum mochiquense [7]. Introduc-
tion of these Rpi (Resistance to P. infestans) genes into potato
bility 1; HSP90, Heat shock
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ppressor of the G2 allele of

: þ81 52 789 5525.
akemoto).

All rights reserved.
varieties is considered the most practical approach to achieve
durable resistance of potato plants against P. infestans.

Recognition of molecules derived from potential pathogens is
a crucial step for plants to induce effective disease resistance.
Structural molecules from plant pathogens, such as fungal cell wall
constituents (chitin, glucan, protein and glycoprotein) and bacterial
lipopolysaccharide (LPS) and flagellin, elicit defense responses in
a wide range of plant species. Such nonspecific elicitors are termed
microorganism-associated molecular patterns (MAMPs) or path-
ogen-associated molecular patterns (PAMPs), which are recognized
for the induction of innate immunity of plants [8]. Another group of
elicitors are recognized by a specific range of plant species or
cultivars. P. infestans produces a large number of secretory proteins
during the process of infection, including apoplastic (e.g. INF1 and
NPP1.1, [9,10]) and intracellular elicitors (e.g. AVR3a and ipiO,
[11,12]). Elicitins, major secretory proteins produced by Phytoph-
thora and Pythium species, are sterol-carrier proteins that enable the
pathogen to uptake sterol from plant plasma membranes and also
act as PAMPs of oomycete pathogens recognized by a limited
number of dicot plants including Nicotiana species [13e15].
P. infestans has at least 7 elicitin-like genes, including INF1 that is
abundantly produced and commonly used as an elicitor for induc-
tion of disease resistance in Nicotiana species [16,17]. P. infestans
AVR3a, which induces resistance reactions in potato carrying cor-
responding Rprotein R3a [11], has anRXLRmotif for translocation of
secreted protein into plant cells. AVR3a also contributes to virulence
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of this pathogen by suppressing the PAMP-induced resistance
reactions [18]. Recent reports revealed that the avirulence factors for
RB/Rpi-blb1 and Rpi-blb2 are RXLR effectors (Avrblb1 (ipiO) and
Avrblb2), which are highly conserved within P. infestans isolates
[12,19]. These reports indicate that broad-spectrum resistance to
P. infestans by Rpi proteins is induced by mechanisms similar to R
protein-mediated induction of disease resistance.

Recently, several factors commonly required for R protein-
mediated resistance have been identified. RAR1 (required for Mla12
resistance 1) was originally isolated form barley as a gene required
for powdery mildew resistance determined by many genes at the
Mla locus [20]. Arabidopsis rar1 mutants have been independently
isolated by several groups using genetic screens for loss of resistance
mediated by different R genes, RPS5, RPP5 or RPM1 [21e23]. SGT1
(Suppressor of theG2 allele of skp1)was identified as an interactorof
RAR1 by yeast two-hybrid screens, and it was shown that RAR1 and
SGT1 form a complex in vivo [24,25]. Double-stranded RNA medi-
ated gene silencingof either SGT1 orRAR1 in barleycells showed loss
of Mla6-dependent resistance, suggesting that SGT1 and RAR1
together play key roles in the function of Mla6 [24]. In contrast to
one SGT1 gene in barley, there are two SGT1 genes in Arabidopsis,
and only SGT1b, but not SGT1a, is essential for the induction of
disease resistance via several R proteins, such as RPP2, RPP4 and
RPP6 [26,27]. HSP90 (Heat shock protein 90) is an interactor of both
SGT1 and RAR1 [28,29]. Arabidopsis has four HSP90 genes; HSP90.1
has been shown to be required for RPS2-dependent resistance to
bacterial pathogen aswell asRLM1- andRLM2-dependent resistance
to blackleg disease [28,30]. There are a limited number of reports
about loss of function of Arabidopsis R proteins by knockout of
a HSP90 gene, probably because of the redundancy of the highly
conserved four Arabidopsis HSP90 genes. Gene silencing of the
HSP90 gene, which could reduce the expression level of multiple
copies of conserved HSP90 genes, compromised Mla-dependent
barley resistance to powderymildew,Mi- and I2-dependent tomato
resistance to nematode and Fusarium oxysporum, respectively, and
R3a-dependent potato resistance to P. infestans [18,31e33]. HSP90 is
a conservedmolecular chaperone in eukaryotic cells and is known to
be involved in the stabilization,maturation and assemblyof proteins
for intracellular signal transduction. A series of reports indicate that
silencing or knockdownof RAR1, SGT1 orHSP90 causes the reduction
of R proteins, suggesting that one of the functions of HSP90-SGT1-
RAR1 chaperone complex is stabilization of R proteins [34e36].

Genetic screens for loss of function of R proteins identified EDS1
(Enhanced disease susceptibility 1) and NDR1 (Non-race-specific
disease resistance 1), which encode lipase-like protein and probable
membrane binding protein, respectively [37]. Interestingly, EDS1 and
NDR1 are generally required for the function of TIR (Toll/Interleukin-
1 receptor)-NB-LRR and CC (coiled coil)-NB-LRR class of R proteins,
respectively, although a few NB-LRR class R proteins, including RPP8
and RPP13, require neither of the two [37e39]. Exact functions of
EDS1 and NDR1 in signal transduction have not been revealed yet.

Although P. infestans is a practically important pathogen, genes
required for plant resistance against P. infestans are largely
unknown except R genes, perhaps because of the time consuming
processes for the construction of genetically modified potato. Most
Solanaceous species, except potato and tomato, are generally
resistant to P. infestans. Nicotiana benthamiana, a Solanaceous
model plant, is a good candidate as a model host plant of P. infes-
tans, as there are well-established methods for functional analysis
of genes by Agrobacterium-mediated transient gene expression or
virus-induced gene silencing (VIGS) [40]. However, N. benthamiana
has been reported both as a resistant [41,42] as well as a susceptible
[43,44] plant to P. infestans.

The objectives of this research were: (1) to elucidate the inter-
action between various isolates of P. infestans and N. benthamiana,
and (2) to identify the essential genes for N. benthamiana resistance
to P. infestans infection. Herewe focus on the role of N. benthamiana
genes homologous known to be required for R protein-mediated
induction of disease resistance in other species, such as SGT1, RAR1,
HSP90, NDR1 and EDS1, of N. benthamiana against P. infestans.

2. Materials and methods

2.1. Biological materials, growth conditions and inoculation

N. benthamiana plants were grown in an environmentally
controlled growth room at 23 �Cwith 16 h of light per day. P. infestans
isolates were either maintained on susceptible potato (Solanum
tuberosum) tubers (isolates PI0-1 and PI1234-1), or on rye-media
(isolates NE0805, IG0803, MR0803, 08YB1, 08YD1 and 08MB), at
20 �C. Races of isolates PI0-1 (race 0) and PI1234-1 (race 1.2.3.4) were
determinedbypathogenicity testswith potato cultivarswith/without
R1, R2, R3 and/or R4. Race of isolates 08YB1, 08YD1 and 08MB (race
1.3.4.10) were determined by inoculating potato cultivars with/
without R1, R2, R3, R4, R6 and/or R10 with isolates. Races of isolates
NE0805, IG0803andMR0803havenot beendetermined.Collectionof
zoosporangia and induction of zoospore production from P. infestans
PI0-1 or PI1234-1 was performed as described by Doke et al. [45].
Zoosporangia suspensions from the remaining P. infestans isolates
were prepared as follows. P. infestans isolates were sub-cultured on
rye-media for 7e10 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. Induction of zoosporeswas performed as
described previously [45]. Leaves of N. benthamiana plants were
inoculated with 1 ml aliquots of P. infestans 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.

2.2. Preparation and treatment of INF1 elicitor

Escherichia coli cells (DH5a) carrying a chimeric plasmid con-
taining inf1, pFB53 [9], were cultured overnight at 37 �C, diluted
(1:100) in Luria-Bertani (LB) medium supplemented with 50 mg/ml
ampicillin, and grown until the OD600 of the culture reached 0.6.
Production of INF1 was induced by adding 0.4 mM isopropyl b-D-
thiogalactopyranoside (IPTG) for 3e4 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.

2.3. DNA sequencing and bioinformatics

DNA sequencing utilized the dideoxynucleotide chain termina-
tion method using Big-Dye (version 3) chemistry (Applied Bio-
Systems) and the separation of products on an ABI3130 analyser
(Applied BioSystems). Sequence datawas analyzed and annotated in
MacVector ver.10.6 (MacVector Inc., Cary, NC, USA) or GENETYX ver.
7 (GENETYX Corp., Tokyo, Japan). Sequences of cDNA for NbSGT1
(AccessionNo. AF516180 [46]),NbHSP90-1 (AY368904 [29]),NbEDS1
(AF479625 [47]), NbNDR1 (AY438029 [48]), NbrbohB (AB079499
[42]) have been published. Sequence of cDNA for NbRAR1 was
obtained from the N. benthamiana EST database (TGI database,
Sequence ID: TC14452) by searching with the sequence of Nicotiana
tabacum RAR1 (AF480487 [25]). Sequence of cDNA for NbEAS was
obtained from the N. benthamiana EST database (PlantGDB,
Sequence ID: PUT-173a-Nicotiana_benthamiana-1 17394) by
searching with the sequence of N. tabacum EAS (AY313939 [49]).
Partial cDNA for NbPR1a and Nbhsr203j were amplified from
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N. benthamiana cDNA with specific primers designed from N. taba-
cum sequences for PR1a (X12485 [50]) and hsr203j (X77136 [51]).

2.4. RT-PCR

Total RNAs were isolated from N. benthamiana leaves using TRI-
zol Reagent (Invitrogen), according to the manufacturer’s recom-
mendations. cDNA synthesis was conducted using a commercial kit
(ReverTra Ace -a-, TOYOBO) and PCR was performed with GoTaq
Master Mix (Promega). The thermocycle conditions used were: one
cycle of 94 �C for 2min; ‘x’ cycles of 94 �C for 30 s, 55 �C for 30 s, 72 �C
for 1min (per kb); one cycle of 72 �C for 5min. Gene-specific primer
combinations (Supplementary Table 1) used and the number of PCR
cycles for expression analysis were as follows: 25 cycles for primer
pairs NbSGT1-GE-F and NbSGT1-R (NbSGT1), NbRAR1-F and
NbRAR1-GE-R (NbRAR1), NbHSP90-F and NbHSP90-1-GE-R
(NbHSP90), GE-PR-1a-F and PR-1a-R (NbPR-1a), and GE-HSR203J-F
and GE-HSR203J-R (Nbhsr203j), 18 cycles for primer pair EAS-F-H
and GE-EAS-R (NbEAS) and 23 cycles for primer pair EF1a-F and
EF1a-R (NbEF-1a). The PCR products were separated on a 1.8%
agarose gel and were visualized under UV illumination after
ethidium bromide staining.

2.5. Preparation of silencing constructs

Partial cDNAs ofNbSGT1,NbRAR1,NbHSP90,NbEDS1 andNbNDR1
were amplified from N. benthamiana cDNA using gene-specific
primers. The gene-specific primer combinations (Supplementary
Table 1) used to construct the silencing vectors were as follows:
NbSGT1-F and NbSGT1-R (NbSGT1), NbRAR1-F and NbRAR1-R
(NbRAR1), NbHSP90-F and NbHSP90-R (NbHSP90), NbEDS1-F and
NbEDS1-R (NbEDS1), and NbNDR1-F and NbNDR1-R (NbNDR1).
Amplified fragments were ligated into SmaI site of the pTV00 vector
[40] to generate pTV00:SGT1, pTV00:RAR1, pTV00:HSP90,
pTV00:EDS1 and pTV00:NDR1. 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 trans-
formants were selected on LB media supplemented with 50 mg/ml
rifampicin, 50 mg/ml kanamycin and 2.5 mg/ml tetracycline.

2.6. Virus-induced gene silencing (VIGS)

Induction of VIGS was performed as previously reported [40].
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 LBmedia. Bacterial suspensions were
then collected by centrifugation at 16,000 � g for 1 min. The
bacterial cellswere then resuspended in10mMMES-NaOH (pH5.6),
10 mM MgCl2 and 150 mM acetosyringone (final OD600 ¼ 0.5), and
incubated at room temperature for 2 h. The cultures were mixed in
a 1:1 ratio (RNA1/RNA2), and used to infiltrate into the intercellular
space of leaves ofN. benthamiana from the backside of the leaf using
a syringe without a needle with placing a finger from the other side
of the leaf. After three to four weeks of infiltration, the upper leaves
of the inoculated plants were used for experiments. Plants inocu-
lated with A. tumefaciens carrying pBINTRA6 and pTV00 were used
as negative controls of the experiments.

2.7. ROS measurement

The relative intensity of ROS generation was determined by
counting photons from L-012-mediated chemiluminescence as
reported previously [52]. L-012 (Wako, Japan) is a luminol
derivative that is highly sensitive to superoxide radicals. To detect
the ROS production in N. benthamiana leaves, 0.5 mM L-012 in
10 mM MOPS (3-Morpholinopropanesulfonic acid)-KOH (pH 7.4)
was infiltrated into the intercellular space of leaves using a syringe
without needle. Chemiluminescence was monitored continuously
using a photon image processor equipped with a sensitive CCD
camera in a dark chamber at 20 �C (Aquacosmos 2.5, Hamamatsu
Photonics, Japan), and quantified using the U7501 program
(Hamamatsu Photonics, Japan).

2.8. Microscopy

To visualize plant cell death and colonization of P. infestans,
leaves ofN. benthamianawere stainedwith lactophenol trypan blue
as described by Takemoto et al. [53] 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 H2O, 10 ml lactic acid, 10 ml glycerol, 10 g phenol,
and 10mg trypan blue). After the leaves had been allowed to cool at
room temperature for 1 h, the stain was replaced with 1 g/m1
chloral hydrate. Stained leaves were monitored using an Olympus
microscope BX51 (Olympus).

3. Results and discussion

3.1. Mature N. benthamiana is resistant to P. infestans isolates

To elucidate the interaction between N. benthamiana and
P. infestans, N. benthamiana plants, at different stages of growth,
were inoculated with P. infestans isolates PI0-1 (race 0), PI1234-1
(race 1.2.3.4), 08YD1 (race 1.3.4.10), 08YB1 (race 1.3.4.10), 08MB
(race 1.3.4.10), IG0803, MR0803S or NE0805. Within 10 days post
inoculation with P. infestans isolates, relatively young plants (20
days from the date of sowing) showed water-soaked disease
symptoms on inoculated leaves (Fig. 1). In contrast, mature
N. benthamiana plants (35 days old) were completely resistant to all
isolates of P. infestans (Fig. 1). Most of 25 day-old plants were
susceptible to this pathogen, whereas 30 day-old plants were
almost resistant and occasionally showed disease symptoms (data
not shown). These results suggested that resistance of N. ben-
thamiana against P. infestans is dependent on their age, and there is
no fundamental difference in pathogenicity between isolates
(different races) of P. infestans. For subsequent analyses, the inter-
action of 35 day-old N. benthamiana plants and P. infestans isolate
PI0-1 was used unless otherwise noted.

3.2. Both SGT1- and HSP90-mediated resistance are essential for
resistance of N. benthamiana to P. infestans

Age-related resistance has been reported in various
plantemicrobe interactions [54,55]. Increased resistance of
Arabidopsis against Pseudomonas syringae and Hyaloperonospora
arabidopsidis, and tobacco against Phytophthora parasitica and
TMV, and, has been observed in the flowering stage [56e58].
Mature tomato plants harboring either R-gene Cf-9 or Cf-9B were
resistant to Cladosporium fulvum with the corresponding Avr
genes, while only Cf-9 was effective for seedling resistance [59].
Xa21-dependent resistance of rice against the bacterial pathogen
Xanthomonas oryzae pv. oryzae gradually increased from the
susceptible leaf 2 stage through to the resistant leaf 9/10 stage
[60]. Downy mildew pathogen H. arabidopsidis isolate Emco5
displayed full virulence on cotyledons of Arabidopsis ecotype Col-
0, but showed weak virulence on true leaves of Arabidopsis
harboring a single locus RPP31 [61]. These reports suggest that, at
least in some interactions, mechanisms similar to R protein-



Fig. 1. Age-related resistance of N. benthamiana against P. infestans. N. benthamiana
plants of different ages were tested for the resistance to P. infestans isolates PI0-1,
PI1234-1, 08YD1, 08YB1, 08MB, IG0803, MR0803S or NE0805. The numbers in each
panel indicate plant age in days from the date of sowing. Leaves of N. benthamiana
were inoculated with a suspension of P. infestans zoospores at a concentration of
2 � 105 zoospore/ml and the development of disease symptoms was evaluated. Results
shown are representative of three separate experiments. Photographs of inoculated
leaves were taken 9 days post inoculation. Arrowheads indicate the point of
inoculation.
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mediated recognition of pathogens are involved in age-related
resistance. To investigate the genes required for the function of R
proteins on resistance of N. benthamiana to P. infestans, virus-
induced gene silencing (VIGS) was applied to knockdown
N. benthamiana homologues of Arabidopsis thaliana SGT1 [26],
RAR1 [22] and HSP90 [28]. Gene fragments of N. benthamiana
NbSGT1, NbRAR1 and NbHSP90were isolated by RT-PCR and cloned
into the vector, pTV00, for TRV (tobacco rattle virus)-mediated
VIGS [40]. NbSGT1, NbRAR1, and NbHSP90 genes showed consti-
tutive expression in N. benthamiana leaves, and were induced by
treatment with INF1, a secretory elicitor protein derived from
P. infestans [9] (Supplementary Fig. 1). Expression of NbSGT1,
NbRAR1 or NbHSP90 was silenced by Agrobacterium-mediated
expression of TRV derivatives containing a fragment of the target
gene (Fig. 2A). Although NbSGT1- and NbRAR1-silenced plants
showed normal growth compared to control TRV-infected plants,
leaves of NbSGT1-silenced plants showed weak curling (Fig. 2B).
NbHSP90-silenced plants showed significant dwarfing (Fig. 2B,
[29]). Within 2 days post inoculationwith P. infestans isolate PI0-1,
NbSGT1- and NbHSP90-silenced plants started to show the
development of visible disease symptoms (lesions) on the inocu-
lated area (Fig. 2C). These lesions expanded beyond the inoculated
area over the period of observation. In contrast, NbRAR1-silenced
N. benthamiana plants showed resistance against P. infestans
compared to control TRV-infected plants. Extension of P. infestans
hyphae in planta and dead plant cells around infection sites were
visualized by staining with lactophenoletrypan blue. At 48 h post
inoculation, hypersensitive response (HR)-like local death of plant
epidermal and mesophyll cells were occasionally observed at
infection sites of control and NbRAR1-silenced N. benthamiana
plants (Fig. 2D). In NbSGT1- or NbHSP90-silenced N. benthamiana
plants, the bulk of dead mesophyll cells were obvious around the
original infection site, however, P. infestans hyphae near the edge
of the lesions were generally not surrounded by the dead plant
cells (Fig. 2D). Reduced resistance of NbSGT1- and NbHSP90-
silenced plants was scored by visible development of disease
symptoms (Fig. 2E and F). Both NbSGT1- and NbHSP90-silenced
plants showed a significant reduction in resistance against
P. infestans. However, the development of disease symptoms was
consistently faster in NbHSP90-silenced plants than in NbSGT1-
silenced plants (Fig. 2F). We obtained similar results when
NbSGT1-, NbHSP90- and NbRAR1-silenced N. benthamiana plants
were inoculated with P. infestans isolate PI1234-1 (data not
shown). These results indicated that SGT1 and HSP90, but not
RAR1, are required for resistance of N. benthamiana against
P. infestans.
3.3. NbSGT1-silenced N. benthamiana showed reduced induction of
cell death in response to the treatment of INF1

INF1, an elicitin produced by P. infestans, was used as an elicitor
to examine the effect of gene silencing on the induction of plant
cell death. Leaves of NbSGT1- or NbRAR1-silenced or control
N. benthamiana were treated with INF1 by infiltration of elicitor
solution into the intercellular spaces of leaves, and induction of
cell death was scored until 7 days after the treatment. NbHSP90-
silenced plants were excluded from the analysis because these
plants were severely stunted and thus difficult to infiltrate INF1
into the leaves. Cell death induced in NbRAR1-silenced plants was
slightly, but not considerably, reduced compared to control plants,
whereas NbSGT1-silenced plants showed significantly delayed
induction of cell death (Fig. 3, [46]). These results indicated that
NbSGT1, but not NbRAR1, is required for INF1-induced hypersen-
sitive cell death.



Fig. 2. Both NbSGT1 and NbHSP90 are essential for the resistance of N. benthamiana to P. infestans. (A) N. benthamiana plants were inoculated with TRV, TRV:SGT1, TRV:RAR1 or
TRV:HSP90, and total RNA was isolated from N. benthamiana leaves. Expression of target genes was assessed by RT-PCR with gene-specific primers. Constitutively expressing NbEF-
1a was used as an internal standard. (B) Effect of gene silencing on growth of N. benthamiana plants. (C) Leaves of NbSGT1-, NbRAR1- or NbHSP90-silenced N. benthamiana plants
were inoculated with P. infestans isolate PI0-1. Arrowheads indicate the point of inoculation. Photographs were taken 9 days post inoculation (dpi). (D) Microscopic observation of N.
benthamiana leaves 48 h post inoculation with P. infestans. Inoculated leaves were stained with lactophenoletrypan blue to visualize dead plant cells and hyphae of P. infestans.
Arrowheads indicate hyphae of P. infestans. Bar ¼ 50 mm. (E) Appearance of disease symptoms on leaves. Based on severity, disease symptoms on leaves were categorized into five
classes (0, 1, 2, 3 and 4). (F) Plot showing percentage of N. benthamiana leaves with disease symptom severities represented in the five classes as shown in E, for leaves of NbSGT1,
NbRAR1 or NbHSP90-silenced plants inoculated with P. infestans from 1 to 6 dpi. At least 10 inoculated leaves from each silenced plant were counted.
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3.4. Silencing of NbSGT1 compromised INF1-induced ROS
production in N. benthamiana

Induction of ROS production is one of the common phenomena
observed in various plant species in early stages of defense
responses [62,63]. It has been reported that N. benthamiana treated
with INF1 produces ROSwithin 12 h [52]. To investigate the effect of
gene silencing on ROS production induced by INF1, NbSGT1- and
NbRAR1-silenced N. benthamiana leaves were treated with INF1,
and production of ROS ðO�

2 Þ was measured as chemiluminescence
using the luminol derivative, L-012. Twelve hours after treatment
with INF1, NbRAR1-silenced N. benthamiana showed similar levels



Fig. 4. Effects of gene silencing of NbSGT1 or NbRAR1 on INF1-induced O�
2 production.

(A) Leaves of TRV-infected N. benthamiana were treated with H2O or 150 nM INF1 (left
panel) and gene-silenced N. bethamiana were treated with 150 nM INF1 (right panels).
Production of O�

2 was detected as L-012 mediated chemiluminescence 12 h after INF1
treatment. Circles indicate the area of treatment. Chemiluminescence images were
obtained using CCD camera. (B) Intensities of chemiluminescence were quantified with
photon image processor. Data are means � SE from four separate experiments.

Fig. 3. NbSGT1-silenced N. benthamiana showed reduced induction of hypersensitive
cell death after treatment with INF1. (A) Appearance of cell death. Based on severity,
cell death was categorized into four classes (0, 1, 2 and 3). (B) NbSGT1- or NbRAR1-
silenced or control N. benthamiana were treated with 150 nM INF1. Plot showing
percentage of N. benthamiana leaves with cell death severities represented in the four
classes as shown in A, for leaves of NbSGT1- or NbRAR1-silenced or control plants
infiltrated with INF1 from 3 to 7 days after elicitor treatment. At least 24 infiltrated
spots from each silenced plant were counted.
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of ROS production to the control plants, while NbSGT1-silenced
N. benthamiana showed significant reduction of ROS production
(Fig. 4). These results indicated that NbSGT1, but not NbRAR1, is
required for INF1-induced ROS production in N. benthamiana.

3.5. NbEDS1 and NbNDR1 are not essential for resistance of
N. benthamiana to P. infestans

SGT1, RAR1 and HSP90 are reported to be required for the
function of a number of R proteins from various plant species [35].
Given that NbSGT1 and NbHSP90 are essential for non-host resis-
tance of N. benthamiana against P. infestans, N. benthamiana
probably employs a mechanism similar to R proteins-mediated
disease resistance against P. infestans. A major group of R protein
identified from plants is the NB-LRR class R proteins (NLR), which
are subdivided into TIR-NB-LRR and CC-NB-LRR subclasses based
on the structure of N-terminal variable region. Cloned R genes for
resistance to P. infestans from Solanum species so far encode the CC-
NB-LRR class of R proteins, including race-specific R1 and R3a, and
broad-spectrum Rpi-blb1 and Rpi-blb2 [3e5,64,65]. It is known
that the function of TIR-NB-LRR and CC-NB-LRR class of R proteins
generally require signaling factor EDS1 and NDR1, respectively [37].
To estimate the class of R protein for N. benthamiana resistance
against P. infestans, requirement of NbEDS1 and NbNDR1 for resis-
tance was tested. Leaves of NbEDS1- and NbNDR1-silenced N. ben-
thamiana were inoculated with P. infestans. However, NbEDS1- and
NbNDR1-silenced plants did not show any development of disease
symptoms over 9 days of observation post inoculation
(Supplementary Fig. 2). This result indicated that neither NbEDS1
nor NbNDR1 is essential for N. benthamiana resistance against P.
infestans.
3.6. Expression of defense-related genes in NbSGT1- and
NbRAR1-silenced plants

The effect of gene silencing of NbSGT1 or NbRAR1 on the
expression of various defense-related genes was investigated.
NbSGT1- or NbRAR1-silenced or control N. benthamiana plants were
treated with INF1 and expression of PR-1a (a marker gene of sali-
cylic acid (SA) induced genes), hsr203j (a marker gene for HR),
rbohB (encodes a NADPH oxidase for ROS production during disease
resistance), and EAS, (an enzyme required for the biosynthesis of
capsidiol) were analyzed by RT-PCR. Silencing of either NbSGT1 or
NbRAR1 had no effect on expression of most of the tested defense-
related genes. However, expression of EAS gene in NbSGT1-silenced
plant was significantly reduced compared with control TRV-infec-
ted and NbRAR1-silenced plants (Fig. 5).

3.7. Young and mature N. benthamiana induced
similar level of HR by INF1 treatment

Previously, Kamoun et al. [41] reported that P. infestans with
suppressed expression of the inf1 gene was more pathogenic to
N. benthamiana, suggesting that INF1 is the avirulence factor in the
interaction between P. infestans and N. benthamiana. To examine
whether the difference of sensitivity to INF1 is responsible for the
age-related resistance of N. benthamiana, plants at different stages
of growth were treated with INF1 elicitor and induction of



Fig. 5. Expression of defense-related genes in NbSGT1- or NbRAR1-silenced N. ben-
thamiana. Total RNA was isolated from NbSGT1- or NbRAR1-silenced or control N.
benthamiana 12 h after treatment with water (H2O) or 150 nM INF1 (INF1). RT-PCR was
performed with primers specific for NbPR-1a, Nbhsr203j, NbrbohB and NbEAS1.
Constitutively expressing NbEF-1a was used as an internal standard.
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hypersensitive cell death in young and mature plants was scored
until 4 days after the treatment. Unexpectedly, comparable level of
cell death was induced in both young and mature N. benthamiana
(Fig. 6), suggested that sensitivity to INF1 is not the determinant of
the age-related resistance.

In this study, we revealed that SGT1 and HSP90, components
required for R protein stability, are required for the age-related
“non-host” resistance of N. benthamiana against P. infestans.
Multiple disease responses, including HR induction, ROS produc-
tion, and expression of gene for phytoalexin production (capsidiol),
Fig. 6. Young and mature N. benthamiana showed comparable sensitivity to INF1. N.
benthamiana plants of different ages were treated with 150 nM INF1. Based on severity,
cell death was categorized into four classes (0, 1, 2 and 3) as shown in Fig. 3A. Plot
showing percentage of N. benthamiana leaves with cell death severities represented in
the four classes, for leaves from different age of N. benthamiana infiltrated with INF1
from 1 to 4 days after elicitor treatment. At least 24 infiltrated spots were counted for
each age of plant.
are affected by the silencing of SGT1 (Figs. 3e5), indicating that
SGT1 is involved in early event in induction of disease resistance. It
is generally considered that “non-pathogens” can not infect “non-
host” plants because they do not have so-called basic compatibility
as particular plant pathogen have developed mechanisms for
infection to specific host plants, including penetration, suppression
of plant resistance and colonization [66,67]. SGT1-silenced as well
as young N. benthamiana plants inoculated with P. infestans showed
full development of disease symptoms (Fig. 2). Moreover,
P. infestans can produce sporangia on gene-silenced or young
N. benthamiana under highly humid conditions [42, 43]. These
results, together with presented results, indicates that P. infestans
has basic compatibility with N. benthamiana, and age-related
resistance of N. benthamiana to P. infestans is dependent on
a mechanism similar to R protein-mediated disease resistance,
perhaps the recognition of conserved molecular patterns of
P. infestans. Champouret et al. [68] revealed that avirulence factors
of P. infestans for the broad-spectrum resistance gene Rpi-blb1,
Avrblb1 (ipiO), are highly conserved among P. infestans isolates, but
a few isolates lacking ipiO can overcome Rpi-blb1-dependent
potato resistance. This result suggests that “broad-spectrum”

resistance defined by Rpi genes could be defeated. Although the
avirulence factor(s) of P. infestans for N. benthamiana remains to be
clarified, our results indicate that N. benthamiana could be a source
of R-like gene(s) for broad-spectrum resistance to P. infestans.
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