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Cell death plays a ubiquitous role in plant-microbe interac-
tions, given that it is associated with both susceptible and re-
sistance interactions. A class of cell death-inducing proteins,
termed Nepl-like proteins (NLPs), has been reported in bac-
teria, fungi, and oomycetes. These proteins induce nonspe-
cific necrosis in a variety of dicotyledonous plants. Here, we
describe three members of the NLP family from the oomy-
cete Phytophthora infestans (PiNPP1.1, PiNPP1.2, and
PiNPP1.3). Using agroinfection with a binary Pofato virus X
vector, we showed that PINPP1.1 induces cell death in Nico-
tiana benthamiana and the host plant tomato. Expression
analyses indicated that PiNPP1.1 is up-regulated during late
stages of infection of tomato by P. infestans. We compared
PiNPP1.1 necrosis-inducing activity to INF1 elicitin, a well-
studied protein that triggers the hypersensitive response in
Nicotiana spp. Using virus-induced gene silencing, we
showed that the cell death induced by PiNPP1.1 is depend-
ent on the ubiquitin ligase-associated protein SGT1 and the
heat-shock protein HSP90. In addition, cell death triggered
by PiNPP1.1 but not that by INF1 was dependent on the de-
fense-signaling proteins COI1, MEK2, NPR1, and TGA2.2,
suggesting distinct signaling requirements. Combined ex-
pression of PINPP1.1 and INF1 in N. benthamiana resulted
in enhanced cell death, suggesting synergistic interplay be-
tween the two cell-death responses. Altogether, these results
point to potentially distinct but interacting cell-death path-
ways induced by PiNPP1.1 and INF1 in plants.
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responses. Indeed, the effect of cell death on the outcome of a
particular plant-pathogen interaction varies depending on the
mode of infection of the pathogen and the pathosystem in
question (Bonas and Lahaye 2002; Dickman et al. 2001). For
example, R-gene mediated disease resistance and many types
of nonhost resistance involve the hypersensitive response
(HR), a form of programmed cell death in plants that is par-
ticularly effective against pathogens that require living host
cells (so-called biotrophs) (Dangl and Jones 2001; Dangl et al.
1996; Heath 2000; Kamoun et al. 1999b; McDowell and
Woffenden 2003). In contrast, necrotrophic pathogens that ob-
tain nutrients from dead plant tissue trigger programmed cell
death in host plants to facilitate colonization (Asai et al. 2000;
Dickman et al. 2001; Govrin and Levine 2000; McDowell and
Woffenden 2003; Navarre and Wolpert 1999; Wang et al.
1996). The ambiguous role of cell death is particularly evident
in hemibiotrophic pathogens, such as the oomycetes Phytoph-
thora infestans and P. sojae. These pathogens adopt a two-step
infection style. During the phase of infection that follows
penetration of host tissue, they require living cells, much like
biotrophic pathogens. In contrast, in a later phase of the dis-
ease, they cause extensive necrosis of host tissue, resulting in
profuse colonization and sporulation. This infection cycle sug-
gests that host cell death may differently impact the disease
depending on timing of occurrence. Furthermore, the extent to
which different cell-death pathways regulate the HR and disease
associated necrosis remains unclear.

In recent years, a novel class of necrosis-inducing proteins,
known as Nepl-like proteins (NLPs) (Pemberton and Salmond
2004), have been identified in bacteria, fungi, and oomycetes.
These proteins, named after the canonical 24-kDa necrosis-
and ethylene-inducing protein (Nepl) that was originally puri-
fied from culture filtrates of Fusarium oxysporum f. sp.
erythroxyli (Bailey et al. 1997), have been described from spe-
cies belonging to genera as diverse as Bacillus (Takami and
Horikoshi 2000), Erwinia (Bell et al. 2004; Pemberton et al.
2005), Verticillium (Wang et al. 2004), Pythium (Veit et al.
2001), and Phytophthora (Fellbrich et al. 2002; Qutob et al.
2002). Despite their diverse phylogenetic distribution, NLPs
share a high degree of sequence similarity, and several mem-
bers of the family have the ability to induce cell death in as
many as 20 dicotyledonous plants (Bailey 1995; Bailey et al.
1997; Pemberton and Salmond 2004). The contribution of
NLPs to disease remains unclear at this stage. NLPs induce
defense responses in both susceptible and resistant plants, and
therefore, are thought of as general or nonspecific elicitors.



Based on similarity to self and nonself recognition models of
the animal innate immune system, general elicitors such as
NLPs have been likened to pathogen-associated molecular pat-
terns (PAMPs) (Nurnberger and Brunner 2002). NLPs fulfill
some criteria for functioning as PAMP triggers of nonself
immunity in plants, including the occurrence of functional
orthologs in a diverse array of pathogenic oomycetes, fungi,
and bacteria but absence in plant genomes (Fellbrich et al.
2002; Qutob et al. 2002; Veit et al. 2001; Win et al. 2006).
Nevertheless, in P. sojae, the PsojNIP gene was expressed late
during the colonization of soybean, and thus, may function as
a toxin that facilitates colonization of host tissue during the
necrotrophic phase of infection (Qutob et al. 2002). This hy-
pothesis is supported by a recent report in which disruptions of
the NIP,.. and NIP,., genes in Erwinia carotovora subsp. caro-
tovora and E. carotovora subsp. atroseptica, respectively, re-
sulted in reduced virulence phenotypes on potato tubers
(Pemberton et al. 2005).

The host factors involved in cell-death signaling triggered
by NLPs remain poorly understood. Plants accomplish recog-
nition of pathogen molecules through a large set of endogenous
receptor-like proteins (R proteins) that can either bind effec-
tors or monitor their activity resulting in the HR (Dangl and
Jones 2001). Characterization of the genetic requirements for
the HR has culminated in models that explain effector recogni-
tion and subsequent resistance signaling through tightly con-
trolled multistep cascades. Despite the large number of identi-
fied R genes, there are only a small number of known signaling
components downstream of protein recognition, pointing to a
set of shared signaling steps in plants (Feys and Parker 2000).
Among such signaling components, the ubiquitin ligase—asso-
ciated protein SGT1 is required for a multitude of R gene—me-
diated HR pathways (Austin et al. 2002; Azevedo et al. 2002;
Peart et al. 2002). SGT1 interacts with the COP9 signalosome
and was recently shown to interact with RAR1 and the mo-
lecular chaperone HSP90, suggesting the presence of multi-
protein complexes involved in resistance signaling (signalo-
somes) (Takahashi et al. 2003). In this model, SGT1 as well as
RARI function as cochaperones, folding and stabilizing signalo-
some protein complexes (Takahashi et al. 2003). Localized
resistance interactions or wounding can result in systemic in-
duction of elevated defense. Salicylic acid (SA) and jasmonic
acid (JA) are important secondary metabolites that participate
in induction of systemic acquired resistance and induced sys-
temic resistance, respectively. Recently, COIl, an important
regulator of JA-mediated responses, was found to interact with
ASKI as well as ASK?2 in the formation of at least two separate
SCF* ubiquitin-ligase complexes, presumably regulating JA
signaling via ubiquination in planta (Feng et al. 2003; Xu et al.
2002). These results provide a possible direct connection be-
tween signalosome complexes and regulation of defense path-
ways mediated through systemic secondary signals. Whether
there are cell-death or HR pathways independent of signalo-
some protein complexes remains unclear. In particular, we do
not know the extent to which the biochemical components
involved in NLP response overlap with those mediated by R
proteins.

The NLP family is unusual in many respects. Unlike other
pathogen elicitors of cell death, it is remarkably conserved in
different phyla. Many questions about the role of these pro-
teins during plant-microbe interactions remain unanswered.
Do NLPs function as PAMPs or toxins? Do they trigger resis-
tance or do they facilitate colonization in the late stages of in-
fection? These questions prompted us to characterize NLPs in
the well-established P. infestans—Solanum pathosystem. Here,
we describe three members of the NLP family in P. infestans
(PiNPP1.1, PiNPP1.2, and PiNPP1.3) and compare their activ-

ity with the well-characterized HR elicitor INF1. Using Potato
virus X (PVX) agroinfection assays, we show that PINPP1.1
induces a rapid and potent necrosis in Nicotiana benthamiana
and in the host plant tomato. Expression analyses indicated
that PINPPI.1 is differentially expressed throughout infection
of tomato by P. infestans and is up-regulated during late stages
of infection. We used virus-induced gene silencing (VIGS) to
identify signaling and regulatory components that contribute to
NLP-induced cell death. These analyses showed that cell-death
induction depends on the ubiquitin ligase—associated protein
SGT1 and the heat-shock protein HSP90. In addition, we
showed that COI1, MEK2, NPR1, and TGA2.2 contribute to
PiNPP1.1- but not INF1-induced cell death. Finally, we dem-
onstrated synergistic interplay between INF1 and NLP-
induced pathways through transient coexpression assays in N.
benthamiana. Altogether, these results suggest that NLPs may
induce cell death through a distinct pathway as compared with
a typical HR elicitor such as INFI.

RESULTS

PiNPPs are members of the NLP family.

We mined expressed sequence tag (EST) data sets from P,
infestans (Kamoun et al. 1999a; Randall et al. 2005), using
PexFinder to identify cDNAs encoding extracellular proteins
and likely to encode effector proteins (Torto et al. 2003). ESTs
corresponding to putative extracellular proteins were annotated
by similarity and motif searches against public databases. Se-
quences derived from three cDNAs, named PiNPPI.1,
PiNPP1.2, and PiNPPI.3 showed significant similarity to
members of the NLP family, including NLPs from P. sojae
(Qutob et al. 2002) and Phytophthora parasitica (Fellbrich et
al. 2002). Sequence analysis revealed open reading frames of
717, 738, and 738 bp corresponding to a predicted translated
product of 238, 245, and 245 amino acids for PiNPPI.1,
PiNPP1.2, and PiNPP1.3, respectively. SignalP v 3.0
(Bendtsen et al. 2004) analysis of the predicted proteins identi-
fied N-terminal signal peptides of 19 amino acid residues with
significant mean S values of 0.750, 0.855, and 0.910 and hidden
Markov model scores of 1.0, 0.999, and 0.998 for PiNPP1.1,
PiNPP1.2, and PiNPP1.3, respectively.

PiNPP1.1 induces necrosis in N. benthamiana and tomato.

To ectopically express the PINPP cDNAs in planta, we per-
formed PVX agroinfection assays using the binary vector
pGR106 (Lu et al. 2003). Agroinfection of N. benthamiana
plants (four-leaf stage) with Agrobacterium tumefaciens
GV3101 carrying the construct pGR106-PiNPP1.1 resulted in
necrosis at the inoculated sites 4 to 5 days postinfection (dpi),
similar to the pGR106-INF1 construct that expresses the well-
studied P. infestans elicitin INF1 (Kamoun et al. 1997, 1998)
(Fig. 1A). Hypersensitive cell death is typically associated with
the accumulation of autofluorescent compounds. To visualize
the accumulation of such compounds, we examined the inocu-
lated sites under UV light (480/40 nm excitation filter, 510
barrier nm). Both the PiNPP1.1 and INF1 constructs resulted
in increased autofluorescence associated with the necrotic areas
(Fig. 1A). In contrast, repeated inoculations with the empty
vector pGR106, pGR106-PiNPP1.2, and pGR106-PiNPP1.3
did not produce necrosis or autofluorescence.

We also tested the host plant tomato for response to the
PiNPPs. Inoculation of 3- to 5-week-old tomato plants with A.
tumefaciens carrying PGR106-PiNPP1.1 resulted in necrosis
and autofluorescence at 5 dpi (Fig. 1B). At 8 to 9 dpi, necrotic
lesions started to spread throughout the entire plant, leading to
death (Fig. 1C). None of the other examined constructs caused
necrosis in tomato.
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Comparative analyses of necrosis-inducing activity.

We compared the timing and appearance of PiNPP1.1-
induced cell death to those of known defense-response elici-
tors, such as the P. infestans elicitin INF1 (Kamoun et al.
1997, 1998), as well as NLP family members PsojNIP of P. so-
jae (Qutob et al. 2002) and Nepl of F oxysporum (Bailey
1995). A. tumefaciens carrying pGR106-derived constructs
were inoculated side-by-side onto fully expanded leaves of N.
benthamiana and tomato. In N. benthamiana, dark necrotic le-
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Fig. 1. A, Symptoms observed on Nicotiana benthamiana leaves following
inoculation with Agrobacterium tumefaciens strains harboring recombi-
nant Potato virus X (PVX) constructs pGR106 (vector), pGR106-INF1,
and pGR106-PiNPP1.1. Upper panels show symptoms observed on entire
leaves. Middle and lower panels show symptoms at inoculated sites ob-
served with a dissecting microscope under white light (middle) to visual-
ize cell death and UV light (lower) to visualize cell death—associated auto-
fluorescence. B, Symptoms observed on tomato cotyledons following in-
oculation with recombinant PVX constructs pGR106 and pGR106-
PiNPP1.1. Left panels show symptoms observed on entire cotyledons.
Middle and right panels show symptoms observed with a dissecting micro-
scope under white light (middle) or UV light (right). C, Spreading necro-
sis and death of tomato plants after inoculation with A. tumefaciens carry-
ing pGR106-PiNPP1.1. One tomato plant inoculated with pGR106 vector
construct (left) and three plants inoculated with pGR106-PiNPP1.1 (right)
are shown. Pictures were taken 14 days after inoculation.
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sions and associated UV autofluorescence were observed at
the site of inoculation with pGR106-PiNPP1.1, pGR106-
PsojNIP, and pGR106-NEP1 within 5 dpi (Fig. 2A), whereas
necrosis was only observed starting at 7 dpi with the pGR106-
INF1 construct (Fig. 2C). On tomato, necrotic symptoms de-
veloped at PiNPP1.1-, PsojNIP-, and Nepl-challenged sites 7
dpi (Fig. 2B). No response to the INF1 construct was observed
in tomato confirming earlier observations that this protein does
not elicit cell death in tomato (Kamoun et al. 1997, 1998). In
both plant species, UV autofluorescence was detected at ne-
crotic sites only. These results suggest that PINPP1.1 is a po-
tent inducer of cell death in both N. benthamiana and the host
plant tomato.

PiNPP1.1, PiNPP1.2, and PiNPP1.3 are expressed
during infection.

We used semiquantitative reverse transcription polymerase
chain reaction (RT-PCR) to determine the expression patterns
of PiNPPI.1, PiNPP1.2, and PiNPPI.3 during a time-course
infection of tomato by P. infestans and to compare them with

necrosis

o
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pi  9dpi  10dpi
[®inft @ PiNPP1.1 O PINPP1.2 OPINPP1.3 B SojNIP M Nep1 B pGR106]

% sites showing )

Fig. 2. Comparative analysis of Phytophthora infestans elicitin (INF1); P,
infestans necrosis-inducing Phytophthora protein 1 (PiNPP1.1), PINPP1.2,
PiNPP1.3; P. sojae necrosis-inducing protein, PsojNIP; F oxysporum ne-
crosis- and ethylene-inducing peptide, Nepl, inoculated side by side on A,
Nicotiana benthamiana and B, tomato. Leaves were wound-inoculated at
the leaf base flanking the main vein using recombinant Agrobacterium
tumefaciens strains harboring the following Potato virus X vector con-
structs: pGR106-INF1 (1), pGR106-PiNPP1.1 (2), pGR106-PiNPP1.2 (3),
pGR106-PiNPP1.3 (4), pGR106-PsojNIP (5), pPGR106-NEP1 (6), and the
empty vector pGR106 (7). Responses were documented under white light
(top panels) to visualize cell death and under UV light (bottom panels) to
visualize cell death—associated autofluorescence. C, Frequencies of inocu-
lation sites showing necrosis observed in N. benthamiana leaves from 5 to
10 days postinoculation. Frequencies were calculated and expressed as
percentages of necrotic sites of the total number of inoculations per tested
construct. The data originated from one representative experiment.



in vitro—grown mycelium (Fig. 3). cDNA obtained from healthy
tomato leaves served as a negative control. Sequence-specific
primers were used to ensure exclusive amplification of each
gene. RT-PCR analysis revealed that PiINPPI.] transcripts accu-
mulated during late stages of infection and were significantly
up-regulated compared with in vitro-grown mycelium. PINPP1.1
transcripts were first detected at 3 dpi but dramatically increased
at 4 dpi. The in planta expression pattern of PINPP1.2 was
similar to PiNPPI.1, but this gene was not up-regulated in
planta relative to mycelium. PiNPP1.3 appeared constitutively
expressed and showed amplification patterns similar to the
constitutive P. infestans gene elongation factor 2 (ef2). These
results show that PiINPPI.1 exhibits an expression pattern that
features significant upregulation in the late stages of infection
of tomato relative to mycelium. This expression pattern is
similar to the expression of the P. sojae PsojNIP gene during
infection of soybean (Qutob et al. 2002) and contrasts with the
expression levels of PINPP1.2 and PiNPP1.3.

PiNPP1.1-induced cell death is dependent
on SGT1 and HSP90.

Previous studies have shown that the ubiquitin ligase—associ-
ated protein SGT1 (Peart et al. 2002) and heat-shock protein
HSP90 (Kanzaki et al. 2003) are required for HR induction by
the P. infestans elicitin INF1 in N. benthamiana. We tested
whether SGT1 and HSP90 are required for PiNPP].I-induced
cell death using VIGS with Tobacco rattle virus (TRV), fol-
lowed by agroinfiltration assays (Huitema et al. 2004). For this
purpose, young N. benthamiana plants (five-leaf stage) were
infiltrated with mixtures of A. tumefaciens strains carrying com-
binations of pBINTRA6 (TRV RNA1) and pTV:00, pTV-SGT1,
or pTV-HSP90 (TRV RNAZ2). Three weeks after TRV inocula-
tion, silenced plants were infiltrated with A. fumefaciens strains
containing p35S-INF1 and p35S-PiNPP1.1. Recombinant A. tu-
mefaciens containing the empty vector pCB302-3 was used as a
negative control. Infiltration sites were evaluated 2 and 3 days
after infiltration, and frequencies of infiltrated panels showing
necrosis were recorded (Fig. 4). Silencing of SGT1 and HSP90
resulted in significant reductions of the proportion of necrotic
panels induced by all tested effectors. This suggests that similar
to INF1, PiNPP1.1 and PsojNIP require SGT1 and HSP90 to
elicit cell death in N. benthamiana. These experiments were per-
formed several times, and similar results were obtained. Aver-
ages and standard errors of the data shown in Figure 4 were cal-
culated from three independent experimental treatments.

PiNPP1.1

PiNPP1.2

PiNPP1.3

ef2

Fig. 3. Semiquantitative reverse transcription polymerase chain reaction
analysis of PINPP gene expression during colonization of tomato. Total
RNA was isolated from tomato leaf disks harvested 0, 1, 2, 3, and 4 days
after drop inoculation with zoospore suspensions from Phytophthora infes-
tans (isolate 90128), from noninfected leaves (To), and from P. infestans
mycelium grown in synthetic medium (My). Amplification of P. infestans
elongation factor 2 gene (ef2) was used as a control to determine constitutive
levels of expression. Approximate sizes of the transcripts are 492 bp for
PiNPP1.1, 693 bp for PINPP1.2, 693 bp for PINPP1.3, and 700 bp for ef2.

COI-1, MEK2, NPR1, and TGA2.2 contribute
to PiNPP1.1- but not INF1-induced cell death.

To further compare INF1- and PiNPP1.1-induced cell death,
we elected to silence additional disease-resistance signaling
components and test their importance in effector-elicited cell
death. For this purpose, we selected and cloned gene frag-
ments representing Coil, Mek2, Tga2.2, and Nprl in pTV00
and tested their involvement in PiNPP1.1-induced cell death.
Plants at the four- to five-leaf stage were infiltrated with mix-
tures of recombinant A. tumefaciens strains carrying the binary
pBINTRAG6 (TRV RNA1) and pTVO00, pTV-COII1, pTV-NPRI,
pTV-TGA2.2, or pTV-MEK2 (TRV RNAZ2). Three weeks after
inoculation with TRV, silenced plants were infiltrated with A.
tumefaciens strains containing p35S-INF1 and p35S-
PiNPP1.1. A recombinant strain containing the empty
pCB302-3 vector was used as a negative control. Infiltration
sites were scored 2 and 3 days after infiltration for develop-
ment of cell death. Leaves silenced for COI1, MEK2, NPR1,
and TGA2.2 showed consistent reduction in the frequency of
panels that responded to PiNPP1.1 as compared with the con-
trol plants (Fig. 5). In contrast to PINPP1.1, no reduction in
cell death induced by INF1 was noted in any silenced plants.
These results suggest differences in signal requirements between
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Fig. 4. PINPP1 induces SGT1 and HSP90-dependent cell death. Nicotiana
benthamiana plants were infiltrated with mixtures containing Agrobacte-
rium tumefaciens pBINTRA6 (TRV RNAIL) and pTV00 (TRV), pTV-
SGTI1 (TRV-SGT1), or pTV-HSP90 (TRV-HSP90) to trigger Tobacco rat-
tle virus (TRV)-induced gene silencing. Three weeks after TRV inocula-
tion, silenced leaves were infiltrated with recombinant A. tumefaciens
strains containing p35S-INF1, p35S-PiNPP1.1, or the empty vector
(pCB302-3). A, Symptoms observed on silenced leaves 3 days after the
secondary challenge with A. rumefaciens carrying p35S-INF1, p35S-
PiNPP1.1, or the empty vector. B, Percentage of necrotic panels after sec-
ondary agroinfiltration with the INF1, PINPP1.1, and PsojNIP constructs.
Percentages were determined on control as well as SGT1- and HSP90-
silenced plants for each treatment and were scored two and three days after
the secondary challenge. Averages and standard errors were calculated
from three independent experimental treatments.

Vol. 19, No. 8, 2006 / 857



INF1- and PiNPP1.1-induced cell deaths, pointing to the poten-
tial occurrence of separate cell-death signaling pathways. Aver-
ages and standard errors of the data in Figure 5 were calculated
from two independent experimental treatments.

Coexpression of infl and PiNPP1.1 leads
to synergistic enhancement of cell death.

To further test the relationships between INF1- and
PiNPP1.1-induced signaling pathways, we performed mixed
agroinfiltration experiments in N. benthamiana. For further
comparisons, we also included the P. sojae NLP PsojNIP. To
enable the detection of antagonistic or synergistic effects be-
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Fig. 5. COI1, MEK?2, TGA2.2, and NPRI contribute to the cell death trig-
gered by PiNPP1.1 but not by INF1. Nicotiana benthamiana plants at the
four- to five-leaf stage were infiltrated with mixtures of recombinant Agro-
bacterium tumefaciens strains carrying the binary construct pBintra6
(TRV-RNA1) and pTV00, pTV-COII, pTV-MEK2, pTV-NPR1, or pTV-
TGAZ2.2 (TRV-RNA 2) to trigger Tobacco rattle virus (TRV)-induced gene
silencing. Three weeks after TRV inoculation, silenced leaves were infil-
trated with recombinant A. fumefaciens strains containing p35S-INF1,
p35S-PiNPP1.1, and pCB302-3 (negative control). A, Symptoms observed
3 days after secondary challenge on control leaves (pTVO00) and leaves si-
lenced for COI-1, MEK2, NPR1, and TGA2.2. B, Percentage of panels
showing necrosis after secondary agroinfiltration with the INF1 and
PiNPP1.1 constructs. Percentages were determined on control as well as
COIl-, MEK2-, NPR1-, and TGA2.2-silenced plants for each treatment
and three days after the secondary challenge. Averages and standard errors
were calculated from two independent experimental treatments.
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tween the effectors, we determined the concentration threshold
that resulted in significant reductions of necrosis frequencies
by infiltrating N. benthamiana leaves with dilution series of A.
tumefaciens containing p35S-INF1, p35S-PiNPP1.1, and p35S-
PsojNIP (data not shown). It turned out that A. tumefaciens
carrying p35S-INF1 had the lowest subnecrotic optical density
at 600 nm (ODgg) (approximately 0.2), and we used this value
for all strains in mixed infiltration experiments. Early experi-
ments aimed at identifying antagonistic (suppression) effects
between INF1 and the NLPs were not successful, so we focused
on evaluating synergistic relationships. A. fumefaciens carrying
p35S-INF1 was mixed with strains carrying p35S-PiNPP1.1 or
p35S-PsojNIP (1:1 ratio), and the mixtures were infiltrated
side-by-side with individual strains on N. benthamiana leaves
(final ODgyy = 0.2). Infiltrated panels were evaluated and
scored for cell death 1, 2, and 3 days after infiltration. Percent-
age of necrosis development was calculated (number of panels
showing necrosis/total number of panels infiltrated x 100) per
treatment for every comparison. Pair-wise comparisons revealed
distinct differences in timing and intensity of cell death between
the various treatments (Fig. 6A). A total of 39 and 54% of the
leaf panels infiltrated with the mixture of INF1 and PiNPP1.1
strains, and 65 and 80% of the panels infiltrated with the INF1
and PsojNIP mixture showed cell death as early as 2 days after
infiltration (Fig. 6B). In contrast, infiltrations with individual A.
tumefaciens strains resulted in 8, 3, and 16% rates of cell-death
elicitation for the INF1, PiNPP1.1, and PsojNIP, respectively.
Differences were sustained 3 days after infiltration with the
INF1 and NLP strain mixtures resulting in frequencies of cell-
death elicitation over 90%, whereas the individual treatment
resulted in cell-death induction in less than 40% of the infiltra-
tion sites (Fig. 6B). Averages and standard errors of the data in
Figure 6 were calculated from two independent experimental
treatments. These results are consistent with the hypothesis
that INF1 and the NLPs trigger cell death through distinct cell-
death pathways and suggest a synergistic interaction between
the cell-death responses induced by INF1 and the NLPs.

DISCUSSION

Plant pathogenic microbes manipulate cellular and biochemi-
cal processes in their host plants through a diverse array of
effectors that can promote infection (virulence factors) or trig-
ger defense responses (elicitors or avirulence factors). Our labo-
ratory is engaged in functional screens of candidate genes to
identify effectors from P. infestans, particularly those that
induce plant cell death (Torto et al. 2003). As part of these
screens, we identified three cDNAs from P. infestans with sig-
nificant similarity to NLP family proteins. One of these,
PiNPP1.1, induced necrosis in both the host plant tomato and
N. benthamiana. Expression analyses of the PiNPPI.I gene
showed that it is up-regulated during late stages of coloniza-
tion of tomato, similar to the P. sojae NLP PsojNIP (Qutob et
al. 2002). We found that cell death triggered by INF1 and
PiNPP1.1 required SGT1 and HSP90. In contrast, COIl,
MEK?2, NPR1, and TGA2.2 contributed to PiNPP1.1- but not
INF1-induced cell death. We also determined that coexpres-
sion of INF1 with either PINPP1.1 or PsojNIP led to intensi-
fied and accelerated cell death. Taken together, we conclude
that PINPP1.1- and INF1-induced cell death may result from
distinct signaling cascades and suggest synergistic signaling
interactions between pathways. Although the exact mecha-
nisms of signaling interplay remain unclear, these results point
to extensive cellular reprogramming events in plant cells during
Phytophthora-host interactions.

NLPs are widely distributed among plant pathogenic oomy-
cetes and fungi as well as plant-associated bacteria, suggesting



that they play central roles in plant parasitic lifestyles
(Pemberton and Salmond 2004; Win et al. 2006). In P. infestans
and P. sojae, NLPs form gene families with only a single
member capable of triggering cell death (Qutob et al. 2002;
this study). Interestingly, these and other NLPs evoke complex
defense responses and cell death in a diverse range of dicoty-
ledonous plant species, such as tomato, parsley, tobacco, Arabi-
dopsis, and soybean (Fellbrich et al. 2002; Qutob et al. 2002;
this study). NLPs may therefore be considered PAMPs that upon
recognition trigger innate defense mechanisms in dicotyledo-
nous plants.

Of the three PiNPP genes, PiINPPI.1 was significantly up-
regulated during the later stages of infection, and its expres-
sion pattern resembles that of the PsojNIP gene (Qutob et al.
2002). Elevation of transcript levels may therefore correlate
with the transition from biotrophy to the destructive necrotro-
phic phase, indicating that PINPP1.1 as well as PsojNIP, rather
than being PAMPs, may function as toxins. If true, tissue col-
lapse could suppress defenses and facilitate colonization during
the late phase of infection. These findings raise the possibility
that downregulation of NLP genes during the early phase of
infection followed by upregulation during the necrotrophic
phase is a common feature in hemibiotrophic Phytophthora
spp- A role for PiINPPI1.1 in virulence is consistent with the
findings of Pemberton and associates (2005), who demon-
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INF1+PiNPP1.1 INF1

PiNPP1.1

INF1+PsojNIP INF1 PsojNIP

strated a role for the Erwinia carotovora subsp. carotovora
gene Nipg, in soft-rot production on potato tubers and showed
a contribution of the Erwinia carotovora subsp. atroseptica
gene Nipg. in development of potato stem rot (Pemberton et
al. 2005).

NLPs induce complex defense responses and cell death in
plants. Biochemical analysis of the activity of necrosis-induc-
ing Phytophthora protein 1 (NPP1) from P. parasitica in cul-
tured parsley cells and protoplasts pointed to convergent sig-
naling with PEP13, a known and well-characterized PAMP
from Phytophthora spp. (Fellbrich et al. 2002). To obtain more
insights about NLP-induced defense responses, we used VIGS
to test the genetic requirements of NLP-induced cell death. We
showed that, in addition to the previously characterized elicitin
INF1, PiNPP1.1 as well as PsojNIP require both SGT1 and
HSP90 for cell-death induction. Recently, SGT1 was proposed
to act together with RAR1 as a cochaperone of HSP90, stabi-
lizing and regulating signalosome complexes (Takahashi et al.
2003). It is, therefore, tempting to speculate that both SGT1
and HSP90 are present in signalosome complexes together
with receptor-like proteins and other regulatory proteins (e.g.,
kinases), which participate in NLP-induced signaling. It
should be pointed out, however, that HSP90 is thought to have
multiple targets, some of which could be involved in alterna-
tive cellular processes contributing to cell death. Therefore, we
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Fig. 6. Coexpression of INF1 and PiNPP1.1 or PsojNIP leads to synergistic enhancement of cell-death elicitation. Mixtures of recombinant Agrobacterium
tumefaciens strains carrying p35S-INF1 and p35S-PiNPP1.1 (top of panels A and B) or p35S-INF1 and p35S-PsojNIP (bottom of panels A and B) were infil-
trated side-by-side with individual treatments on Nicotiana benthamiana leaves. Infiltrated panels were evaluated and scored for cell-death development 1, 2,
and 3 days after infiltration. A, Symptom development three days after infiltration with the INF1 + PiNPP1.1/PsojNIP mixtures, INFI alone, or
PiNPP1.1/PsojNIP alone. Note the enhanced cell death observed in panels infiltrated with the mixtures. B, Percentage of panels showing necrosis after infil-
tration with the INF1 + PiNPP1.1/PsojNIP mixtures, INF1 alone, or PINPP1.1/PsojNIP alone at 1, 2, and 3 days after infiltration. Results of two independent
experiments were combined to generate average necrosis induction frequencies and standard error values.
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cannot exclude the possibility that HSP90 silencing affected
unknown cellular processes, thereby inhibiting cell death. Ge-
netic analyses of the role of additional signalosome compo-
nents and HSP90 partners will help to clarify this issue.

COI1, MEK2, NPR1, and TGA2.2 were identified as signal-
ing components that contribute to NLP-induced cell death.
COll is required for JA-mediated signaling, presumably via
SCF*mediated ubiquination in planta (Feng et al. 2003; Xu
et al. 2002). It is possible that SCF*® complexes play a part in
NLP-induced signaling, during which they require HSP90 and
SGT1. Expression of PiNPPI.1 in N. benthamiana plants si-
lenced for COI1 interactors ASK1 and ASK2 should help test
this possibility. In the present study, MEK?2, a mitogen-acti-
vated protein kinase (MAPK) kinase, was found to contribute
to NLP-induced cell death. MAPK signaling pathways consti-
tute modules of protein kinases that regulate cellular processes
and act as molecular switches between pathways. For example,
upon elicitor treatment, NtMEK?2 activates wounding-induced
protein kinase (WIPK) and salicylic acid-induced protein
kinase (SIPK) before the onset of the HR (Zhang et al. 2000).
These findings combined with our results suggest that NLP ex-
pression in planta induces cell death through discrete signaling
cascades that include MEK2. Whether WIPK or SIPK are part
of a module that regulates NLP-induced cell death remains to
be determined.

We also showed that NPR1 and TGAZ2.2 silencing results in
reduced levels of cell-death induction. Both NPRI1 and
TGA2.2 are transcriptional regulators of defense responses de-
pendent on SA. NPR1 physically interacts with TGA2.2, a re-
quirement for activation of pathogenesis-related gene expres-
sion and onset of defense responses (Despres et al. 2000,
2003; Niggeweg et al. 2000). It is, therefore, possible that the
NLP-induced cascade is either aided by SA signaling or that it
overlaps with some of its signaling steps. The contributions of
SA (NPR1 and TGA2.2) and JA (COI-1) signaling genes to
NLP-induced cell death point to a potential model for the role
of NLP proteins in pathogenesis. NLPs may be functionally
analogous to the bacterial phytotoxin coronatine, aiding in
pathogen virulence through modulation and jamming of defense
signaling pathways (Bender et al. 1999; Feys et al. 1994; Zhao
et al. 2003). Indeed, Block and associates (2005) showed that
Pseudomonas syringae pv. tomato mutants deficient in coro-
natine production exhibit reduced virulence on Arabidopsis,
suggesting that jamming defense signaling pathways is impor-
tant for disease development. It should be pointed out, however,
that the contribution of SA as well as JA signaling to defense
networks in N. benthamiana is not as well understood as in
Arabidopsis or tomato. In fact, our understanding of defense
signaling in N. benthamiana is mostly based on extrapolation
from tomato. Future studies on JA- and SA-mediated pathways
as well as silencing additional SA, JA, and ethylene signaling
genes will enhance our understanding of these pathways in N.
benthamiana. Ultimately, such studies will provide a compre-
hensive overview of defense and cellular reprogramming in so-
lanaceous plants.

The requirements for NLP-induced cell death was investi-
gated and compared with that of INF1, using VIGS. Our obser-
vations point to the existence of separate signaling pathways.
Plants have the ability to trigger intricate webs of signaling cas-
cades, enabling appropriate and dosed responses to a multitude
of signals. For instance, the RPP4, RPP7, and RPPS8 resistance
proteins that function against a defined set of Peronospora para-
sitica isolates have different but overlapping signaling require-
ments that mediate defense induction (Aarts et al. 1998; Eulgem
et al. 2004). To investigate the relationship between signaling
pathways, we coexpressed both PiNPPI1.1 and PsojNIP with
infl and assayed for alterations in cell-death induction. Our
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results were consistent with the occurrence of two separate sig-
naling cascades and, in addition, suggest synergistic interplay
between pathways. Pathogen recognition invariably results in
cellular reprogramming. Signaling downstream of pathogen per-
ception can induce transcriptional activation of multiple classes
of defense-related genes initially, followed by upregulation of
genes that are involved in signal transduction (Eulgem et al.
2004). Similarly, perception of flg22, a flagellin-derived PAMP
molecule that induces innate immunity in Arabidopsis, results in
upregulation of signaling genes predominantly (Navarro et al.
2004). It is possible that recognition of PAMPs or other patho-
gen molecules (INF1 or PINPP1.1) leads to sensitization or
priming of host cells to other biotic stimuli. Future efforts
directed at understanding the role of the signaling genes that are
induced by either INF1 or NLPs may help to clarify our under-
standing of cell sensitization.

In summary, we propose that the P. infestans proteins
PiNPP1.1 and INF1 represent an example of molecules derived
from the same pathogen that induce cell death through poten-
tially distinct signaling pathways. Although many questions re-
main unanswered, these findings raise some intriguing possi-
bilities with respect to NLP function. Future studies will help
to further identify and characterize NLP-specific signaling com-
ponents and provide more insight into the mechanisms that
govern host cell death, pathogenesis, and virulence.

MATERIALS AND METHODS

Microbial strains and growth conditions.

P. infestans isolate 90128 (A2 mating type) was used for the
timecourse infection assay and was cultured as described earlier
(Kamoun et al. 1998). For RNA extraction, plugs of mycelium
were transferred to modified Plich medium (Kamoun et al.
1993) and were grown for 2 to 3 weeks before harvesting.

A. tumefaciens GV3101 was used in molecular cloning ex-
periments and was routinely cultured at 28°C in Luria-Bertani
(LB) media, using appropriate antibiotics (Sambrook and
Russell 2001). All bacterial DNA transformations were con-
ducted by electroporation using standard protocols (Sambrook
and Russell 2001).

PVX agroinfection and agroinfiltration constructs.

The cDNA inserts of PiNPPI.1, PiNPPI.2, and PiNPPI.3
were PCR-amplified from their respective cDNA clones using
pSPORT-Ascl (5'-GGCCGGCGCGCCCTCCCGGGTCGACC
CACGCGTCC-3') and SP6 (5'-TACGATTTAGGTGACACTA
TAG-3") primers and high-fidelity Pfu DNA polymerase
(Stratagene, La Jolla, CA, U.S.A.). The fragments were cloned
in the binary PVX vector pGR106 (Lu et al. 2003), using the
Clal and Notl restriction enzymes, and were transformed into
A. tumefaciens GV3101 to generate agroinfection-ready
clones. Recombinant clones were tested for the presence of
PiNPP inserts by PCR amplification with PVX primers, PVX-
F (5'- AATCAATCACAGTGTTGGCTTGC-3') and PVX-R
(5'-AGTTGACCCTATGGGCTGTGTTG-3’), and the inserts
were checked by DNA sequencing. pGR106-PSOJNIP,
pGR106-NEP1, and pGR106-INF1 were described elsewhere
(Qutob et al. 2002; Torto et al. 2003). PiINPPI1.1 was cloned
into the mini-binary vector pCB302-3 (Xiang et al. 1999) to
obtain p35S-PiNPP1.1. For this purpose, PCR amplification
was performed from the original cDNA clone using the prim-
ers PINPPIL.1-F (5'-GCGACTAGTATGAACATCCTTCAACT
CTTCGC-3") and PiNPP1.1-R (5'-GCGACTAGTCTAGGCGT
AGTAGGCATTG-3"), adding Spel restriction sites flanking both
termini. Fragments were ligated into predigested pCB302-3
vector and were transformed into A. tumefaciens. Recombinant
colonies were tested directly for insertion of the gene in the



right orientation, using a primer binding to the 35S promoter
35S-F (5'-ATGACGCACAATCCCACTATCCTTC-3") and PiN-
PP1.1-R. Amplified inserts were used for sequence verification.

VIGS constructs.

TRV:SGT1I, which carries a fragment of the NbSGTI1.1 gene
(GenBank accession number AF516180), was described else-
where (Peart et al. 2002). We amplified LeHSP90-1 from to-
mato cDNA, using HSP90-F (5'-GGAGGATCCCGAGGGTC
TGTGCAAGGTGATTAAGG-3') and HSP90-R (5'-TCAGGA
TCCTCCAATGGTGGCAT-3'). coil, mek2, tga2.2, and nprl
were amplified from N. benthamiana cDNA, using primers from
Ekengren and associates (2003) modified as follows: COI1-F,
5'-GAGCCCGGGCGGAGATCTGCCACTTGATAATGGTGT-
3" and COII-R, 5-GCGGGATCCAAGGCCTTCATCGGATT
CCC-3'; NtMek2-F, 5'-GAGCCCGGGCCTACATCGCCCCA
CCGGAAGACT-3" and NtMek2-R, 5'-GCGGGATCCACCCA
TCGTACTGTCCATGATTCAGATCTGT-3'; TGA2.2-F, 5'-G
AGCCCGGGGACATATTCAGGATAAAAGGGGA-3'  and
TGA2.2-R, 5'-GCGGGATCCTATTCCCGGGGGCGAGCAA
GCCA-3'; NPR1-F, 5'-GAGCCCGGGGAAAGAGCCTAAAA
TTGTAGTGTC-3' and NPR1-R, 5'-GCGGGATCCCTATTTC
CTAAAAGGGACCTTATT-3'. For LeHSP90 and mek2, am-
plified fragments were digested with BamHI, whereas for coil,
tga2.2, and nprl, BamHI and Xmal were used. Digested
fragments were ligated into the pTVO0O vector (Ratcliff et al.
2001) to yield pTV-COIl, pTV-MEK2, pTV-NPR1, pTV-
TGA2.2, and pTV-HSP90 and were transformed into electro-
competent A. tumefaciens cells (strain GV3101). Recombinant
strains were tested for having the correct insert through colony
PCR. For all constructs, amplified inserts were sequenced to
confirm cloning of the correct gene fragment.

DNA sequencing and sequence analyses.

The cDNAs as well as the recombinant clones were sequenced
by primer walking, using Applied Biosystems 3730 DNA Ana-
lyzer (Foster City, CA, U.S.A.). Sequences were assembled
and annotated using SequencherTM 4.1 (Gene Codes Corp,
Ann Arbor, MI, U.S.A.). Similarity searches were performed
locally on an Apple Macintosh OSX workstation using
BLAST (Altschul et al. 1997). The sequences of the
PiNPPI.1, PiNPPI.2, and PiNPP1.3 cDNAs were deposited
in GenBank (accession numbers AY961417, AY961431 and
AY961432, respectively).

Transient gene-expression assays.

PVX agroinfection assays were performed as described by
Torto and associates (2003). For routine screens, N. bentha-
miana plants (3 weeks old) at approximately the three- to four-
leaf stage were used for the PVX agroinfection assays. Plants
were grown and maintained in a greenhouse with an ambient
temperature of 22 to 25°C and high light intensity. Recombi-
nant A. tumefaciens GV3101 strains carrying pGR106 deriva-
tives were streaked onto LB solid media plates containing 50
mg of kanamycin per milliliter and were grown for 2 to 3 days
at 28°C. Inoculations were performed on two lower leaves by
dipping a wooden sterile toothpick in a culture grown on solid
agar medium and then wounding each leaf twice around the
main vein and near the base of the leaf. An excess of bacteria
was used for the inoculations. Multiple experiments were per-
formed, and each experiment consisted of at least four plants
per construct. For comparative analyses, side-by-side inocula-
tions on mature N. benthamiana (six- to eight-leaf stage) and
tomato plants (4 to 6 weeks old) were performed. For each
construct, two inoculations per leaf and at least three leaves
per plant were used. Symptoms were documented under white
light to visualize cell death or under UV light (480/40 nm

excitation filter, 510 barrier nm) to monitor the autofluores-
cence resulting from hypersensitive-like cell death.

For agroinfiltration, recombinant A. fumefaciens GV3101
strains were grown as described elsewhere (van der Hoorn et
al. 2000), except that all culturing steps were performed in LB
media. For infiltrations of silenced plants, suspensions were
spun down and resuspended in MMA infiltration medium to a
final ODgy of 0.8 (1 liter MMA: 5 g of Murashige-Skoog
salts, 1.95 g of morpholineethanesulfonic acid [MES], 20 g of
sucrose, 200 uM acetosyringone, pH = 5.6). For the coexpres-
sion assays, the exact same procedures were followed except
that, for the effector combinations, recombinant strains were
mixed in a 1:1 ratio. In addition, a final ODg, of 0.2 was used
for infiltration of all treatments. All suspensions were incu-
bated 1 to 3 h in MMA prior to infiltration. For coinfiltration
assays, at least four plants were infiltrated for each elicitor
combination comparison and three to four leaves were used
per plant. Infiltrated panels were scored positive (1) for occur-
rence of confluent necrosis or negative (0) for absence of ne-
crosis. Panels showing intermediate levels of necrosis received
a score of 0.5. The frequency of panels showing a necrotic
response was determined for each treatment.

TRV-induced gene silencing.

A. tumefaciens GV3101 carrying the binary TRV RNA 1
construct pBINTRA6 and the TRV RNA2 vector pTV00
(Ratcliff et al. 2001) or pTVO0O0 derivatives were prepared for
agroinfiltration assays as described above. The bacterial sus-
pensions were mixed in 2:1 ratio (RNA1/RNA2) in induction
buffer (final ODgyy = 0.6), MES (10 mm MgCl,, 10 mm MES,
pH 5.6, and 150 pm acetosyringone) and were maintained at
room temperature for 2 to 3 h. Infiltrations were conducted by
gently pressing a 1-ml disposable syringe to the abaxial surface
of fully expanded leaves of 3-week-old N. benthamiana plants,
slowly depressing the plunger. A sufficient amount of bacterial
suspension was used to infiltrate the leaves to give a water-
soaked appearance. This typically required one to four infiltra-
tions per leaf. Following agroinfiltration, plants were maintained
in a greenhouse at 22°C with a 16-h photoperiod. Secondary
challenges were performed about three weeks after agroinfil-
tration with the TRV strains. At least four plants were infil-
trated for each treatment and three to four leaves were used per
plant. Infiltrated panels were scored either positive for occur-
rence or negative for absence of necrosis. The frequency of
necrotic panels was determined for each treatment across all
panels and was used to calculate percentage of necrosis.

RT-PCR analyses.

Total RNA from P. infestans and from infected tomato
leaves was isolated, using the Trizol reagent (Gibson-BRL,
Bethesda, MD, U.S.A.) according to the manufacturer instruc-
tions. First-strand cDNAs were synthesized from 4.5 pg of to-
tal RNA with a universal polyT primer and the ThermoScript
reverse transcriptase from the ThermoScript RT-PCR system
(Gibson-BRL). Reactions were performed according to the
manufacturer’s instructions and were incubated at 50°C for 1 h.
PCR amplifications were carried out with equal amounts of
cDNAs, using primer pairs PINPP1.1-F (5'-GCGAAGCTTGA
TGTGATTTCACACGATGCAGT-3') and PiNPPI.1-R (5'-GC
GTCTAGACTAGCCAGCTGGACGAATAGTCCAC-3"),
PiNPP1.2-F (5'-GCGAAGCTTAAAGTCAGCCGAGTCAAC
CACGA-3") and PiNPPI1.2-R (5'-GCGTCTAGATTAAAAAG
GGAATGCATCCTCGAGT-3"), PiNPP1.3-F (5'-GCGGAAT
TCCGAAGTCACGTACATCAACCACG-3') and PiNPP1.3-
R (5-GCGTCTAGATCAAAACGGATAAGCATCTTTCAG-3).
Integrity of the mRNA and cDNA was controlled with primers
EF2-F1 (5'-TGACGCTATCGCCAAGGAATC-3") and EF2-R1
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(5'-TAACGCTGAGCCGTAATGGGGG-3'), which are specific
for the constitutive elongation factor 2 alpha (ef2) gene of P.
infestans (Torto et al. 2002).
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