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Nitroso Glutathione Reductase GSNORI1 for Positive Regulation
of Plant Resistance against Phytophthora
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Abstract Oomycetes, especially Phytophthora, cause devastating crop diseases such as potato late
blight caused by P. infestans. To conquer the disease , it is of great significance to explore the plant
resistance mechanism and identify novel factors for resistance breeding. Nitroso glutathione reductase
1(GSNOR1) is a highly conserved reductase in plant nitric oxide signaling, which involves in regula-
ting R-gene mediated resistance and non-host resistance. However, its potential function and mecha-
nism in resistance against Phytophthora remain unclear. In this study, the resistance phenotypic
analysis on Arabidopsis T-DNA insertion mutant atgsnorl-3 was used to determine the positive regu-
lation of AtGSNORI in resistance to P. parasitica. Furthermore, by exploiting tobacco rattle virus
(TRV) for virus-induced gene silencing (VIGS), the Nicotiana benthamiana plants with reduced
GSNORI homolog levels was used, we demonstrated that silencing of GSNORI homolog in N.
benthamiana enhances plant susceptibility, accompanied with the suppression of reactive oxygen spe-
cies(ROS) production, induction of PR genes and MAPK signaling upon infection by P. parasitica.
This study revealed the highly conserved function and mechanism of GSNORI in plant resistance
against Phytophthora , which facilitated further exploration and potential application of GSNORI in-
breeding of potatolate blight disease resistance.
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Phytophthora , a genus of oomycetes, con-
sists of more than 120 species which cause de-
structive diseases on agricultural crops, forests
and natural ecosystems. For instance, the pota-
to late blight caused by P. infestans and tobacco
black shank caused by P. parasitica threaten the

sustainable crop production worldwide™? . Since
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the virulence variation of Phytophthora is rapid,
the loss of genotype-specific plant resistance is a
key problem in crop production. Take the potato
late blight as a typical example, the disease con-
trol is highly dependent on pesticides, the out-
come of which is the environmental and ecologi-

cal pollution. Therefore, to identify novel fac-
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tors those confer durable resistance and decipher
their resistance mechanisms are of great impor-
tance particularly in accelerating resistance
breeding in Solanaceous plants and contributing
to sustainable agriculture. P. parasitica, a
model oomycete, is a typical hemibiotrophic
pathogen, which has a wide range of hosts?.
The interacting model systems of P. parasitica
with Arabidopsis as well as N. benthamiana
provide a powerful tool to establish these mecha-
nistic studies™!.

In natural environment, to avoid pathogenic
infection, plants have evolved two levels of in-
nate immune responses against pathogenst!.
The first level is triggered by pathogens-associ-
ated molecular pattern ( PAMP ), which is
termed as PAMP-triggered immunity ( PTI).
The immune response is activated through rec-
ognition of PAMPs by plant plasma membrane-
localized pattern recognition receptors (PRRs),
which typically produce reactive oxygen and ni-
trogen intermediates (ROIs and RNIs, respec-
tively) and induction of mitogen-activated pro-
tein kinase (MAPK) signaling cascade™. The
second is triggered by pathogen effectors, which
is termed as effector-triggered immunity (ETI).
The immune response is activated through rec-
ognition of effectors by nucleotide binding-leu-
cine rich repeat (NB-LRR) proteins encoded by
plant resistance genes(R genes) .

In the course of evolutionary changes during
plant-pathogen interactions, pathogens have de-
veloped various invasion strategies, to which the
host plant responded with rapid and marked
These chan-

ges are mostly triggered by the accumulation of

changes in cellular redox status'’’.

ROIs and RNIs, which are significant features of
the plant defense response. Although the en-
zymes required for apoplastic ROI synthesis are
well established"® , the source of RNIs remains

elusivel™1%7,

Increasing evidence suggests that
the redox active, small molecules integrate vari-
ous plant defense mechanisms. For instance, the

signaling function of nitric oxide(NO) is shown

during both highly conserved PTI and highly
specific ETI, which typically accompanied by
the hypersensitive response (HR) at the site of
infection™!,

As an endogenous signaling molecule, NO
is such kind of free radical gas that can diffuse
rapidly through biological membranes'’. To
constitute a relatively stable store of NO bioac-
tivity, S-nitroso glutathione (GSNO) is formed
by the covalent attachment of NO to the cysthiol
within the antioxidant tripeptide, glutathione
(GSH)!# 1,

protein cysteine(Cys) thiol to form an S-nitroso-

The addition of an NO moiety to a

thiol(SNO) has emerged as a prototypic redox-
based, post-translational modification, which is
termed as S-nitrosylation™ ', Cellular GSNO
homeostasis is controlled by the enzyme GSNO
reductase  GSNOR).
highly conserved among animals, plants and
bacterial®. A. thaliana S-nitroso glutathione
reductase 1 ( AtGSNOR1), was identified to

modulate the extent of cellular SNO formation

This enzyme functions

following nitrosative stress,and alterations in to-
tal SNO levels strongly affect signaling trans-
duction and modulate multiple modes of plant
immunityt7 1%,

The phenolic metabolite salicylic acid (SA)
is a crucial immune activator in plants. Emer-
ging evidence suggests that the absence of GSN-
OR1 activity increases cellular GSNO levels and
leads to significantly reduced SA accumulation
and weak activation of SA-dependent defense
genes'® . Arabidopsis plants with compromised
GSNORI1 function were shown to be disabled in
R gene-mediated protection mediated by either
the Toll interleukin ( TOLL) or coiled-coiled
class of NB-LRR proteins, which posse different
signaling requirements-**!, Moreover, atgsnorl-3
plants are disabled in basal resistance against the
bacterial pathogen Pseudomonas syringae pv.
tomato (Pst) DC3000 and the oomycete, Hyalo-
peronospora arabidopsidis. Non-host resistance
(NHR) can protect plants against the majority

of potential pathogens. However, the underly-
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ing molecular mechanisms of NHR are less well
understood. Notably, atgsnorl-3 plants enable
the growth of the wheat powdery mildew patho-
gen, Blumeria graminis {. sp. tritici , which is a
major wheat pathogen but is not adapted for
growth on Arabidopsis. Besides, atgsnorl-3
plants are also host for Pseudomonas syringae
pv. phaseolicola and Pseudomonas fluorescens ;
while wild-type Arabidopsis plants do not sup-
port the growth of these non-adapted bacterial
pathogens. Thus, GSNORI also regulates the

resistance ( NHR )
[19]

development of non-host
against both fungaland bacterial pathogens
Collectively, these data imply that GSNORI is
involved in modulating multiple modes of plant
disease resistance.

As a crucial and highly conserved reductase
in plant NO signaling, the potential function of
GSNOR in plant resistance against Phytophtho-
ra remains unexplored. In this study, with the
benefit of interacting model systems of P. para-
sitica with Arabidopsis as well as N. benthami-
ana » we performed set of analyses on the resist-
ance function of AtGSNORI1 and the GSNORI
homolog in N. benthamiana against P. parasiti-
ca. We demonstrate that plant GSNORI might
have conserved function in plant resistance
against Phytophthora through positively regula-
ting ROS production, induction of PR genes,
and MAPK cascade signaling at different stages
of attempted infection. This study reveals the
conserved mechanism of GSNORI in plant re-
sistance to Phytophthora , which facilitate fur-
ther exploration and potential application of
GSNORI1 on potato late blight disease resistance
breeding.

1 Materials and Methods

1.1 Materials

Arabidopsis T-DNA insertion mutants in
Col-0 background, atgsnorl-3 (GABI_315D11)
was obtained from the Arabidopsis Biological
Resource Center (ABRC). N. benthamianawas

obtained from State Key Laboratory of Crop

Stress Biology for Arid Areas of Northwest
A&.F University.

LB culture medium(500 mL): Trptone 5 g,
yeast extract 2.5 g, NaCl 5 g, Agar 4.0 g(Liq-
uid medium without Agar), add to 500 mL with
ddH, O.

5% CA culture medium(500 mL): 5% car-
rot juice, B-sitosterol 0. 02 g, CaCO, 0. 3 g,
Agar 4.0 g(Liquid medium without Agar), add
to 500 mL with ddH,O.

Fast pfu DNA polymerase, Easy Tag DNA
Polymerase, T, DNA Ligase, restriction endo-
nuclease(promega) : EcoR I , Xho [ , Antibiot-
ics: Kanamycin, Gentamicin, Rifampin.

1.2 Methods
1.2.1

For the root inoculation assay,A. thaliana seeds

Plant Materials and Growth Condition

were surface-sterilized before being plantedon
1/2 MS medium at 4 ‘C for 3 days and then
transferred the seeds to 23 °C for about 10 days
before infection assays. For other experiments,
A. thaliana and N. benthamiana seeds were sur-
face-sterilized and transferred to soil for about
one month. A. thaliana and N. benthamiana
were grown in the same conditions as previously
described™*,

1.2. 2 To create TRV-

based virus induced gene silencing (VIGS) con-

Plasmid Constructs

structs, the full length cDNA sequences of AtG-
SNORI (AT5G43940) were firstly acquired from
TAIR homepage (The Arabidopsis Information
https://www. arabidopsis. org/).
Thereafter, through BLLAST tool from Solanace-
ae Genomics Network ( https://solgenomics.
net/tools/blast/), the full length cDNA se-
quences of GSNORI1 homolog in N. benthami-
ana were obtained. The sequence of GSNORI

homolog was cloned from N. benthamiana cD-

Resource,

NA and inserted into tobacco rattle virus(TRV)
TRV2 with EcoR 1T and Xho 1
sites'® 1 The coding sequence of NbGSNORI

was cloned from N. benthamiana cDNA using

vector

gene-specific primers(Table 1).

1.2.3 P. parasitica Inoculation Assay The
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culture and zoospore production of P. parasitica
strain Pp016 were conducted as previously de-
scribed™. For the leaf inoculation assay, de-
tached leaves were inoculated on the abaxial leaf
surface with a 10 pl. droplet containing—200
P. parasitica zoospores pl.'. Hyphae in epi-
dermal cells were observed at 48 hpi with fluo-
rescence microscope and P. parasitica infected
leaf discs were measured at 72 hpi. For the root
inoculation assay, 5-day-old A. thaliana seed-
lings grown in 1/2MS medium were inoculated
with P. parasitica, and resistance phenotype
was observed at 10 dpi. Col-0 was used as wild-
type control plant in the infection assays. For
the inoculation assay on N. benthamiana de-
tached leaves, approximately 8 mm diameter of
mycelium plugs were cut from the P. parasitica
strain Pp0I6 cultures and inoculated near the in-
filtrated sites. Lesion diameters were measured
at 2 dpi and then stained with trypan blue.
1.2.4 TRV-based VIGS in N. benthamiana
Agrobacterium tumefaciens strain GV3101 har-
bouring pTRV2::. NBGSNOR , pTRV2..GFP
or pTRV2:: PDS construct was mixed with
strains carrying pTRV1 vector in a 1 ¢ 1 ratio to
achieve final concentration of ODg,, = 0. 25 for
each component. The largest leaves of 3-week-
old plants were chosen for infiltration and the si-
lenced plants were used to inoculate with P.
parasitica 3 weeks later as previouslyde-
seribed™,
performed.
1.2.5
RNA was extracted using TRIzol (Invitrogen)
For gRT-PCR analysis, cDNA was
synthesized from 1 pg of total RNA using Pri-
meScript™ RT reagent Kit(TaKaRa). 20 ng of

cDNA was used as template for the amplification

Three independent experiments were

Gene Expression Analysis  Plant total

reagent.

of candidate genes using SYBR premix Kit
(Roche) according to the manufacturers’ in-
structions. Quantitative analysis for the relative
expression level of the tested genes was per-
formed using the SYBR Premix Kit(Roche, Ba-
sel, Switzerland) on Q7 Real Time Cycler

(Thermo Fisher Scientific). The Ct values of
tested genes were normalized to NOACTIN in
N. benthamiana. The primers used are listed in

Table 1. Expression fold changes were calculat-
ed by the 2724¢ method.

1.2.6

N. benthamiana leaves were stained with lacto-

Trypan Blue Staining Assay Detached

phenol-trypan blue (10 mL lactic acid, 10 mL
glycerol, 10 g phenol, and 10 mg trypan blue,
dissolved in 10 mL of distilled water). After
boiling for 2 min in the staining solution and de-
staining in 2. 5 g/mL chloral hydrate, the leaves
were mounted in 70% glycerol for microscopic
observation.

1. 2. 7 DAB Staining Assay Detached N.
benthamiana leaves were blocked in DAB solu-
tion (1 g/mL DAB, modulate pH to 3. 0 with
0.2 mol/LL HCL) supplemented with 0. 05%
Tween 20 and 10 mmol/L Na, HPO, for 12 h.
The leaves were decolorized with decolorizing
solution ( Ethylalcohol absolute ¢ Acetic Acid
Glycerol = 3 + 1 : 1) and boiled in distilled
H,O for 15 minutes. Thereafter, the leaves
were photographed.

1.2.8 Protein Immunoblot Assays Total pro-
tein was extracted with GTEN lysis buffer(10%
glycerol, 25 mmol/L Tris pH 7.5, 1 mmol/L
EDTA, 150 mmol/L NaCl) supplemented with
2% PVPP, 10 mmol/L DTT, 1 X protease in-
hibitor cocktail (Sigma) and 0. 1% Tween 20.
Proteins were separated by SDS — PAGE and
transferred from the gel to a PVDF membrane
(Roche) in transfer buffer(25 mmol/L Tris, 200
mmol/L glycine, and 20% methanol). The
membrane was then blocked in TBST buffer
(Tris-buffered saline with 0. 05% Tween 20
[pH 7.2]) containing 10% non-fat dry milk un-
der gentle shaking. The blocked membrane was
incubated with anti-MPK6 ( Agrisera, Sweden;
AS12-2633) dissolved in TBSTM (TBST with
5% non-fat dry milk) at a ratio of 1 : 5 000 and
incubated at 4 ‘C with shaking at 50 rpm over-
night, followed by three washes (10 min each)
with TBST. Next, the membrane was incubated
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with a secondary antibody HRP goat anti-rabbit
IgG(H + L) antibody (# AS014, ABclonal),
which was also dissolved in TBST at a ratio of
132000, at room temperature for 1. 5 h with
shaking. Thereafter the membrane was washed

Table 1

three times (10 min each) with TBST and one
time with TBS, then incubated with ECL ( #
CW0049S, ComWin )
using a molecular imager ( ChemiDoc XRS +,
Bio-Rad).

before photographing

Primer sequences used in this study

Primer Name

Primer sequence(5'— 3")

NbGSNORI-F
NbGSNORI-R
gNbGSNORI1-F

gNbGSNORI1-R

CCGGAATTCGTGGAATAAAAAGGAAGTGGAAA
CCGCTCGAGTAGGGACGTTCCGTTAATATG
ACTGAGGTTCAGCCAGGAGA

CCGCCCTTACTTTACCACAA

NbACTIN-F TCCATGCTCAATGGGATACT
NbACTIN -R TTCAACCCCTTGTCTGTGAT
PRI1b-F TGCCTTCATTTCTTCTTG
PR1b-R TTAGTATGGACTTTCGCCTCT
PR2-F CTAATGGCATCAGAAAGA
PR2-R ATTGGCTAAGAGTGGAAG
PR3-F AAAGGGATTCTACAGTTAC
PR3-R AGGATTGTTTAGCAGGT
PR5-F TGAGGAGGATGAATAGA
PR5-R AAAGCCTAACAAGTGC
MPK7-F GAATTGATGCGCTGAGAACA
MPK7-R GGCTGCGACGACTTAATGAT
MPKS8-F CTTCCCACACCGTCTTTAGC
MPKS8-R GTACTCGGGCTAGGGACCTC
pressing hyphae colonized WT Col-0 leaves, fol-
2 Results

2.1 Atgsnorl mutants exhibit both leaf and root
susceptibility to P. parasitica

To explore the potential function of GSN-
OR1 in plant resistance to Phytophthora, we
first examined resistance of atgsnorl-3 mutant
against P. parasitica. The detached leaves of
six-week-old atgsnorl-3 mutants as well as WT
Col-0 plants were inoculated by P. parasitica
zoospores. At 72 hpi, leaves of WT Col-0 plants
displayed severe water-soaked lesions. indicative
of susceptibility against P. parasitica infection
(Fig. 1-A). In comparison, the water-soaked le-
sions in atgsnorl-3 mutant were expanded al-
most all over the whole leaf, indicating that atg-
snorl-3 mutant is more susceptible to P. para-
sitica (Fig. 1-A). Furthermore, visible GFP ex-

lowing infection with stable GFP-expressing P.
parasitica transformant. Conversely, atgsnorl-
3 mutant plant leaves showed heavier coloniza-
tion(Fig. 1-B). Consistently, the disease index
statistic for infected leaves indicated that argsn-
orl-3 mutant plants were obviously more suscep-
tible than WT Col-0 plants to P. parasitica in-
fection(Fig. 1-C).

To examine whether GSNOR functions in
root resistance, 2-week-old seedlings were dip
inoculated with P. parasitica zoospores and in-
cubated for 10 days. Most WT Col-0 seedlings
were infected and colonized with P. parasitica at
10 dpi, whereas much heavier infection and root
wilt symptom were observed in atgsnor 1-3 mu-
tant seedlings(Fig. 1-D). Taken together, these
results implied that AtGSNORI plays an impor-
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A Col-0 atgsnorl-3 B Col-0 atgsnorl-3

C
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Col-0 atgsnorl-3

A. Phenotype of detached leaves of wild type Col-0 and atgsnorl-3 mutant after 3 days inoculation with P. parasitic ; B. Hypha colo-

nization of GFP expressing P. parasitica in detached leaves after 3 days inoculation with P. parasitic , Scale bar, 500 pm; C. Disease se-

verity index(DSD from level 1 to level 4 was recorded at 48 hpi(Level 1:disease symptom is less than 1/3 of whole leaf area; Level 2.

disease symptom is between 1/3 and 1/2 of whole leaf area; Level 3: disease symptom is between 1/2 and 2/3 of whole leaf area; Level

4; disease symptom is more than 2/3 of whole leaf area). D. The root phenotype of wild type Col-0 and atgsnorl-3 mutant after 10 days

inoculation with P. parasitica.
Fig. 1
2.2

benthamiana enhances plant susceptibility to P.

Silencing of GSNORI homolog in N.

parasitica

To further investigate the resistance func-
tion of GSNORI homolog in solanaceous plant
to Phytophthora, we set out to obtain N.
benthamiana plants with reduced GSNORI lev-
els by exploiting tobacco rattle virus(TRV) for
virus-induced gene silencing(VIGS). For identi-
fying target sequences for VIGS, we first ac-
quired the full length ¢cDNA sequences of AtG-
SNORI ( AT5G43940) from TAIR homepage
(The Arabidopsis Information Resource, ht-
org/). Thereafter,
through BLAST tool from Solanaceae Genomics

tps://www. arabidopsis.

Network net/tools/
blast/), the full length cDNA sequences of
GSNORI1 homolog in N. benthamiana were ob-

( https://solgenomics.

tained and further sequence alignment showed

its high sequence similarity to AtGSNORI ,

atgsnorl-3 mutants exhibit susceptibility to P. parasitica

which is 90. 69% (Fig. 2-A). Based on this, we
generated a VIGS construct that targets NbG-
SNORI .
RT)-PCR analyses showed strongly reduced lev-
els of NbGSNORI1 mRNA, reaching on average

only 12% of the normal level in N. benthamiana

Quantitative reverse transcription ( Q-

(Fig. 2-B). Simultaneously, silencing of the en-

dogenous phytoenedesaturase ( PDS ) gene,
which causes photo bleaching, was used as a
control for VIGS efficiency(Fig. 2-C).

To study the role of NbGSNORI in defense
against Phytophthora, we performed infection
assays on leaves detached from GSNORI-si-
lenced N. benthamiana plants with P. parasiti-
ca. The results showed that the water-soaked
lesions on GSNORI -silenced plants(TRV :GSN-
OR1) are larger when compared with the lesions
on control plants(TRV.:GFP) at 2 dpi(Fig. 2-D
and 2-E). This indicates that in both plant spe-
GSNORI

cies, is required to counteract the
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pathogen.
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TRV:GFP

TRV:BbGSBIR1

TRV:GFP TRV:BbGSBIRI

A. N.benthamiana GSNORI homologous sequences were obtained by BLAST sequence alignment; B. Relative quantification(RQ)

of GSNOR]1 expression at 21 dpi with TRV constructs in the qRT-PCR assay. NODACTIN expression was used {or normalization. GSN-

ORI expression in the TRV :GFP-treated plant was set at 100%. The experiment was repeated three times. Error bars indicate the SE

from three biological replicates; C. silencing of the endogenous phytoenedesaturase( PDS) gene, which causes photo bleaching; D. Leaves

of NbGSNORI silenced plants and control plants were inoculated by P. parasitica . and were strained by trypan blue at 2 dpi. The stained

leaves were photographed; E. The lesion diameter statistical analysis of N. benthamiana leaves after 2 days inoculation with P. parasitic.

Fig.2 Enhancement of silencing of GSNORI homolog in N. benthamiana toplant susceptibility to P. parasitica

2.3 Silencing of NbGSNORI1 suppresses plant
reactive oxygen species burst upon infection by P.
parasitica

Production of reactive oxygen species(ROS)
is critical for successful activation of immune re-

[23]

sponses against pathogen infection'**’. In leav-

es, the active epitopes of bacterial flagellin
(flg22) triggers the oxidative burst and induces

21281 -~ To further elu-

defense gene transcription
cidate whether GSNORI modulates ROS burst

in response to P. parasitica, we analyzed the

production of H,O,, a ROS that can be visual-

ized with 3, 3'-diaminobenzidine- tetrahydro-
chloride (DAB) staining, in both GSNORI -si-
lenced plants and control plants upon infection
by P. parasitica. No obvious difference in DAB
staining was observed in both GSNORI -silenced
plants and control plants at 0 hpi(Fig. 3). As a
control assay, clear staining was visible in con-
trol plants (TRV: GFP) treated with flg22,
whereas much weaker staining exhibited in
GSNORI1 -silenced plants treated with flg22(Fig.
3). Similarly, the DAB staining was weaker at 3

hpi, but became gradually stronger from 6 hpi to
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12 hpi in control plants, indicating an increase of
H, O, production in response to the pathogen.
By contrast, the DAB staining was hardly de-
tectable at 3 hpi, and much weaker staining at 6
hpi and 12 hpi was observed in GSNORI -si-

Mock flg22

TRV:GFP

TRV:NbGSNORI % @

N
-
f ?,

lenced plants (Fig. 3), demonstrating that pro-
duction of H, O, was clearly reduced. These re-
sults suggest that the ROS burst appears to be
attenuated in GSNORI -silenced plants upon in-

fection by P. parasitica.

3 hpi

6 hpi 12 hpi
2 f._' 2 g T

Leaves of NbGSNORI silenced plants and control plants were inoculated by P. parasitica. and were strained by DAB at 0 h, 3 h,

6 h and 12 h post inoculation. The DAB staining of 10 mmol/L {lg22 injected N. benthamiana leaves were used as positive controls. The

stained leaves were photographed

Fig.3 Silencing of NbGSNORI suppresses plant reactive oxygen species burst upon infection by P. parasitica

2.4 Silencing of NbGSNORI1 suppresses induc-
tion of MPK genes and attenuates accumulation of
MPKG6 upon infection by P. parasitica

The activation of MAPK cascades is one of
the marker events for PTI and plays a crucial
role in defense to pathogens in
plants™ ! In A. thaliana » MPK3 , MPK4 and
MPKG6 are activated by a broad range of biotic
. Furthermore, MPK7 and MPKS

are reported to mediate ROS signaling and regu-

response

stresses®%

late MPK6 in response to jasmonic acid, which
is an important phytohormone for activating
defense against necrotrophic

plant response

[32:3435] * These prompted us to exam-

pathogens
ine whether GSNORI might involve in the regu-
lation of MAPK signaling in response to the
pathogen. The detached leaves of both GSNOR]I
-silenced N. benthamiana plants and control
plants inoculated with P. parasitica were har-
vested at 3, 6 and 12 hpi. The qRT-PCR analy-
ses showed strongly reduced levels of NHBGSN-

ORI mRNA in GSNORI-silenced N. benthami-

ana plants during the infection by P. parasitica
at indicated time points (Fig. 4-A). Based on
this, we first monitored the dynamic transcript
levels of MPK7 and MPKS. As expect, both
MPK7 and MPKS8 were highly up-regulated in
control plants during the infection, although the
MPKS showed significant up-regulation from 6
hpi(Fig. 4-C and 4-D). By contrast, in GSNORI
-silenced N. benthamiana plant, the induction of
MPK7 was significantly reduced during the in-
fection and the induction of MPKS8 was only
slightly reduced at 6 hpi(Fig. 4-C and 4-D). No-
tably, at very early infection stage (3 hpi),
MPK8 showed almost no induction in control
plants, whereas the expression of MPKS§ ap-
peared down-regulated compared to that exhibi-
ted at 0 hpi in GSNORI -silenced N. benthami-
ana plants (Fig. 4-D). Although the up-regula-
tion of MPKS8 at 12 hpi was detected in GSN-
OR]1-silenced N. benthamiana plants(Fig. 4-D),
it might be due to the attenuated level of GSN-
ORI silencing at indicated time point(Fig. 4-A).
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A. Relative quantification(RQ) of GSNOR1 expression of leaves of NbGSNORI silenced plants which were inoculated by P. parasit-
icaat 0 h, 3 h, 6 h and 12 h post inoculation. In the qRT-PCR assay, NbDACTIN expression was used for normalization. GSNORI ex-
pression in the TRV :GFP-treated plant was set at 100%. The experiment was repeated three times. Error bars indicate the SE from
three biological replicates; B. Protein expression of MPK6. Total proteins were extracted from detached leaves of NbGSNORI silenced
plants inoculated by P. parasitica at 6 h, 12 h and 48 h post inoculation. The accumulation of MPK6 was detected by immunoblotting
using anti-MPK6 antibody. Ponceau staining of the membrane was used to show equal loading; C, D The dynamic expression of MPK7
and MPKS8 were evaluated by qRT-PCR. Leaves of NbGSNOR]1 -silenced plants and control plants were inoculated by P. parasitica. To-
tal RNA was extracted from inoculated leaves at Oh, 3h, 6h and 12h post inoculation. The ratio of candidate gene expression to plant
housekeeping gene NDACTIN was calculated by the 24 Ct method. Three independent experiments showed similar result. Error bars in-
dicate the SE from three biological replicates

Fig. 4 Silencing of NbGSNORI1 suppresses induction of MPK genes and attenuates

accumulation of MPK6 upon infection by P. parasitica

To complement this, we further examined
the level of MPK6 protein accumulation in both
GSNOR] -silenced N. benthamiana plants and
control plants upon infection by the pathogen.
The detached plant leaves were inoculated with
P. parasitica and harvested at 6, 12 and 48 hpi.
Interestingly, we did not detect a clear accumu-
lation of MPKG6 protein at early biotrophic infec-
tion stage until 48 hpi, which has already devel-
oped into necrotrophic infection in either GSN-
ORI -silenced N. benthamiana plants or control
plants ( Fig. 4-B). Notably,

stage, the accumulation of MPK6 was strongly

at this infection
increased in control plants. In comparison, ap-
proximately 75% weaker accumulation level of

MPK6 was detected in GSNORI-silenced N.

benthamiana plants(Fig. 4-B). Taken together,
these results suggest that silencing of NbGSN-
ORI might attenuate induction of MPK7 and
MPKS8 during early biotrophic infection and sup-
press the accumulation of MPK6 protein during
necrotrophic infection by P. parasitica.
2.5 Silencing of NbGSNORI1 affects induction of
PR genes upon early infection by P. parasitica
The

(PR) genes is a typical marker event in plant

activation of Pathogenesis-Related

immunity and plays a crucial role in defense re-

L2930 Previous re-

sponse to pathogens in plants
search has shown that Phytophthora infection
These
prompted us to further examine, to what extent

GSNORI might affect the expression of PR

induces the expression of PRIa M%7,
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genes in response to P. parasitica. The dynamic
transcript levels of PRIb , PR2, PR3 and PR5
were further monitored in leaves of both GSN-
ORI -silenced N. benthamiana plants and control
early infection. The results
showed that PR1b , PR2 and PR3 were highly
induced from 3 to 12 hpi, and PR5 exhibited
clear up-regulation at 12 hpi in control plants

(Fig. 5). By contrast, in GSNORI -silenced N.

plants during

[ Tohpi 3 hpi
100 PRI
10 1
2
|
S 1
)
% =
3 0.1
= O
0.01 A
TRV:GFP  TRV:NbGSNORI
C PR3
> 104 77
=
O
S
SEERT
&
s§
0.14
TRV:GFP TRV:NbGSNORI1

benthamiana plants, PRIb , PR2 and PR3
showed resembled expression level at very early
infection stage(3 hpi) to that at 0 hpi, whereas
expression of PR5 appeared down-regulated at 3
hpi compared to that exhibited at 0 hpi(Fig. 5).
These results implied that silencing of NbGSN-
ORI might attenuate induction of PRIb , PR2,
PR3 and PR5 at very early infection phase.

B 6hpi 772 12 hpi
___ PR2 —_—
100{ B
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The dynamic expression of PR1b , PR2 , PR3 and PR5 were evaluated by qRT-PCR. Leaves of NDGSNORI silenced plants and con-

trol plants were inoculated by P. parasitica. Total RNA was extracted from inoculated leaves at 0 h, 3 h,6 h and 12 h post inoculation.

The ratio of candidate gene expression to plant housekeeping gene NODACTIN was calculated by the 22 Ct method. Three independent ex-

periments showed similar result. Error bars indicate the SE from three biological replicates

Fig. 5 Silencing of NbDGSNORI1 suppresses induction of PR genes infection by P. parasitica

3 Discussion

The mechanistic insight into the function of
highly conserved reductase GSNOR in plant im-
munity remains elusive, especially within the
plant-Phytophthora interacting systems. In this
we demonstrate that plant GSNORI

plays a crucial role in the positive regulation of

study ’

resistance against Phytophthora. Both Atgsn-
orl mutant plants and GSNORI-silenced N.
benthamiana plants show significantly enhanced

susceptibility to P. parasitica (Fig. 1 and Fig.

2). This is consistent with previous studies,
showing that Atgsnorl mutant plants are com-
promised in basal resistance to bacterial patho-
gen Pseudomonas syringae pv. tomato ( Pst)
DC3000 and non-host resistance against Blumer-
ia graminis 1. sp. tritici™. These results indi-
cate that GSNOR1 might be an important and
highly conserved candidate, which can be applied
to improve broad spectrum resistance in crop
plants.

GSNORI is the key reductase to participate

in regulating protein S-nitrosylation™”, which
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has been shown to modulate the activity of a
number of key regulators integral to plant im-
mune function including SA binding protein 3
(SABP3)P%, non-expresser of PR1(NPR1)™%,
and the basic leucine zipper ( bZip) protein
TGA1", Furthermore, the NADPH oxidase,
RBOHD, an essential enzyme for ROS produc-

[41-42]

tion in plant defense , has also been shown

to be S-nitrosylated on Cys890™*’. Based on
these, we speculate that GSNORI indirectly
functions in modulating plant signaling transduc-
tion and multiple modes of plant immunity.
This might explain its conserved biological func-
tion in plant resistance to a broad spectrum of
pathogens.

Most Phytophthora species, including P.
parasitica » are hemibiotrophic pathogens, thus
these pathogens first establish a biotrophic inter-
action with host plant and later switch to a de-
structive necrotrophic lifestyle®*. As one of the
earliest plant immune responses to pathogens,
rapid production of ROS is important for resist-
ance against the biotrophic pathogens because it
helps drive cell death development™™. The emer-
ging data suggest that the levels and timing of
ROS production are important determinants of
cell death in incompatible P. parasitica — N.
benthamiana interactions and correlate with
compatible P. parasitica proliferation in suscep-
tible plantst®. Furthermore, Arabidopsis root
resistance against P. parasitica requires an
NADPH oxidase mediated oxidative burst™",
These findings indicate that ROS is important
for plant resistance to Phytophthora pathogens.
Our data suggest that H,O, accumulation is
triggered rapidly either by flg22 treatment or P.
parasitica infection in control plants(Fig. 3). In
comparison, the production of H,0, is signifi-
cantly reduced in GSNORI -silenced plants dur-
ing the early infection phase(Fig. 3). These re-
sults indicate that the timing and level of the ox-
idative burst are of importance for plant resist-
ance against Phytophthora and further that
GSNORI plays a key role in regulating these

processes.

Plants have developed different defense sys-
tems against infections by biotrophic and necro-
trophic pathogens. Generally, SA signaling is
essential to resist infection from biotrophic
pathogens, whereas jasmonic acid/ethylene(JA/
ET) signaling is necessary for inhibiting infec-

L8490 Inter-

tions from necrotrophic pathogens
estingly, several reports have shown that both
SA and JA/ET signaling are required to defend
infection by Phytophthora pathogens in both
Arabidopsis and N. benthamiana™**" 1, The
induction of PR genes is marker event for SA
signaling. Particularly, PRI has been shown to
play an important role in plant defense against
P.capsici®™). In addition, PRI also participates
in Arabidopsis root resistance against P. para-

36 and plays a crucial role in plant resist-

sitica
ance to biotrophic pathogens mediated by the
novel susceptibility factor RTPI ., Our kinet-
ic expression analyses on set of PR genes in N.
benthamiana during early infection by P. para-
sitica showed high induction of PR1b , PRZ,
PR3 and PR5 in control plants. However, dur-
ing the very early infection(3 hpi), we did not
detect the induction of PRIb , PR2 and PR3 but
the down-regulation of PR5 in GSNORI -silenced
plants(Fig. 5-A). Our findings imply that GSN-
ORI might involve in regulating the induction of
PR genes during early biotrophic infection by
Phytophthora , which suggests that GSNORI
may affect SA signaling for its function in plant
resistance against Phytophthora.

In plants, MAPK cascades play essential
roles in the transduction of environmental sig-
nals, including response to a range of stresses

caused by ROS and pathogen infections®. I

n-
creasing evidence has demonstrated that MAPK
cascades have emerged as battlegrounds of plant-
pathogen interactions. Activation of MAPKs is
one of the earliest signaling events after plant
sensing of PAMPs and pathogen effectors-®,
Importantly, hormones such as jasmonic acid

(JA) and salicylic acid(SA) are known to influ-
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ence signaling through MAPK cascades. For in-
stance, JA involves in regulating the activation
of MPK624 . Interestingly, out studies showed
the protein accumulation of MPK6 in GSNORI -
silenced plants was not detected until 48 hpi, re-
presenting the necrotrophic infection phase(Fig.
4-B). Moreover, the GSNORI-silenced plants
exhibited strong suppression of MPK6 accumu-
lation compared to control plants (Fig. 4-C).
These results imply that MPK6 might function
during the necrotrophic infection by Phyroph-
thora and GSNORI may also affect JA signaling
for its function in plant resistance against Phy-
tophthora. Furthermore, MPK?7 could be acti-
vated by ROS triggered by plant stress stimu-
i In  Arabidopsis. through
with MPKS§, LSF2 (LIKE SEX FOUR2) func-

tions in the regulation of plant oxidative stress,
[54]

interacting

resulting in modulating ROS homeostasis
The results showed that the induction of MPK7
and MPK8 was significantly suppressed in GSN-
ORI -silenced plants during early P. parasitica
infection ( Fig. 4-B).
GSNORI may involve in activating MAPK cas-

These data indicate that

cade signaling for its resistance function against
Phytophthora.

In conclusion, this study demonstrated that
through positively regulating ROS production,
induction of PR genes, MPK7 and MPKS8 at the
early biotrophic infection stag, and the accumu-
lation of MPKG6 protein at the later necrotrophic
infection, GSNORI1 plays an important role in
the positive regulation of plant resistance against

Phytophthora.
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