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Abstract

Plants have evolved a two-layer immune system comprising pattern-triggered immunity (PTI) and effector-triggered
immunity (ETI) that is activated in response to pathogen invasion. Microbial patterns and pathogen effectors can be
recognized by surface-localized pattern-recognition receptors (PRRs) and intracellularly localized nucleotide-binding
leucine-rich repeat receptors (NLRs) to trigger PTI and ETI responses, respectively. At present, the metabolites acti-
vated by PTI and ETI and their roles and signalling pathways in plant immunity are not well understood. In this study,
metabolomic analysis showed that ETI and PTI induced various flavonoids and amino acids and their derivatives in
plants. Interestingly, both glutathione and neodiosmin content were specifically up-regulated by ETI and PTI, respec-
tively, which significantly enhanced plant immunity. Further studies showed that glutathione and neodiosmin failed to
induce a plant immune response in which PRRs/co-receptors were mutated. In addition, glutathione-reduced mutant
gsh1 analysis showed that GSH1 is also required for PTI and ETI. Finally, we propose a model in which glutathione
and neodiosmin are considered signature metabolites induced in the process of ETI and PTI activation in plants and
further continuous enhancement of plant immunity in which PRRs/co-receptors are needed. This model is beneficial
for an in-depth understanding of the closed-loop mode of the positive feedback regulation of PTI and ETI signals at
the metabolic level.
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Introduction

Plants generally counteract pathogen infection by inducing 2012). PTI and ETI are a plant’s two-layer immune system
the activity of their innate immune system, which involves and rely on the recognition of membrane-localized pattern-
pattern-triggered immunity (PTI) and effector-triggered im-  recognition receptors/co-receptors (PRRs/co-receptors) to
munity (ETI) (Jones and Dangl, 2006; Monaghan and Zipfel, detect conserved molecules, termed microbe-associated (or

© The Author(s) 2022. Published by Oxford University Press on behalf of the Society for Experimental Biology. All rights reserved. For permissions, please email:
journals.permissions@oup.com

20z 1Mdy g uo 1senb Aq /Z226089/9.26/€/vL/21001e/qx[/woo dno-olwepede//:sdiy woly papeojumod


mailto:xhding@sdau.edu.cn?subject=

Glutathione and neodiosmin feedback sustain plant immunity | 977

pathogen-associated) molecular patterns (MAMPs/PAMPs),
and nucleotide-binding, leucine-rich repeat receptors (NLRs)
to recognize characteristic type III effectors (T3Es), further
inducing the plant immune response (Segonzac and Zip-
fel, 2011; Couto and Zipfel, 2016; Jones et al., 2016). Both
PTI and ETT induce reactive oxygen species (ROS) and Ca**
bursts, callose deposition, phosphorylation cascades involving
mitogen-activated kinases (MPKs), biosynthesis of phytohor-
mones, and transcriptional activation of downstream defence-
related genes (Jones and Dangl, 2006; Monaghan and Zipfel,
2012;Yuan et al., 2021), which suggests that ETT and PTI share
many common signalling pathways involved in the regulation
of plant immunity. During the coevolution of pathogens and
plants, pathogens evolved a type III secretion system (T3SS)
that secretes virulence molecules, including T3Es, exopolysac-
charides, and toxins (Segonzac and Zipfel, 2011), which are
injected into plant cells to subvert the plant immune response.

ETI usually induces a stronger response than PTI via rec-
ognition of individual T3Es by matching resistance proteins
(Dodds and Rathjen, 2010), leading to programmed cell death,
a phenomenon termed the hypersensitive response (HR)
(Jones and Dangl, 2006). ETT and PTI share some downstream
signalling response crosstalk with salicylic acid (SA) signalling
pathways (Tsuda and Katagiri, 2010). For instance, the amino
acid peptide FLAGELLIN 22 (Flg22) was identified as a
PAMP that activates PTT in plants and triggers SA production.
On the other hand, an HR was associated with the biosyn-
thesis of SA (Mur et al., 2000), which enhances plant resistance
against biotrophic and hemi-biotrophic pathogens (Segonzac
and Zipfel, 2011; De Vleesschauwer et al., 2016). In addition,
the SA receptors NPR3 and NPR4 promote the degradation
of JASMONATE ZIM DOMAIN proteins (JAZs) to enhance
the ETI response (Liu et al., 2016). Most notably, recently pub-
lished studies have shown that PRRs/co-receptors are indis-
pensable components involved in the activation of ETI and
have proven that PTI plays an important positive role in the
process of enhancing ETT (Ngou et al., 2021;Yuan et al., 2021).

Genome-wide transcriptome profiling is an efficient ap-
proach for determining biological processes at the level of gene
expression in cells under different treatments (Ansorge, 2009;
Wang et al., 2009; Haas and Zody, 2010; Pombo et al., 2014).
A recent report showed that transcriptomic analysis revealed a
series of genes induced specifically by ETI and identified Epk1,
which encodes a protein kinase that plays a unique role in
the bacterial effector-triggered response (Pombo et al., 2014).
Moreover, transcriptome profiling of a Pseudomonas syringae
strain has revealed specific bacterial processes and genes that
are differentially expressed during ETI and PTI (Nobori et al.,
2018). Notably, pathogen invasion and activation of the im-
mune response not only induces large amounts of gene tran-
scriptional reprogramming but also leads to a large number
of differentially accumulated metabolites. Some metabolites
have been extensively studied for their role in immunity
against bacterial pathogens, such as phytosterols (Griebel and

Zeier, 2010), coumarins (Chaouch et al., 2012), indols (Stahl
et al.,2016), and amino acids (Navarova et al., 2012). Recently,
a multiomics strategy was used to systematically analyse the
PTI response mechanism in the process of rice disease resist-
ance (Tang et al., 2021). However, the role of ETI- and PTI-
activated metabolites in the regulation of plant immunity is
still unclear. Are there metabolites produced in ETI that are
perceived by PRRs/co-receptors to amplity ETI responses
(Chang ef al., 2021)? Therefore, metabolomic analysis has been
used to identify the differentially accumulated metabolites in-
duced by ETI and PTI and further demonstrate the role of
the key metabolites involved in the regulation of the plant im-
mune response, which will help to better understand the roles
of metabolites involved in the feedback regulation of plant ETI
and PTT at the metabolic level.

Glutathione is composed of three amino acids (glutamate,
cysteine, and glycine), and plays a wide role in eukaryotes. Glu-
tathione biosynthesis requires the following two adenosine tri-
phosphate dependent enzymes: y-glutamylcysteine synthetase
glutathione (GSH1) and glutathione synthetase glutathione
(GSH2) (Zhu et al.,2021). Glutathione plays an important role
in plant growth and development, tolerance to abiotic stresses,
and defence reactions against biotic stress (Kocsy et al., 2000;
Clay et al.,2009; Noctor ef al., 2012; Zechmann, 2014; Cheng
et al., 2015; Mukaihara et al., 2016; Kunstler ef al., 2019). Neo-
diosmin (other names: diosmetin-7-neohesperidoside, NEO)
is a flavonoid with antioxidant properties and was first isolated
from Citrus aurantium leaves (Raithore ef al.,2020; Huang et al.,
2021). However, the role of glutathione and NEO in the reg-
ulation of plant ETI and PTTI is not clear.

Interactions between Pseudomonas syringae pv. tomato (Pst)
and its host plants have been used extensively to study host
immune responses to bacterial infection (Pedley and Martin,
2003; Oh and Martin, 2011). The Pst DC3000 strain deliv-
ers T3Es into tomato cells, and two of these effectors, AvrPto
and AvrPtoB, impede pattern recognition receptor function,
thereby undermining the PTT response and promoting bacte-
rial infection (Cunnac ef al.,2011; Oh and Martin, 2011; Rosli
et al., 2013). However, Pst DC3000 (avrRpt2) and Pst DC3000
(avrRps4) secrete AvrRpt2 and AvrR ps4, which are recognized
by RPS2 and RPS4 and cause a signalling cascade to induce
the ETI response (Gassmann et al., 1999; Axtell and Staskawicz,
2003; Mackey et al., 2003). Another Pst strain, D36E, has 36
fewer effector factor-encoding genes than Pst DC3000 and
can activate only plant PTI (Wei ef al., 2015). By using the
abovementioned bacterial strains, we used metabolomic anal-
ysis to determine the differences in metabolite accumulation in
plants inoculated with Pst DC3000, D36E, Pst DC3000 (avr-
Rpt2) and Pst DC3000 (avrRps4). By performing metabolomic
analysis, we found that D36E, Pst DC3000 (avrRpt2) and Pst
DC3000 (avrRps4) induced the accumulation of flavonoids
and amino acids and their derivatives in plant leaves. Venn
diagrams combined with the results from a heatmap analysis
showed that ETT and PTI typically induced the accumulation
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of glutathione and NEQO, both of which activate ROS bursts
and MPK phosphorylation and up-regulate the expression of
PTI-ETI-induced genes in Arabidopsis ecotype Columbia
(Col-0), but were compromised in PRR /co-receptor mutants.
Furthermore, the glutathione-reduced mutant gsh1 was also
required for the plant immunity response. These observations
help reveal a novel mechanism in which ETI and PTT induce
similar or unique accumulations of plant immunity-associated
metabolites to sustain the plant immune response.

Materials and methods

Plant materials and growth conditions

Arabidopsis (Arabidopsis thaliana) Col-0 seeds were sterilized in 75% eth-
anol for 1 min, washed three times with double distilled water, immersed
in a 1.5% NaClO solution for 15 min and washed six to seven times with
double distilled water. After surface sterilization, the seeds were sown on
square Petri dishes that contained 20 ml of 1/2-strength Murashige and
Skoog (MS) media. The seeds were vernalized for 2 d at 4 °C before
germination. After 7 d of germination, the seedlings were transferred to
vermiculite plus 1/4-strength MS culture media without sucrose or agar.
The seedlings were then grown under the following conditions: 21 °C,
60-70% humidity, and a 12 h light photoperiod. fls2 efr cerk1 (fec), bak1
bkk1 cerk1 (bbc), and rps2 mutants were generated by the staff of the Cyril
Ziptel laboratory (Schwessinger et al.,2011), the rbohd mutant was gener-
ated by the staff of the Xiufang Xin laboratory (Yuan et al., 2021), and
gsh1 (cad2-1) was generated by the Barbara Rolls laboratory (Cobbett
et al., 1998).

Bacterial growth assays

Four-week-old Arabidopsis plants were infiltrated with Pst DC3000 at an
ODy of 0.001. Two hours later, they were sprayed with water, oxidized
glutathione (GSSG), GSH or NEO, after which diseased leaves were har-
vested at 3 d post-incubation (dpi) and surface sterilized in a 75% ethanol
solution for 1 min. Afterwards, the diseased leaves were washed three times
with double distilled water. A surface-sterilized mortar was used to crush the
diseased leaves into a homogenized sample in double distilled water. The ho-
mogenate was then continuously diluted (1:10) seven to eight times, and a
10 pl aliquot was plated onto polypeptone sucrose agar media for counting
individual colonies after they were allowed to grow for 1-2 d at 28 °C. For
the bacterial growth inhibition experiment, the Pst DC3000 (OD=1) sus-
pension was diluted (10%) four to five times and then plated onto PSA media
supplemented with 0, 1, 10, 100, and 200 ng/mL GSSG, GSH, or NEO.The
growth of bacterial colonies was counted after 24 h. The experiment was
performed in three biological replicates.

ROS staining

H,0, and O, were detected via 3,3-diaminobenzidine (DAB) and nitro
blue tetrazolium (NBT) staining, respectively (Lu ef al., 2019). For NBT
staining, 10-day-old seedlings were harvested from treated plants at 2 h
post-treatment (hpt). The seedlings were then immediately put into a
sodium azide solution (1%) and subsequently into a vacuum chamber
for 30 min. Afterwards, the leaves were transferred to a 0.5 mg/mL NBT
staining solution and placed in a vacuum chamber again for 30 min.
For DAB staining, the harvested seedlings were transferred to a 1 mg/
mL DAB staining solution and placed in a vacuum chamber for 30 min.
Afterwards, the seedlings were transferred to a 28 °C incubator under
light for 8 h. After the reaction was complete, excess dye solution was
discarded, and the seedlings were washed with boiling ethanol. Finally,

the seedlings were imaged by a stereomicroscope (Nikon, Japan). ROS
levels were detected at 2 hpi with different treatments. Plant leaves were
infiltrated with 1 pM fluorescent dye 2’,7’-Dichlorodihydrofluorescein
diacetate (H,DCFDA) solution, and the fluorescence signal was detected
10 min later with a Zeiss LSM880 laser scanning microscope (488 nm
excitation wavelength and 501-550 nm emission wavelengths). Chlo-
roplast autofluorescence (red) was excited at 543 nm and recorded at
640—735 nm.The above experiments were performed in three biological
replicates.

Callose accumulation detection

Solution A contained deionized water (52%), lactic acid (20%), phenol
(20%), and 8% glycerol (v/v). Following 50 uM GSH, GSSG, and NEO
treatments for 24 h, the treated leaves were harvested and immersed in
solution B (solution A: ethanol=1:2) under vacuum for 30 min. The
above mixture was then incubated at 60 °C and mixed every 5 min
for 30 min. The samples were washed for three times with deionized
water. Clean leaves were placed in 0.01% aniline blue staining solution
(150 mM K,HPO, with pH=9.5). Callose deposition was imaged using a
Zeiss LSM880 laser scanning microscope. The excitation wavelength was
405 nm, and the emission wavelength was 415-485 nm. Fluorescence
intensity was quantified using Image] software.

Quantitative analysis of glutathione and NEO by high-
performance liquid chromatography

Leaf samples (0.5-1 g) were frozen with liquid nitrogen, rapidly ground
to a homogeneous powder, and transformed into a 1.5 ml centrifuge
tube with 1 ml of 70% (v/v) methanol. The sample homogenate was
inverted and mixed for 2-16 h at 4 °C and centrifuged at 14000 Xg for
20 min at 4 °C.Then, the supernatant was transferred into a new steril-
ized 2 ml centrifuge tube. The precipitate from the previous step was
recovered, and the steps above were repeated. The two supernatants were
merged into the same centrifuge tube. For GSSG and GSH detection,
the chromatographic column used for high-performance liquid chro-
matography (HPLC) on a Shimadzu LC-20AD liquid chromatograph
(ZORBAXSB-C18 4.6 X 50 mm, Agilent Technologies, USA), the op-
erating temperature was 24 °C, the mobile phase contained formic acid
(0.1%), water (98.9%), and methanol (1%), the flow rate was 1 ml/min,
the detection wavelength was 200 nm, and the retention times of GSH
and GSSG were 7.5 min and 13 min, respectively. For NEO detection,
the operating temperature was 24 °C, and the mobile phases contained
water (66%, v/v), acetonitrile (2%, v/v), glacial acetic acid (6%, v/v), and
methanol (28%, v/v). The flow rate was 1 ml/min, the detection wave-
length was 275 nm, and the retention time of NEO was 5 min.

Preparation and extraction of plant tissues for widely targeted
metabolic analysis

To compare the metabolic differences that occur between PTI and ETI,
Arabidopsis plants were grown for 28 d and injected with a suspension
of Pst DC3000, Pst DC3000 (avrRpt2), Pst DC3000 (avrRps4), or D36E
(OD=0.001, Pst DC3000). The experiment was repeated for three bio-
logical replicates, and leaves were harvested in each experiment at 2 h and
24 h.The leaves of seedlings before injection with Pst DC3000 (at O h)
were used as a control (CK). The extraction method of Arabidopsis leaf
metabolites was described in a previous article (Chen et al., 2013). The
samples were frozen in liquid N, and crushed to powder by a mixer mill
(MM 400, Retsch) equipped with zirconia beads for 90 s at 30 Hz. After-
wards, 100 mg of powder was extracted overnight with 600 pl of 70%
aqueous methanol at 4 °C. After centrifugation at 10 000 Xg for 10 min,
the crude extracts were absorbed and filtered before ultra-performance
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liquid chromatography (UPLC) and tandem mass spectrometry (MS/
MS) analysis.

Widely targeted metabolic analysis

The sample extracts were sent to Metware Biotechnology Co., Ltd.
(Wuhan, China), for further UPLC-MS/MS analysis, and the UPLC and
MS/MS conditions were the same as those used in a previous report
(Li et al., 2018). Metabolites were identified using the Metware database
and public databases in accordance with standard metabolic operating
procedures.

MPK phosphorylation assays

Leaf discs (diameter=0.5 cm) from 4-week-old Arabidopsis plants
were used for MPK phosphorylation assays (Liu et al., 2015). First,
the leaf discs were punched using a semi-automated puncher and
then placed into 12-well plates with each well containing 2 ml of
deionized water. Afterwards, they were incubated overnight and then
transferred to new 12-well plates containing 2 ml of deionized water
supplemented with H,O, GSSG, GSH, and NEO. Samples were col-
lected at the indicated times, and subsequently ground into a powder
in liquid nitrogen. Total plant protein was extracted using a Plant Pro-
tein Extraction kit (CWBIO, China) according to the manufacturer’s
instructions. Coomassie brilliant blue (CBB) was used to calibrate the
protein loading of each sample such that equal amounts were obtained.
Equivalent amounts of protein were loaded onto a 15% SDS-PAGE
gel for western blotting. MPK phosphorylation was detected using
an anti-phospho-p44/42 antibody (Cell Signaling Technology, USA;
1/1000); goat anti-rabbit IgG horseradish peroxidase (Sigma, Japan;
1/10 000) was used as a secondary antibody. Following electrophoresis,
the protein-containing gel was imaged with a Tanon-5200 imaging
system.

RNA extraction and quantitative real-time PCR (gPCR)-based
measurement of gene expression

To analyse gene expression levels, 4-week-old plants were sprayed with
water, GSSG, GSH, or NEO, and then samples were collected at the in-
dicated time points. Six leaves from different plants were collected three
times (as three biological replicates). The leaf samples were subsequently
ground into a powder in liquid nitrogen. Total RNA was extracted by
using Monzol™ Reagent (MONAD, China) according to the manu-
facturer’s instructions. Total RINA (1-2 pg) was reverse transcribed into
cDNA using a MonScript™ RTIII Super Mix with dsDNase (MONAD).
qPCR was then carried out in conjunction with UltraSYBR Mix-
ture (CWBIO). The relative expression of genes was normalized at 2
c ACT=CT rget geneC Treference gene- Lhe reference genes (ACTIN and
UBQ1) were used for RT-qPCR assays. A QuantStudio 6 Flex Real-
Time PCR System was used for qPCR, and three technical repeats were
included for every sample.

Statistical analysis

The peak area was used to quantify metabolite abundance, and the
data obtained from metabolite profiling were standardized for principal
component analysis (PCA). Hierarchical cluster analysis of the different
metabolites was performed, the results of which were visualized via heat-
maps. The metabolite data were first log, transformed, and differentially
accumulated metabolites were identified by partial least squares-discrimi-
nate analysis. Metabolites whose accumulation significantly changed were
determined based on a variable importance in projection (VIP) value 21
followed by both one-way ANOVA (P<0.05) and a log, (fold change) >1.

Results

Metabolomic analysis showed that flavonoids,
lipids, phenols, alkaloids, and amino acids and their
derivatives differentially accumulated during PTI and
ETI

Four-week-old Arabidopsis (Col-0) plants were inoculated
with four Pst strains: Pst DC3000, Pst DC3000 (avrRpt2), Pst
DC3000 (avrRps4),and D36E. UPLC-MS/MS was performed
to evaluate the dynamic metabolite changes in Arabidopsis
leaves after inoculation with Pst DC3000, Pst DC3000 (avr-
Rpt2), Pst DC3000 (avrRps4), or D36E at 2 hpt and 24 hpt.
Pearson’s correlation coefficients were used to assess the cor-
relations between data sets (Supplementary Fig. S1A). Through
PCA, we further determined the total differentially accu-
mulated metabolites and the variation among each group of
samples (Supplementary Fig. S1B).The 27 samples were sepa-
rated, and each of them consisted of a cluster, suggesting that
the materials had sufficient reproducibility, conforming to the
requirements for subsequent quantitative analysis. The cluster
heatmap represented a total of 442 metabolites that accumu-
lated differently in the leaves of plants inoculated with Pst
DC3000, Pst DC3000 (avrRpt2), Pst DC3000 (avrRps4), and
D36E compared with the leaves of Arabidopsis control plants
at 2 hpt and 24 hpt (Fig. 1A). The 442 identified metabolites
could be categorized into 12 groups, and among these metab-
olites, flavonoids (17%), lipids (14%), phenolic acids (13%),
amino acids and their derivatives (12%), and alkaloids (8%)
accounted for the majority (Fig. 1B).

Amino acid metabolism is essential for most organisms. By
performing metabolomic analysis, we found that all four Pst
strains could induce significant changes in amino acid con-
tent. To further show the changes in amino acid content intu-
itively, a heatmap based on the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway of amino acid metabolism was
constructed. The four Pst strains significantly induced the ac-
cumulation of neutral amino acids such as leucine, isoleucine,
cysteine, tryptophan, and tyrosine, and alkaline amino acids
(arginine) at 2 hpt and 24 hpt (Supplementary Fig. S2). As
described previously (Navarova et al., 2012), these results indi-
cate that pathogen invasion can also directly modulate amino
acid metabolism in plants.

Glutathione and NEO were specifically induced by ETI
or PTI

To turther demonstrate the regulatory effect of ETT and PTI
on plant metabolism, a heatmap cluster analysis was conducted
to further assess the patterns of differentially accumulated
metabolites between ETI and PTI. A total of 77 differentially
accumulated metabolites were detected in the Pst DC3000
(avrRpt2)/ Pst DC3000, Pst DC3000 (avrRps4)/Pst DC3000,
and D36E/Pst DC3000 groups, which mainly contained
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Fig. 1. Profiling of metabolomic data. (A) Heatmap showing 442 metabolites that differentially accumulated after treatment with different Pst strains. (B)

Pie chart showing the percentage of each category.

flavonoids (number=14), phenolic acids (number=8), nucle-
otides and their derivatives (number=3), and amino acids and
their derivatives (number=4) at 2 hpt (Fig. 2A-C), and flavo-
noids (number=14), lipids (12), amino acids and their deriva-
tives (number=5), and phenolic acids (number=4) at 24 hpt

(Fig. 2D-F), respectively. Among them, Pst DC3000 (aviRpt2),

Pst DC3000 (avrRps4), and D36E significantly improved fla-
vonoid (NEO, hispidulin, ladanein, eupatorin, isorhamnetin
3-O-neohesperidoside) accumulation at both 2 hpt and 24
hpt (Fig. 2), and reduced flavonoid (cyanin chloride) accu-
mulation at 24 hpt (Fig. 2D-F). In addition, Pst DC3000
(avrRpt2), Pst DC3000 (avrRps4), and D36E also signifi-
cantly induced amino acids and their derivatives (glutathione
reduced form), nucleotides and their derivatives (2-deoxy-
ribose 5-phosphate, uridine 5’-diphospho-p-glucose), and
phenolic acids (3-hydroxy-4-isopropylbenzylalcohol 3-glu-
coside) at both 2 hpt and 24 hpt, and reduced neoglucobrassi-
cin accumulation at 24 hpt (Fig. 2). In particular, Pst DC3000
(avrRps4) markedly induced lipid [LysoPE 18:1, MAG(18:3)
isomer5, MAG(18:2)isomerl, LysoPE 18:1(2n
LysoPC 16:2(2n isomer), LysoPC 18:3(2n isomer), LysoPE
18:2(2n isomer),
13-HOTrE(r), and PC(18:2)isomer| accumulation at 24
hpt (Fig. 2D). D36E significantly reduced alkaloids (indole-
5-carboxylic acid, tryptophol, indole-3-carboxylic acid, and
isoquinoline) and lignans and coumarins (pinoresinol, scopo-
line, 4-hydroxycoumarin, and syringaresinol) at 24 hpt (Fig.
2F). Together, these data indicated that the abovementioned

isomer),

MAG(18:3)isomer4, MAG(18:3)isomerl,

differentially accumulated metabolites may play a role in ETI
and PTL

To further analyse the differentially accumulated metabo-
lites whose accumulation was induced in response to the four
Pst strains, a Venn diagram was constructed to help show dif-
ferences and commonalities between the different groups. As
shown in Fig. 3A, the Venn diagram shows the numbers of
differentially accumulated metabolites in the different groups,
and the heatmap (Fig. 3B) shows the typical changes in differ-
entially accumulated metabolites in the Pst DC3000 (avrRpt2)/
CK, Pst DC3000 (avrRps4)/CK, and D36E/CK combina-
tions at 2 hpt and 24 hpt. Furthermore, we analysed differ-
entially accumulated metabolites co- or specifically induced
by ETI and PTI. We observed that both ETI and PTI could
significantly induce pipecolic acid, glutathione reduced form
(GSH), and 6-hydroxykaempferol-3,6-O-diglucoside ac-
cumulation (Fig. 3B). In addition, PTI specifically induced
amino acids (N6-acetyl-L-lysine, oxidized glutathione), a
glucosinolate (2-hydroxy-2-methylbutyl thioglucoside), an
alkaloid (cocamidopropyl betaine), and organic acids (suc-
cinic acid and methylmalonic acid). ETI induced phenolic
acids (3-hydroxy-4-isopropylbenzyl alcohol 3-glucoside and
trans-4-hydroxycinnamic acid methyl ester), flavones (butin,
2,6-dimethyl-7-octene-2,3,6-triol, and NEO), an organic acid
(arachidonic acid), and especially lipids [lysoPE 14:0, lauric
acid, 9-KODE, lysoPE 16:0(2n isomer), eicosadienoic acid,
and PC (18:2) isomer] (Fig. 3B). In addition, we also observed
that Pst DC3000 (avrRpt2), Pst DC3000 (avrRps4), and D36E
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Fig. 2. Differentially accumulated metabolite cluster analysis showing that both ETI and PTI significantly induced the accumulation of flavonoids, and

amino acids and their derivatives. (A, D) Heatmaps representing the results

of the cluster analysis of Pst DC3000 vs. Pst DC3000 (avrRpt2) at 2 hpt

and 24 hpt, respectively. (B, E) Heatmaps representing the results of the cluster analysis of Pst DC3000 vs. Pst DC3000 (avrRps4) at 2 hpt and 24 hpt,
respectively. (C, F) Heatmaps representing the results of the cluster analysis of Pst DC3000 vs. D36E at 2 hpt and 24 hpt, respectively. Pmp001274,
2-hydroxy-5,8,11,14,17-icosapentaenoyloxypropyl-2-(trimethylammonium)ethyl phosphate; CmIin001822, 6-(3,4-dihydroxyphenylacrylic acid)-B-p-1-

thioglucoside of 4-(methylthio)-3-butenyl. The key metabolites mentioned in

typically induced accumulations of GSH and NEO at both
2 hpt and 24 hpt compared with those in the Pst DC3000/
CK combination (Fig. 3C), which suggests that both GSH
and NEO may play a role in the response to ETI and PTI. To
further compare the similarities and differences the functions
of ETI- and PTI-induced metabolites in regulating plant im-
munity, GSSG (PTI-induced), NEO (ETI-induced), and GSH
(PTI- and ETI-induced) were selected for the following ex-
periment.

Glutathione and NEO induced plant immunity

To turther prove that GSSG, GSH, and NEO were induced
by ETI or PTI, we quantitatively detected their contents by
HPLC. We observed that both Pst DC3000 (avrRpt2) and
D36E significantly induced GSH accumulation (Fig. 4A),
D36E specifically induced GSSG accumulation (Fig. 4B), and
Pst DC3000 (avrRpt2) could specifically induce NEO accu-
mulation (Fig. 4C), which was similar to the abovementioned
results (Fig. 3B-C).To further reveal whether GSSG, GSH, and
NEO enhance plant disease resistance, we inoculated Col-0
leaves with Pst DC3000 after exogenous applications of 0, 1,
10,and 50 uM GSSG, GSH, and NEO.The results showed that

the population of surviving bacteria significantly decreased in

this article are shown in bold blue.

number after GSSG, GSH, and NEO treatment (Fig. 4D-F),
which demonstrated that GSSG, GSH, and NEO protect
plants against bacterial infection.

To determine whether NEO, GSH, and GSSG can inhibit
Pst DC3000 growth or induce plant immunity to defend
against Pst DC3000 invasion, we first cultured Pst DC3000
in solid media that included 0, 1, 10, and 50 uM NEO, GSH,
and GSSG. Surprisingly, the growth of Pst DC3000 did not
decrease (Supplementary Fig. S3), suggesting that NEO, GSH,
and GSSG (up to 50 uM) have no bacteriostatic activity and
that the induction of plant resistance was probably plant de-
pendent. To further investigate the role of NEO, GSH, and
GSSG 1n triggering plant immunity, ROS production, MPK
phosphorylation, callose accumulation, and the expression
of disease resistance-related genes in Arabidopsis leaves were
assessed. DAB and NBT staining showed deeper brown and
purple colours in the leaves of treated plants than in those of
the negative control plants (Fig. 4G). In addition, H,DCFDA
(DCF) fluorescence showed that NEO-, GSH-, and GSSG-
induced ROS accumulation peaked at 4 hpt (Fig. 4H). Cal-
lose deposition is one of the most important cellular defence
responses, and aniline blue staining was used to detect this phe-
nomenon. There was a significant induction of callose depo-
sition under the NEO, GSH, and GSSG treatments compared
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Fig. 3. Venn diagram combined with heatmap analysis showing that ETI and PTI jointly induced the accumulation of GSH and NEO at 2 hpt and 24

hpt. (A) Venn diagram representation of unique and shared differentially accumulated metabolites in DC 3000 vs. DC3000 (avrRpt2), DC 3000 vs.
DC3000 (avrRps4), and DC 3000 vs. D36E at 2 hpt and 24 hpt. (B) Heatmap analysis showing GSH and NEO typically induced during ETI and PTI

at 2 hpt and 24 hpt. OT: others, OA: organic acids, AD: alkaloids, GL: glucosinolates, AAD: amino acids and their derivatives. (C) Classification of
metabolites co-regulated and specifically regulated by ETI and PTI. pmn001690, 3-hydroxy-4-isopropylbenzyl alcohol 3-glucoside; mws1200, trans-4-
hydroxycinnamic acid methyl ester; Cmyp001842, kaempferol-malonyl-3-O-sophorotrioside; Li512117, quercetin 3-O-rhamnosyl-galactoside; pme1540,
isorhamnetin 3-O-neohesperidoside; pmp001309, 6-hydroxykaempferol-7-O-glucoside; pmp001310, 6-hydroxykaempferol-3,6-O-diglucoside;
pmp001314, 6-hydroxykaempferol-3-O-rutin-6-O-glucoside; CmIn001085, 2-hydroxy-2-methylbutyl thioglucoside (glucocleomin); CmIn001722,
6-(p-hydroxybenzoic acid)-B-p-1-thioglucoside of 4-(methylsulfinyl)-3-butenyl. The data are presented as the mean +SE, n=3, *P<0.05, **P<0.01,

***P<0.001, based on Student’s t-tests.

with the control treatment (Fig. 41-]), which suggests that the
NEO, GSH, and GSSG treatments induced callose deposition
in the plant leaves.

PR1 is considered a marker of the SA pathway, which is es-
sential for plant resistance to Pst DC3000 (Zhang and Li, 2019);
thus, we conducted qRT-PCR to analyse the expression of
marker genes of SA signalling, including WRKY18, WRKY70,
and PR1 (Huot et al.,2017). As expected, we observed signif-
icant up-regulation of the expression of the abovementioned
genes at 2 hpt and 24 hpt (Supplementary Fig. S4). Taken to-
gether, these results show that glutathione and NEO can acti-
vate the classical plant immune response.

PRRs/co-receptors are required for glutathione and
NEO to induce plant immunity

Two PRR/co-receptor Arabidopsis mutants, fls2 efr cerk1 (fec)
and bak1 bkk1 cerk1 (bbc), were found to be deficient in the rec-
ognition of almost all PAMPs due to a lack of major PRRs/
co-receptors (Gimenez-Ibanez et al., 2009; Schwessinger ef al.,
2011; Macho and Zipfel, 2014; Xin et al., 2016). As shown in
Fig. 5A-C, NEO, GSH, or GSSG did not induce an effective

immune response against Pst DC3000 in the bbc mutant or
the fec mutant. RESPIRATORY BURST OXIDASE HO-
MOLOG D (RBOHD) plays a prominent role in pathogen-
induced ROS production (Torres et al., 2002; Kadota et al.,
2014; Li et al., 2014). As shown in Fig. 5A, D, NEO, GSH,
or GSSG failed to enhance plant resistance to pathogens in
rhohd plants. According to the above results, GSSG-, GSH-, and
NEO-induced plant disease resistance to pathogens relies on
PRRs/co-receptors and RBOHD. AvrRpt2 was recognized
by RESISTANCE TO P. SYRINGAE 2 (RPS2) to activate
the ETI response in wild-type Arabidopsis plants (Axtell and
Staskawicz, 2003). As shown in Fig. 5E, GSH, GSSG, or NEO
failed to significantly enhance plant resistance to Pst DC3000
n rps2.

To determine the effects of GSSG, GSH, and NEO on the
regulation of the expression of ETI and PTT signalling path-
way-related genes, further analysis of the PTI and ETT signal-
ling marker genes at the transcriptome level was performed.
We found that the expression of PTI signalling marker genes
such as RBOHD, MKK4, MPK3, and FRK1 (Asai et al.,2002;
Yuan et al., 2021) was significantly higher in the Col-0 plants
than in the bbe, fec, rbohd, and rps2 mutants after GSSG, GSH,
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Fig. 4. GSH, GSSG, and NEO activate plant immunity. (A-C) Detection of GSH, GSSG, and NEO contents in Col-0 leaves, respectively. Plant leaves
(mean +SE, n=4, leaves from different independent plants) were pre-inoculated with DC3000 (ODgn,=0.001), DC3000 (avrRpt2) (ODgy,=0.001), and D3GE
(ODgp=0.001). Plant endogenous GSH, GSSG, and NEO contents were detected at 24 hpt by HPLC. Different letters represent significant differences

between different groups (P<0.05 based on Student’s t-test). (D-F) Pst DC3

000 populations in Col-0 plant leaves (mean +SE, n=4, leaves from different

independent plants and repeated three times with similar results) after GSSG, GSH, and NEO treatment, respectively. Col-0 plant leaves were pre-

sprayed with H,O (control) or 1, 10, or 50 uM GSSG, GSH, or NEO and the

n inoculated with Pst DC3000 (ODgy0=0.001) 2 h later. Bacterial populations

were quantified at 3 dpi, log=log,. Different letters represent significant differences between different groups (P<0.05 based on Student’s t-test). (G)
GSH-, GSSG-, and NEO-induced ROS accumulation. Col-0 plant leaves (n=6, leaves from different independent plants) were pre-sprayed with H,O
(contral) or 50 uM GSH, GSSG, or NEO, and then H,O, and O," were detected by using DAB and NBT staining 2 h later, respectively. (H) The relative
ROS content was detected at the indicated times. Col-0 plant leaves (mean +SE, n=6, leaves from different independent plants) were pre-sprayed with
H,O (control) or 50 uM GSH, GSSG, or NEO and then the relative content of ROS was detected using the fluorescent dye H,DCF-DA staining at 0, 0.5,
2,4, 8, and 24 h later. (I) Callose content was quantified using ImagedJ software. (J) GSH-, GSSG-, and NEO-induced callose deposition in Arabidopsis

leaves. DAPI: callose fluorescence. Merged: overlay of callose fluorescence
different independent plants) were pre-sprayed with H,O (control) or 50 uM
staining 24 h later. Different letters represent significant differences between

and NEO treatment (Fig. 5F-K; Supplementary Fig. S5A-F),
qPCR primers are listed in Supplementary Table S1. Addition-
ally, the expression of ETT marker genes (AZI1 and EARLI1)
(Cecchini et al.,2015) was significantly induced in Col-0 plants
after GSSG, GSH, or NEO treatment compared with the con-
trol, but the fold changes in the expression of these genes were
also reduced in the bbc, fec, rbohd, and rps2 mutants (Fig. 5F-K;
Supplementary Fig. SSA-F).

MPKs are important for plant defence against pathogen inva-
sion (Meng and Zhang, 2013). Our results showed that GSSG,
GSH, and NEO induced strong phosphorylation of MPKs
in Col-0 plants, but failed to activate MPK phosphorylation

with bright field images. Col-0 plant leaves (mean +SE, n=6, leaves from
GSH, GSSG, or NEO and then callose was determined using aniline blue
different groups (P<0.05 based on Student’s t-test).

in bbe, fec, and rbohd mutant plants (Fig. 5L). Together, these
results indicate that both PRRs/co-receptors and RBOHD
are required for GSSG-, GSH-, and NEO-mediated activation
of ROS bursts and MPK phosphorylation. Interestingly, we
observed normal GSSG- and GSH-induced phosphorylation
of MPKs beyond NEO in rps2 leaves. Together, these results in-
dicate that PRRs/co-receptors and RBOHD are required for
GSSG, GSH, and NEO activation of MPK phosphorylation,
and that NEO-induced MPK phosphorylation also depends
on RPS2.

ROS play an essential role in the activation of plant immu-
nity. To investigate whether PRRs/co-receptors are required
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Fig. 5. GSH, GSSG, and NEO induce plant immunity depending on PRRs/co-receptors. (A-E) Pst DC3000 populations in Col-0, and bbc, fec, rbohd,
and rps2 mutant plant leaves, respectively. Plant leaves (mean +SE, n=6, leaves from different independent plants with three biological repeats) were
pre-sprayed with H,O (control) or 50 uM GSH, GSSG, or NEO, and then inoculated with Pst DC3000 (ODgyp=0.001) 2 h later. The bacterial population
was measured at 2 dpi. log represents 10gyo. (F-K) gRT-PCR analysis of RBOHD, MKK4, MPK3, FRK1, AZI1, and EARLIT expression levels, respectively,
in Col-0 and bbc, fec, rbohd, and rps2 mutant plant leaves. Plant leaves (mean +SE, n=4, leaves from different independent plants with three biological
repeats) were pre-sprayed with H,O (control) or 50 uM GSH, GSSG, or NEO, and then the treated leaves were harvested 2 h later, and total RNA

was extracted for gPCR analysis. The ACTIN gene was used as an internal reference gene. Different letters represent significant differences between
Col-0 and different groups (P<0.05 based on Student’s t-test). (L) Phosphorylation of MPKs in Col-0 and bbc, fec, rbohd, and rps2 plant leaves. CBB,
Coomassie brilliant blue. Plant leaves (n=4, leaves from different independent plants) were pre-treated with H,O (control) or 50 uM GSH, GSSG, or NEO,
and MPK phosphorylation was detected at the indicated times. (M) ROS burst detection using fluorescent dye H,DCFDA staining in Col-0, bbc, fec,
rbohd, and rps2 plant leaves. Plant leaves (n=4, leaves from different independent plants) were pre-sprayed with 50 uM GSH, GSSG, or NEO, and then

the ROS burst was detected 2 h later. Bar=25 um.

for ROS production induced by GSSG, GSH, and NEO, we
evaluated ROS accumulation by applying the fluorescent dye
H,DCFDA to the leaves of Col-0, and the bbc, fec, rbohd, and

rps2 mutant plants. After GSSG, GSH, and NEO treatment,

we observed a strong fluorescent signal in the leaves of Col-0
plants; however, the fluorescent signal was nearly undetectable
in the leaves of rbohd, bbc, and fec plants (Fig. 5M), which dem-
onstrated that GSSG-, GSH-, and NEO-induced ROS pro-
duction depends on PRRs/co-receptors.

GSH1 is involved in PTI and ETI

To further determine the effect of plant endogenous gluta-
thione on plant immunity, gsh1, a glutathione-reduced mutant
plant (Cobbett et al., 1998), was used for the following assays.
Compared with Col-0, we found that gsh1 was more suscep-
tible to Pst DC3000 after water (control), Pst DC3000 (avr-

Rpt2),and D36E pre-treatment for 2 h (Fig. 6A). Furthermore,

we next examined the ROS burst, MPK phosphorylation and
the expression of ETI and PTI signalling pathway-related
genes in gsh1, and found that they were less strongly induced
by Pst DC3000 (avrRpt2) and D36E inoculation in gsh1 plants
than in Col-0 plants (Fig. 6B-D). In addition, exogenous GSH
and GSSG increased the content of plant endogenous GSH
and GSSG in Col-0 and the gsh1 mutant (Fig. 6E-F), and
restored gsh1 resistance to Pst DC3000 (Fig. 6G). Accordingly,
the abovementioned results indicated that GSH and GSSG
play an essential role in PTI and ETI.

Discussion

GSH, GSSG, and NEO are all described as important anti-
oxidants, and a recent study reported that GSH plays an im-
portant role as an antioxidant for plants against viruses (Zhu
et al.,2021). However, previous studies have reported that fla-
vonoid antioxidants, such as rutin and quercetin, can induce
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Fig. 6. GSH1 is required for ETI and PTI. (A) Pst DC3000 bacterial populations in Col-0 and gsh7 plant leaves. Plant leaves (mean +SE, n=6, leaves from
different independent plants with three biological repeats) were pre-treated with 10 mM MgCl, (control) or D36E (ODgqp=0.02) or Pst DC3000 (avrRpt2)
(ODgpo=0.02) in 10 mM MgCl,, and then inoculated with Pst DC3000 (ODgy,=0.001) 2 h later. The bacterial population was measured at 2 dpi. D36E and
Pst DC3000 (avrRpt2) were used to mimic PTI and ETI. log represents logy,. (B) ROS burst detection using fluorescent dye H,DCFDA staining in Col-0
and gsh1 plant leaves. Plant leaves (n=6, leaves from different independent plants) were pre-treated with 10 mM MgCl, (control) or D36E (ODgy,=0.02)

or Pst DC3000 (avrRpt2) (ODgup=0.02) in 10 mM MgCl,, and then a ROS burst was detected 2 h later. DS6E and Pst DC3000 (avrRpt2) were used to
mimic PTl and ETI. Bar=50 um. (C) gRT-PCR analysis of RBOHD, MKK4, MPK3, FRK1, AZI1, and EARLIT expression levels in Col-0 and gsh7 plant
leaves. Plant leaves (mean +SE, n=6, leaves from different independent plants) were pre-treated with 10 mM MgCl, (control) or D36E (ODggy=0.02) or Pst
DC3000 (avrRpt2) (ODgye=0.02) in 10 mM MgCl,, and then the treated leaves were harvested 2 h later, and total RNA was extracted for gPCR analysis.
Different letters represent significant differences between Col-0 and gsh7 (P<0.05 based on Student’s t-test). (D) Phosphorylation of MPKs in Col-0 and
gsh1 plant leaves. Plant leaves (n=4, leaves from different independent plants) were pre-treated with 10 mM MgCl, (control), or D36E (ODg0=0.02) or
Pst DC3000 (avrRpt2) (ODgyp=0.02) in 10 mM MgCl,, and MPK phosphorylation was detected at the indicated times. (E-F) Detection of GSH, GSSG,
and NEO contents in Col-0 and gsh1 leaves. Plant leaves (mean +SE, n=10, leaves from different independent plants) were pre-sprayed with 50 uM
GSH, GSSG, or NEO, and plant endogenous GSH, GSSG, and NEO contents were detected at 24 hpt by HPLC. Different letters represent significant
differences between different groups (P<0.05 based on Student’s t-test). (G) Pst DC3000 bacterial populations in Col-0 and gsh7 plant leaves. Plant
leaves (mean +SE, n=6, leaves from different independent plants with three biological repeats) were pre-treated with water (control) or 50 uM GSH,
GSSG, or NEO, and then inoculated with Pst DC3000 (ODgy,=0.001) 2 h later. The bacterial population was measured at 2 dpi. Different letters represent
significant differences between different groups (P<0.05 based on Student’s t-test).
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plant immune responses, including up-regulating disease re-
sistance gene expression and ROS bursts (Jia ef al., 2010;Yang
et al., 2016). Here, we found a novel role for the antioxidants
GSH, GSSG, and NEO in plant immune responses. From
these data, we propose the following model to summarize our
findings (Fig. 7). Both PTI and ETI can trigger the accumula-
tion of GSSG, GSH, and NEO in plant leaves. In turn, GSSG,
GSH, and NEO induce ROS bursts, ETI- and PTI-associated
gene expression and MPK phosphorylation to form a feed-
back loop to sustain the plant immune response. GSSG, GSH,
and NEO induced the abovementioned immune responses
in Col-0 plants but failed to do so in the bbc and fec mutants,
which indicated that PRRs/co-receptors are the most impor-
tant components for GSSG-, GSH-, and NEO-induced plant
immunity. ROS bursts, MPK phosphorylation, and increased
ETI- and PTI-associated gene expression were also compro-
mised in the rbohd mutant, which indicates that ROS produc-
tion is important for GSSG-, GSH-, and NEO-triggered plant
immunity.

o
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e ]
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Exogenous glutathione may act as a damage-
associated molecular pattern (DAMP) to activate plant
immunity

GSH is a small peptide composed of glycine, cysteine, and
glutamate. GSH 1is also an important antioxidant and plays an
important role in the defence against abiotic stress in plants
(Dubreuil-Maurizi and Poinssot, 2012; Nianiou-Obeidat et al.,
2017).1In addition, recent research has shown that GSH can en-
hance plant resistance to tobacco mosaic virus by reducing the
damage of excessive ROS to plant cells (Zhu et al., 2021), or
conjugate with toxic epoxide moieties to detoxify deoxyniva-
lenol and confer plant resistance to Fusarium head blight (Wang
et al., 2020). Similarly, we also found that GSH is induced by
PTI, and discovered a novel function of GSH in regulating
plant immunity. In our study, we found that GSH also directly
induced a ROS burst, MPK phosphorylation, and plant resist-
ance to pathogens (Fig. 5). In addition, GSH-induced plant
immunity is compromised in the PRR/co-receptor-deficient
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Fig. 7. Model of glutathione and NEO in triggering plant immunity. The model describes the findings of this study, showing that glutathione and NEO are
the key metabolites involved in the response to ETl and PTI. The accumulation of GSH, GSSG, and NEO is induced by ETI or PTI, which further activates
the ROS burst, MPK phosphorylation, and ETI- and PTl-associated gene reprogramming depending on PRRs/co-receptors.
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plants bbc and fec, which indicates that GSH-induced plant re-
sistance requires PRRs/co-receptors. These results suggest that
GSH fits the characteristics of DAMPs. Based on this evidence,
we propose that GSH may act as a DAMP to activate plant
immunity.

GSHA1 plays a role in plant immunity

GSH biosynthesis genes are also involved in plant-pathogen
interactions. Decades ago, a glutathione-deficient mutant
(gsh1) was reported to be more sensitive to pathogens (Mike
et al., 1995). However, how GSH1 regulates plant immune
responses remains unclear. In this study, we found that D36E
and Pst DC3000 (avrRpt2) failed to enhance gsh1 resistance
to Pst DC3000 compared with Col-0. Furthermore, we also
found that D36E and Pst DC3000 (avrRpt2) are unable to
induce a ROS burst and MPK phosphorylation effectively,
which indicated that GSH1 is involved in regulating ETT and
PTI responses induced by D36E and Pst DC3000 (avrRpt2).

Neodiosmin and glutathione play a key role in
triggering plant immunity

Plants accumulate large amounts of pathogen-related metab-
olites in response to pathogen invasion. In recent decades, a
number of metabolites, such as salicylic acid, methyl-salicylic
acid, azelaic acid, glycerol-3-phosphate, pipecolic acid, and the
abietane diterpenoid, dehydroabietinal (Navarova et al., 2012;
Fu and Dong, 2013), have been reported to be involved in
plant system-acquired immunity. However, we know very little
about the immune compounds in response to plant-based ETI
and PTI. Currently, our research fills the gap in this area. In our
study, metabolomics data analysis showed that ETT and PTI
induced the accumulation of large amounts of flavonoids, and
amino acids and their derivatives, in inoculated plant leaves
(Fig. 2; Supplementary Fig. S2). In the Pst DC3000 (avrRpt2)/
CK, Pst DC3000 (avrRps4)/CK, and D36E/CK combinations,
the contents of GSSG, GSH, and NEO at 2 hpt or 24 hpt sig-
nificantly increased compared with those in the Pst DC3000/
CK combination (Fig. 3). In contrast, the highly pathogenic
strain Pst DC3000 inhibited the accumulation of NEO and
glutathione, which indicated that NEO and glutathione play
a role in ETI and PTI. A previous study reported that 1 mM
GSH can scavenge excessive ROS accumulation to reduce cell
damage in plant-virus interactions (Zhu ef al., 2021). However,
the GSH concentration used in our study was 50 pM, which
is much lower than 1 mM. Therefore, low concentrations (50
pM) of GSH, GSSG, and NEO are more like an elicitor to acti-
vate plant immunity rather than a scavenger of excessive ROS,
and previous studies have also shown that the antioxidants
rutin and quercetin could activate plant immunity (Jia et al.,
2010;Yang et al., 2016). In addition, NEO- and glutathione-
induced plant immune responses require PRRs/co-receptors
(Fig. 5); accordingly, we speculate that GSH, NEO, and GSSG

may also be recognized by receptors and transmit immune sig-
nals through PRRs/co-receptors. This study showed that the
glutathione-reduced mutant plant gsh1 showed a weaker im-
mune response, including ROS bursts and MPK cascades and
increased ETI- and PTI-associated gene expression,induced by
Pst DC3000 (avrRpt2) and D36E, which suggested that gluta-
thione is probably a plant immune response-associated metab-
olite. In summary, we propose that NEO and glutathione may
be marker metabolites involved in plant immune responses.

The feedback function of NEO and glutathione in
response to ETI and PTI

Together ETI and PTT are the most notable two-layered plant
immune system for restricting pathogen invasion. Metabolic
signals work cooperatively to protect plants from micro-
bial pathogen invasion, especially in the process of activating
systemic acquired resistance (SAR), which offers protection
against a broad spectrum of pathogenic and non-pathogenic
pathogens (Gao et al., 2014). SAR can be primed by various
signalling molecules, including methyl salicylate (MeSA), free
radicals (nitric oxide and ROS), dicarboxylic acid azelaic acid
(AzA), glycerol-3-phosphate (G3P), dehydroabietinal (DA),
monoterpenes (d-pinene and P-pinene), NAD(P), lipid-trans-
fer protein DIR1, the amino acid derivative pipecolic acid
(Pip), and N-hydroxy-pipecolic acid (NHP) (Dempsey and
Klessig, 2012; Hartmann ef al., 2018), which suggests that en-
dogenous plant metabolites are very important for the reg-
ulation of plant immunity. Previous reports have shown that
the flavonols NEQO, rutin, hispidulin, ladanein, eupatorine, and
prunetin are essential in the process of animal and plant an-
tibacterial, anticancer, anti-insect, antiviral and antioxidative
stress responses (Calland et al., 2012; Yang et al., 2016; Abd
Razak et al.,2020;Liu et al.,2020; Raithore et al., 2020;Vetrivel
et al., 2020; Ding et al., 2021). NEO is also a flavone glyco-
side purified from plant leaves and functions as a strong an-
tioxidant with potential value applications in beverage, food,
and pharmaceutical storage (Raithore et al., 2020). Here, we
also found that the abovementioned metabolites were induced
by ETI or PTI. Furthermore, we found that the contents of
GSH and NEO accumulated significantly in response to Pst
DC3000 (avrRpt2), Pst DC3000 (avrRps4), and D36E but not
to the control or Pst DC3000, which indicated that GSH and
NEO may participate in PTI and ETT responses. Moreover, we
also determined the function of the glutathione oxidized form
(GSSQ) in triggering plant immunity. In terms of exploring
the role of GSH, GSSG, and NEO in the regulation of plant
immunity, our research showed that GSSG, GSH, and NEO
significantly enhance plant resistance to pathogens and induce
ROS bursts, MPK phosphorylation, and increased expression
of ETI and PTI signalling pathway-related genes (Figs 4-6).To
our knowledge, that GSSG, GSH, and NEO play an impor-
tant role in ETI- and PTI-associated immune signal feedback
is a novel discovery. Our results reveal that the plant immune
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system utilizes amino acid derivatives (GSSG and GSH) and
flavonoids (NEO) for feedback maintenance of plant immu-
nity in plants, which is of great value for exploring the role of
endogenous immune response-associated metabolites in plant
immunity. These results might have potential practical impli-
cations, and as a strategy, plant immunity could be broadly
increased to respond to pathogen invasion through the precise
control of the content of GSSG, GSH, or NEO.
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