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ARTICLE INFO ABSTRACT

Keywords: Chitosan oligosaccharides (COS) worked effectively in multiple plant-pathogen interactions as plant immunity
Pst DC3000 regulator, however, due to the complexity of the COS-induced immune signaling network, the topic requires
Arabidopsis further investigation. In the present study, quantitative analysis of proteins was performed to investigate the
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underlying mechanism of COS induced resistance to Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) in
Arabidopsis thaliana. 4303 proteins were successfully quantified, 186, 217 and 207 proteins were differently
regulated in mock + Pst, COS, and COS + Pst treated plants, respectively, compared with mock plants. From
detailed functional and hierarchical clustering analysis, a priming effect of COS on plant immune system by pre-
regulated the key proteins related to signaling transduction, defense response, cell wall biosynthesis and mod-
ification, plant growth and development, gene transcription and translation, which confers enhanced resistance
when Pst DC3000 infection in Arabidopsis. Moreover, RACK1B which has the potential to be the key kinase
receptor for COS signals was found out by protein-protein interaction network analysis of COS responsive
proteins. In conclusion, COS treatment enable plant to fine-tuning its defense mechanisms for a more rapid and
stronger response to future pathogen attacks, which obviously enhances plants defensive capacity that makes
COS worked effectively in multiple plant-pathogen interactions.

processes including transcriptional, post-translational, metabolic, phy-
siological and epigenetic reprogramming (Hake and Romeis, 2019;

1. Introduction

Plant disease caused by pathogens is a fatal threat to field crops
growth and yield (Strange and Scott, 2005). During the long evolu-
tionary process, plants have developed sophisticated defense mechan-
isms to cope with multiple pathogens, including pathogen-associated
molecular patterns (PAMPs)-triggered immunity (PTI) and effector-
triggered immunity (ETI) (Berg, 2009; Silva et al., 2018; Spence et al.,
2015). As the first layer of plant immune system, PTI can prevent the
pathogen from infecting and colonizing host tissues, which confers re-
sistance to broad-spectrum pathogens in plants (de Vega et al., 2018;
Ramirez-Prado et al., 2018).

PAMPs such as flg22, elf18, lipopolysaccharide and oligosacchar-
ides are potent plant immunity elicitors to initiate PTI and enhance
plant innate resistance (Kutschera and Ranf, 2019; Seo et al., 2019).
Elicitor-induced resistance is the fine regulation of multiple biological
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Martinez-Medina et al., 2016). Immune system in the plants pretreated
with elicitors can be temporarily and even trans-generationally ad-
justed to a ‘primed state’ (Aranega-Bou et al., 2014; Martinez-Medina
et al., 2017; Xu et al., 2019). These ‘post-primed’ plants enable acti-
vating defense response in a more rapid and stronger manner when
pathogens attack than untreated plants (de Vega et al., 2018).
Chitosan oligosaccharides (COS) which obtained by enzymatic de-
gradation of chitosan are well-known plant immunity elicitors that have
been widely used to enhancing plant resistance to various pathogens for
many years (Jia et al., 2018; Yin et al., 2010b, 2016). As elicitors, the
perception of COS by the host cell triggers typical PTI responses, in-
cluding the transient accumulation of signal molecules such as Ca®*,
NO, and H,O,, the up-regulation of the MAPK signaling cascade
pathway, the transcription and translation of defense-related proteins,
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and activation of the SA and JA-mediated signaling pathways (Jia et al.,
2016, 2018; Poncini et al., 2017; Yang et al., 2017; Yin et al., 2013).
However, overall understanding of the signaling networks that involved
in COS induction mechanism and the regulation pattern of the biolo-
gical processes in COS induced ‘primed state’ plants is still remains
unknown.

Proteomics is a powerful tool for revealing the proteins involved in
complex biological processes and exploring the molecular regulatory
pathways (Fabre et al., 2019; Lakra et al., 2018; Wu et al., 2019).
Several proteomics studies have been carried out in recent years to
investigate the induced resistance of many elicitors, such as H,O0s,
flg22, MSP1, SA, chitin, etc (Chen et al., 2018; Liu et al., 2015; Sun
et al., 2018). These studies provided global insights into the complex
induction mechanisms of elicitors, and some new clues of components
that involved in PTI signaling and elicitor induced ‘primed state’ plants
were also found out.

However, proteomics analysis on COS induced resistance is still
lacking. A label-free proteomics was used to analyze differentially ex-
pressed proteins in rice after COS treatment in 2017, however, no sig-
nificantly rules were find out due to the limited proteins numbers that
quantified (Yang et al., 2017). Thus, more accurate and sensitive pro-
teomic approach, together with multiple treatment groups’ comparison
are necessary for COS induction mechanism investigation. Fortunately,
proteomics approach was developing rapidly in recent years, such as
isobaric tags for relative and absolute quantification (iTRAQ) which has
been proven to be a highly sensitive quantitative proteomics approach
(Evans et al.,, 2012). The iTRAQ-based proteomics analysis enables
quantitatively analyzing protein abundance in eight samples simulta-
neously with high confidence and repeatability, and has been widely
used to investigating the proteomics variation in multiple treatment
samples (Li et al., 2018; Ma et al., 2019; Wu et al., 2018).

The Arabidopsis-Pseudomonas syringae pv. tomato DC3000 (Pst
DC3000) interaction has been used as a typical plant-pathogen system
to study plant defense response for many years. And in previous studies,
we verified that COS worked effectively in inducing resistance to Pst
DC3000 in Arabidopsis by activating both SA- and JA-mediated path-
ways (Jia et al., 2018). However, the detailed induction mechanism of
COS, important nodes and components of the involved biological pro-
cesses in Arabidopsis-Pst DC3000 interaction remains unclear. Thus, to
investigate the underlying mechanism of COS induced resistance to Pst
DC3000 in Arabidopsis, an iTRAQ-based proteomic quantification
method was carried out in this study.

2. Materials and methods
2.1. Plant materials and treatment

COS was obtained from Dalian GlycoBio Co. Ltd. (Dalian, China),
with a degree of polymerization from 2 to 10 and a degree of deace-
tylation of 95%. Arabidopsis ecotype Columbia (Col-0, WT) plants were
cultivated as described previously (Jia et al., 2016). More than 240 WT
plants that grown in soil for 30 days, were evenly assigned into either
the mock group (spraying water 3 days before inoculating with 10 mM
MgS0O,), COS group (spraying 50 mg/L COS 3 days before inoculating
with 10 mM MgSO,), the mock + Pst group (spraying water 3 days
before inoculating with Pst DC3000), or the COS + Pst group (spraying
50 mg/L COS 3 days before inoculating with Pst DC3000). Each treat-
ment group contained three biological replicates, and each replicate
included at least 20 plants. The inoculation of Pst DC3000 was carried
out by using the same method which described in our previous study
(Jia et al., 2018). By a high bacterial titer inoculation under laboratory
conditions, Pst DC3000 could invades Arabidopsis leaf tissue and caused
water-soaked patches which eventually become necrotic on infected
leaves (Xin and He, 2013). After 4 days, the disease symptoms of in-
fected leaves were fully emerged in mock-treated plants, while much
lighter in COS pre-treated plants (Jia et al., 2018). Therefore, to
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revealing the protein regulation pattern in Arabidopsis during COS in-
duced resistance and plant innate defense to Pst DC3000, the infected
leaves which collected at 4 days after Pst DC3000 inoculations were
used for proteomics analysis.

2.2. Protein extraction and digestion

Plant materials were ground to a fine powder in liquid nitrogen.
One-gram powder was suspended in 20 mL of 65 mM DTT and 4% SDS
in an ice bath. The suspension was extracted via sonication for 14 min
(80 cycles of 8 s sonication/5 s rest). After centrifugation
(20,000 g x 10 min), the proteins in the supernatant were precipitated
with acetone/ethanol/acetic acid (50/50/0.1) reagent overnight at
—20 °C in a volume ratio of 1:4. The protein sediment was collected by
centrifugation as before, and washed twice with 1 mL of 100% ice-cold
acetone. Sediment was dissolved in 100 mM Tris-HCl supplemented
with 6 M guanidine hydrochloride (pH 8.0). Five hundred microgram of
protein from each biological replicate were mixed together, and then
reduced by adding DTT to a final concentration of 10 mM and in-
cubating for 2 h at 37 °C. Iodoacetamide (IAA) was then added to a final
concentration of 20 mM, and the mixture was incubated for 30 min in
the dark. The proteins were then diluted 8-folds using 100 mM Tris-HCI
(pH 8.0) and digested with trypsin (20:1) for 20 h at 37 °C. Peptides
were acidified with 10% TFA (adjust pH 2-3) and desalted on an HLB
SPE cartridge (Waters, 60 mg). The desalted peptides were collected
and dried by using speed vacuum dryer (Thermo Fisher).

2.3. iTRAQ labelling and RP-HPLC separation

Two hundred microgram of dried peptides were dissolved in 50 uL
100 mM HEPS buffer (pH8.0), then labelled using iTRAQ 8-plex kits
(AB Sciex Inc., Framingham, MA, USA) according to the manufacturer's
protocol. The mock, COS, mock + Pst and COS + Pst treated samples
were labelled with iTRAQ tags 114, 115, 116 and 117 respectively.
These labelled samples were mixed together, divided into 10 tubes and
dried by using speed vacuum dryer (Thermo Fisher). One tube of the
iTRAQ-labelled samples mixtures were dissolved by using buffer A
(10 mM ammonium formate, pH 9.5), then loaded onto a
2.1 x 150 mm column packed with C18 particles 5 um, 150 A (Agela).
The peptides were eluted at a flow rate of 0.2 ml/min with a gradient of
0-5% buffer B (10 mM ammonium formate in 80% acetonitrile, pH 9.5)
for 2 min, 5-38% buffer B for 46 min, 38-90% buffer B for 5 min, and
90% buffer B for 10 min. Elution was monitored by measuring the
absorbance at 214 nm, and fractions were collected every 1 min. The
eluted peptides were pooled into 12 fractions and vacuum dried, the
workflow details were shown in Fig. 1.

2.4. Liquid Chromatography —Mass spectrometry (LC-MS/MS) analysis

LC-MS/MS analysis of peptides fractions were performed on a Q-
Exactive mass spectrometer (Thermo, San Jose, CA) equipped with an
Ultimate 3000 system (Thermo, San Jose, CA). The LC-MS/MS system
contained a capillary trap column (200 pym i.d., 4 cm length, C18 AQ
beads (5 um, 120 A)) and a 15-cm capillary separation column (150 um
i.d., C18 AQ beads (1.9 ym, 120 A)). The fractions were loaded at the
flow rate of 4.0 uL/min using 0.1% FA in water for 10 min. The nano-LC
gradient was set as followed at the flow rate of 550 nL/min: from 3 to
6% Buffer B (98% ACN/0.1% FA) in 5 min, from 6 to 35% Buffer B in
100 min, from 35% to 45% Buffer B in 10 min, and from 45% to 90%
Buffer B in 5 min. The separation system was equilibrated by Buffer A
(98% H,0/0.1% FA) for 10 min. The temperature of the ion transfer
capillary was set as 275 °C and the S-lens RF was set as 60. The nor-
malized collision energy was set as 30 + 3 for the analysis of iTRAQ
labelled peptides (HCD mode). The resolution of full mass was set to
70,000 and the resolution of MS/MS was set to 17,500. Survey full scan
MS was acquired from m/z 350 to 1800 with AGC of 3 x 10° and IT of



X. Jia, et al.

mock COS+Pst

mock+Pst

Protein extraction and precipitation

'

Protein digestion with trypsin

Peptides desalting and labeling

[ imaa1a | [ imag-11s | [ iRagt1s | [ iRA-17 |

‘

Mixing and RP-HPLC separation

12 fractions “ﬁﬁ@ ‘“@Tw &Dj‘@\@ ﬁ?ﬂw
LC-MgIMS

MS/MS data interpretation and quantification

Fig. 1. Workflow for the proteomic analysis of COS induced resistance to Pst
DC3000 in Arabidopsis. The “Mock” or “COS” group denoted as pretreated
Arabidopsis with water or 50 mg/L COS, 3 d before inoculated with 10 mM
MgSO4. The “Mock + Pst” or “COS + Pst” group indicated as pretreated
Arabidopsis with water or 50 mg/L COS, 3d before inoculated with Pst DC3000.
Each group contained more than sixty Arabidopsis plants.

36 ms, and 15 most intense ions (charge 2-7) with the intensity
threshold of 5 x 10° were selected for MS/MS with maximum IT of
120 ms.

2.5. Data analysis

The raw data were searched against UniProtKB Arabidopsis database
with 20,193 proteins by using iTRAQ labeling in Maxquant (1.5.8.3)
(Cox et al., 2014). The parameters used for searching were: mass tol-
erances were 10 ppm and 50 ppm for the precursor and fragments,
respectively; for trypsin digested samples, enzyme specificity was set to
KR/P with up to 2 missed cleavage sites; cysteine residue was set as a
static modification of 57.0215 Da; and iTRAQ-4 plex was utilized to the
quantitative analysis of proteins. The quantitative protein ratios were
weighed and normalized by the median ratio in Maxquant, and the
ratios with p values < 0.05 were considered significant.

2.6. Bioinformatic analysis

Functional annotations of the proteins were conducted using the
string database and proteins were categorized according to their bio-
logical process, molecular function, and cellular localization (https://
string-db.org). The Kyoto Encyclopedia of Genes and Genomes (KEGG)
database  (http://www.genome.jp/kegg/) and the Clusters of
Orthologous Groups of Proteins (COG) database (http://www.ncbi.nlm.
nih.gov/COG/) were used to classify and group these identified pro-
teins. GO and pathway enrichment analysis were performed to
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determine the functional subcategories and metabolic pathways that
the differentially accumulated proteins were significantly enriched in.
Hierarchical clustering of the protein profiles was performed using R
pheatmap package.

3. Results

3.1. Proteomics analysis of COS induced resistance to Pst DC3000 in
Arabidopsis

To reveal the underlying mechanism of COS induced resistance in
Arabidopsis-Pst DC3000 interaction, proteomic variations under mock,
mock + Pst, COS, and COS + Pst treatments were investigated. By using
an iTRAQ method (Fig. 1), 4312 proteins were totally identified from
four treatment groups, and among them 4303 proteins were success-
fully quantified. The protein number that detected in this paper were
much higher than most of the previously proteomics studies on plant
immunity (Cui et al., 2018; Sun et al., 2018; Zhang et al., 2018a), and 2-
fold higher than COS-treated rice (Yang et al., 2017), which provide
more abundant data for COS induction mechanism investigation.

Protein abundance with significant change in different treatments
was selected using a method described by Abdallah et al. (2012). Pro-
tein ratios outside this range were defined as being significantly dif-
ferent at P = 0.05. The cutoff value for the down-regulated proteins
were 0.64, 0.56, 0.58-fold, and for the up-regulated proteins were 1.24,
1.46, 1.47-fold in COS, mock + Pst, COS + Pst treatment groups, re-
spectively. Based on this criterion, 137, 117 and 167 proteins were up-
regulated, and 49, 100 and 40 proteins were down-regulated in
mock + Pst, COS, and COS + Pst treated plants, respectively, compared
with mock-treated plants.

The coverage of significantly changed proteins in different treat-
ment groups were shown in Fig. 2A. For COS-pretreated plants, 18.8%
of up-regulated proteins and 31% of down-regulated proteins were also
significantly changed in Pst DC3000-infected plants, suggested that COS
pretreatment pre-changed the expression of some key functional pro-
teins that functioned in Arabidopsis-Pst DC3000 interaction, which may
benefit for defense activating when Pst DC3000 infection. Although the
significantly changed proteins shared a high similarity between
mock + Pst and COS + Pst groups (57.8%), however, there are 54 up-
regulated proteins and 9 down-regulated proteins were only differently
expressed in COS + Pst groups. Moreover, besides the effect of COS
pretreatment on Arabidopsis, Pst DC3000 invasion also caused an ob-
viously proteomic variation in COS pretreatment groups, up-regulating
149 proteins and down-regulating 19 proteins in COS + Pst groups.
These results suggested that COS pretreatment or/and Pst DC3000 in-
vasion lead to a significantly proteomic variation, which will facilitate
revealing the induction mechanism of COS in Arabidopsis-Pst DC3000
interaction.

3.2. GO and KEGG enrichment analysis of COS pretreatment and Pst
DC3000 infection responsive proteins

To gain more knowledge of differentially expressed proteins in COS
pretreatment or/and Pst DC3000 infected plants, GO enrichment and
KEGG analysis were used to annotate the target proteins (Fig. 2B and C,
Fig. 3). According to the GO enrichment results, 117 up-regulated and
100 down-regulated proteins in COS pretreated plants could be loca-
lized to major cellular compartments such as cytoplasm, vacuole and
membrane. The up-regulated proteins cover a diverse range of biolo-
gical processes, including the process related to stimulus response,
metabolism, gene expression and photosynthesis (Fig. 2B). These results
are in agreement with previous reports showing that gene reprograming
and plant growth promoting effects of COS pretreatment on different
plants, including rice (Yang et al., 2017) and wheat (Wang et al., 2015).
The down-regulated proteins mainly enriched to the process related to
transport, metabolism, and modification (Fig. 2C).
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Fig. 2. Venn diagram and functional analysis of the significantly changed proteins in Pst DC3000 infected and/or pretreated Arabidopsis. (A) Venn diagram analysis of
the differentially changed proteins identified in Arabidopsis leaves from three groups, including COS, mock + Pst and COS + Pst, compared with mock group. (B, C)
Classification of the up-regulated or down-regulated proteins after COS pretreatment according to its enriched GO terms, including cellular component (CC),

biological process (BP), molecular function (MF) and KEGG pathway (KP).

The proteins up-regulated due to Pst DC3000 infection, including
mock + Pst and COS + Pst groups, are mainly locates in cytoplasm,
vacuole, membrane, cytosol and cell wall (Fig. 3). The enriched bio-
logical processes and molecular functions were similar between
mock + Pst and COS + Pst groups. The process related to stimulus
response, defense response, catabolic process and oxidation-reduction
process, and the proteins possessed catalytic activity, binding, oxidor-
eductase activity, hydrolase activity were all up-regulated in both Pst
DC3000 infected plants and COS + Pst treated plants. Certainly, COS
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pretreatment caused some difference compared with mock + Pst
groups, proteins involved in protein transport process, and proteins
possessed antioxidant activity, dioxygenase activity and glucose trans-
membrane transporter activity were only up-regulated in COS + Pst
groups (Fig. 3B).
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Fig. 3. Functional analysis of the significantly changed proteins in Pst DC3000 infected Arabidopsis. Classification of the up-regulated proteins in mock + Pst (A) and
COS + Pst (B) treatment groups according to its involved enriched GO terms, including cellular component (CC), biological process (BP), molecular function (MF)

and KEGG pathway (KP).

3.3. Hierarchical clustering of the proteins response to COS pretreatment
and Pst DC3000 infection

To reveal the expression pattern of the proteins responding to COS
pretreatment and Pst DC3000 infection, the significantly changed pro-
teins were analyzed by hierarchical clustering using the average fold
change of intensity ratios (Fig. 4A). 403 significantly changed proteins
were divided into three big clusters according to the hierarchical
clustering analysis results. The regulation pattern of most proteins from
cluster II and III are shown high similarity in different treatment
groups, while proteins in cluster I are shown obviously difference be-
tween COS pretreated plants and Pst DC3000 infected plants. To gain
more information from the regulation pattern, the proteins in each
cluster were divided by the biological processes they enriched in
(Fig. 4B).

Defense response related proteins are mainly enriched in cluster I,
such as the proteins involved in response to bacterium, multi-organism

process, defense response to bacterium, systemic acquired resistance
and oxidation-reduction process. The distinct regulation of defense re-
sponse related proteins, which are obviously down-regulated in COS
pretreated plants while highly up-regulated in Pst DC3000 infected
plants, may due to the difference between pre-activated and fully ac-
tivated plant immune response. The proteins enriched in cluster II are
mainly related to biological regulation, localization, transport, phos-
phorylation and system development, which all obviously decreased in
COS pretreated or/and Pst DC3000 infected plants. Furthermore, the
processes related to protein metabolic process and protein modification
process were also down-regulated in each treatment groups.

Most proteins in cluster III are involved in biosynthetic process,
gene expression, translation, photosynthesis, cellular component orga-
nization and cellular component assembly, which all up-regulated in
COS pretreated or/and Pst DC3000 infected plants. The similar reg-
ulation pattern of the proteins in cluster II and III suggesting the pre-
reprogramming effect of COS on some processes are consistent with Pst
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Fig. 4. Hierarchical cluster analysis (A) and biological process classification (B) of the significantly changed proteins in COS, mock + Pst and COS + Pst groups,
compared with mock treated Arabidopsis. The “COS” group means pretreated Arabidopsis with 50 mg/L COS 3 d before inoculated with 10 mM MgSO,. The
“Mock + Pst” or “COS + Pst” group means pretreated Arabidopsis with water or 50 mg/L COS 3d before inoculated with Pst DC3000. Each group contained more than

sixty Arabidopsis plants.

DC3000 infection, which benefit for enhancing Arabidopsis defense re-
sistance to Pst DC3000 in advance. Unexpectedly, the proteins related
to metabolic process and response to stimulus are enriched in all three
clusters, suggesting that the key proteins involved in these processes are
distinct regulated in the COS pretreated or/and Pst DC3000 infected
plants.

4. Discussions

The proteomics analysis carried out in this study was aimed to re-
vealing the distinct regulation pattern of biological processes that in-
volved in COS induced resistance and plant innate immune response to
Pst DC3000 infection. Therefore, to gain more information from the
abundant proteomics data and further uncovering the defense priming
effect of COS on plant, we described and discussed a series of distinct
regulated proteins in different treatment groups in details as below.

4.1. Proteins related to signaling transduction

Chitosan's function mechanism in pea tissue is clear by inserting
itself into the minor groove of DNA and activates DNA damage re-
sponses to potentiate plant immunity (Hadwiger, 2015; Hadwiger and
Tanaka, 2017). However, COS signals recognition in Arabidopsis may
also via PRRs-mediated recognition pattern like other PAMPs, since
several candidates who have the potential to be COS receptors are
found out (Liu et al., 2018). However, the special receptor for COS
perception in Arabidopsis remains unclear thus far. In COS pretreated
plants, some receptor-like proteins which may have potential roles in
COS perception, such as MTH12.12 (AT5G59670), NAK (AT5G02290),
MAPR4 (AT4G14965), F309.6 (AT1G16260) and T7N9.25
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(AT1G27190) were significantly changed. As PAMPs, the perception of
COS by the host cell leads to the activation of a complicated signaling
network. And according to our proteomic analysis, the key proteins
involved signal transduction, such as CBL3 (AT4G26570), ROC5
(AT4G34870), CPK7 (AT5G12480), RACK1B (AT1G48630) and MPK16
(AT5G19010), were significantly up-regulated after COS pretreatment
(Table S1).

When Pst DC3000 invasion, plant activates many immune re-
sponses, including hypersensitive response (HR) at the infection site,
callose deposition to fortify cell walls, antibacterial phytoalexins, re-
active oxygen species (ROS), pH changes, possibly restriction of nu-
trient release, accumulation of SA and JA, and etc (Xin and He, 2013).
Signal transduction also plays key role in these processes. Thus, in Pst
DC3000 infected plants, proteins related to signaling transduction were
also significantly up-regulated, such as F28J7.16 (AT3G01830), CPK26
(AT4G38230), Hsp70-2 (AT5G02490), CPK7 (AT5G12480) and GAD
(AT1G65960) (Table S1). And there are no significantly difference be-
tween mock + Pst and COS + Pst treated plants. CPK26 which play a
role in signal transduction pathways that involve calcium as a second
messenger, were down-regulated in COS pretreated plants while up-
regulated after Pst DC3000, which indicating the different regulation
pattern of some key component involved in signaling transduction be-
tween COS induced resistance and plant innate immunity.

4.2. Proteins related to ROS homeostasis

ROS burst is one of the earliest hallmarks of the plant defense re-
sponse, it transmit signals to induce defense pathways in the host plants
(Carr et al., 2010). ROS is quickly accumulating in either Pst DC3000
infected or COS treated plants (Li and Zhu, 2013; Xin and He, 2013).
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However, the highly accumulated ROS is harmful for many cellular
molecules such as proteins, nucleic acids and lipids (Ali et al., 2018;
Vellosillo et al., 2010). In response to the ROS burst during PAMP
treatment or pathogen infection, many key enzymes serve as ROS sca-
vengers will be enhanced in host plants to protect themselves from
oxidative damage, which also appeared in our detection (Zhong et al.,
2017).

In COS pretreated plants, HIRD11 (AT1G54410), CYP71B26
(AT3G26290), CP12-2 (AT3G62410), ACHT1 (AT4G26160), GPX7
(AT4G31870) and COX6A (AT4G37830), which plays key roles in
oxidation reduction, were significantly up-regulated (Table S2). More-
over, 20 and 24 proteins which plays a key role in hydrogen peroxide
removal and oxidation reduction were also enhanced obviously in
mock + Pst and COS + Pst treated plants, respectively (Table S2).
Unexpectedly, except COX6A, other oxidation reduction related pro-
teins which up-regulated in COS groups were not involved in plant
resistance to Pst DC3000. Thus, the ROS scavenge mechanism may
different in COS induced resistance and Pst DC3000 infection activated
plant defense responses.

4.3. Proteins related to defense response

Once plants recognize the PAMP signals, plant immune responses
were activated. In our proteomic analysis, 79 proteins related to plant
defense response were significantly changed in COS pretreatment and/
or Pst DC3000 infection (Table S3). In COS pretreated plants, LTPG1
(AT1G27950), MLP43 (AT1G70890), TIR (AT1G72930), GPX7
(AT4G31870) and T20D1.30 (AT5G19510), which plays pivotal posi-
tive roles in plant defense response were up-regulated. And GRP-3,
which encoding interactors of WAK1, negatively affect defense re-
sponses induced by oligogalacturonides were down-regulated after COS
pretreatment. All these differently expressed proteins suggesting the
pre-activated plant defense response in COS pretreated plants, which
will easily be triggered a stronger defense resistance when Pst DC3000
invasion than mock treated plants.

SA- and JA-mediated signaling pathway are essential for plant de-
fense response, SA mediates systemic acquired resistance (SAR), while
JA mediates induced systemic resistance (ISR) (Janda and Ruelland,
2015; Koornneef and Pieterse, 2008; Loake and Grant, 2007). COS in-
duction effect on SA and JA signaling pathway without bacteria or virus
infection were already confirmed in many plants, including tobacco
(Chen et al., 2009), Arabidopsis (Jia et al., 2016), rice (Yang et al., 2017)
and Brassica napus (Yin et al., 2006; Yin et al., 2010a). After COS pre-
treatment, WAT1 (AT1G75500) which prevent salicylic-acid (SA) ac-
cumulation were down-regulated, suggesting the activating SA pathway
in COS pretreated plants (Table S3).

Both the SA and JA pathways are required for Arabidopsis response
to Pst DC3000 (Betsuyaku et al., 2017; Jia et al., 2018). In Pst DC3000
infected plants, 8 proteins involved in SA biosynthesis and response
pathway, such as EDS16 (AT1G74710), ALD1 (AT2G13810) and PR1
(AT2G14610) were enhanced and 5 proteins which related to JA-
mediated pathway, including TAT3 (AT2G24850), NATAl
(AT2G39030) and MES16 (AT4G16690) were highly up-regulated
(Table S3). All these increased proteins suggesting the activated SA and
JA pathway in Pst DC3000 infected plants. In COS pretreated plants, Pst
DC3000 invasion also enhanced SA and JA related proteins, including 8
proteins involved in SA pathway and 10 proteins related to JA pathway
(Table S3). These significantly proteins were consistent with our pre-
vious studies that COS induces resistance to Pst DC3000 in Arabidopsis
by activating both SA- and JA-mediated pathways (Jia et al., 2018).

Hierarchical cluster analysis of the proteins related to plant defense
response were divided into four clusters (Fig. 5). Pst DC3000 invasion
caused the defense related proteins differently expressed, and COS
pretreatment in Pst DC3000-infected plants seems has no obviously
effect on these defense related proteins, since the expression pattern
were shown high similarity between mock + Pst and COS + Pst groups.
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Fig. 5. Hierarchical cluster analysis of significantly changed proteins related to
plant defense response in COS, mock + Pst and COS + Pst groups, compared
with mock treated Arabidopsis. The “COS” group means pretreated Arabidopsis
with 50 mg/L COS 3 d before inoculated with 10 mM MgSO,. The “Mock + Pst”
or “COS + Pst” group means pretreated Arabidopsis with water or 50 mg/L COS
3d before inoculated with Pst DC3000. Each group contained more than sixty
Arabidopsis plants.

The most proteins in cluster I, II and III were shown obviously different
expression pattern between COS pretreatment and Pst DC3000, sug-
gesting the different regulation pattern between pre-activated and fully
activated plant immune system.

4.4. Proteins related to cell wall biosynthesis and modification

As a physical barrier to defense for pathogens invasion, plant cell
walls undergo dynamic changes during plant-pathogen interactions
(Aragon et al., 2017; Ziv et al., 2018). In our proteomics analysis, 29
proteins related to cell wall biosynthesis and modification was sig-
nificantly changed in COS pretreated and/or Pst DC3000 infected plants
(Table 1). To enter the host cell, pathogens secretes cell wall-degrading
enzymes to destroy the barrier, which resulting in accumulated DAMPs
signal molecules. Once DAMPs recognized by plant cell, many enzymes
working on cell wall components biosynthesis and modification were
secreted to fortify cell walls (Franck et al., 2018; Frevert et al., 2018).

COS pretreatment differently regulated some proteins which are
essential for the formation of cell walls, up-regulating RGP1, QUA1 and
UGD2, and down-regulating PME2, RHD1, WAT1, TPS1, PME25 and
CSLG2. Most of them showed same expression trends in Pst DC3000
infected plants, except CSLG2, which polymerizes the backbones of
hemicelluloses of plant cell wall. CSLG2 was down-regulated in COS
pretreated plants (0.63-fold), while up-regulated in Pst DC3000 infected
plants (1.35-fold), and enhanced to an even higher amount in
COS + Pst treated plants (2.19-fold), suggesting that COS pretreatment
shown different regulation pattern of CSLG2 in different treatment
background. Besides CSLG2, COS pretreatment in Pst DC3000 infected
plants shown more obviously up-regulating trends of the proteins in-
volved in cell wall components biosynthesis and modification process
than mock + Pst treatment, such as XTH24, UCC2 and K19E20.1, which
contribute to enhancing plant resistance to Pst DC3000.
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Table 1
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The cell wall biosynthesis and modification related proteins, which significantly changed in COS pretreated or Pst DC3000 infected plants. The “COS” group means
pretreated Arabidopsis with 50 mg/L COS 3 d before inoculated with 10 mM MgSO,4. The “Mock + Pst” or “COS + Pst” group means pretreated Arabidopsis with water
or 50 mg/L COS 3d before inoculated with Pst DC3000. Each group contained more than sixty Arabidopsis plants.

Accession No.  ATG No. Protein name  Function description Ratio (Mean)

COS Mock + Pst COS + Pst
Q9SRT9 AT3G02230 RGP1 Required for proper cell wall formation. 1.276  1.503 1.391
QILIAS8 AT3G29360 UGD2 Required for the formation of cell wall. 1.35 1.396 1.106
QILSG3 AT3G25140 QUA1 Involved in pectin biosynthetic process. 1.357 1.083 1.189
Q43867 AT1G53840 PME1 Pectinesterase, involved in the modification of cell wall via pectin demethylesterification. ~ 0.713  0.521 0.524
Q42534 AT1G53830 PME2 0.479  0.498 0.395
022149 AT2G45220 PME17 0.858 2.04 2.136
Q94CB1 AT3G10720 PME25 0.545  0.62 0.6
Q9C7W7 AT1G64440 RHD1 Involved in channeling UDP-D-galactose into cell wall polymers. 0.59 0.57 0.668
Q94AP3 AT1G75500 WAT1 Required for secondary wall formation in fibers. 0.547 0.515 0.51
Q9SYM4 AT1G78580 TPS1 Regulates cell wall deposition. 0.605 0.573 0.564
Q8VYR4 AT4G24000 CSLG2 Polymerize the backbones of hemicelluloses of plant cell wall. 0.631 1.346 2.188
Q9COW3 AT1G67980 CCOAMT Involved in the reinforcement of the plant cell wall. 0.825 2.242 2.235
Q8RY29 AT2G41850 PGAZAT Polygalacturonase, involved in cell wall modification. 0.897 2.045 1.966
Q941L0 AT5G05170 CEV1 Involved in the primary cell wall formation. 0.827 0.539 0.468
QILLR7 AT5G59320 LTP3 May play a role in wax or cutin deposition in the cell walls. 1.231 0.483 0.519
QOXFS7 AT3G51600 LTP5 0.81 0.567 0.532
Q9s713 AT2G38530 LTP2 0.824  0.581 0.534
P24806 AT4G30270 XTH24 Involved in plant-type cell wall loosening participates in cell wall construction. 0.838 1.297 1.502
Q8LEG3 AT4G26760 MAP65-2 Involved in the regulation of microtubules organization and dynamics. 0.462  0.548 0.491
Q9M439 AT1G10070  BCAT-2 Involved in cell wall development. 1.062 2.152 1.918
080517 AT2G44790 UCC2 Acts as an electron carrier involved in lignin formation. 1.025 1.452 1.512
Q02972 AT4G37990  ELI3-2 Involved in lignin biosynthesis. 0.869 1.914 1.665
Q39034 AT5G19890  F28116.40 Peroxidase, involved in the biosynthesis and degradation of lignin. 0.883 2.309 1.886
Q9sMU8 AT3G49120 PRXCB 0.774  1.502 1.516
Q9LDN9 AT4G08770  Prx37 0.88 2.786 2.25
Q9SB81 AT4G21960 PRXR1 0.689 0.54 0.535
Q43731 AT4G37520 F19F18.10 0.832 1.536 1.45
024603 AT2G43570 CHI Chitinase, which involved in cell wall macromolecule catabolic process. 0.953 2.187 2.363
Q93WF1 AT5G48900 K19E20.1 Pectin lyase-like superfamily protein. 1.122  1.446 1.517

There are four pectinesterases (PME1, PME2, PME17 and PME25)
which have the same function in the modification of cell walls via de-
methylesterification of cell wall pectin, were differently expressed
during Arabidopsis-Pst DC3000 interaction. PME17 was significantly up-
regulated, while PME1, PME2 and PME25 were down-regulated in Pst
DC3000 infected plants, implying the different roles of PMEs in plant
defense response, and PME17 may plays positive role in plant defense
response. Similar with pectinesterases, there are 5 peroxidases
(F28116.40, PRXCB, Prx37, PRXR1 and F19F18.10) which play roles in
the biosynthesis and degradation of lignin also shown different ex-
pression during Pst DC3000 invasion. PRXR1 was significantly down-
regulated, and the other peroxidases were up-regulated, suggesting the
negative role of PRXR1 in plant defense response.

Besides reinforce the cell wall to hinder pathogens invasion, plant
cell also secreting enzymes which degrading the component of pa-
thogen cell walls to kill the pathogens (Pusztahelyi, 2018). CHI, which
possess chitinase activity, was obviously increased after Pst DC3000
invasion, 2.19-fold in mock + Pst treatment, and 2.40-fold in COS + Pst
plants, compared with mock treated plants. Chitinases which degrading
chitin from the cell wall of pathogens, are involved in the early events
of host-pathogens interaction, have been used as marker genes for the
activated plant defense response for many years (Maldonado-Alconada
et al., 2011; van Aubel et al., 2016; Yang et al., 2017). However, as
bacteria, no chitin component exists in Pst DC3000. From the previous
studies, chitinase expression is not depended on the pathogens, some
key PR genes that response to pathogens attack, such as PR-3, PR-4, PR-
8 and PR-11 are different types of chitinase, thus chitinase also up-
regulated in Arabidopsis—Pst DC3000 interaction (Pusztahelyi, 2018).

4.5. Proteins related to plant growth and development

In Pst DC3000 infected plants, proteins related to plant
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photosynthesis were differentially modulated during Pst DC3000 in-
fection. For example, proteins plays positive roles in photosynthesis,
including CAB2 (AT1G29910), RPI2 (AT2G01290), RCA (AT2G39730),
PPD7 (AT3G05410), GUN4 (AT3G59400), TAP38 (AT4G27800), and
VAR3 (AT5G17790) were down-regulated; NYC1 (AT4G13250), MES16
(AT4G16690), and PPH (AT5G13800), which involved in chlorophyll
degradation and breakdown, were significantly increased after Pst
DC3000 infection, suggesting the suppressed photosynthesis in Pst
DC3000 infected plants (Table S4). These results were consistent with
previous studies, since some effectors of Pst DC3000 were aimed to
destroy host plants photosynthesis, such as HopN1, which interferes
with photosystem II activity in chloroplast preparations (Rodriguez-
Herva et al., 2012). These phenomena also happened in other virus or
bacteria infected plants (Di Carli et al., 2010; Rahoutei et al., 2000;
Scharte et al., 2005; Zhong et al., 2017). And as response, Pst DC3000
infected plants up-regulated 21 proteins involved in plant growth to
enhancing plant growth and defense capacity, such as AE7
(AT1G68310), VSP1 (AT5G24780), VSP2 (AT5G24770) and VPS20.1
(AT5G63880).

In COS pretreated plants, 40 proteins related to plant growth and
development were significantly changed, 21 of them were up-regulated,
and 19 proteins were down-regulated (Table S4). The key proteins in-
volved in photosystem, including PSAE-1 (AT4G28750), PSAN
(AT5G64040), YCF3 (ArthCp023) and LHCA1l (AT3G54890) from
photosystem I, PSB28 (AT4G28660), PSBO1 (AT5G66570), and PSBH
(ATCG00710) from photosystem II were significantly increased after
COS pretreatment compared with mock treated plants. The proteins
regulating photosynthesis such as CP12 (AT3G62410), the proteins
related to chlorophyll biosynthesis and binding such as CHLG
(AT3G51820) and LHCB3 (AT5G54270) were also up-regulated in COS
pretreated plants. All these up-regulated photosynthesis-related pro-
teins indicating COS has positive effect on protecting the
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photosynthetic machinery and improving photosynthetic efficiency
during pathogens infections. Thus, except for the widely known effect
on inducing plant innate immunity, COS also shown obvious effect on
enhancing plant growth by increase the content of chlorophyll, enhance
the photosynthesis in multiple plants, including camellia (Li and Zhu,
2013), Buddhist pine (Wang et al., 2017), wheat (Zhang et al., 2016,
2018c¢) and rice (Yang et al., 2017).

Despite the positive roles of COS on plant photosynthesis, the dif-
ferently modulated photosynthesis related proteins during Pst DC3000
invasion still remains the same trends in COS pretreated groups
(COS + Pst), suggesting COS pretreatment has no significantly positive
effect on these plant photosynthesis-related proteins during Pst DC3000
invasion. However, 27 proteins related to plant growth and develop-
ment were highly up-regulated, together with the pre-activated pho-
tosynthesis before Pst DC3000 in COS pretreated plants, all have posi-
tive effects on plant defense against photosynthesis destroy of Pst
DC3000 (Table S4). To better understand the dynamic regulation of
these proteins, 83 significantly changed proteins that involved in plant
growth were selected and analyzed by artificial division carefully, and a
hierarchical clustering analysis were carried out.

The significantly changed proteins related to plant growth were
divided into six clusters based on the regulation pattern in different
treatment groups (Fig. 6). Most proteins in cluster III, IV and VI shared
concordant expression patterns, protein abundance in cluster III was
up-regulated and that in cluster IV and VI was significantly down-
regulated, suggesting that COS pretreatment and Pst DC3000 infection
resulted in similar protein abundance variation for many proteins re-
lated to plant growth. Thus, COS pretreatment seems to pre-enhancing
photosynthesis and pre-promoting plant growth before pathogen in-
fection, which providing stronger photosynthesis capacity of plants to
defense when pathogen attack.
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Fig. 6. Hierarchical cluster analysis of significantly changed proteins related to
plant growth and development in COS, mock + Pst and COS + Pst groups,
compared with mock treated Arabidopsis. The “COS” group means pretreated
Arabidopsis with 50 mg/L COS 3 d before inoculated with 10 mM MgSO,. The
“Mock + Pst” or “COS + Pst” group means pretreated Arabidopsis with water or
50 mg/L COS 3d before inoculated with Pst DC3000. Each group contained
more than sixty Arabidopsis plants.
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Fig. 7. Hierarchical cluster analysis of significantly changed proteins related to
transcription and translation in COS, mock + Pst and COS + Pst groups,
compared with mock treated Arabidopsis. The “COS” group means pretreated
Arabidopsis with 50 mg/L COS 3 d before inoculated with 10 mM MgSO,. The
“Mock + Pst” or “COS + Pst” group means pretreated Arabidopsis with water or
50 mg/L COS 3d before inoculated with PstDC3000. Each group contained more
than sixty Arabidopsis plants.

4.6. Proteins related to stress response, transcription and protein
homeostasis

Except for the plant resistance enhancement and plant growth
promotion effect, COS also worked effectively in improving plant stress
resilience, such as cold, drought, salinity stresses (Cheplick et al., 2018;
Safikhan et al., 2018; Zhang et al., 2018b; Zhou et al., 2018). From our
proteomics analysis, 13 proteins that involved in response to salt stress,
cold conditions, drought, and herbicides, were changed significantly
after COS pretreatment (Table S5). Among these proteins, three up-
regulated proteins that is T18K17.10 (AT1G73230), KTI1
(AT1G73260), GSTU27 (AT3G43800), and five down-regulated pro-
teins that is CRK2 (AT1G70520), GSTU2 (AT2G29480), PIP2B
(AT2G37170), T6A23.9 (AT2G38710) and RAB18 (AT5G66400), were
not participate in plant defense response to Pst DC3000 infection.

And from previous studies, many stress-related proteins also play
important roles in conferring protective defenses against pathogen in-
fections (Zhong et al., 2017). Therefore, expression of stress response
proteins also significantly changed during Pst DC3000 infection, 30 and
34 stress-related proteins were differently regulated in mock + Pst and
COS + Pst treated plants, respectively (Table S5). Although 25 proteins
shared similar regulation pattern between mock + Pst and COS + Pst
treatment, there are also exist some proteins has distinct regulation.
Some proteins were only up-regulated in COS + Pst treated plants, such
as FD1 which response to karrikin, HMGB2 which confers sensitivity to
salt and drought stresses, Hop3 which response to high light intensity
and heat, and etc.

Numerous proteins are required to carry out the pre-activated plant
defense response caused by COS pretreatment and the activated plant
immune system caused by Pst DC3000 infection, thus the transcription
and translation process were reprogramming. 101 proteins related to
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Fig. 8. The potential protein-protein interaction network of the up-regulated proteins response to COS pretreatment by using the search tool for the retrieval of
Interacting Genes/Proteins (STRING) construction. The network, made with a medium confidence cutoff (0.7) using the k-means clustering method, includes three
clusters presented as different colors. Line color indicates the type of interaction evidence. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

gene transcription and translation process differently expressed in COS
pretreated and/or Pst DC3000 infected plants from proteomics analysis
(Table S6). These significantly changed proteins were divided into four
clusters according to the hierarchical clustering analysis (Fig. 7). The
regulation pattern of most proteins from cluster I and IV are shown high
similarity in different treatment groups, suggesting the pre-repro-
gramming effect of COS on gene expression process are similar with Pst
DC3000 infection. Some proteins from cluster II and III showed evident
difference between COS pretreated and PstDC3000 infected plants,
which may be due to the difference between pre-activated and acti-
vated plant immune response.

As the direct performer of vital movement, protein homeostasis
which including protein biosynthesis, modification, transport and de-
gradation are important to achieve unified cellular responses to de-
velopmental and environmental cues (Hinkson and Elias, 2011).
Therefore, except for the activated gene transcription and translation
processes, 12 proteins related to protein transport, 6 proteins related to
protein folding, 33 proteins related to protein modification and 17
proteins involved in protein degradation were differently expressed in
the plants response to COS or/and Pst DC3000 infection (Table S7).
These significantly changed proteins in COS pretreated or Pst DC3000
infected plants suggesting both COS pretreatment and Pst DC3000 in-
fection can reprogram protein homeostasis processes, and which may
contribute to enhancing defense response and increasing survival
during Pst DC3000 infection.
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4.7. Key proteins involved in COS induction

To further reveal the induction mechanism of COS, the protein-
protein interaction network of the up-regulated proteins in COS pre-
treated plants were analyzed by using STRING database with a cutoff
confidence score of =0.7. The protein-protein interaction network
which contained 122 nodes and 580 edges has significantly more in-
teractions than expected (Fig. 8). By using k-means clustering method,
the network includes three clusters presented as different colors. 36
proteins in green cluster are all high-degree hub nodes with node de-
gree range from 13 to 36. Among these proteins, one protein is tran-
scription factor (BTF3, AT1G17880), one protein is elongation factor
which involved in translational elongation (T20D1.30, AT5G19510),
and 33 proteins are ribosomal proteins which involved in protein
translation, suggesting the reprogramed gene transcription and trans-
lation process in COS pretreated plants.

RACK1B (AT1G48630) is a high-degree hub node with node degree
of 28 in green cluster. RACK1 (including RACK1A, RACK1B and
RACK1CQ) is a receptor for activated kinase that plays a role in multiple
signal transduction pathways, but it possesses unknown enzymatic ac-
tivity (Adams et al., 2011; Chen et al., 2006). Evidence is accumulating
that RACK1 acts as a versatile scaffold protein and regulates multiple
biological processes, including development, phytohormone responses,
protein translation, micro RNA biogenesis and multiple environmental
stress responses, also functions in disease resistance and the innate
immune pathway (Chen et al., 2006; Guo et al., 2009; Guo and Sun,
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2017; Hyodo et al., 2019; Speth et al., 2013). The important roles in
plant immunity and the high interaction with the key proteins related
to protein translation makes RACK1B has the potential to be the key
kinase receptor for COS signals. RACK1 is involved in the protease IV
and ArgC (proteases from pathogens) induced signaling pathway but
not the flg22 (peptides from bacterial flagellin) pathway according to
previous study (Cheng et al., 2015). Thus, the involvement of RACK1B
in COS induced signaling pathway suggesting the difference induction
mechanism between COS and flg22.

5. Conclusions

By using Arabidopsis-Pst DC3000 interaction, the underlying me-
chanism of COS induced resistance were partly revealed by proteomic
data presented in this study. COS pretreatment pre-activating plant
defense response before pathogens invasion by gene transcription and
translation reprograming, and many proteins related to signaling
transduction, ROS homeostasis, defense response, cell wall biosynthesis
and modification, plant growth and development, and stress response
were differently regulated. Many proteins are completely opposite
regulated between COS pretreatment and Pst DC3000 infection, which
reveals the different regulation pattern of many biological processes
between the “primed state” immunity caused by COS and the “activated
state” immunity caused by Pst DC3000 invasion.

In conclusion, as a broad-spectrum immunity elicitor, COS treat-
ment enable plant to fine-tuning its defenses for a more rapid and ro-
bust response to subsequentially abiotic and biotic stresses, which
makes COS worked effectively in inducing resistance in multiple plants
against various pathogens, and also showed obvious effect in promoting
plant growth and stimulating the resistance to abiotic stresses.
Moreover, some key proteins worked in COS induced signaling pathway
were also find out by this proteomic analysis, which will facilitate the
sequent research on COS induction mechanism.
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