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1-Methyltryptophan treatment increases defense-

related proteins in the apoplast of tomato plants
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ABSTRACT

The activation of induced resistance in plants may enhance the production of defensive proteins
to avoid the invasion of pathogens. In this way, the composition of the apoplastic fluid could
represent an important layer of defense that plants can modify to avoid the attack. In this study
we performed a proteomic study of the apoplastic fluid from plants treated with the resistance
inducer 1-methyl}-tryiptophan (1-MT) as well as infected with Pseudomonas syringae pv. tomato

(Pst). Our results showed that both the inoculation with Ps¢ and the application of the inducer
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provokes changes in the proteomic composition in the apoplast enhancing the accumulation of
proteins involved in plant defense. Finally, several-one of the identified proteins that are

overaccumulated upon the treatment have been expressed in Escherichia coli and purified in
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order to test their antimicrobial effect. The result showed that the tested proteins are able to
reduce the growth of Pst in vitro. Taken together, in this work we described the proteomic
changes in the apoplast induced by the treatment and by the inoculation, as well as demonstrated

that the proteins identified has a role in the plant protection.

KEYWORDS: apoplast, proteomics, induced resistance, Pseudomonas syringae, Solanum

lycopersicum, 1-Methyltryptophan, resistance inducers.

INTRODUCTION

Plants are able to defend themselves against a vast number of pathogens. Among the different
defensive mechanisms, the first layer of defense is composed of preformed barriers that provide
the constitutive resistance against a broad spectrum of attacks. This layer includes non-specific
defenses such as physical accumulation of wax, or chemical deterrents such as pyrethrins,
phytoalexins, and phytoanticipins'. However, plants are also able to recognize the presence of
certain pathogens and trigger a defensive response depending on the pathogen lifestyle. The
recognition of the pathogen starts with the perception of microbial elicitors known as pathogen-
or microbe-associated molecular patterns (PAMPs or MAMPs)2. A successful recognition
activates the mechanism of defense known as PAMP-triggered immunity (PTI) inducing rapid
changes in the phosphorylation of proteins, an increase in the calcium level of the cytosol, and

the expression of defense-related genes?.
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However, pathogens have developed mechanisms to interfere with PTI by the release of
effectors, resulting in the effector-triggered susceptibility (ETS). The effectors are intended to
manipulate the host cell in a way that helps the pathogen to invade the plant?. Fortunately, plants
also developed intracellular nucleotide-binding/leucine-rich-repeat (NLR) receptors that will
detect and counteract the effectors, leading to the so-called effector-triggered immunity (ETI).
Most of these mechanisms are controlled by phytohormones such as Salicylic acid (SA),

Jasmonic acid (JA), and Ethylene (ET) which activate the induced defensive responses*.

Despite the multilayered innate immune system of higher plants, some pathogens such as
Pseudomonas syringae DC3000 (Pst) are capable of entering leaves through stomata or wounds
in the epidermis. Once inside the plant, the nutrients present in the apoplast are usually sufficient

to ensure a rapid colonization of the leaf. It has been reported that Ps¢ is able to grow in leaf

apoplast extract of Arabidopsis and tomato, suggesting that this bacterium is adapted to survive

[ Formatat: Tipus de lletra: Cursiva

and use the C and N sources available in the plant apoplast and these nutrients are enough to

allow the development of the bacteria>*.

When the population of the bacteria reaches certain levels on the leaf surface, the accumulation
of N-acyl homoserine lactone (AHL) acts as quorum-sensing (QS) signal, resulting in a
coordinated expression of virulence factors that mediates colonization of the host cells’*. One of
the most well-known virulence factor released by Pst is Coronatine (COR). COR is a phytotoxin
with a structure that mimics J-jasmonic-isoleucine, which is the biologically functional conjugate
of JA'9, The binding of COR to Coronatine Insensitive 1 (COI1) leads to COR/COI1-dependent

suppression of SA accumulation, reducing the resistance to Ps¢ in Arabidopsis and tomato '3,
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Moreover, COR also inhibits the stomatal closure of plants induced by the recognition of

flagellin, facilitating the bacterial entry into the leaves!'“.
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The mechanisms of infection of Pst have been usually studied in whole leaf tissue. However,
several of the previously described processes are located in the apoplast and cause changes in the
composition of the apoplastic fluid. Despite of that, only a few studies have been conducted in
order to ascertain the changes in the apoplast composition during infection and the role of the

apoplast in plant defense!>:16,

The apoplast is defined as the extracellular matrix, including the cell wall and intercellular
spaces that contain the apoplastic fluid!”. This space between cell membranes is involved in
several biological processes, such as water transport or plant defense!8. The apoplastic fluid is
mostly composed of inorganic ions, metabolites, and proteins!'>1°. Several studies have analyzed
its characteristics and observed that its content is highly influenced by the processes occurring in
the surrounding cells as well as in the xylem and phloem, and by changes in plant physiology,
nutrition or response against biotic or abiotic stress'®?0. Thus, its composition can change and

adapt to each particular situation.

Among the different pathogen control strategies in plants, the search for molecules which are
able to induce plant innate defense, is one of the most promising. This search is usually linked to
a general characterization of the response of both the plant and the pathogen®2!-23, Previous
studies have demonstrated the efficacy of the molecule 1-methyltryptophan (1-MT) in the control
of Pst in tomato?*. Recently, Scalschi et al.?> showed that the application of 1-MT induces
changes in the levels of ABA which lead to more closed stomata as well as to a blocking of the
JA pathway which can impair the effect of COR. Moreover, it was also observed that the growth
of the bacteria in the apoplastic fluid obtained from treated plants was lower when compared to
the growth of the bacteria in the apoplast extracted from untreated plants. Although possible

causes of this reduction of bacterial growth were studied, neither the sugar nor amino acid and
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hormonal content explain fully this inhibition®>. For this reason, we hypothesize that the
application of 1-MT can induce the accumulation of defensive proteins changing the composition

of the apoplast.

In this way, Parker et al.?6 compared the proteomic profile of tomato against Pst using the
resistant cv. Rio Grande-PtoR (RG-PtoR ) and the susceptible cv. Rio Grande-prf3 (RG-prf3).
The comparison of both cultivars showed that the resistant RG-PtoR genotype had a higher
content of stress response proteins, related to both biotic and abiotic stresses, as well as other
proteins that could be playing an important role in the resistance against the bacteria. This higher

level of proteins related to defense may be involved in the higher resistance to pathogen attack.

However, it is not known whether the plant is able to block essential nutrients away from the
apoplast as a defense mechanism?’ or to accumulate different metabolites and proteins to avoid
the colonization of the apoplast. Moreover, there are no studies about the influence of the
application of resistance inducers in the plant defense at the apoplastic level and how the
activation of the innate defenses mediated by the resistance inducer can modify the apoplastic
content. For these reasons, the main objective of this study is to elucidate the changes in the
proteomic composition of the apoplast induced by the treatment witah 1-MT and its possible role
in the control of the infection. To achieve this objective, we obtained apoplast washing fluid
AWE-of plants treated with 1-MT and inoculated with Pst using the infiltration—centrifugation
technique?3._The comparison of the proteome of treated and untreated plants, with or without
infection, allowed us to study the different responses of the plant under these situations as well as

to select the proteins that may play an active role in the control of the pathogen.

MATERIAL AND METHODS
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Microbial strains, growth conditions and plant material

P. syringae pv. tomato strain used in the present study was DC3000. Rifampicin was added to
King B medium (KB) at 50 pg-mL™!. Tomato seeds (Solanum Ilycopersicum Mill. cv. Ailsa
Craig) were germinated in vermiculite in a growth chamber under the following environmental

conditions: light/dark cycle of 16/8h, temperature of [24V18 °C, light intensity of 200 pmol m2 s~

- comentat [AIGH1]: Creo que es 26/18

1. and 60 % relative humidity. Seeds were irrigated with distilled water for a week and the next 3
weeks with Hoagland solution?. The pH of the nutrient solution was adjusted to 5.8 - 6.0 with

KOH 1 mM.

Pseudomonas syringae bioassays

Four-week-old tomato plants were divided into four groups: Plants treated with 1-MT and
inoculated (MTI), plants treated with 1-MT and non-inoculated (MT), plants non-treated and
inoculated (CI), and plants non-treated and non-inoculated (C). Treatment was performed with a
nutrient solution amended with 1-MT (5 mM) at pH=6, 72 hours before inoculation. Control
plants were treated with a nutrient solution. P. syringae pv tomato DC3000 was grown in KingB

(KB} medium at 28 °C for 24 h. Bacterial suspensions were adjusted to 5 x 103 colony-forming

Formatat: Tipus de lletra: Cursiva
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units (cfu)/mL-L in sterile MgSO4 (10 mM) with 0,01 % of Silwet L-77 surfactant (Osi
Specialties, Danbury, CT, USA). Tomato plants were inoculated by dipping third and fourth
leaves with P. syringae as previously described by Scalschi et al.?2. The disease rate was scored
by determining the percentage of leaves showing dark-brown spots and the number of colony

forming units (cfu) at 72 hpi. Each experiment was independently conducted at least three times.

Apoplast extraction
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Apoplast extraction was carried out 48 h after Pseudomonas syringae inoculation based on
previous observations?? since we observed that, in our inoculation conditions, the plant showed
greater response at this time point. The extraction was performed using the infiltration-
centrifugation method as described by O’Leary et al.28.— Briefly, this technique is a two-step
method that essentially involves the replacement of the apoplastic air space with sterile distilled
water, which mixes with the native apoplastic fluid, followed by recovery of the
infiltration/apoplastic mixture by gentle centrifugation of the leaves. The cytoplasmic
contamination of apoplast was estimated as described by Rico and Preston®. Prior to subsequent
analyzes, the apoplast extract was diluted twice in distilled water and filtered on a cellulose
syringe filter (0.2 um pore size), in order to avoid bacterial contamination. Four biological

replicates of apoplast extracted from each group of plants were performed.

Protein preparation

The proteomic analysis was performed in the proteomics facility of SCSIE University of
Valencia that belongs to ProteoRed, PRB2-ISCIIIL. For the analysis of the protein fraction by
SWATH, 10 pg of each sample was loaded on a 1D _SDS PAGE gel in order to remove
contaminants, clean samples and proceed with the gel digestion of the proteins. Gel fraction was
cut and the sample was digested with sequencing grade trypsin (Promega) as described
previously by Shevchenko et al.?0. 250 ng of trypsin in 150 uL of ABC solution was used. The
digestion was stopped with trifluoroacetic acid (TFA) (1% final concentration), a double
extraction with acetonitrile (ACN) was done and all the peptide and protein solutions were dried

in a rotatory evaporator. The sample was resuspended with 10uL of 2% ACN; and 0.1% TFA.

LC-MSMS Analysis
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1,5 pg of the pooled sample (proteins fraction samples) were loaded onto a trap column
(NanoLC Column, 3p C18-CL, 75umx15cm; Eksigent) and desalted with 0.1% TFA at 3ul
/min-! during 5 min. The peptides were loaded onto an analytical column (LC Column, 3 pu C18-
CL, 75umx12cm, Nikkyo) equilibrated in 5% ACN 0.1% FA (formic acid). Proteins elution was
carried out with a linear gradient of 5 to 35% ACN for 180 min at a flow rate of 300 nl /min-".
Peptides were analyzed in a mass spectrometer nanoESI qQTOF (5600 TripleTOF, ABSCIEX).
Eluted peptides were ionized applying 2.8 kV to the spray emitter. The tripleTOF was operated
in swath mode, in which a 0.050s TOF MS scan from 350- 1250 m/z was performed, followed
by 0.080s product ion scans from 350-1250 m/z on the 32 defined windows (3.05 sec/cycle).
The rolling collision energies equations were set for all ions as for 2+ ions according to the
following equations: |CE|=(slope)x(m/z)+(intercept). The raw data (.wiff) files obtained from
SWATH experiment was analyzed by PeakView v.2.1 software (Sciex) under restricted criteria
and settings: five peptides, five transitions, 95% peptide confidence threshold and 1% false
discovery threshold. The quantitative data obtained by Peak View were analyzed with Marker
View 1.3 (Sciex). First, areas were normalized by total areas summa, and then PCA analysis and
t-test were done. In order to determine the differences between the different types of samples
proposed in this study, we performed a logarithmic transformation of the data. Glmnet library of
the R was used to apply a logistic regression with Lasso penalty and the Elastic net as selection
methods for variables (proteins) that show significant differences between the different groups.
Once the samples have been normalized, a Heatmap was performed before applying the two

methodologies. CI vs C, MT vs C, MTI vs Cl and MTI vs MT.

Protein annotation, gene ontology (GO) categories and analysis of localization
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The differentially expressed proteins were annotated using Blast2GO software version 5.1.13
(https://www.blast2go.com). Protein sequences were compared against SwissProt database using

public NCBI Blast service (QBlast). The blast program was set as blastp with blast expectation

value (E-value) 1 x 1075. The meaningful matches from Blast2GO analysis were subjected to GO
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categories (cellular component, molecular function, and biological process). The classical
secretion which derived by N-terminal signal peptides, and non-classical secreted protein were
predicted using SignalP (version 4.1) (http://www.cbs.dtu.dk/services/SignalP/), and SecretomeP

(version 2.0) (http://www.cbs.dtu.dk/services/SecretomeP/).

Recombinant protein expression and antimicrobial assays

Apoplastic cysteine proteinase (CP3), induced by 1-MT in the absence and presence of
infection, was cloned into pET-14b (Novagen) for recombinant protein expression. To construct
the E. coli protein expression vector, the sequence encoding mature protein without the signal
peptide was cloned into pET-14b to generate the expression vector pET-14b-cysteine proteinase-
6xHis. The E. coli strain BL21 (DE3) (New England BioLabs) was used to express the
recombinant protein. Purification of the recombinant protein was performed using HisPur™ Ni-
NTA Spin Purification Kit (Thermo Scientific) according to the supplier’s instructions. The

purified protein was further used to test its antimicrobial activity jn vitro.
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Experiments were performed in M9 minimal medium supplemented with purified recombinant
protein at a concentration of 70 ngt mL"! or with PBS (Phosphate buffered saline) (Thermo
Scientific). The pH of medium was adjusted to 5.8 to mimic the pH of the apoplast, before
adding the bacteria. The strain was precultivated on KB plates containing the appropriate

antibiotics for 2 days to obtain the inoculum. The bacterium was harvested in sterilized MgSO4



195 (10 mM). The growth assay was carried out in a Multiskan™ FC Microplate Photometer

196  (Thermo Scientific) in a total volume of 200_pl in microtiter wells using an initial bacterial

197  density of 10° cfuf—simL |, Bacterial growth was incubated at 28°C with continuous agitation _—{ Formatat: Superindex

198  and monitored by measuring optical density every 10 min with periodic shaking for 72h. The

199  results were printed out as growth curves.

200 RESULTS AND DISCUSSION
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Previous studies showed that plants treated with 1-MT are less susceptible to Pst. Moreover, in

the apoplast extracted from plants treated with 1-MT, the Pst growth was reduced, suggesting

that this molecule might induce changes in the apoplastic content?S. To date, the studies on

tomato-Pseudomonas interaction?® showed a high complexity of the protein content in the leaves. /[ Formatat: Tipus de lletra: Cursiva

However, despite the importance of the apoplastic proteome during plant-pathogen interaction

and pathogen establishment. the proteome of apoplast plants treated with a resistance inducer has

not been studied yet. For this reason, the aim of this work is to analyze the possible changes

provoked by a resistance inducer, the 1-MT.

Global proteome analysis of Solanum lycopersicum apoplast

Proteomic analysis was performed in the apoplast extracted from tomato plants—that-have

B—treated—with +-MIT-MT)—andtreated—with-+-MTand-infected-MTD, in order to examine
proteome changes that occur - against Pst infection and the treatment with a resistance inducer
such as 1-MT. Overall, 512 proteins and 40 peptides in the pooled samples of apoplast from S.
lycopersicum were detected, with a false discovery rate (FDR) of 1% (Supplementary Table S1),
which represented all the proteins found in the apoplast in all the samples. Similar results were
obtained by Kim et al.,>! and Yang et al.32 when studying the proteomics of plants inoculated
with pathogens. This list was compared with a database to detect possible contaminationst in the
samples??, resulting-which resulted in the detection of 20 possible contaminations reducing the

list to 492 proteins. The high sensitivity of gel-free techniques compared with gel-based ones

makes possible to identify a greater number of proteins in the same type of sample3#. This higher

12
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sensitivity would explain Fthe high number of proteins obtained in this study.is-prebably-dueto

e*®. In this way, similar results

have been found using gel-based proteomics yielded 150-300 proteins33-3

The 492 resultant proteins were classified by Gene Ontology (GO) enrichment analyses?”.
Categories were based on GO classification using AgBase?®, a unified resource for functional
analysis in agriculture. Proteins were grouped according to plant GO-slim categories obtained for
molecular functions. Some of the GO classes were merged in order to simplify the classification
(Fig. 1). The molecular function classification showed a high proportion of proteins with
hydrolase activity (27%). A similar percentage of proteins with this activity was observed in
other plant species such as rice or grapevine®*. It is well known that hydrolytic enzymes such
as glycoside hydrolases are involved in the protection of plants against pathogens*'. These
proteins are mainly glycoside hydrolases with B-glucanase and chitinase activities and are
classified as different families of pathogenesis-related proteins (PR-2, PR-3, PR-4, PR-§, PR-
11)41. Although these proteins mainly act in the defense against fungi, it has also been described
that plant chitinases are able to hydrolyze the peptidoglycan of the bacterial cell walls, inducing
bacterial lysis*2. In the same way, the overexpression of chitinases of fungal origin in tobacco

plants enhances resistance against bacterial pathogens*’.
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Figure 1. Distribution of functional categories of the identified apoplastic proteins. A total of
492 proteins were identified in all four treatments Control, Infected, Treated with 1-MT and
treated with 1-MT and infected. The percentages of proteins of the functional categories are

shown.

The combination of oxidoreductase and antioxidant activities reaches 24% of the identified« — { Formatat: Justificada

proteins. These proteins may be related to the plant response to pathogen attack regulating the
transient burst of reactive oxygen species (ROS). The accumulation of ROS after a pathogen
attack can be toxic to plant cells and must be maintained at an appropriate level by
antioxidants**. On the other hand, the oxidative burst also acts as signaling for the activation of

plant defenses*>#%. Taken together, our results showed that the two major functional ontologies
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observed can be related to plant protection, suggesting that the proteins present in the apoplast

could play a major role in the defense against pathogens.

The presence of a signal peptide sequence in the 492 proteins was predicted using the TargetP

software*’. This analysis showed that 44.7% possess a classical signal peptide which is similar

than previous observed in the apoplast of Arabidopsis (47%) and rice (37%) #8-5°. On the other /{Formatat: Tipus de lletra: Cursiva

hand, 34% of the proteins showed no signal peptide while 22% of the proteins showed a signal

peptide for chloroplastic or mitochondrial localization. Previous reports showed that the presence

of cytosolic, mitochondrial or vacuolar proteins is a common event in apoplast preparations in

different plant species?®, which hints to the occurrence of non-classical secretory pathways for

yet unknown apoplastic proteins®!. On the other hand, Kaffarnik et al.>? observed that the type III

secretion system of Pst causes the accumulation in the apoplast of host proteins without classical

signal peptides for secretion via the endomembrane system.
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Treatment with 1-MT and infection provokes changes in the apoplastic proteins.

To understand how apoplastic proteins were regulated during 1-MT induced resistance in the
presence and absence of the pathogen, quantitative proteomics was performed with label-free
SWATH-MS to determine differentially expressed proteins (DEPs). Partial least Square
discriminant analysis (PLS-DA) showed that the major changes in the proteomic content were
induced by the infection with Pst (Fig. 2. X-var). In the same way, the treatment also provoked
strong changes in the proteins of the apoplast that were clearly distinguishable from the ones

found in the apoplast of the untreated plants.
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Figure 2. PCA plot based on the normalized proteome data. PC1 is plotted on the x-axis, PC2 is
plotted on the y-axis. The PCA analysis was performed with all four treatments Control (C),

Infected (CI), Treated with 1-MT (MT) and treated with 1-MT and infected (MTI).
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Identification of defensive proteins induced by the inoculation or treatment with the

resistant inducer 1-MT

The comparison between CI vs C showed from the original proteins, 150 are differentially
expressed, whereas the comparison between MTI vs MT showed 163 proteins. The comparison

of these two sets of proteins shows that there are 96 common proteins, regardless of the

17
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treatment (Fig. 3). Interestingly, 40-39 of these proteins are upregulated upon infection (34 plant
proteins and 56 bacterial proteins). Moreover, this common core of infection-induced proteins is
composed of 80% of proteins related to plant defense, which include proteins classified
according GO as response to wounding, defense response and response to biotic stimuli.
Between these proteins, we can highlight the higher abundance in infected plants of the papain-
like C1A -which belongs to the cysteine proteases and are important regulators involved in
numerous plant biological processes, including leaf senescence and Programmed Cell Death,
PCD 3(Liu—et—al;—2018). Interestingly, most of the common observed proteins are down-
regulated upon infection, indicating that the presence of Pst provokes a strong downregulation of

proteins in the apoplast (57 proteins, Fig. 3). The downregulated proteins in the common

proteins, as well as in the unique proteins found are related with primary metabolism and cellular

development. From this, near the 50% of proteins are related with carbohydrate or amino acid

metabolism or proteins involved in chemical reactions with small molecules which include

monosaccharides but exclude disaccharides and polysaccharides. From all the downregulated

proteins, less than a 4% are related to defense against stress. These results agree with our

previous work, in which the apoplast from tomato plants inoculated with Ps¢ showed a reduction
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in the sugar content?’, Theseresults—are-according—to—a—previous—work-which-saggestedOther

authors suggested two different possibilities to explain the decrease of proteins mediated by Pst
infection®2. In the first scenario, the plant after the recognition of MAMPs would activate a set of
proteins with protease activity against bacterial effectors. In this way, the plant will destroy the
proteins that could be beneficial for the pathogen. In the second scenario, it could well be an
effect of pathogen-derived proteases which can act in destroying any protein with beneficial

activity for the plant host.
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364  Figure 3. Venn diagram of differentially expressed proteins. Venn diagram of differentially
365  expressed proteins representing all four treatments: Control (C), Infected (CI), Treated with 1-
366 MT (MT) and treated with 1-MT and infected (MTI). Red arrows represent upregulated proteins

367 and green arrows represent downregulated proteins in the comparison between CI vs C and MTI

368  vs MT.
69 <« Formatat: Justificada
70 When we focus on the unique proteins, results showed 54 unique responsive proteins when

371  comparing CI vs C plants and 67 unique responsive proteins when comparing MTI vs MT plants
372 (Fig. 4). This large number of unique proteins for each group suggests that the treatment induces
373  a different mechanism of response in plants treated compared to untreated under challenging

74  inoculation. Moreover, from the unique proteins observed, 7 proteins-are upregulated in C plants

75  and 6 proteins are upregulated in MTI. In both cases, the proteins are proteins-involved in plant
376  defense such as subtilisin-like protease, miraculin or miraculin-like proteins and wound-induced
377  proteinase inhibitors or 12-oxophytodienoate reductase 3. Previous results in plants treated with
378  the resistance inducer hexanoic acid showed that the accumulation of miraculin-like proteins

379  could contribute to the hexanoic acid priming effect in this Solanaceae species>*.
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When we focus on the effect of the treatment with 1-MT on the proteomic content of the
apoplast, the comparison between MT vs C showed 30 differentially expressed proteins whereas
the comparison between MTI vs CI showed 12 proteins (Fig. 4). In this case, results showed only
3 common proteins, from which two of them are strongly induced by the treatment in the
absence of inoculation. These two proteins have been described as heme-binding protein 2-like
and a cysteine proteinase 3-like, related to plant defense against pathogens®. Interestingly, the

downregulated proteins found, belong to the same groups observed above (carbohydrate or

amino acid metabolism, and small molecules process).

&0 0

¥

MTlvs Ci

Figure 4. Venn diagram of differentially expressed proteins. Venn diagram of differentially
expressed proteins representing all four treatments: Control (C), Infected (CI), Treated with 1-
MT (MT) and treated with 1-MT and infected (MTI). Red arrows represent upregulated proteins
and green arrows represent downregulated proteins in the comparison proteins between MT vs C

and MTI vs CI
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395 In this comparison, the unique proteins showed that the application of 1-MT in absence of
396  inoculation induced changes in 27 proteins, 17 of which were upregulated by the treatment and
397 12 of them are involved in defensive process. Between the upregulated proteins we found some
398  proteins involved in carbohydrate metabolic process. Moreover, some of the proteins are
399  described as involved in plant defense such as miraculin-like proteins or wound-induced
400  proteinase inhibitor 1 (Fig. 4). On the other hand, when we compare the inoculated plants, the
401  treatment only induced the accumulation of 5 proteins, such as a multi-cystatin that could be

402  related with plant defense>®.
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#04

#oS General proteome changes against the pathogen infection

H06 When we analyze the differences between the four conditions tested (C, CI, MT and MTI)

407  using the Elastic net penalty, from the 492 proteins detected, results showed 68 proteins with
408  significant differences that are either induced or repressed in, at least, one of the tested condition
409  (Fig. 5, Supplementary Table S2). The CI plants showed 20 over-accumulated proteins, from
’410 which, 16 are also observed in MTI-plants but at lower levels than in CL In the 16 common
411  proteins in CI and MTI proteinase inhibitor proteins, miraculin like proteins or defensive proteins
412 such as PR2, have been found. Only two proteins of this group, kynurenine formamidase-like,
413 and auxin responsive proteins, were observed also in non-infected plants treated with MT plants.
414  The kynurenine formamidase-like is part of the L-tryptophan degradation pathway, transforming

415  the N-formylkynurenine in kynurenine. In the same way, although the auxin-responsive proteins
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416  were implicated in developmental process, several works show an implication of these in plant

417  stressS7:58,

C Cl MT MTI

418

419  Figure 5. Heat map presenting differentially expressed proteins after Elastic net penalty analysis.
420  Proteomic profiling was carried out for all four treatments Control (C), Infected (CI), Treated

421  with 1-MT (MT) and treated with 1-MT and infected (MTI).
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23 A total of 20 proteins were over-accumulated upon the treatment with 1-MT in both infected

424 and uninfected plants. 6 of these proteins are described as having peptidase activity, 1 with
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chitinase activity, 2 with hydrolase activity. It is well known that peptidase and hydrolase
activity have an important role in the plant immune system, and proteins with this activity found
in the apoplast have been related to priming, signaling, and defense®. The fact that the
application of 1-MT promotes the accumulation of such proteins in the apoplast suggests the
implication of the changes in the apoplastic content during induced resistance. This enhancement
of protein accumulation after the treatment could indicate an activation of a priming mechanism,

which is preparing the plant for a more active defense when the pathogen attack occurs.

Upon infection, 1-MT treatment highly induced the accumulation of 8 proteins related with
plant defense such as threonine deaminase, N2-acetylornithine deacetylase, cysteine proteinase
Inhibitor 8-like, chitinase, aspartic protease inhibitor 1-like, leucine aminopeptidase 1, serine
endopeptidase and somatic embryogenesis receptor kinase (Fig. 6). The role of threonine
deaminase in plant defense against herbivores has been previously described by Gonzales-Vigil
et al.; 3. One of the possible functions of this enzyme in the apoplast could be in the metabolism
of threonine (Thr). Scalschi et al. 25 observed that the level of threonine in plants is increased by
the treatment with 1-MT. Interestingly, higher plants use threonine deaminase (TD) to catalyze
the dehydration of Thr to a-ketobutyrate and ammonia as the first step in the biosynthesis of
isoleucine (Ile), contributing to jasmonic acid-isoleucine-mediated defenses— against insects>
and necrotrophs, having a role in induced resistance via priming?'. Previous work showed that 1-

MT is also effective against Botrytis cinerea .
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Figure 6. Relative peak area of representative differentially expressed proteins. Bars represent

the relative abundance of the presented proteins in all four treatments: Control (C), Infected (CI),

Treated with 1-MT (MT) and treated with 1-MT and infected (MTTI).
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In the same way, it has been described that N2-acetylornithine deacetylase is involved in the
synthesis of L-arginine, the precursor of polyamines and NO, from ornithine. The relation
between the accumulation of polyamines and the resistance against Pst has been widely
described®6!. As previously described, chitinase is one of the enzymes involved in defense
against of fungal pathogens, but is also related with defenses against bacterial®2. Cysteine
proteinase 3-like is known as an extracellular protein that acts in the recognition of several
pathogens®>. Our results, showed significantly higher amounts in infected plants, being three
times more abundant in treated and infected plants, suggesting a possible defensive role against
Pseudomonas. In this way, previous studies showed that the paralogous protease Phytophthora-
inhibited protease-1 have an important role in defense level of tomato plants against

Pseudomonas 2.

Altogether, the comparison of the four conditions showed that from 492 proteins detected, 20
of them are induced in CI, 20 are induced in MT and MTI and only 8 are induced in MTI plants,

and all of them are related with plant defense.

Changes of bacterial proteins in the apoplast after 1-MT treatment.

Bacterial proteins were also detected in the apoplast of infected plants regardless of the
treatment (Fig. 7). Interestingly, when comparing the level of proteins from bacteria, it was
observed that, in treated plants, the amounts of these proteins were between 2 and 6 times lower
than in untreated plants. This difference could be directly related to the smaller bacterial
population observed in the treated plants. Nevertheless, the difference in the levels of flagellin
detected is striking, since the level observed in MTI plants is 5 times lower than in CI plants.

Flagellin is a component of the bacterial flagellum whose action as an elicitor in plants is widely

25



471  documented. The perception of this protein by the FLS2 receptor induces plant defense gene
472 expression®%, The lower amount of this protein detected in plants treated with MT and infected
473 agree with previous studies showing lower expression of the gene fIiC, which encodes flagellin,
474  in the bacteria extracted from the 1-MT treated plants than in the bacteria extracted from the
475  untreated ones?. Lipoproteins have been also detected in greater amounts in apoplast samples
’476 from untreated infected plants treated with 1-MT and infected. It is known that many of
477  them have important functions of cellular recognition related to the pathogenesis. Moreover,
478  some of the bacterial lipoproteins that function as extracellular toxins have been previously

479  described®’.

*
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481  Figure 7. Relative peak area of differentially expressed proteins from bacteria in the apoplast
482  obtained from Infected and treated with 1-MT and infected plants. Bars represent the relative
483  abundance of the presented proteins in the treatments Control Infected (CI) and treated with 1-

484  MT and infected (MTI).
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In addition, two binding proteins of the ABC transport system have also been detected namely
phosphate ABC transporter substrate-binding protein and amino acids ABC transporter substrate-
binding protein. These proteins play a major role in the unidirectional transport of components
across the cellular membrane. These proteins showed high structural conservation between
different species within the genus Pseudomonas which could point to the importance of their role
in the survival of the bacteria. Several studies have related the Pst phosphate transport system
with the virulence of the bacteria®-%7, Likewise, the internalization of amino acids through amino
acids ABC transporter substrate-binding protein is important for the survival of the bacteria and
in some cases has also been related to virulence®®. Therefore, the fact that these proteins are in
smaller quantities in MT plants could be indicative either of a lower bacterial population or could
be due to the treatment hinders the synthesis of these proteins by the bacteria, impairing its

survival and virulence.

Moreover, a peptide corresponding to a transposase fragment was identified, and that, unlike
other proteins from bacteria, is very abundant in plants treated with 1-MT. It is known that
transposases help to overcome stress conditions in bacteria®®. The high presence of this
transposase in the apoplast may indicate that the treatment with 1-MT changes the apoplastic

environment making it less suitable for the bacterial growth.

Antimicrobial effect of isolated proteins.

In our previous study we have showed that the growth of Pst in the apoplast extracted from 1-
MT treated plants (with or without infection) was smaller than that one obtained from control

plants (infected or not), which means that the treatment could induce the synthesis of certain

27
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507  proteins that inhibit the growth of the bacteria?®. To confirm the possible implication of the
508  apoplastic proteins in the bacterial development, a cysteine protease induced by the treatment

509  with 1-MT, both in the absence or presence of infection, was expressed in E. coli and purified.

510  To characterize the effect of the protein CP3 on Pst jn vitro, bacterial growth was measured for _—{ Formatat: Tipus de lletra: Cursiva

511 72 h in M9 minimal medium amended with 70 ng/mL} of the protein or with PBS. The protein at
512 this concentration inhibited bacterial growth, as demonstrated in a reduction of the optical

513  density by 57.14% after 72 hours of incubation (Fig. 8).
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515  Figure 8. Inhibitory effect of protein CP3 on the growth of Pseudomonas syringae.

36h 48h 72h
b14

b16  Pseudomonas syringae growth was- measured for 72 h in M9 minimal medium amended with 70

517  ng/mLl of the protein CP3 or with PBS (control). Bacterial growth was measured at 600 nm.
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’520 The bacteriostatic effect observed reinforce the hypothesis that the proteins secreted in the<—{ Formatat: Justificada
521  apoplast during the infection by pathogens or induced by priming treatments have a role in plant

522  defense, and thus, are able to impair the bacterial growth. Related to this, Wang et al.”? have

23 demonstrated that two apoplastic proteins mediate resistance of Arabidopsis thaliana to P. __—{Formatat: Tipus de lletra: Cursiva

524  syringae by cleaving the bacterial protein MucD, suppressing this way the growth of the

525  bacterium in the leaf apoplast”!.

526 CONCLUDING REMARKS

’527 In this study, we have analyzed the proteomic changes in the apoplast of plants treated with 1-<——{ Formatat: Justificada
528  MT in response to Pseudomonas syringae. To the best of our knowledge, this is the first report
529  that shows changes in the apoplast induced by the application of a resistance inducer. Our results
530  highlight the possible importance of the changes produced in the apoplast as a first layer of
531  defense against pathogen infection, showing dramatic changes in the accumulation of proteins
532  related to defense. Through the extensive comparisons between treated and untreated plants as
533 well as inoculated and non-inoculated, we have shown proteins with functions in plant induced
534  response to pathogen infection and we have identified a new list of proteins all of them related
535  with plant defense. It is interesting to note that although infection provokes deep changes in the
536  proteome of the apoplast, several unique proteins were found in the MT plants as well as in MTI
537  plants, many of which are targets for future investigation. Preliminary results showed that the
538  tested cysteine protease is able to reduce the bacterial growth in vitro, reinforcing the hypothesis
539  of the accumulation of defensive proteins in the apoplast mechanism of plant defense. Moreover,
540  apart from future work to elucidate the biological function of the selected proteins during plant-
541  pathogen interactions, due to its extracellular nature, the proteins showed in this proteomics

542 study may be a valuable source of new compounds for plant protection.

29



543

544
545

546
547

548

549

550
’551
552

553

554

555

556

557
658
559
560

b6l
062

ASSOCIATED CONTENT

Supporting Information.

Table S1. Complete list of proteins found in the apoplast

Table S2. Proteins in the apoplast altered by the treatment with 1-MT or by the infection with

Pst.

AUTHOR INFORMATION

Corresponding Author

* Begonya Vicedo: bvicedo@uji.es. _ Current address: Grupo de Bioquimica y Biotecnologia,
Area de Fisiologia Vegetal, Departamento de Ciencias Agrarias y del Medio Natural, ESTCE.

Universitat Jaume I, 12071 Castellon, Spain. phone: +34-964729404

Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval

to the final version of the manuscript.

Funding Sources

This work was supported by the Spanish Ministry of Science and Innovation (AGL2013-49023-+—— | Formatat: Justificada

C03-02-R and AGL2017-85987-C3-1-R];) and by Pla de Promoci6 de la Investigacié of

Universitat Jaume I (P1-1B2013-75, UJI-B2017-30 and UJI-A2016-09).

The authors declare no competing financial interest.

*7*{ Formatat: Normal

30

T . .
f Formatat: Tipus de lletra: Times, Color de la lletra:




571

572

573

574

575

576

571

578

579

580

581

582

583

584

585

586

587

The mass spectrometry proteomics data have been deposited to the ProteomeXchange archive

(http://www.proteomexchange.org/) via the MassIVE partner repository with the data set ///{ Formatat: Tipus de lletra per defecte del paragraf
identifier PXD021316 ///{ Formatat: Tipus de lletra: Times, Color de la lletra:
ACKNOWLEDGMENT

We are grateful to Dr. Jaime Cubero for his help in obtaining apoplast and to servicio de< | Formatat: Justificada

protedmica del Servei Central de Suport a la Investigacié Experimental de la Universitat de

Valencia for proteomic analysis support. This work was supported by the Spanish Ministry of

Science and Innovation (AGL2013-49023-C03-02-R and AGL2017-85987-C3-1-R],) and by Pla

de Promocié de la Investigacié of Universitat Jaume I (P1-1B2013-75, UJI-B2017-30 and UJI-

A2016-09), and EL is the holder of a ‘Juan de la Cierva-Incorporacion’ postdoctoral fellowship

from MINECO.

REFERENCES

(1)  Llorens, E.; Garcia-Agustin, P.; Lapefia, L. Advances in Induced Resistance by Natural
Compounds: Towards New Options for Woody Crop Protection. Sci. Agric. 2017, 74 (1).
https://doi.org/10.1590/1678-992x-2016-0012.

(2)  Jones, J. D.; Dangl, J. L. The Plant Immune System. Nature 2006, 444 (7117), 323-329.

(3) Newman, M.-A.; Sundelin, T.; Nielsen, J. T.; Erbs, G. MAMP (Microbe-Associated
Molecular Pattern) Triggered Immunity in Plants. Front. Plant Sci. 2013, 4, 139.
https://doi.org/10.3389/fpls.2013.00139.

(4)  Pieterse, C. M. J.; Van Loon, L. C. Signalling Cascades Involved in Induced Resistance.
In Induced Resistance for Plant Defence: A Sustainable Approach to Crop Protection;
Walters, D., Newton, A. C., Lyon, G., Eds.; Blackwell Publishing, 2007; pp 65-88.

https://doi.org/10.1002/9780470995983.ch4.

31



588

589

590

591

592

593

594

595

596

597

598

599

600

601

002

603

604

605

606

607

608

609

610

)

(6)

(N

®

©)

(10)

an

Melotto, M.; Underwood, W.; He, S. Y. Role of Stomata in Plant Innate Immunity and
Foliar Bacterial Diseases. Annu. Rev. Phytopathol. 2008, 46, 101-122.
https://doi.org/10.1146/annurev.phyto.121107.104959.

Rico, A.; Preston, G. M. Pseudomonas Syringae Pv. Tomato DC3000 Uses Constitutive
and Apoplast-Induced Nutrient Assimilation Pathways to Catabolize Nutrients That Are
Abundant in the Tomato Apoplast. Mol. Plant-Microbe Interact. 2008, 21 (2), 269-282.
https://doi.org/10.1094/MPMI-21-2-0269.

von Bodman, S. B.; Bauer, W. D.; Coplin, D. L. Quorum Sensing in Plant-Pathogenic
Bacteria. Annu. Rev. Phytopathol. 2003, 4] (1), 455-482.
https://doi.org/10.1146/annurev.phyto.41.052002.095652.

Bertani, L.; Sevo, M.; Kojic, M.; Venturi, V. Role of GacA, Lasl, Rhll, Ppk, PsrA, Vfr and
CIlpXP in the Regulation of the Stationary-Phase Sigma Factor RpoS/RpoS in

Pseudomonas. Arch. Microbiol. 2003, 180 (4), 264-271. https://doi.org/10.1007/s00203-

////{ Formatat: Espanyol (Espanya)

003-0586-8.

Scalschi, L.; Camaiies, G.; Llorens, E.; Fernandez-Crespo, E.; Lopez, M. M.; Garcia-
Agustin, P.; Vicedo, B. Resistance Inducers Modulate <italic>Pseudomonas
Syringae</Italic> Pv. Tomato Strain DC3000 Response in Tomato Plants. PLoS One
2014, 9 (9), e106429. https://doi.org/10.1371/journal.pone.0106429.

Fonseca, S.; Chini, A.; Hamberg, M.; Adie, B.; Porzel, A.; Kramell, R.; Miersch, O.;
Wasternack, C.; Solano, R. (+)-7-Iso-Jasmonoyl-L-Isoleucine Is the Endogenous
Bioactive  Jasmonate.  Nat. Chem. Biol. 2009, 5 (5), 344-350.
https://doi.org/10.1038/nchembio.161.

Uppalapati, S. R.; Ishiga, Y.; Wangdi, T.; Kunkel, B. N.; Anand, A.; Mysore, K. S.;

32



611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

(12)

(13)

(14)

(15)

(16)

a7

Bender, C. L. The Phytotoxin Coronatine Contributes to Pathogen Fitness and Is Required
for Suppression of Salicylic Acid Accumulation in Tomato Inoculated with Pseudomonas
Syringae Pv. Tomato DC3000. Mol. Plant-Microbe Interact. 2007, 20 (8), 955-965.
https://doi.org/10.1094/MPMI-20-8-0955.

Zheng, X.; Spivey, N. W.; Zeng, W.; Liu, P.-P.; Fu, Z. Q.; Klessig, D. F.; He, S. Y.; Dong,
X. Coronatine Promotes Pseudomonas Syringae Virulence in Plants by Activating a
Signaling Cascade That Inhibits Salicylic Acid Accumulation. Cell Host Microbe 2012,
11 (6), 587-596. https://doi.org/10.1016/j.chom.2012.04.014.

Geng, X.; Cheng, J.; Gangadharan, A.; Mackey, D. The Coronatine Toxin of
Pseudomonas Syringae Is a Multifunctional Suppressor of Arabidopsis Defense. Plant
Cell 2012, 24 (11), 4763—4774. https://doi.org/10.1105/tpc.112.105312.

Melotto, M.; Zhang, L.; Oblessuc, P. R.; He, S. Y. Stomatal Defense a Decade Later.
Plant Physiol. 2017, 174 (2), 561. https://doi.org/10.1104/PP.16.01853.

Delaunois, B.; Jeandet, P.; Clément, C.; Baillieul, F.; Dorey, S.; Cordelier, S. Uncovering
Plant-Pathogen Crosstalk through Apoplastic Proteomic Studies. Front. Plant Sci. 2014, 5,
249. https://doi.org/10.3389/1pls.2014.00249.

Petriccione, M.; Salzano, A. M.; Di Cecco, I.; Scaloni, A.; Scortichini, M. Proteomic
Analysis of the Actinidia Deliciosa Leaf Apoplast during Biotrophic Colonization by
Pseudomonas Syringae Pv. Actinidiae. J. Proteomics 2014, 101, 43-62.
https://doi.org/10.1016/J.JPROT.2014.01.030.

Agrawal, G. K.; Jwa, N.-S.; Lebrun, M.-H.; Job, D.; Rakwal, R. Plant Secretome:
Unlocking Secrets of the Secreted Proteins. Proteomics 2010, 10 (4), 799-827.

https://doi.org/10.1002/pmic.200900514.

33



634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

(18)

19)

(20)

2y

(22)

(23)

(24)

Sattelmacher, B. The Apoplast and Its Significance for Plant Mineral Nutrition. New
Phytol. 2001, 149 (2), 167-192. https://doi.org/10.1046/j.1469-8137.2001.00034 x.
Grignon, C.; Sentenac, H. PH and lonic Conditions in the Apoplast. Annu. Rev. Plant
Physiol. Plant Mol. Biol. 1991, 42 (1), 103-128.
https://doi.org/10.1146/annurev.pp.42.060191.000535.

Lépez-Millan, A. F.; Morales, F.; Abadia, A.; Abadia, J. Effects of Iron Deficiency on the
Composition of the Leaf Apoplastic Fluid and Xylem Sap in Sugar Beet. Implications for
Iron and Carbon Transport. Plant Physiol. 2000, 124 (2), 873-884.

Vicedo, B.; Flors, V.; Leyva, M. D.; Finiti, I.; Kravchuk, Z.; Real, M. D.; Garcia-Agustin,
P.; Gonzalez-Bosch, C. Hexanoic Acid-Induced Resistance Against Botrytis Cinerea in
Tomato Plants. Mol. Plant-Microbe Interact. 2009, 22 (11), 1455-1465.
https://doi.org/10.1094/mpmi-22-11-1455.

Scalschi, L.; Vicedo, B.; Camanes, G.; Fernandez-Crespo, E.; Lapena, L.; Gonzalez-
Bosch, C.; Garcia-Agustin, P. Hexanoic Acid Is a Resistance Inducer That Protects
Tomato Plants against Pseudomonas Syringae by Priming the Jasmonic Acid and Salicylic
Acid Pathways. Mol Plant Pathol 2013, 14 4), 342-355.
https://doi.org/10.1111/mpp.12010.

Borges, A. A.; Sandalio, L. M. Induced Resistance for Plant Defense. Front. Plant Sci.
2015, 6, 109. https://doi.org/10.3389/fpls.2015.00109.

Camaiies, G.; Scalschi, L.; Vicedo, B.; Gonzélez-Bosch, C.; Garcia-Agustin, P. An
Untargeted Global Metabolomic Analysis Reveals the Biochemical Changes Underlying
Basal Resistance and Priming in Solanum Lycopersicum, and Identifies 1-

Methyltryptophan as a Metabolite Involved in Plant Responses to Botrytis Cinerea and

34



657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

(25)

(26)

27

(28)

(29)

(30)

Pseudomonas Sy. Plant J. 2015, 84 (1), 125-139. https://doi.org/10.1111/tpj.12964.
Scalschi, L.; Llorens, E.; Gonzalez-Hernandez, A. 1.; Valcarcel, M.; Gamir, J.; Garcia-
Agustin, P.; Vicedo, B.; Camaiies, G. 1-Methyltryptophan Modifies Apoplast Content in
Tomato Plants Improving Resistance Against Pseudomonas Syringae. Front. Microbiol.
2018, 9, 2056. https://doi.org/10.3389/fmicb.2018.02056.

Parker, J.; Koh, J.; Yoo, M.-J.; Zhu, N.; Feole, M.; Yi, S.; Chen, S. Quantitative
Proteomics of Tomato Defense against Pseudomonas Syringae Infection. Proteomics
2013, 713 (12-13), 1934-1946. https://doi.org/10.1002/pmic.201200402.

O’Leary, B. M.; Neale, H. C.; Geilfus, C. M.; Jackson, R. W.; Arnold, D. L.; Preston, G.
M. Early Changes in Apoplast Composition Associated with Defence and Disease in
Interactions between Phaseolus Vulgaris and the Halo Blight Pathogen Pseudomonas
Syringae ~ Pv.  Phaseolicola.  Plant  Cell ~ Environ. 2016, 39  (10).
https://doi.org/10.1111/pce.12770.

O’Leary, B. M.; Rico, A.; McCraw, S.; Fones, H. N.; Preston, G. M. The Infiltration-
Centrifugation Technique for Extraction of Apoplastic Fluid from Plant Leaves Using
&lt;Emé&gt;Phaseolus Vulgaris&lt;/Emé&gt; as an Example. J. Vis. Exp. 2014, No. 94.
https://doi.org/10.3791/52113.

Hoagland; Arnon, D. The Water-Culture Method for Growing Plants without Soil. Circ.
Calif. Agric. Exp. Stn. 1950, 347.

Shevchenko, A.; Jensen, O. N.; Podtelejnikov, A. V; Sagliocco, F.; Wilm, M.; Vorm, O.;
Mortensen, P.; Shevchenko, A.; Boucherie, H.; Mann, M. Linking Genome and Proteome
by Mass Spectrometry: Large-Scale Identification of Yeast Proteins from Two

Dimensional Gels. Proc. Natl. Acad. Sci. U. S. A. 1996, 93 (25), 14440-14445.

35



680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

(€29

(32)

(33)

(34)

(35)

Kim, J. Y.; Wu, J.; Kwon, S.J.; Oh, H; Lee, S. E.; Kim, S. G.; Wang, Y.; Agrawal, G. K;
Rakwal, R.; Kang, K. Y.; Ahn, L.-P.; Kim, B.-G.; Kim, S. T. Proteomics of Rice and
Cochliobolus Miyabeanus Fungal Interaction: Insight into Proteins at Intracellular and
Extracellular Spaces. Proteomics 2014, 14 (20), 2307-2318.
https://doi.org/10.1002/pmic.201400066.

Yang, F.; Li, W.; Derbyshire, M.; Larsen, M. R.; Rudd, J. J.; Palmisano, G. Unraveling
Incompatibility between Wheat and the Fungal Pathogen Zymoseptoria Tritici through
Apoplastic Proteomics. BMC Genomics 2015, 16 (1), 362. https://doi.org/10.1186/s12864-
015-1549-6.

Mellacheruvu, D.; Wright, Z.; Couzens, A. L.; Lambert, J. P.; St-Denis, N. A.; Li, T,;
Miteva, Y. V.; Hauri, S.; Sardiu, M. E.; Low, T. Y.; Halim, V. A.; Bagshaw, R. D,
Hubner, N. C.; Al-Hakim, A.; Bouchard, A.; Faubert, D.; Fermin, D.; Dunham, W. H.;
Goudreault, M.; Lin, Z. Y.; Badillo, B. G.; Pawson, T.; Durocher, D.; Coulombe, B.;
Aebersold, R.; Superti-Furga, G.; Colinge, J.; Heck, A. J. R.; Choi, H.; Gstaiger, M.;
Mohammed, S.; Cristea, I. M.; Bennett, K. L.; Washburn, M. P.; Raught, B.; Ewing, R.
M.; Gingras, A. C.; Nesvizhskii, A. I. The CRAPome: A Contaminant Repository for
Affinity Purification-Mass Spectrometry Data. Nat. Methods 2013, 10 (8), 730-736.
https://doi.org/10.1038/nmeth.2557.

Martinez-Gonzalez, A. P.; Ardila, H. D.; Martinez-Peralta, S. T.; Melgarejo-Muioz, L.
M.; Castillejo-Sanchez, M. A.; Jorrin-Novo, J. V. What Proteomic Analysis of the
Apoplast Tells Us about Plant-Pathogen Interactions. Plant Pathol. 2018, 67 (8), 1647—
1668. https://doi.org/10.1111/ppa.12893.

Dani, V.; Simon, W. J.; Duranti, M.; Croy, R. R. D. R. D. Changes in the Tobacco Leaf

36



703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

(36)

(37

(3%)

(39)

(40)

(41)

Apoplast Proteome in Response to Salt Stress. Proteomics 2005, 5 (3), 737-745.
https://doi.org/10.1002/pmic.200401119.

Pechanova, O.; Hsu, C.-Y.; Adams, J. P.; Pechan, T.; Vandervelde, L.; Drnevich, J.;
Jawdy, S.; Adeli, A.; Suttle, J. C.; Lawrence, A. M.; Tschaplinski, T. J.; Séguin, A.;
Yuceer, C. Apoplast Proteome Reveals That Extracellular Matrix Contributes to
Multistress ~ Response in  Poplar. BMC  Genomics 2010, 11, 674.
https://doi.org/10.1186/1471-2164-11-674.

Schmidt, A.; Forne, I.; Imhof, A. Bioinformatic Analysis of Proteomics Data. BMC Syst.
Biol. 2014, 8 Suppl 2 (Suppl 2), S3. https://doi.org/10.1186/1752-0509-8-S2-S3.
McCarthy, F. M.; Wang, N.; Magee, G. B.; Nanduri, B.; Lawrence, M. L.; Camon, E. B.;
Barrell, D. G.; Hill, D. P.; Dolan, M. E.; Williams, W. P.; Luthe, D. S.; Bridges, S. M.;
Burgess, S. C. AgBase: A Functional Genomics Resource for Agriculture. BMC Genomics
2006, 7 (1), 229. https://doi.org/10.1186/1471-2164-7-229.

Kim, S. G. S. T.; Wang, Y.; Lee, K. H.; Park, Z.-Y.; Park, J.; Wu, J.; Kwon, S. J.; Lee, Y.-
H.; Agrawal, G. K.; Rakwal, R.; Kim, S. G. S. T.; Kang, K. Y. In-Depth Insight into in
Vivo Apoplastic Secretome of Rice-Magnaporthe Oryzae Interaction. J. Proteomics 2013,
78, 58-71.

Delaunois, B.; Colby, T.; Belloy, N.; Conreux, A.; Harzen, A.; Baillieul, F.; Clément, C.;
Schmidt, J.; Jeandet, P.; Cordelier, S. Large-Scale Proteomic Analysis of the Grapevine
Leaf Apoplastic Fluid Reveals Mainly Stress-Related Proteins and Cell Wall Modifying
Enzymes. BMC Plant Biol. 2013, 13 (1), 24. https://doi.org/10.1186/1471-2229-13-24.
Minic, Z. Physiological Roles of Plant Glycoside Hydrolases. Planta 2008, 227 (4), 723—

740. https://doi.org/10.1007/s00425-007-0668-y.

37



726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

(42)

(43)

(44)

(45)

(46)

(47)

(43)

(49)

(50)

Brunner, F.; Stintzi, A.; Fritig, B.; Legrand, M. Substrate Specificities of Tobacco
Chitinases. Plant J. 1998, 14 (2), 225-234.

Dana, M. de las M.; Pintor-Toro, J. A.; Cubero, B. Transgenic Tobacco Plants
Overexpressing Chitinases of Fungal Origin Show Enhanced Resistance to Biotic and
Abiotic  Stress  Agents.  Plant  Physiol. 2006, 142 (2), 722-730.
https://doi.org/10.1104/pp.106.086140.

Mittler, R. Oxidative Stress, Antioxidants and Stress Tolerance. Trends Plant Sci 2002, 7
(9), 405—410. https://doi.org/10.1016/S1360-1385(02)02312-9.

Wojtaszek, P. Oxidative Burst: An Early Plant Response to Pathogen Infection. Biochem.
J. 1997, 322 (Pt 3) (Pt 3), 681-692.

Turkan, I. ROS and RNS: Key Signalling Molecules in Plants. J. Exp. Bot. 2018, 69 (14),
3313-3315. https://doi.org/10.1093/jxb/ery198.

Emanuelsson, O.; Brunak, S.; von Heijne, G.; Nielsen, H. Locating Proteins in the Cell
Using TargetP, SignalP and Related Tools. Nat. Protoc. 2007, 2 (4), 953-971.
https://doi.org/10.1038/nprot.2007.131.

Casasoli, M.; Spadoni, S.; Lilley, K. S.; Cervone, F.; De Lorenzo, G.; Mattei, B.
Identification by 2-D DIGE of Apoplastic Proteins Regulated by Oligogalacturonides
InArabidopsis Thaliana. Proteomics 2008, 8 (5), 1042—-1054.
https://doi.org/10.1002/pmic.200700523.

Cho, W. K.; Chen, X. Y.; Chu, H.; Rim, Y.; Kim, S.; Kim, S. T.; Kim, S.-W.; Park, Z.-Y ,;
Kim, J.-Y. Proteomic Analysis of the Secretome of Rice Calli. Physiol. Plant. 2009, 135
(4), 331-341. https://doi.org/10.1111/j.1399-3054.2008.01198 x.

Subramanian, S.; Cho, U.-H.; Keyes, C.; Yu, O. Distinct Changes in Soybean Xylem Sap

38



749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

(51

(52)

(53)

(54)

(55)

(56)

(57)

Proteome in Response to Pathogenic and Symbiotic Microbe Interactions. BMC Plant
Biol. 2009, 9 (1), 119. https://doi.org/10.1186/1471-2229-9-119.

Witzel, K.; Shahzad, M.; Matros, A.; Mock, H. P.; Miihling, K. H. Comparative
Evaluation of Extraction Methods for Apoplastic Proteins from Maize Leaves. Plant
Methods 2011, 7 (1), 48. https://doi.org/10.1186/1746-4811-7-48.

Kaffarnik, F. A. R.; Jones, A. M. E.; Rathjen, J. P.; Peck, S. C. Effector Proteins of the
Bacterial Pathogen Pseudomonas Syringae Alter the Extracellular Proteome of the Host
Plant, Arabidopsis Thaliana. Mol. Cell. Proteomics 2009, & (1), 145-156.
https://doi.org/10.1074/mcp.M800043-MCP200.

Liu, H.; Hu, M.; Wang, Q.; Cheng, L.; Zhang, Z. Role of Papain-Like Cysteine Proteases
in Plant Development. Front. Plant Sci. 2018, 9, 1717.
https://doi.org/10.3389/fpls.2018.01717.

Lépez-Galiano, M. J.; Ruiz-Arroyo, V. M.; Fernandez-Crespo, E.; Rausell, C.; Real, M.
D.; Garcia-Agustin, P.; Gonzalez-Bosch, C.; Garcia-Robles, I. Oxylipin Mediated Stress
Response of a Miraculin-like Protease Inhibitor in Hexanoic Acid Primed Eggplant Plants
Infested by Colorado Potato Beetle. J. Plant Physiol. 2017, 215, 59-64.
https://doi.org/10.1016/j.jplph.2017.04.013.

Thomas, E. L.; van der Hoorn, R. A. L. Ten Prominent Host Proteases in Plant-Pathogen
Interactions. Int. J. Mol. Sci. 2018, 19 (2). https://doi.org/10.3390/ijms19020639.
Benchabane, M.; Schliiter, U.; Vorster, J.; Goulet, M.-C.; Michaud, D. Plant Cystatins.
Biochimie 2010, 92 (11), 1657-1666. https://doi.org/10.1016/J.BIOCHI.2010.06.006.
Kazan, K.; Manners, J. M. Linking Development to Defense: Auxin in Plant-Pathogen

Interactions. Trends Plant Sci. 2009, 14 ), 373-382.

39



772

773

774

775

776

771

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

(58)

(59)

(60)

(61)

(62)

(63)

(64)

https://doi.org/10.1016/j.tplants.2009.04.005.

Ghanashyam, C.; Jain, M. Role of Auxin-Responsive Genes in Biotic Stress Responses.
Plant Signal. Behav. 2009, 4 (9), 846-848. https://doi.org/10.4161/psb.4.9.9376.
Gonzales-Vigil, E.; Bianchetti, C. M.; Phillips, G. N.; Howe, G. A. Adaptive Evolution of
Threonine Deaminase in Plant Defense against Insect Herbivores. Proc. Natl. Acad. Sci.
2011, 108 (14), 5897-5902. https://doi.org/10.1073/pnas.1016157108.

Fernandez-Crespo, E.; Scalschi, L.; Llorens, E.; Garcia-Agustin, P.; Camafies, G. NH 4 *
Protects Tomato Plants against Pseudomonas Syringae by Activation of Systemic
Acquired  Acclimation. J.  Exp. Bot. 2015, 66 (21), 6777-6790.
https://doi.org/10.1093/jxb/erv382.

Gonzélez-Hernandez, A. 1.; Fernandez-Crespo, E.; Scalschi, L.; Hajirezaei, M.-R.; von
Wirén, N.; Garcia-Agustin, P.; Camafies, G. Ammonium Mediated Changes in Carbon
and Nitrogen Metabolisms Induce Resistance against Pseudomonas Syringae in Tomato
Plants. J. Plant Physiol. 2019, 239, 28-37. https://doi.org/10.1016/J.JPLPH.2019.05.009.
Ilyas, M.; Horger, A. C.; Bozkurt, T. O.; van den Burg, H. A.; Kaschani, F.; Kaiser, M.;
Belhaj, K.; Smoker, M.; Joosten, M. H. A. J.; Kamoun, S.; van der Hoorn, R. A. L.
Functional Divergence of Two Secreted Immune Proteases of Tomato. Curr. Biol. 2015,
25 (17), 2300-2306. https://doi.org/10.1016/j.cub.2015.07.030.

Gomez-Gomez, L.; Felix, G.; Boller, T. A Single Locus Determines Sensitivity to
Bacterial Flagellin in Arabidopsis Thaliana. Plant J. 1999, 18 (3), 277-284.

Doehlemann, G.; Hemetsberger, C. Apoplastic Immunity and Its Suppression by
Filamentous Plant Pathogens. New Phytol. 2013, 198 (4), 1001-1016.

https://doi.org/10.1111/nph.12277.

40



795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

(65)

(66)

(67)

(68)

(69)

(70)

n

Janse, J. D. Phytobacteriology: Principles and Practice; Janse, J. D., Ed.; Wallingford
(United Kingdom) CABI, 2009. https://doi.org/10.1079/9781845930257.0000.

Zhao, Y.; Blumer, S. E.; Sundin, G. W. Identification of Erwinia Amylovora Genes
Induced during Infection of Immature Pear Tissue. J. Bacteriol. 2005, 187 (23), 8088—
8103. https://doi.org/10.1128/JB.187.23.8088-8103.2005.

Lamarche, M. G.; Wanner, B. L.; Crépin, S.; Harel, J. The Phosphate Regulon and
Bacterial Virulence: A Regulatory Network Connecting Phosphate Homeostasis and
Pathogenesis. FEMS Microbiol. Rev. 2008, 32 3), 461-473.
https://doi.org/10.1111/j.1574-6976.2008.00101.x.

Tanaka, K. J.; Song, S.; Mason, K.; Pinkett, H. W. Selective Substrate Uptake: The Role
of ATP-Binding Cassette (ABC) Importers in Pathogenesis. Biochim. Biophys. Acta -
Biomembr. 2018, 1860 (4), 868—877. https://doi.org/10.1016/j.bbamem.2017.08.011.
Vigil-Stenman, T.; Ininbergs, K.; Bergman, B.; Ekman, M. High Abundance and
Expression of Transposases in Bacteria from the Baltic Sea. ISME J. 2017, 11 (11),2611—
2623. https://doi.org/10.1038/ismej.2017.114.

Wang, Y.; Garrido-Oter, R.; Wu, J.; Winkelmiiller, T. M.; Agler, M.; Colby, T.; Nobori,
T.; Kemen, E.; Tsuda, K. Site-Specific Cleavage of Bacterial MucD by Secreted Proteases
Mediates Antibacterial Resistance in Arabidopsis. Nat. Commun. 2019, 10 (1), 1-12.
https://doi.org/10.1038/s41467-019-10793-x.

Vanhee, C.; Zapotoczny, G.; Masquelier, D.; Ghislain, M.; Batoko, H. The Arabidopsis
Multistress Regulator TSPO Is a Heme Binding Membrane Protein and a Potential
Scavenger of Porphyrins via an Autophagy-Dependent Degradation Mechanism. Plant

Cell 2011, 23 (2), 785-805. https://doi.org/10.1105/tpc.110.081570.

41



818

819

820

| be 0 ] s i
i “ -‘.'HL(P'.—-.EMM'\f'
- i

SDS5-PAGE 12% Comassie
coloidal staining

t o v

Identification and classification of the proteins

q
T0¢ analyzes
les@|10ppm)

e ]
TICS of SWATH Protein analysis

— =

Protein cloning in E. coli

Effect of protein CP3
against Pst

42



