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Abstract

Bacterial flagellin (flg22) induces rapid and permanent stomatal closure. However, its
local and systemic as well as tissue- and cell-specific effects are less understood. Our
results show that flg22 induced local and systemic stomatal closure in intact tomato
plants, which was regulated by reactive oxygen- and nitrogen species, and also
affected the photosynthetic activity of guard cells but not of mesophyll cells. Interest-
ingly, rapid and extensive local expression of Ethylene response factor 1 was observed
after exposure to flg22, whereas the relative transcript levels of Defensin increased
only after six hours, especially in systemic leaves. Following local and systemic ethyl-
ene emission already after one and six hours, jasmonic acid levels increased in the
local leaves after six hours of flg22 treatment. Using immunohistochemical methods,
significant defensin accumulation was found in the epidermis and stomata of
flg22-treated leaves and above them. Immunogold labelling revealed significant levels
of defensins in the cell wall of the mesophyll parenchyma and guard cells. Further-
more, single cell gRT-PCR confirmed that guard cells are able to synthesise defensins.
It can be concluded that guard cells are not only involved in the first line of plant
defense by regulating stomatal pore size, but can also defend themselves and the
plant by producing and accumulating antimicrobial defensins where phytopathogens

can penetrate.
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1 | INTRODUCTION

During their life, plants are exposed to various stresses, which can be
abiotic and biotic (Nawaz et al., 2023). Among biotic stressors, phyto-
pathogens can be classified as biotrophs, hemibiotrophs and necro-
trophs based on their modes of plant infection (Meisrimler
et al., 2021). Together, these have led to the evolution of diverse
sensing and signalling pathways in plants (Han, 2019), resulting in a
complex ‘immune system’ to induce defense responses that inhibit
the harmful effects of microbial attacks and control their metabolism
(Ngou et al., 2022). Key components of this system are the trans-
membrane pattern recognition receptors (PRRs), which are cell-
surface-localized receptor kinases (RKs) or receptor proteins (RPs)
sensing various phytopathogens by detecting microbial- (MAMPs) or
pathogen-associated molecular patterns (PAMPs). This step triggers
the first layer of plant defense responses, the PAMP-triggered immu-
nity (PTI; DeFalco and Zipfel, 2021). At the same time, pathogens
have developed various effector proteins and toxins to suppress PTI
which are detected by intracellular nucleotide-binding leucine-rich
repeat receptors (NLRs; Duxbury et al., 2021). Therefore, these effec-
tors can also activate the effector-triggered immunity (ETI) in plants
as the second layer of the defense reactions including a localized cell
death killing the invading pathogens and preventing their spread
within the plant tissues, termed as hypersensitive response (HR). In
addition, systemic responses in their distal organs triggered by the
infected ones can also be activated in a short time (within 6 hours),
promoting a resistance to secondary pathogen infections, known as
systemic acquired resistance (SAR; Johns et al, 2021; Vot
et al, 2021). Key components of PTI are the activation of Ca?*-
mediated signalling, rapid production of reactive oxygen- (ROS) and
nitrogen (RNS) species, the activation of mitogen-activated protein
kinases (MAPKs), the rapid local and systemic stomatal closure, the
activation of defense-related hormone signalling, transcriptional
reprogramming, accumulation of antimicrobial peptides such as defen-
sins and callose deposition in the cell wall (DeFalco and Zipfel, 2021;
Vlot et al., 2021; Myers et al., 2024).

Cell surface PRRs play a role in the sensing of MAMPs such as
flg22, a 22 amino acid-long peptide from a conserved region of the
N-terminus of the bacterial flagellin or chitosan, a deacetylated deriva-
tive of the fungal cell wall-composing chitin (Czékus et al., 2021a;
Sanguankiattichai et al., 2022). FIg22 is perceived by the Flagellin sens-
ing 2 (FLS2)- Brassinosteroid insensitive 1-associated kinase 1 (BAK1)
PRR immune complex which phosphorylates the Botrytis-induced
kinase 1 (BIK1) and then activates the plasma membrane-localized
NADPH oxidase AtRBOHD in Arabidopsis (Lee et al., 2020). In tomato
plants, the FLS2 receptor also perceives the major bacterial MAMPs
such as flgll-28 and flg15F < (Roberts et al., 2020). In addition, the
FLS3 receptor has been also described in the tomato plant which also
recognizes the epitopes of flagellin, such as flgll-28 (Sobol et al., 2023).
Following the recognition of bacterial flagellin, rapid ROS production
was measured in plant cells (Wu et al,, 2023). ROS are generated by
NADPH oxidase which can activate the plasma membrane-localized

Ca®* channels in stomata within minutes (Mittler et al., 2022) and

subsequently the SLAC1 anion channel as well as aquaporin PIP2;1,
which result in rapid stomatal closure (Liu et al., 2022). In addition to
RBOHD, mitogen-activated protein kinases (MPKs), such as MPK3 and
MPKS6 are also activated and contribute to rapid stomatal closure upon
flagellin perception (Wang et al., 2018; Zou et al., 2021).

Rapid stomatal closure upon detection of MAMPs is one of the
earliest plant responses to phytopathogen attacks, preventing further
penetration (Melotto et al., 2024). Stomatal closure is promoted by
ROS and RNS and is regulated by the environment such as light, circa-
dian rhythm, temperature, or humidity (Driesen et al., 2020; Czékus
et al, 2021b). At the same time, the duration of stomatal closure
depends on the ROS/RNS levels, which are regulated by defense-
related phytohormones, such as salicylic acid (SA), jasmonic acid (JA),
ethylene (ET), and abscisic acid (ABA; Wang et al., 2020; Myers et al.,
2023). Based on previous observations, flg22 treatment inhibited the
light-induced stomatal opening in the epidermal peels of Arabidopsis
(Zhang et al., 2008) or it closed the stomata in intact leaves of Arabi-
dopsis within 50 min (Deger et al., 2015). Interestingly, it was demon-
strated that ABA biosynthesis is not required for flg22-induced
stomatal closure (Paya et al., 2024), but the positive effects of ET
(Mersmann et al., 2010; Czékus et al., 2021b) and JA (Hillmer
et al., 2017) have also been reported in this process. Furthermore, the
role of these hormones was also confirmed not only in the local
responses to flg22, but also in the systemic defense responses of
intact tomato plants (Czékus et al., 2021b). Furthermore, flg22
induced the local expression of the plant defensin 1.2 gene (PDF1.2)
within 4 h (Aslam et al., 2009) and callose deposition already after
6 hours in Arabidopsis leaves (Po-Wen et al., 2013) as a part of long-
term defense responses. In addition to plant defensins, activation of
the biosynthesis of other antimicrobial compounds, such as phyto-
alexin and camalexin has also been described in roots within 3 h
(Millet et al., 2010). At the same time, these changes in the leaves are
highly regulated by defense-related phytohormones such as JA and
ET (Zhou et al., 2022). It has been well described that flg22 induces
time-dependent and phytohormone-regulated changes in gene
expression patterns throughout the leaf (Hillmer et al., 2017), but
these changes at the single cell level, particularly in guard cells locally
and systemically, have not been explored yet.

In this work, the defense responses induced by flg22 in mesophyll
and guard cells were studied and compared with those in intact
tomato plants. The main aim of this research was to find out whether
the cells involved in the first line of defense in plants are able to
defend themselves. We also investigated how and which defense sig-
nals are activated in these cells upon exposure to flg22, and whether

these changes are cell-specific, local or systemic.

2 | MATERIALS AND METHODS

21 | Plant growing and experimental conditions

Intact tomato plants (Solanum lycopersicum L. cv. Ailsa Craig) were

used for the experiments. The seeds were re-hydrated by soaking
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them in water for 2 h, then germinated on wet filter paper in a ther-
mostat for three days at 27°C. Then, healthy seedlings were placed in
perlite and irrigated with water in a greenhouse under controlled envi-
ronmental conditions (200 umol m~2 s~ photosynthetic flux density
with LED lights, (PPFD; white LED (5700 K) supplemented with FAR
LEDs; PSI, Drasov) a 12/12 h light/dark period (6:00-18:00 light
period; 18:00-6:00 dark period), 24/22°C day/night temperatures
and 55%-60% relative humidity (Czékus et al., 2021b). After two
weeks of incubation, the plants were transferred to 500 mL pots con-
taining tomato nutrient solution (2 mM Ca(NOj),, 1 mM MgSQ,,
0.5 mM KH,PQ4, 0.5 MM NasHPO,4, 0.5 mM KCI, 0.02 mM Fe(lll)-
EDTA and micronutrients (0.001 mM MnSQO,, 0.005 mM ZnSQO,,
0.0001 mM CuSQ4, 0.0001 mM (NH4)sMo7024, 0.0001 mM AICIs,
0.0001 mM CoCl, 0.01 mM H3BO3; pH 5.8) according to Poor et al.,

(2019). The nutrient solution was changed three times a week.

2.2 | Flagellin22 treatments

The abaxial side of tomato leaves from the sixth leaf node of intact
plants was treated with 5 uM flg22 (Genscript Biotech Corporation)
by applying it using a squirrel hairbrush in the morning (8:00 a.m.)
without wounding or disturbing the leaves (Korneli et al., 2014;
Czékus et al., 2023). Local and systemic defense responses of the
plants were assessed 1 and 6 h later in the leaves from the sixth node
from the shoot apex (treated, flg22) and from the distal fifth node (not
treated, flg22 + 1) above the flg22-treated leaves. Sterile distilled

water without flg22 was used for untreated controls.

2.3 | Measurement of stomatal aperture size

Abaxial epidermal strips were rapidly prepared from the selected
leaves of the plants and immediately examined under a microscope
(Nikon Eclipse TS-100, Nikon Instruments) according to the method
of Melotto et al., (2006). Stomatal aperture width was determined
using the Image-Pro Plus 5.1 software (Media Cybernetics, Inc.,). For
each treatment, leaves from three different plants were used for sam-

pling. Stomata (90-120) from three different plants were recorded.

24 | Determination of stomatal conductance
Stomatal conductance (gs) was determined in the middle of the cen-
tral part of tomato leaves using a steady-state porometer (PMR-2, PP

Systems) under greenhouse conditions (Gallé et al., 2013).
2.5 | Determination of photosynthetic activity in
guard and mesophyll cells

Chlorophyll fluorescence of guard and mesophyll cells was examined

using a microscopy-PAM chlorophyll fluorometer (Heinz Walz)

mounted on a Zeiss Axiovert 40 inverted epifluorescence microscope
(Carl Zeiss Inc.) with a PAM-2000 (Heinz Walz) according to the
method of Goh et al., (1999) and Podr and Tari (2012). To deter-
mine the photosynthetic activity in guard cells, abaxial epidermal
strips were rapidly prepared from the treated and distal leaves of
intact plants. Then the strips were immediately transferred to
glass-bottom culture dishes (MatTek Co.) containing 3.5 mL of
buffer solution (10 mM 2-(N-morpholino) ethanesulfonic acid
(MES), 10 mM KCI, pH 6.15) based on Zhang et al., (2001). Before
measuring the minimal fluorescence yield of the dark-adapted
state (Fp), the samples were kept in dark for 15 min. Firstly, the
maximal fluorescence in the dark-adapted state (F,) was deter-
mined after the dark adaption. During the experiments, the follow-
ing parameters were calculated: the maximal quantum efficiency of
PSIl photochemistry [F,/F., = (F,, — Fo)/F.], the actual quantum
yield of PSll electron transport in the light-adapted state [®PSII =
(F — Fs)/F/], the photochemical quenching coefficient [qP =
(Fm! — Fs)/(Fm' — Fo)], and the light-induced photoprotection
through thermal dissipation of energy as [NPQ = (F,, — F./)/F./']
using the formula of Genty et al., (1989) and Kramer et al., (2004),
respectively. Three leaves from three different plants were mea-

sured in the case of all treatments.

2.6 | Detection of stomatal ROS and NO
production

10 uM dihydroethidium (DHE; Sigma-Aldrich) and 50 uM 10-acetyl-
3,7-dihydroxyphenoxazine (AR; ADHP or Ampliflu™ Red; Sigma-
Aldrich) fluorescent dyes were used to detect stomatal superoxide
and H,O, production in accordance with the method of Podr et al.,
(2015). Subsequently, samples were incubated in the dark in the pres-
ence of specific dyes at room temperature for 30 min and then
twice with 10 mM  Tris(hydroxymethyl)Jaminomethane
(TRIS-HCI, pH 7.4) buffer. For stomatal NO detection, 10 uM
4-amino-5-methylamino-2’,7'-difluorofluorescein diacetate (DAF-FM
DA; Sigma-Aldrich) prepared in 10 mM 10 mM 2-(N-morpholino)
ethanesulfonic acid (MES)/ potassium chloride (KCI) buffer (pH 6.15)

was used according to the protocol of Bright et al., (2006) in the same

washed

way as for ROS detection. After the incubation, the samples were
washed two times for 10 min with MES/KCI buffer (pH 6.15). The
fluorescence intensity of the samples after staining was detected
using a Zeiss Axiowert 200 M type fluorescence microscope (Carl
Zeiss Inc.) and measured using the AxioVision Rel. 4.8 software (Carl
Zeiss Inc.) after taking digital photos with a high-resolution digital
camera (Axiocam HR, HQ CCD camera) with the filter set 10 (excita-
tion 450-490 nm, emission: 515-565 nm), the filter set 20HE (excita-
tion: 535-585nm, emission: 600-655nm) and the filter set
9 (excitation: 450-490 nm; emission: 515-c0 nm; Czékus et al., 2022).
Fluorescence intensities (pixel intensity) were measured on digital
images within the areas of stomata using the Axiovision Rel. 4.8 soft-
ware (Carl Zeiss Inc.). Stomata (30-40) from four leaves of different

plants were measured for all treatments.
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leaves

Measurements of ROS and NO levels in the

For the determination of superoxide production in leaves, 100 mg of
tissue was homogenized in 1 mL of ice-cold sodium phosphate buffer
(100 mM, pH 7.2) containing 1 mM sodium diethyldithiocarbamate
trihydrate (Sigma-Aldrich), then centrifuged (13 000 g for 15 min at
4°C) and 300 pL of the supernatant was added to the reaction mix-
ture containing 650 uL of 100 mM sodium phosphate buffer (pH 7.2)
and 50 pL of 12 mM nitro blue tetrazolium. Absorbance was mea-
sured before (AO) and after 5 min incubation (AS) at 540 nm using a
spectrophotometer (KONTRON). Superoxide production was calcu-
lated using the formula AA540 = AS - AO and expressed as AA540
(min~t g1 fresh weight; Kukri et al., 2024).

For the determination of the H,O, level, 200 mg of leaf tissue
was homogenized with 1 mL of ice-cold 0.1% trichloroacetic acid
(TCA) and after centrifugation (11 500 g for 10 min at 4°C), 250 uL of
the supernatant was added to a reaction mixture containing 250 pL
of 50 mM potassium phosphate buffer (pH 7.0) and 500 uL of 1 M
potassium iodide (KI). After 10 min of incubation at room tempera-
ture, the absorbance was measured at 390 nm using a spectropho-
tometer (KONTRON; Ashraf et al., 2022). The H,O, content was
determined using a standard curve constructed from a standard series
containing 0,1, 2, 3,4, 5, 6,7, 8, 9, and 10 uM H,0, (Sigma-Aldrich).

NO production was determined in leaf discs from control and
flg22-treated leaves of intact plants as well as in upper leaves infil-
trated with 10 uM DAF-FM DA dissolved in 10 mM Tris-HCI buffer
(pH 7.4) under vacuum for 30 min in the dark at room temperature.
After incubation, the samples were rinsed twice in 10 mM Tris-HCI
buffer (pH 7.4). The fluorescence intensity was detected using a Zeiss
Axiowert 200 M fluorescence microscope (Carl Zeiss Inc.) equipped
with a high-resolution digital camera (Axiocam HR, Carl Zeiss Inc.) and
determined at 515-565 nm with an excitation at 450-495 nm. The
data were analyzed using the AXIOVISION REL. 4.8 software (Carl
Zeiss Inc.,) according to Poodr et al., (2015).

2.8 | Determination of ethylene and jasmonic acid
content in leaves

Ethylene production from control, treated, and systemic leaves of
intact plants was measured using a Hewlett-Packard 5890 Series Il
gas chromatograph (GC) equipped with a flame ionization detector
and an activated alumina-packed column, according to the method of
Poodr et al. (2015). The sample (0.5 g) was collected in gas-tight flasks
(10 mL) and incubated for 1 h in the dark. The flasks contained 0.5 mL
of deionized water to avoid dehydration of the samples. After the
incubation period, 2.5 mL of gas was removed from the flasks and
injected into the GC using a gas-tight syringe (Hamilton Co.). The flow
rate of helium carrier gas was 35 cm® min~2, that of hydrogen was
30 cm® min~?! and in case of air was 350 cm® min~L. The temperature
of the injector was 120°C, that of the column was 100°C and in case

of the flame ionization detector was 160°C. The concentration of

ethylene was determined by preparing a tenfold dilution series in gas-
tight flasks with a gas-tight syringe, using an ethylene standard
(Messer Hungarogas Ltd.). Leaves from six different plants were used
for all measurements and the experiment was repeated three times
with a new generation of plants (n = 3). Means + SE were calculated
based on all data from the three biological replicates.

The jasmonic acid content was determined according to Pal et al.,
(2019). Portions of 0.2 g of liquid N, homogenized plant leaves were
transferred into 2-ml safety Eppendorf tubes. Prior to extraction, the
samples were spiked with 20 ng of [2He] (+)-cis,trans-abscisic acid
(OlChemIm s.r.0.) as an internal standard. Extraction was performed
using a volume of 1 mL of a methanol:water (2:1) mixture, followed by
5 sec of vigorous vortexing. The samples were then subjected to shak-
ing with a Spex Mini G 1600 in a cryo-cooled rack for 3 min. Follow-
ing centrifugation (16 500 g, 10 min, 4°C), the extracts were collected,
and the remaining pellets were subjected to a second extraction cycle.
The methanol-water sample solution was then subjected to liquid-
liquid partitioning by the addition of 1 mL of n-hexane (VWR), in order
to remove apolar matrix components. Subsequently, centrifugation
(10 000 g, 10 min, 4°C) was performed to collect the lower methanol-
water phase, which was then filtered through a 0.22 um PTFE syringe
filter. The filtrate was transferred to borosilicate vials and analyzed
with 2 uL of samples injected. The separation process was accom-
plished on a Waters HSS T3 column (1.8 um, 100 mm x 2.1 mm) uti-
lising an Acquity | class UPLC system (Waters Corp.). The separation
was achieved through gradient elution with 0.1% (v/v) formic acid,
both in water (A) and acetonitrile (B). Tandem mass spectrometry
detection was performed in multiple reaction monitoring (MRM) mode
on a Xevo TQ-XS (Waters) equipped with a UniSpray™ source. Refer-
ence materials employed for identification and quantitation were pur-
chased from the Merck-Sigma Group.

2.9 | Gene expression analysis in the leaves

To extract total RNA from leaf samples, 1 mL of TRI reagent (1.82 M
guanidium isothiocyanate, 11.36 mM sodium citrate, 200 mM potas-
sium acetate (pH 4.0), 0.73 mM N-laurylsarcosine, 45.45% phenol)
was added to approximately 100 mg of leaf sample previously
homogenized in liquid nitrogen to a fine powder (Takacs et al,
2018). Following that, the samples were incubated at 65°C for 3 min
and 200 pL of chloroform was added to the samples. After centrifu-
gation (11 180 g, 15 min, 4°C), the supernatant was added into
375 uL of chloroform:isoamyl alcohol (24:1) and centrifuged again
(11 180 g, 15 min, 4°C). The supernatant was added into 500 pL of
isopropanol and incubated for 10 min at room temperature. After
centrifugation, the pellet was cleaned with 500 pL of 70% ethanol,
then dissolved in 30 pL of of molecular biology water (AccuGENE®,
Lonza Group Ltd.). Genomic DNA was digested with DNase |
(Thermo Fisher Scientific). The RNA content of the samples was
measured using a NanoDrop™ 1000 spectrophotometer (NanoDrop
Technologies). The cDNA was synthesised using MMLV reverse
transcriptase (Thermo Fisher Scientific) and random hexamer
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primers (Thermo Fisher Scientific). The selected tomato genes
(SIERF1 (Solyc05g051200); SIDEF (Solyc07g007760)) were obtained
from the Sol Genomics Network (SGN; http://solgenomics.net/)
database and the relative transcript levels were analyzed by quanti-
tative real-time reverse transcription-PCR (gqRT-PCR; qTOWER
Real-Time gPCR System, Analytik Jena). The PCR mixture contained
5 uL of Maxima SYBR Green qPCR Master Mix (2X; Thermo Fisher
Scientific), 3 uL of Molecular Biology Water (AccuGENE®, Lonza
Group Ltd), 400-400 nM forward and reverse primers and 10 ng
cDNA template in a final volume of 10 pL. After an initial denatur-
ation step (95°C, 7 min), the gqPCR programme consisted of
40 cycles of denaturation (95°C, 155s) and annealing extension
(60°C, 60; Takacs et al., 2018). The data were analyzed using the
20-24CY formula (Livak and Schmittgen, 2001) with reference house-
keeping genes (QTOWER Software 2.2; Analytik Jena). As refer-
ences, elongation factor-1a subunit (SIEF1a (Solyc06g005060)) and
18S ribosomal RNA (S118S (GQ280796)) were used. Data were nor-
malized to the transcript levels of the reference genes and to the
transcript levels of untreated control leaves. For each sample, leaves

from at least three different plants were collected, mixed and used.

210 | Immunofluorescence detection of defensins
The peptide fragment, according to the consensus sequence of
tomato plant defensins, was designed (Ac-GFSGGNC(-SH)RGFRRRC
(-SH)F-NH,) and used as antigens for the production of polyclonal
antibodies in rabbits (Davids Biotechnologie GmbH). The sera were
antigen affinity purified and used for immunofluorescence detection
of defensins. For the immunofluorescence detection of defensins, epi-
dermal peels were prepared and placed in TBSA-BSAT buffer (5 mM
Tris, 0.9% NaCl, 0.05% sodium azide, 0.1% BSA and 0.1% Triton
X-100; pH 7.2) containing anti-DEF (1:2500; Davids Biotechnologie
GmbH) for 1 h at room temperature in the dark. The samples were
then washed quickly three times with TBSA-BSAT and then labelled
with the secondary FITC-conjugated rabbit antibody (Agrisera AB) for
1 h. The samples were then washed quickly three times with TBSA-
BSAT. For microscopic analysis, the samples were transferred to slides
into PBS:glycerol (1:1) and the green fluorescence of the samples was
detected using a Zeiss Axiowert 200 M fluorescence microscope (Carl
Zeiss Inc) equipped with a high-resolution digital camera (Axiocam
HR, Carl Zeiss Inc.). Data were analysed using the AXIOVISION REL.
4.8 software (Carl Zeiss Inc.) according to Kolbert et al., (2023). Leaves

from three different plants were used for all measurements.

211 | Post-embedding immunohistochemistry and
transmission electron microscopy

For post-embedding electron microscopy, leaf segments (5-6 mm) were
fixed in 2% (w/v) paraformaldehyde and 2% (w/v) glutaraldehyde solution
immediately after the 6 h samplings and then further fixed for 1 h in 1%
(w/v) OsQ,. After rinsing in 0.1 M phosphate buffered saline (PBS,

pH 7.4) buffer and dehydrating in increasing concentrations of ethanol
(50%, 70%, 96%, 100%) and acetone, leaf segments were embedded in
Embed812 (Electron Microscopy Sciences). Semi-thin (0.7 um) sections
were cut from the embedded blocks to select the area of interest, and
ultrathin (70 nm) sections were mounted on nickel grids. To investigate
the effects of flg22 treatments on the quantitative changes in defensin,
three grids of ultrathin sections from each block were processed for
immunogold labelling (Podr et al., 2019). Briefly, the grids were incubated
overnight with rabbit polyclonal anti-DEF primary antibody (Davids
Biotechnologie GmbH; final dilution 1:100) followed by protein A-gold-
conjugated anti-rabbit secondary antibody (18 nm gold particles, Jackson
Immuno Research; final dilution 1:20) for 3 h with extensive washing with
0.2 M Tris-buffered saline (TBS, pH 7.4) buffer between steps. The speci-
ficity of the immunoreaction was assessed in all cases by omitting the pri-
mary antibody from the labeling protocol and incubating the sections in
the protein A-gold-conjugated secondary antibody alone (Sup Figure 1).
The sections were counterstained with uranyl acetate (Merck) and lead
citrate (Merck) and then examined and photographed using a JEOL JEM
1400 transmission electron microscope (TEM; Jeol Ltd.). The number of
gold particles, assumed to label defensin, was determined in the wall of
4-6 guard cells, three epidermal cells and three mesophyll cells per exper-
imental group. Counting was performed on digital photographs at
15 000x magnification using the AnalySIS 3.2 program (Soft Imaging Sys-
tem GmbH). Data were expressed as the total number of gold particles
per unit area of the cell types analyzed. Leaves from three different plants
were used for the measurements.

212 |
qRT-PCR

Sampling and analysis of single-cell

Leaves from flg22-treated, above them (flg22 + 1), control as well as
control+1 leaf levels were peeled, then 60 individual stomata were
extracted immediately from the epidermal cell layer by laser microdis-
section (Zeiss PALM MicroBeam System). Samples were collected in
PCR tube caps containing 3 uL 10x SingleCellProtect™ (Avidin Ltd.)
buffer according to the method of Brasko et al., (2018). Three leaves
from three different plants were peeled in the case of all treatments
which were repeated independently three times with a new genera-
tion of plants (n = 3). After collection, all tubes were closed and imme-
diately stored at -80°C.

Samples were first incubated for 5 min at 65°C in a mixture of
3 uL 1x SingleCellProtectTM (Avidin Ltd), 0.3 puL primer mix, 0.3 pL
10 mM dNTPs (Thermo Fisher Scientific), 1 uL 5x first strand buffer,
0.3 puL 0.1 mol/L DTT, 0.1 uL RNase inhibitor (Thermo Fisher Scien-
tific) and 100 U reverse transcriptase (Superscript Ill, Thermo Fisher
Scientific). The reaction was then performed at 55°C for 1 h and
stopped by heating at 75°C for 15 min. The reverse transcription
reaction mixture was stored at —20°C.

The single-cell qRT-PCR was performed on a LightCycler® Nano
RT-PCR instrument (Roche) in a total volume of 20 uL containing 5 uL
cDNA, 1uL forward and primer pairs of SIDEF
(Solyc07g007760) and 10puL gPCRBIO Master Mix Lo-ROX

reverse
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FIGURE 1 Time-dependent regulation of stomatal activity.

Changes in the stomatal conductance (A) and the size of stomatal
apertures (B) were examined in the abaxial epidermal strips of intact
tomato plants treated foliar with 5 uM flagellin (flg22) at

8:00 a.m. Measurements were carried out one and six hours after
treatments (at 9:00 a.m. and 14:00 p.m.). Means + SE, n = 3. Means
were analyzed by two-way ANOVA, and significant differences
among the data were analyzed by Duncan's test. Mean values
significantly different at p < 0.05 were signed with different letters,
upper case letters indicate the effects of the treatment at the same
daytime, and lower case letters indicate the effects of the daytime
under the same treatment. (Control: treatment with sterile distilled
water; Control+1: untreated leaves from the distal node from the
control; flg22: treatment with 5 uM flagellin dissolved in sterile
distilled water; flg22 + 1: untreated leaves from the distal node from
the flg22-treated one).

(Pcr Biosystems). The following cycling protocol was used: 5 min at
95°C followed by 50 cycles (10 secs at 95°C, 10 secs at 56°C and
15 min at 72°C). The LightCycler® Nano analysis software (Roche)
determined a cycle threshold (CT) value, which identified the first
cycle where fluorescence was detected above baseline.

2.13 | Statistical analysis

The experiments were repeated at least three times involving 9-9

plants per treatments. Results are expressed as mean + SE. The

effects of flg22 treatments locally and systemically and differences
between time points were analyzed by two-way ANOVA, supplemen-
ted by post hoc pairwise comparisons using Duncan's multiple range
test. All statistical analyses were performed using the SigmaPlot
11 software (Systat Software Inc.). Means marked with different let-
ters are significantly different at p < 0.05.

3 | RESULTS

First, the direct and indirect effects of the bacterial elicitor flg22 on
stomata were tested within six hours. Application of the bacterial elic-
itor flg22 at 08:00 a.m. induced rapid stomatal closure within 1 h
locally and in the systemic leaves of intact tomato plants (Figure 1A,
B), which persisted in the plants for 6 h (Figure 1A, B), based on the
measurements of both stomatal conductance and stomatal aperture
measurements. However, the stomata already started to close at
14:00 independently of treatments, which is essentially regulated by
the circadian rhythm of the plants (Figure 1A, B).

As these are photosynthetic cells, the next step was to determine
the changes in photosynthetic activity of guard cells of flg22-treated
and systemic (flg22 + 1) leaves. Surprisingly, the photosynthetic activ-
ity of guard cells in leaves treated with flg22 was affected to a greater
extent than that of the mesophyll cells (Figure 2). Although the maxi-
mum quantum yield parameter of PSII (F,/F,) did not change in guard
cells of flg22-treated or systemic leaves (Figure 2A), the effective quan-
tum vyield of PSII (®PSll) and the photochemical quenching coefficient
(gP) decreased significantly after 1h in the guard cells of
flg22-treated leaves as compared to the control, but did not change in
the systemic (flg22 + 1) leaves (Figure 2C, E). In parallel, non-
photochemical quenching (NPQ) increased significantly in these sto-
mata after 1 and 6 h, both in the flg22-treated and systemic (flg22
+ 1) leaves (Figure 2G). At the same time, no significant changes were
observed in the mesophyll cells of flg22-treated and flg22 + 1 leaves,
for all the parameters analyzed (Figure 2B, D, F, H).

In the next experiments, the signalling components of
flg22-induced stress, such as ROS and NO production, were detected
at the cellular and organ level in tomato plants. Treatment with flg22
resulted in significantly higher superoxide (Figure 3A), H,0,
(Figure 3B) and NO (Figure 3C) production in stomata already after
1 h. After 6 h, only superoxide production was significantly higher in
stomata of flg22-treated leaves (Figure 3A), whereas significant super-
oxide (Figure 3A) and NO (Figure 3C) accumulation was measured in
guard cells of systemic leaves (flg22 + 1) compared to their respective
controls (Figure 3). Interestingly, H,O, production did not change 6 h
after flg22 exposure in stomata of elicitor-treated leaves (Figure 3B).

Changes in ROS and NO production were also determined in the
leaves of tomato plants. Among the ROS, superoxide production was
significantly induced after 1 h in flg22-treated leaves, but did not
change in flg22 + 1 leaves (Figure 4A). After 6 h following treatments
the superoxide production in the systemic control (control+1) as well
as flg22 + 1 leaves was higher in respect to their relative controls,

however no significant changes were found in the leaves from the



CZEKUS ET AL

ia Plantar

7 of 18

(A)

Fv/Fm

(€

DOPSII

(E)

qP

(G)

NPQ

FIGURE 2

Guard cells

1 Control

B Control+1

104 1 fig22

E fig22+1

08 4 Aa A2 A3 Aa Aa A g ag
0.6

0.4

0.2 4

0.0 — —

0.8

0.6

0.4 4

0.2 4

0.0 -

0.8 A

0.6

0.4 4

0.2 4

0.0

0.8
0.6

0.4 4

A g5 A
0.2 A a a
Ab

Ba Bb Ba Ba

1 6
Time after treatments [h]

Legend on next page.

(B)

(D)

(F)

(H)

Mesophyll cells

0.8 4

0.6 A

0.4 4

0.2 4

0.0

_A_a_AaggAa ﬁ\jAaﬁgAa

1.0

0.8 A

0.6 A

04 1

0.2 4

Aa
Aa Aa Aa Aa
A s Aa

0.0

1.0

0.8

0.6

0.4 4

0.2 1

Aa Aa Aa pq Aa

M Aa

Aa
—T
lI |
Aa

0.0

0.8 -

0.6 -

0.4

0.2 4

0.0 -

Aa
Aa

1 6
Time after treatments [h]



gof18 | (@l

ia Plantarum.

CZEKUS ET AL

selected nodes 6 hrs later following flg22 treatments (Figure 4A).
The H,0, levels were slightly elevated in local and leaves after 1 h of
flg22 treatments, but were significantly higher in systemic, flg22 + 1
leaves after 6 h (Figure 4B). At the same time, the NO productions of
flg22-treated and flg22 + 1 leaves were significantly higher than that
of controls after 1 h (Figure 4C). In addition, NO production was also
significantly higher in the systemic flg22 + 1 leaves after 6 h
(Figure 4C), similarly to the H,O, content (Figure 4B).

Regarding flg22-induced defense signalling in plants, ET and JA
levels were measured in tomato leaves 1 and 6 h after the bacterial
elicitor treatments. While ET production was induced both locally and
systemically immediately (1 h later) after flg22 exposure and was also
significantly higher after 6 h (Figure 5A), JA levels increased only after
6 h, especially in the systemic leaves of the plants (Figure 5B).

Response marker genes of ET- and JA-induced signalling were
also examined. The expression of the ET marker gene, Ethylene
response factor 1 (SIERF1) was basically higher in the systemic (control
+1) leaves under control conditions. However it was further induced
in the systemic leaves already after 1 h following flg22 treatment,
while it was increased both locally and systemically 6 h later
(Figure 6A). Interestingly, the tomato Defensin (SIDEF) was significantly
up-regulated only 6 hours later in flg22-treated and untreated distal
leaves of the intact plants (Figure 6B). At the same time, the expres-
sion of SIDEF was basically lower in the younger and upper leaves of
the control plants.

DEF levels were further analysed at the protein level using epi-
dermal peels from the flg22-treated tomato plants, at the time point
(6 h later following flg22 treatments) when JA levels increased and
significant expression of SIDEF was recorded. Based on the analysis of
the fluorescence assay (Figure 7C), significant DEF accumulation was
found in the epidermal cells (Figure 7A) and stomata (Figure 7B) of
flg22-treated and flg22 + 1 systemic leaves of intact tomato plants
after 6 h as compared to control.

Immunogold labeling and TEM were used to further analyze the
localization of DEF in the different cell types of the leaves. Based on
the results, significant DEF localization was observed in the cell walls
of mesophyll-, epidermal- and guard cells (Figure 8). The highest
amount of DEF-labelled gold particles was measured in the mesophyll
cell wall (Figure 8A) compared to epidermal (Figure 8B) and guard cells
(Figure 8C). The accumulation of DEF was basically higher in the cell
wall of mesophyll cells of control+1 leaves as compared to local con-
trol leaves. At the same time, flg22 caused a significant accumulation

of DEF, both locally and systemically in the cell wall of all the cell
types that were examined (Figure 8), which was the highest in the
case of flg22 in cell wall of stomata (69%), followed by the epidermis-
(57%) and mesophyll cells (36%). Significant DEF accumulation was
also observed in the cell wall of stomata after flg22 treatments, at the
part where the two guard cells fit and close, respectively (Figure 8D).
To answer the question of whether guard cells are also capable of
synthesising DEF, single cell gRT-PCR was used. The results showed
that stomata themselves can induce the expression of SIDEF, which
was also increased locally and systemically 6 hours after flg22
treatments (Figure 9). At the same time, the expression of SIDEF was
basically lower in the stomata of younger and upper leaves of control
plants, similar to that measured in the mesophyll cells (Figure 6B).

4 | DISCUSSION

The main objectives of this research were to study the local and sys-
temic defense responses induced by flg22 at the cellular level in
leaves of intact tomato plants, to identify the similarities and differ-
ences between the two cell types and to increase our knowledge
about how guard cells, as part of the first line of plant defense, can
defend themselves and the stressed plant.

It is well known that rapid stomatal closure is one of the first and
key steps of plant defense responses to biotic (Panchal
and Melotto, 2017; Melotto et al, 2024) and abiotic (Kollist
et al., 2019; Matkowski and Daszkowska-Golec, 2023) stresses. How-
ever, the direct effects of stressors on guard cells and their own
defense against stressors remained largely unclear. Furthermore, it
has been described that flg22 induces rapid stomatal closure within
minutes using in vitro stomatal assays (Montillet et al., 2013; Toum
et al., 2016; Rodrigues et al., 2017) and in intact plants (Deger et al.,
2015), but it is difficult to detect its long-term effects (Czékus
et al., 2021b). Based on our previous results (Czékus et al., 2023) and
the present experiments, it is suggested that flg22 induces not only
local but also systemic stomatal closure in distal leaves of intact
tomato plants (flg22 + 1; Figure 1). However, as the effect of flg22 on
stomatal movement is dependent on the circadian rhythm, the closure
induced by the bacterial elicitor was also detected 6 h later in the
afternoon, both locally and systemically (Figure 1). Other researchers
have also found that various stress-induced stomatal closure can be
initiated locally and systemically as early as 10 minutes and

FIGURE 2 Time-dependent regulation of the photosynthetic activity of stomata and leaves of intact tomato plants. Changes in the maximum
quantum yield of PSII (F,/F.,), the effective quantum yield of PSIl photochemistry (®PSIl), the photochemical quenching coefficient (qP) and the
non-photochemical quenching (NPQ) of stomata and leaves were examined in intact tomato plants treated foliar with 5 uM flagellin (flg22) at
8:00 a.m. Measurements were carried out one and six hours later after treatments (at 9:00 a.m. and 14:00 p.m.). Means * SE, n = 3. Means were
analyzed by two-way ANOVA, and significant differences among the data were analyzed by Duncan's test. Mean values significantly different at
p < 0.05 were signed with different letters, upper case letters indicate the effects of the treatment at the same daytime, and lower case letters
indicate the effects of the daytime under the same treatment. (Control: treatment with sterile distilled water; Control+1: untreated leaves from
the distal node from the control; flg22: treatment with 5 uM flagellin dissolved in sterile distilled water; flg22 + 1: untreated leaves from the

distal node from the flg22-treated one).
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FIGURE 3 Time-dependent regulation of the metabolism of
reactive oxygen species in the stomata. Changes in the superoxide (A),
hydrogen peroxide (B) and nitric oxide (C) production were examined
in the abaxial epidermal strips of intact tomato plants treated foliar
with 5 uM flagellin (flg22) at 8:00 a.m. Measurements were carried
out one and six hours later after treatments (at 9:00 a.m. and

14:00 p.m.). Means * SE, n = 3. Means were analysed by two-way
ANOVA, significant differences among the data were analysed by
Duncan's test. Mean values significantly different at p < 0.05 were
signed with different letters, upper case letters indicate the effects of
the treatment at the same daytime, and lower case letters indicate the
effects of the daytime under the same treatment. (Control: treatment
with sterile distilled water; Control+1: untreated leaves from the
distal node from the control; flg22: treatment with 5 uM flagellin
dissolved in sterile distilled water; flg22 4 1: untreated leaves from
the distal node from the flg22-treated one).

maintained for 6 hours in Arabidopsis (Devireddy et al., 2020; Fich-
man and Mittler, 2021). At the same time, the degree and signalling of
stomatal closure may be highly dependent on the circadian rhythm
(Webb, 2003; Hotta et al., 2007) as well as on the photosynthetic
activity of guard cells (Lemonnier and Lawson, 2024). It is known that
in addition to ions such as potassium, the production of osmotically
active sugars by active photosynthesis in guard cells and in coopera-
tion with mesophyll cells contributes to the control of guard cell tur-
gor pressure and thus influences stomatal aperture sizes differently in
the morning and afternoon (Lawson and Matthews, 2020). In this
respect, stomatal closure was significant 6 h after the flg22 treat-
ments, but not as significant as in the morning. In addition, the pore
size of the stomata of the control plants was also reduced in the after-
noon (Figure 1). Other results, such as the differences in ROS and NO
production, JA levels and signalling in the afternoon compared to the
morning suggest that flg22-induced defense responses at organ- and
cell level are time-dependent and may be under diurnal regulation,
especially in the case of guard cells.

Since flg22-induced production of signalling compounds such as
ROS (Li and Kim, 2022) and NO (Sami et al., 2018), as well as the syn-
thesis of key defense-related phytohormones such as JA (Wasternack
and Hause, 2019) which are associated with the chloroplasts, the
effects of flg22 on the photosynthetic activity of mesophyll cells as
well as stomata were investigated. It was also previously observed
that the effects of flg22 are highly dependent on light (Sano
et al., 2014). Géhre et al., (2012) investigated the short- and long-term
effects of flg22 on the photosynthetic activity in Arabidopsis seed-
lings grown in liquid medium and they found that flg22 induced the
decrease of ®PSII and the increase of NPQ after seven days (Gohre
et al,, 2012). At the same time, in our previous work investigating the
diurnal effects of flg22 treatments and comparing the effects of flg22
in the light and dark periods on guard and mesophyll cells (Czékus
et al., 2022), flg22 exposure caused a decrease in ®PSIl and a slight
increase in NPQ in the stomata of the elicitor-treated leaves in the
afternoon light period, while flg22 did not significantly affect meso-
phyll photosynthetic activity independently of the day/night period
(Czékus et al., 2022). Based on recent experiments, guard cell photo-
synthesis was more sensitive to flg22 as compared to the mesophyll
and flg22 decreased ®PSII (Figure 2C) and gP (Figure 2E), while in par-
allel increased NPQ (Figure 2G) in stomata. Since stomata are located
in the epidermal layer and were first exposed to flg22, the effects of
flg22 on the photosynthetic activity of guard cells may be crucial in
determining long-lasting stomatal closure as a part of plant defense
responses (Czékus et al., 2022). These effects of flg22 on stomatal
photosynthetic activity may depend on rapid ROS production medi-
ated by NADPH oxidase (Ranf et al., 2011; Thor and Peiter, 2014) and
later on ROS and NO production by chloroplasts in a self-amplifying
loop that contributes to long-lasting stomatal closure and activation
of defense signalling (Kangasjarvi et al., 2012), perhaps in stomata.

It was shown that ROS production in the stomata of the
flg22-treated leaves was significantly higher as compared to the con-
trol after 1 hour, confirming that flg22 induced rapid ROS production
(Robatzek et al., 2007; Lyons et al., 2013; Shi et al., 2013) which can
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FIGURE 4 Time-dependent regulation of the metabolism of
reactive oxygen species in leaves of intact tomato plants. Changes in
the superoxide production (A), hydrogen peroxide content (B), and
nitric oxide production (C) were examined in leaves of intact tomato
plants treated foliar with 5 uM flagellin (flg22) at

8:00 a.m. Measurements were carried out one and six hours later
after treatments (at 9:00 a.m. and 14:00 p.m.). Means + SE, n = 3.
Mean values significantly different at p < 0.05 were signed with
different letters, upper case letters indicate the effects of the
treatment at the same daytime, and lower case letters indicate the
effects of the daytime under the same treatment. (Control: treatment
with sterile distilled water; Control+1: untreated leaves from the
distal node from the control; flg22: treatment with 5 uM flagellin
dissolved in sterile distilled water; flg22 + 1: untreated leaves from
the distal node from the flg22-treated one).
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FIGURE 5 Time-dependent regulation of the metabolism of
defense-related hormones. Changes in the ethylene (A) and jasmonic
acid (B) contents were examined in leaves of intact tomato plants
treated foliar with 5 uM flagellin (flg22) at 8:00 a.m. Measurements
were carried out one and six hours later after treatments

(at 9:00 a.m. and 14:00 p.m.). Means + SE, n = 3. Mean values
significantly different at p < 0.05 were signed with different letters,
upper case letters indicate the effects of the treatment at the same
daytime, and lower case letters indicate the effects of the daytime
under the same treatment. (Control: treatment with sterile distilled
water; Control+1: untreated leaves from the distal node from the
control; flg22: treatment with 5 uM flagellin dissolved in sterile
distilled water; flg22 + 1: untreated leaves from the distal node from
the flg22-treated one).

contribute to stomatal closure (Sierla et al., 2016; Toum et al., 2016)
and can origin from the chloroplast of stomata (Po6r and Tari, 2012).
NO also takes part in the regulation of stomatal closure upon patho-
gen infection (Mur et al., 2006; Zhang et al., 2008). Earlier other
researchers also found that NO production increased only several
hours later of the flg22 treatments in maize leaf disks (Zhang
et al,, 2017). At the same time, based on our former results (Czékus
et al,, 2021b), flg22 induced local and systemic NO production in 1 h
in leaves of tomato plants which were dependent on the day/night
period. Interestingly, based on our experiments, depending on the

time point as well as on the type of tissue, ROS production leading to
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FIGURE 6 Time-dependent regulation of defense-related gene
expression. Changes in the expression of SIERF1 (A) and SIDEF

(B) were examined in leaves of intact tomato plants treated foliar with
5 uM flagellin (flg22) at 8:00 a.m. Measurements were carried out one
and six hours later after treatments (at 9:00 a.m. and 14:00 p.m.).
Means + SE, n = 3. Means were analysed by two-way ANOVA,
significant differences among the data were analysed by Duncan's
test. Mean values significantly different at p < 0.05 were signed with
different letters, upper case letters indicate the effects of the
treatment at the same daytime, and lower case letters indicate the
effects of the daytime under the same treatment. (Control: treatment
with sterile distilled water; Control+1: untreated leaves from the
distal node from the control; flg22: treatment with 5 uM flagellin
dissolved in sterile distilled water; flg22 + 1: untreated leaves from
the distal node from the flg22-treated one).

stomatal closure seems to be limited directly to guard cells or to the
entire leaf. Early stomatal closure 1 h following flg22 treatments could
be triggered by both stomatal ROS, superoxide (Figure 3A), H,O,
(Figure 3B) and NO (Figure 3C) production, as well as elevated super-
oxide (Figure 4A) and NO (Figure 4C) accumulation in the entire leaf
tissue which were significantly higher as compared to ROS/NO levels
in the control tissues. However, systemic stomatal closure in the
flg22 + 1 leaves could be a consequence of significantly higher super-
oxide production in stomata (Figure 3A) and NO production in the
whole leaf (Figure 4C) at the first hour after flg22 treatment. It is well
known that NO can act together with ROS influencing each other's

synthesis and defense responses of plants contributing to phytohor-
mones (Saleem et al., 2021; Vlot et al., 2021). Moreover NO plays also
a role in the long-term systemic responses of plants (Agurla
et al., 2020; Jahnova et al., 2020) such as regulating callose formation
in the early phase of the infection (Xiao et al., 2018). Interestingly, the
superoxide production increased only in the guard cells of systemic,
flg22 + 1 leaves 6 h after the flg22 treatment (Figure 3A), while NO
production was significantly higher at this time point both in the sto-
mata of flg22-treated and systemic leaves of tomato (Figure 3C).
Besides the stomatal ROS and NO production, flg22 increased H,O,
(Figure 4B) and NO levels (Figure 4C) after 6 h in the systemic leaves
but neither ROS nor NO levels changed significantly in the
flg22-treated leaves after 6 h. These results indicate that while NO
production in the guard cells can result in local stomatal closure 6 h
after flg22 treatments, in the systemic flg22 + 1 leaves, it can be orig-
inated by both increased superoxide and NO production in the guard
cells as well as in the entire leaves. While in the leaves, superoxide
production did not change significantly after 6 h, the level of H,O,
elevated systemically after 6 h of flg22 treatment (Figure 4B) which
was not detected in the stomata (Figure 3B). It can be explained by
the increased activity of superoxide dismutase catalyzing the conver-
sion of superoxide into H,O, and molecular oxygen which is regulated
by phytohormones such as JA or ET under long-term defense
responses of plants (Singh and Shah, 2014; Takacs et al., 2018). More-
over, both defense-related phytohormones regulate ROS and NO pro-
duction, as well as stomatal closure in Arabidopsis (Islam et al., 2009;
Wang et al., 2020).

In addition to ROS and NO, the production of ET was rapidly
induced by flg22 treatments, both locally and systemically, and was
still detectable after 6 hours (Figure 5A). Furthermore, the expression
of the ET marker gene SIERF1 was induced in the systemic leaves after
1 h and in both the flg22-treated and systemic leaves after 6 h, but
the most significant changes were observable in the systemic leaves
after 6 h (Figure 6A). It is known that ET plays a crucial role in the
early defense responses of plants after flg22 treatments, whereas late
defense responses may be under the regulation of other phytohor-
mones such as SA or JA (Mur et al., 2008; Mersmann et al., 2010;
Wang et al., 2018). Recently, it was also shown that flg22 induces not
only local but also systemic ET emission in leaves of intact tomato
plants, which plays a crucial role in the regulation of ROS production
in systemic leaves (Czékus et al., 2023). Volatile phytohormones such
as ET, methyl jasmonic acid (MeJA) or methyl salicylic acid (MeSA) are
capable of rapid transport due to their state, which is essential for
both local and systemic defense (Gao et al., 2021). Our results further
confirmed that ET can regulate both local and systemic ROS produc-
tion, which in turn can determine stomatal movements 1 h as well as
6 h after the flg22 treatments.

After the initial peak of ET release induced by phytopathogen
infection or flg22 elicitor treatments (Mur et al., 2008; Mersmann
et al.,, 2010), late defense responses can be regulated by other phyto-
hormones such as JA or SA (Wang et al., 2018). It is well known that
ET can not only induce the production of ROS/NO and the expression
of various defense response genes such as PR-3-type basic chitinase
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FIGURE 7 Changes in the defensin (DEF) protein levels. Protein accumulation was examined in the epidermal cells (A) and stomata (B) from
the leaves of intact tomato plants treated foliar with 5 uM flagellin (flg22) at 8:00 a.m. (C: representative images). Measurements were carried out
six hours later after treatments (at 14:00 p.m.). Means + SE, n = 3. Means were analysed by one-way ANOVA, significant differences among the
data were analysed by Duncan's test. Mean values significantly different at p < 0.05 were signed with different letters (Control: treatment with
sterile distilled water; Control+1: untreated leaves from the distal node from the control; flg22: treatment with 5 uM flagellin dissolved in sterile
distilled water; flg22 + 1: untreated leaves from the distal node from the flg22-treated one).

and PR-4-type hevein-like protein but also the induction of JA-related
PDF1.2 defensin in Arabidopsis (van Loon et al., 2006). At the same
time, ET may act synergistically with JA to mediate defense signalling,
as has been previously shown in many cases of pathogen infection
(Hase et al., 2003; Block et al., 2005; Mur et al., 2008). Our results
also showed that flg22 application in the morning increased JA levels
in leaves 6 h later in the afternoon in both flg22-treated and systemic

leaves (Figure 5B). Moreover, the increased expression of the

JA-regulated SIDEF also showed similar trends (Figure 6B), suggesting
the key role of JA in the regulation of late defense responses upon
flg22 exposure in tomato. Other researchers also measured higher JA
levels after 8 h of flg22 exposure in Arabidopsis (Gravino et al., 2015),
but higher SA levels were also observed in the late phase, e.g. after
24 h, suggesting that much later responses to flg22 are mostly medi-
ated by SA (Denoux et al., 2008). Furthermore, basal levels of SA and
JA, and thus plant immune responses, are regulated by the circadian
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FIGURE 9 Changes in the expression of tomato defensin (SIDEF)
in the stomata. Gene expression was examined in the leaves of intact
tomato plants treated foliar with 5 uM flagellin (flg22) at

8:00 a.m. using single cell gRT-PCR. Measurements were carried out
six hours later after treatments (at 14:00 p.m.). Means + SE, n = 3.
Means were analysed by one-way ANOVA, significant differences
among the data were analysed by Duncan's test. Mean values
significantly different at p < 0.05 were signed with different letters
(Control: treatment with sterile distilled water; Control+1: untreated
leaves from the distal node from the control; flg22: treatment with

5 uM flagellin dissolved in sterile distilled water; flg22 + 1: untreated
leaves from the distal node from the flg22-treated one).

clock during the day, with JA accumulation peaking in the middle of
the light period, whereas SA levels are the highest around the middle
of the dark period at night (Zheng et al., 2015; Lu et al., 2017). There-
fore, our results confirmed for the first time that flg22-induced
defense signalling is regulated in a different way in the first minutes
and hours, suggesting that the circadian regulation of flg22-induced
defense responses is mediated by plant hormones, in which ET can be
pivotal in the early phase (induced within 1 h), while both ET and JA
are crucial in the late phase (induced after 6 h) of defense signalling.
Moreover, JA can have a crucial role in this process not only locally
but also systemically. This hypothesis was investigated further by ana-
lysing the expression of genes involved in defense hormone
responses.

The significant ET/JA accumulation and SIDEF expression after
6 h of flg22 treatments in the local and systemic leaves suggest that
plants are actively defended systemically by synthesising plant defen-
sins before the dark period. Defensins are antimicrobial peptides that
can interact with membrane lipids and interfere with their biological
role (Sher Khan et al., 2019). Previously, significant defensin (PDF1.1)
expression was found locally and systemically in the leaves of Alter-
naria brassicicola-infected Arabidopsis plants, which was also depen-
dent on ET and JA, but independent of SA (Penninckx et al., 1996,
1998). Here, we observed not only the increased gene expression of
SIDEF (Figure 6B) but also the accumulation of defensins in the epider-
mis (Figure 7A) as well as in the stomata (Figure 7B) of elicitor-treated

leaves after 6 h of flg22 exposure. These results firstly confirmed that
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flg22 treatments induce effective defense responses in plants by
accumulating defensins both locally and systemically in elicitor-treated
plants. Furthermore, these results suggested an active defense of cells
such as epidermal or guard cells, which are part of the overall plant
defense at the organ and individual level. In addition, immunogold
labelling results clearly showed that defensins accumulated in the cell
walls of the investigated cell types after flg22 treatments (Figure 8),
with the highest levels in the cell wall of the mesophyll palisade paren-
chyma (Figure 8A) and the lowest levels in the cell walls of guard cells
(Figure 8C). At the same time, the significant accumulation of defen-
sins in the cell wall of guard cells (especially at the area where the two
guard cells meet and close), where various phytopathogens can enter
into the mesophyll (Melotto et al., 2006), showed for the first time
that plants defend themselves by accumulating antimicrobial defen-
sins already at the pore where phytopathogens can penetrate
(Figure 8D). At the same time, defensins as water-soluble molecules
presumably can be transported to the epidermis and stomata e.g. via
water vapour diffusion in the cell wall. However, it was an important
question whether guard cells themselves could synthesize defensin
(Guzman-Delgado et al., 2021). Based on the results of our single cell
gRT-PCR, it can be concluded that the guard cells of flg22-treated
and flg22 + 1 leaves were able to activate their defense and protec-
tion mechanisms via the increased expression of SIDEF (Figure 9).

Thus, it can be concluded that cells located outside the mesophyll are

stomatal closure
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— &

FIGURE 10 Schematic model of the
induction of defensin (DEF) accumulation
during flg22-induced local and systemic
defence responses in leaves and stomata
of tomato plants. FIg22 induces rapid local
reactive oxygen species (ROS) and nitric
oxide (NO) accumulation and ethylene
(ET) emission, which contribute to the
activation of local leaf defence responses,
including stomatal closure. ROS and NO
accumulation and reduced photosynthetic
activity (®PSlI) in guard cells contribute to
this process. Local ROS/NO production
and ET emission after flg22 treatment
trigger not only local but also systemic
defence responses, inducing jasmonic acid
(JA) accumulation and stomatal closure.
As part of the local and systemic defence
responses of plants, the antimicrobial
DEFs are accumulated in the cell wall of
the mesophyll, epidermis and stomata.

Systemic

(7

Local
stomatal closure

not only involved in the first line of plant defense, but also participate
in the active defense of the plants as a function of time and also
defend themselves by producing and accumulating antimicrobial DEF
after sensing the presence of the bacterial elicitor flg22 on the leaf

surface.

5 | CONCLUSIONS

The present experiments demonstrated that flg22 induced rapid and
long-lasting local and systemic defense responses and stomatal clo-
sure in the leaves of tomato plants (Figure 10). The flg22 treatments
had a more significant effect on the photosynthetic activity of guard
cells than that of mesophyll cells. However, this was only detectable
in the first hour, based on decreased ®PSIl and gP and the increased
NPQ. Consequently, these alterations can determine both the imme-
diate and long-term stomatal closure of plants, which was also evident
in the local and systemic leaves of intact plants. The impact of flg22
on photosynthetic activity may be contingent on the accumulation of
ROS and NO, which, in addition to stomatal closure, can elicit defense
signaling in stomata and the entire plant. However, the dynamics of
this accumulation varied between cell types and across the diurnal
cycle in both local and systemic leaves and stomata. The prolonged,

local stomatal closure was found to be associated with superoxide/
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NO production in the guard cells, while the accumulation of these
substances in the entire leaf appeared to be implicated in the induc-
tion of swift, systemic stomatal closure. Plant defense hormones have
been demonstrated to play a pivotal role in the regulation of ROS/NO
levels, including ET and JA. Although the flg22-triggered ET produc-
tion after 1 and 6 h could contribute to rapid and long-lasting local
and systemic stomatal closure, the accumulation of JA increased only
after 6 h, mainly in the local tissues. This indicates that the two hor-
mones can mediate late defense signaling. This finding was further
corroborated by the increased expression of SIDEF at this time point, as
well as the increased accumulation of DEF proteins in the mesophyll,
epidermis and guard cells of local and systemic leaves. In this study,
defensin protein accumulation was first demonstrated after flg22 treat-
ment in the cell walls of these cell types. Furthermore, single-cell gRT-
PCR analyses confirmed that guard cells are capable of synthesizing
defensin in both local and systemic leaves of intact plants. Therefore, it
can be concluded that guard cells, in addition to representing the first
line of plant defense through the regulation of stomatal pore size, may
also be capable of defending themselves and the plant by producing
and accumulating antimicrobial defensins where phytopathogens can
penetrate inside the plants. Consequently, these findings have broader
ecological and agricultural implications, as flg22-induced stomatal clo-
sure and defense responses could enhance plant resistance against
microbial pathogens, reducing the need for chemical pesticides. Thus,
understanding the molecular background of plant defense responses
triggered by flg22 can provide new perspectives for breeding or bio-
technological approaches to improve crop resilience under pathogen
challenges, contributing to the development of new, innovative agricul-

tural tools for sustainable crop production.
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