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Abstract Salicylic acid (SA) is a phytohormone with a
central role in plant protection against various types of
stresses. Exogenous application of SA in plants often
requires a fine adjustment of the pH in the applied
solution as well as frequent foliar sprays with a rigorous
handling of doses. This work investigates the prepara-
tion and characterization of nanocomposites composed
of bentonite clays (Bent) and SA as bio-active to pro-
duce an efficient and stable hormonal formulation to be
used in agriculture. Bent-SA was obtained via cationic
exchange reactions of natural Bent with an aqueous
solution of SA. The physicochemical properties of
Bent-SA were studied in terms of Fourier Transform
Infrared Spectroscopy (FTIR), X-Ray Diffraction
(XRD) and Thermogravimetric Analysis (TGA). SA
was intercalated in a 3.65% w/w interacting by

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10658-020-02067-w) contains
supplementary material, which is available to authorized users.

A.Y. Mansilla (><) - M. F. Salcedo - S. L. Colman -

C. A. Casalongué

Instituto de Investigaciones Biologicas (IIB-UE), Consejo
Nacional de Investigaciones Cientificas y Técnicas (CONICET),
Facultad de Ciencias Exactas y Naturales, Universidad Nacional
de Mar del Plata, Dean Funes 3250, 7600 Mar del Plata, Argentina
e-mail: amansill@mdp.edu.ar

M. T. Chevalier - M. R. Lanfranconi * V. A. Alvarez

Instituto de Investigaciones en Ciencia y Tecnologia de Materiales
(INTEMA-UE), Consejo Nacional de Investigaciones Cientificas
y Técnicas (CONICET), Facultad de Ingenieria, Universidad
Nacional de Mar del Plata, Avenida Colon 10850, 7600 Mar del
Plata, Argentina

Published online: 04 July 2020

®

Check for
updates

electrostatic forces between Bent layers. The SA protec-
tive activity was investigated in Pseudomonas syringae
pv. tomato DC3000 (Pto)-infected tomato plants (Sola-
num lycopersicum). The expression levels of
pathogenesis-related proteins (PRs) were measured by
real time quantitative RT-PCR. The genes PR1 and PRS
were up-regulated 2.2- and 1.23-fold, respectively, in
24 h-treated Bent-SA plants. Furthermore, PR3 protein
level increased locally and systemically by Bent-SA
treatment in plant tissues. The plant disease incidence
was significantly reduced in Bent-SA pretreated seed-
lings. Analyses of DR5:GUS transgenic reporter tomato
lines showed that Bent-SA effectiveness was preserved
after vehiculization. It was concluded that Bent-SA can
provide an environmentally friendly strategy to control
tomato plants against Pfo bacterial infection.

Keywords Bentonite - Pseudomonas syringae pv.
tomato DC3000 - Salicylic acid - Solanum lycopersicum

Introduction

Tomato (Solanum Ilycopersicum L.) is one of the most
important horticultural vegetable crops worldwide.
There are a number of diseases that affect tomatoes
including bacterial speck which is caused by the bacte-
rial pathogen Pfo. Its symptoms appear in a form of
black necrotic specks surrounded by a yellow halo on
leaves, stems, and fruits (Jones et al. 2016). Bacterial
speck can cause up to 75% losses in yield and is recog-
nized as a significant source of economic loss in the
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tomato industry (Jones et al. 2016). Control of Pro-
mediated disease can be achieved through limited op-
tions of chemical control. The antibiotic streptomycin
has been used to control bacterial speck but resistance is
common in pathogen populations and thus, its use is
strongly regulated (McManus et al. 2002). With respect
to chemical control, copper-based products are often
used worldwide. However, the rapid development of
plasmid mediated copper-tolerance has rendered these
compounds relatively ineffective (Shenge et al. 2008).
Combining these compounds with the ethylene
bisdithiocarbamate (EBDC) fungicides such as
mancozeb has provided improved levels of control even
in copper tolerant microbial populations (Conlin 2008).
However, these combinations are only moderately ef-
fective and cause a lot of damage to humans and the
environment. Search for alternatives, including more
environmentally sustainable options, is an important
topic in phytopathology. In this sense, natural com-
pounds acting as priming of plant innate immunity
represent an excellent alternative for modern agriculture
(Gonzalez-Bosch 2018). The anti-stress phytohormone
SA is a lipophilic phenolic acid hormone with roles in
several growth and developmental processes, including
the activation of plant defense responses against several
pathogens (Zhang and Li 2019). Systemic Acquired
Resistance (SAR) has been recognized as a plant re-
sponse to biotic stress for almost 100 years (Ryals et al.
1996). Much more recently, direct evidence for the role
of SA in SAR comes from the identification and char-
acterization of Arabidopsis thaliana isochorismate syn-
thase (sid2—2) mutant with reducing level of SA
(Wildermuth et al. 2001). Likely, once the SA is syn-
thesized, it acts through receptors belonging to the NPR
(non-expressor of pathogenesis-related proteins) family
of transcription factors to further induce defense-related
genes contributing to the activation of pathogen-
associated molecular pattern (PAMP)-triggered immu-
nity (PTI), effector-triggered immunity (ETI), and SAR
(Zhang and Li 2019). Nowadays, SA is accepted as an
essential hormone for both local resistance and SAR
(Durrant and Dong 2004). The application of SA on
plants induces endogenous SA accumulation conferring
plant resistance against different pathogens (Vallad and
Goodman 2004). However, SA has controversial roles
in development and plant growth depending on its con-
centration, the pH of the application solutions as well as
plant species and developmental stages (Rivas-San
Vicente and Plasencia 2011). Per example, depending
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of plant species, high dose of SA (>1-2 mM SA) not
only enhances plant resistance, but also it negatively
regulates plant development processes impacting on
crop productivity (Koo et al. 2020). SA has been report-
ed to inhibit seed germination and block the wound
response (Davies 2010). Another matter to consider for
the exogenous SA application is that in general, the pH
of SA solution is acidic. However, SA uptake by plant
cells is pH dependent. In tobacco cells, SA uptake is
inversely correlated with the increase of medium pH
(Chen and Kuc 1999). Thus, both fine adjustment of
pH as well as application doses of SA could be critical in
the modulation of SA-mediated plant defense signaling
(Karlidag et al. 2009; Dempsey and Klessig 2017;
Youssef et al. 2017).

Bentonites are multifunctional clay minerals that pos-
sess unique properties; importantly, swelling and ad-
sorption characteristics (Park et al. 2016). Bentonites
have been applied to develop diverse drug delivery
systems to overcome the pharmaceutical disadvantages
of many drugs, that include low solubility and poor low
bioavailability and short biological half-life; i.e. phar-
macokinetic properties (McNerny et al. 2010; Savjani
et al. 2012; Mould et al. 2015). In agriculture, several
studies have suggested its use in the development of
agrochemicals such as fertilizers, plant growth pro-
moters and pesticides (Olanrewaju et al. 2000; Bin
Hussein et al. 2009). However, most reports have only
concerned system characterization and do not provide
information on the biological efficacy of these systems
(El-Nahhal et al. 1999; Lakraimi et al. 2000). In general,
Bentonite clays (Bent) are able to accommodate a vari-
ety of active molecules on their inter-lamellar spaces
(Czaban and Siebielec 2013). The thickness of the clay
sheets is in the order of a nanometer and its length can
reach several microns (Majeed et al. 2013). A previous
study demonstrated the adsorption of SA on Bent for its
controlled release and putative application in pharma-
cological field (Bonina et al. 2007). Based on the low
solubility of SA in water (Shalmashi and Eliassi 2008),
and in addition to the fact that SA is easy and quickly
metabolized we hypothesized that SA vehiculization in
Bent could be an interesting strategy to facilitate its
delivery in aqueous solutions providing also, bioavail-
ability, efficiency and chemical stability on the target
plant tissue/organ. The main purpose of our study is to
obtain and characterize Bent-SA as carrier matrix to be
applied against protection to Pfo -mediated disease in
tomato plants.
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Materials and methods
Materials

Bent was provided by Minarmco, Argentina and SA
was provided by Sigma-Aldrich (USA). The chemical
composition of used clay was previously reported by
our group as following: SiO,: 52.3%, Al,O3: 13.1%,
Fe,05: 22.1%; MgO: 1.9%, CaO: 4.7%, K,0: 1.3%,
TiO;: 2%; P: 0%; others: 2.4% (D'Amico et al. 2014).

Bent-SA preparation

The Bent-SA nano-clay was prepared according to
our patented procedure (Patent WO 2017/060869
Al). Briefly, Bent-SA was obtained by cationic ex-
change by preparing a solution of the active agent
and stirred it with a Bent dispersion in distilled water
for 2 h. The nanoclays were then centrifuged, washed
3 times with distilled water, and lyophilized. For
application in plants, dried powder of Bent-SA sus-
pensions was re-suspended in water with a final ad-
justed pH 6.5—7. For SA free controls, a 1 mg mL ™'
stock solution adjusted to pH 6.5 with 1 mol L'
NaOH was prepared.

Physico-chemical characterization of Bent and Bent-SA
TGA

Analyses were performed using TA Auto-MTGA Q500
Hi-Res equipment, from 30 °C to 900 °C (15 °C/min) in
air atmosphere.

XRD

The X-Ray patterns were obtained in an Analytical
Expert Instrument equipment (KooCu=1.54 A) from
20=3 ° to 60 ° (2 °/minute) at ambient temperature.
The generator voltage was 40 kV and the current was
40 mA.

By using the Bragg’s Law:

nA=2senf.d (1)

Where: 7 is an integer, \ is the X-Ray wavenumber,
is the diffraction angle, it is possible to determine the
distance between the planes of the crystal lattice, d.

FTIR spectra, measured by attenuated total reflec-
tance (ATR), were acquired with a Nicolet 6700 Ther-
mo Scientific instrument, over the range 400-4000 cm’!
from 32 co-added scans at 4 cm ' resolution.

Transmission Electron Micrographs (TEM) were
taken in a JEOL JSM-6460 LV instrument. The sample
was well-dispersed in butanol. Then, a drop of it was
placed on a holey carbon copper grid for TEM image
obtaining. Micrographs were obtained at 150000 mag-
nification, and the “Image Pro Plus” software was used
to perform the measurements.

In vitro SA release from Bent-SA

In vitro SA release from Bent-SA was investigated in
water suspensions for a total period of 72 h. Briefly
Bent-SA (5 mg) were dispersed in distilled water
(1 mL) at 25 °C, after fixed time frame total suspen-
sions were filtered and frozen for further quantifica-
tion. SA was measured by high performance liquid
chromatography (HPLC) system (Shimadzu, Promi-
nence, Japan) equipped with a diode array detector
(DAD).

Biological characterization
Biological material

Solanum lycopersicum var. Platense seeds were obtain-
ed from FECOAGRO Ltda. (San Juan, Argentina). To-
mato var. Micro-Tom seeds from the transgenic line
DR5:GUS were kindly donated by Dr. Agustin Zs6gon
(Universidade Federal de Vigosa, Brazil). DR5:GUS
plants express the reporter gene beta-glucuronidase
(GUS) under a synthetic auxin-responsive promoter
(Silva et al. 2018). SA-mediated activity on auxin-
mediated response was also tested in tomato reporter
plants.

Pto NCPPB, USA, collection number 1008), a well
characterized Gram-negative bacterium was used
(Cecchini et al. 2011). Pfo was maintained on King’s
B (KB) agar medium (King et al. 1954) containing
50 mg L' rifampicin and 50 mg L™ kanamycin as
suitable antibiotics.

Tomato growth conditions

Tomato Platense and Micro Tom seeds were surface-
sterilized in 30% (v/v) hypochlorite and 0.2% (v/v)
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Tween-20 for 10 min, followed by three washing steps
in sterilized distilled water. Sterilized seeds were placed
on Murashige and Skoog (MS) medium (Murashige and
Skoog 1962) plus 0.8% (w/v) agar in Petri plates and
grown at 25 °C under 120 pmol photons m > s~ with
16:8 h light:dark cycles until treatments.

To study SA- mediated SAR and local defense re-
sponses on tomato, 40-day-old plants were used. In this
assay, seeds were sowed in 15-cm diameter plastic pots
containing Grow Mix Multipro (Terrafertil, Argentina)
as substrate and incubating during 5 days at 25 °C in the
dark. After germination, plants were cultivated at 25 °C
under 120 pmol photons m * s~ with 16:8 h light:dark
cycles.

Bent-SA and Bent treatments

To evaluate the SA-mediated activities of Bent-SA on
tomato, 10-day-old plantlets were sprayed with
2 mg mL "' of Bent-SA and 2 mg mL™' Bent or free
70 mg L™ SA as the maximum estimated concentration
available from the nanoclay composite. The assayed
concentration of free SA is usually applied to induce
plant defense response (Chandrasekhar et al. 2017).
After 24 h, fresh tissue (100 mg) were collected and
analyzed by western blots and real-time PCR analysis.

To analyze SA-mediated effects, the second leaf from
40-day-old tomato plants was sprayed with 2 mg mL ™"
of Bent-SA or 2 mg mL~! Bent. After 24 h, the second
and third leaves were collected to analyze SA-mediated
local and systemic responses, respectively. Collected
samples were stored at —80 °C until subsequent process-
ing for immunoblotting analysis.

Tomato infection assays

Tomato seedlings were infected according to Uppalapati
etal. (2008). Briefly, an overnight culture of the Pro was
diluted with a sterile solution of 10 mmol L™ MgCl,
and 0.025% (v/v) SILWET L-77 (OSI Specialities Inc.,
Danbury, CT, USA) as surfactant until reaching an
ODgpo=0.1. To achieve uniform inoculation, the cell
suspension was dispensed into Petri dishes until seed-
lings were submerged. Then, seedlings were exposed to
bacterial cells with gentle mixing for 5 min. After the
inoculum was discarded, Petri dishes containing inocu-
lated seedlings were sealed with parafilm and incubated
at 18 °C with light intensity of 120 umol photons

m 2 s ' with 16:8 h light/dark cycles. The symptoms
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in cotyledons were observed after 4 days of inoculation.
As mock control, seedlings were flooded in
10 mmol L™! MgCl, and 0.025% (v/v) SILWET L-77.
The damage or lesion area in tomato cotyledons was
measured using the image-processing software Imagel
(NIH, Maryland, USA) and related to 100% as the total
cotyledons area. Nearly, 15 seedlings were examined in
each experiment. Independent experiments were repeat-
ed at least three times.

Quantification of Pto remained in tomato cotyledons

Bacterial growth in tomato seedlings was measured by
determining the remaining bacteria in the leaf tissue at
the end of the experiment according to Mansilla et al.
(2013). To remove epiphytic bacteria, seedlings were
surface-sterilized with 70% (v/v) ethanol for 1 min.
Nearly 100 mg of green tissue from seedlings were
washed twice with sterile distilled water and then ho-
mogenized in cold and sterile distilled water (1 mL)
using a pestle in sterile microcentrifuge tubes. The ho-
mogenates were vortexed for 5 s, 10-fold serially diluted
and cultured on KB medium plates supplemented with
50 mg L' kanamycin and 50 mg L' rifampicin. Plates
were placed at 30 °C for 2 days. For each dilution, the
number of Pfo colony-forming units (CFU) was
counted.

Protein extraction and immunoblotting assays

Total soluble proteins were extracted from leaf fresh
tissue (60 mg) in protein extraction buffer (AS08 300,
Agrisera, Sweden) supplemented with the protease in-
hibitor cocktail (N° P9599 Sigma-Aldrich, USA). After
centrifugation at 12,000xg for 15 min, the supernatant
was collected and boiled for 5 min in SDS-PAGE
Laemmli’s sample buffer. Samples were run on 12%
(w/v) SDS-PAGE, electrotransfered onto nitrocellulose
membranes and probed with 1:5000 of anti PR3 primary
antibodies (AS07 207, Agrisera, Sweden) overnight
followed by incubation with 1:7000 anti-rabbit second-
ary antibody conjugated to alkaline phosphatase
(Invitrogen, USA). As a protein defense marker, PR3
pathogenesis-related protein abundance was measured
at 24 h after treatment (Sudisha et al. 2012). Western
blot assays were performed in triplicate. Ponceau’s
staining was used as a loading control in each lane.
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RNA isolation and quantitative real-time RT-qPCR
analysis

Total RNA from cotyledons sprayed with 2 mg mL™" of
Bent-SA, Bent or free SA (70 mg L), was extracted
using TRIzol reagent (Invitrogen, USA) according to
the manufacturer’s recommendations. Samples were
treated with RQ1 RNase-free DNase (Promega, USA)
for DNA contamination removal. For cDNA synthesis,
total RNA (1 pg) was reverse transcribed by IMPROM
IT (Thermo Fisher Scientific, USA) using random
primers (Biodynamics, Argentina). The nucleotide se-
quences of the specific primers for qPCR analysis of
SIPR1a and SIACT were previously reported (Vossen
et al. 2010). The primers used for SIPRS were 5°-
AAACGGTGAATGCCCTAGTC-3' (forward primer)
and5’-ATTGTTGTCCTCCGAACGTG -3’ (reverse
primer). qPCR reactions were conducted in triplicates
(95 °C for 10 min, followed by 40 cycles of 95 °C for
30 s, 60 °C for 30 s and 72 °C for 30 s) in a Step One
real-time PCR system (Applied Biosystems, USA)
using FastStart Universal SYBR Green Master Rox
(Roche, Germany) following manufacturer’s instruc-
tions. Results were normalized to the expression level
of actin gene (SIACT) and expressed as fold-change
over the levels of the controls using the comparative
cycle threshold (CT) method (Pfaffl 2001). PCR prod-
ucts were analyzed by melting curve analysis to confirm
the presence of a single product.

DRS5:GUS auxin reporter seedlings

The repression of auxin signaling by SA has been pre-
viously demonstrated by Wang et al. (2007) in
Arabidopsis thaliana. In this work, the activity of
Bent-SA was analyzed on the repression of DR5:GUS
tomato reporter seedlings. To induce the auxin pathway,
5-day-old DR5:GUS seedlings were transferred to liquid
MS medium supplemented with 22 mg L™ synthetic
auxin, 2,4-dichlorophenoxyacetic acid (2,4-D). Then
2 mg mL ™' Bent-SA, 2 mg mL ™' Bent or 70 mg L™
SA was added to the supplemented MS medium. After
24 h, seedlings were removed and fixed in 90% (v/v)
acetone for 1 h at 20 °C, washed twice with
50 mmol L™ sodium phosphate buffer pH 7.0 and
incubated in staining buffer [50 mmol L™' Na phosphate
(pH 7.0), 0.1% (v/v) Triton X-100, 5 mmol L™" EDTA,
0.5 mmol L' K5Fe(CN)s, 5 mmol L' K,Fe(CN)g,
containing 1 mg mL ™" X-Gluc (5-bromo-4-chloro-3-

indolyl-beta-D-glucuronic acid, cyclohexylammonium
salt (Gold Biotechnology, USA)] as substrate. Mix
was incubated at 37 °C for 2 h to overnight. Images
were taken using a scanner (Epson Perfection V600
Photo, Indonesia).

Statistical analysis

The values shown in figures are mean values + standard
deviation (SD) of at least three independent experi-
ments. The data were subjected to ANOVA with Tukey
post hoc comparisons against control using Graphpad
Prism version 5.01 software (*p <0.05, **p<0.01,
**%p < 0.001).

Results and discussion
Physico-chemical characterization of Bent and Bent-SA

The powder XRD patterns of the original and Bent-SA
hybrid are shown in Fig. 1.

The XRD tests were carried out in order to see if
SA molecules were effectively intercalated between
Bent layers which were expected. The parameter
commonly used to determine the occurrence of cation
exchange reactions is the shifting of the peak position
to lower angles due to increase on the interlayer
distance, dgo; (Giinister et al. 2007). The distance
between the planes of the crystal lattice for original
Bent was 11.5 A (reflection peak at 20 = 7.7°) where-
as for Bent-SA nano-clay this parameter was 15.7 A.
TEM images (Online Resource 1) showed inter-
laminar spacing of the order of 11.8 A for Bent,
which is in agreement with the results observed by
XRD. The observed increase on the interlayer space
(4.2 A) of the clay after modification with SA in turns
indicates that, at least some of the phytohormone was
intercalated and is housed in the clay strata. It is
possible that SA molecules are oriented in a mono-
layer arrangement between clay layers forming com-
plexes with ferric ions (Fig. 2).

The thermal stability of Bent, Bent-SA and SA was
evaluated by TGA and the obtained curves are shown in
Fig. 3. From the previous curves it can be seen that Bent
exhibited two main steps of mass loss. The first one,
between room temperature and 150 °C, is associated to
desorption of water molecules (10.5% w/w) and the
other, between 400 and 700 °C, with the loss of structure
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Bent-SA

Fig. 1 XRD pattern for Bent and
for Bent-SA hybrid
3
&
®©
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2

of the hydroxyl group (4.6% w/w) (Futalan et al. 2011).
On the other hand, SA degrades in only one step cen-
tered at 192 °C (Wesotowski 1979). This peak was also
present in the case of Bent-SA nanoclays but situated at
relatively higher temperatures (201 °C). This peak
would indicate retarded degradation of intercalated SA
and protective effect of bentonite.

In addition, SA intercalated into Bent was deter-
mined by subtracting the residual mass of Bent between
170 °C and 800 °C from the residual mass of Bent-SA in
the same range of temperatures. Thus, it was found that
the SA intercalated in Bent was approximately 3.65%
(w/w), and, as it was observed by XRD, that its mole-
cules are probably oriented in a monolayer arrangement.

Figure 4 shows the infrared spectra of the original
and Bent modified clays. The main absorption bands of
Bent have appeared at: 986 cm™', which corresponds
with the stretching vibration frequency of the Si-O;
1635 cm !, which is associated with the bending fre-
quency of water molecules absorbed on clay surface;
3400 cm ', corresponding to the stretching vibration
frequency of O-H water molecules adsorbed and a band
at 3621 cm™ !, related to the stretching vibrations of
structural O-H groups (Darder et al. 2003; Nayak and
Singh 2007; Monvisade and Siriphannon 2009).

In the case of Bent-SA, the reduction of the peak
corresponding to the hydroxyls (OH), centered at
3500 cm ' and the carbonyl group (C=0) centered at
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1710 cm ™! could be related to the intercalation of the SA
in the clay sheets (Trivedi et al. 2015).

In vitro SA release

In order to ensure the efficacy of Bent as carrier of SA
in vitro release studies were performed. As shown Fig. 5
the aqueous suspension of Bent-SA showed an initial
fast release phase followed by a constant release. Par-
ticularly, the solution sampled after 4 h already contains
almost the maximum amount of SA released (7.51% w/
w of the amount adsorbed by Bent), and then can be
considered constant until 72 h analyzed.

In agreement with Bonina et al. (2007), the
amount of SA released by Bent is not very high. At
24 h, these authors reported a maximum release of
1.4% (w/w) comparable to the 7.2% (w/w) release
here demonstrated. This result could be correlated
with the strong interaction between SA and Bent by
means of ferrum complex. However, unlike reported
by these authors, the release of the SA was quick,
obtaining a sustained release during the first 4 h and
then reaching a plateau.

Characterization of Bent-SA defense activity in planta

Since SA regulates multiple physiological responses
the innate immunity response, the expression of SA
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Fig. 2 Schematic representation
of SA oriented in a monolayer
between Bent sheets

signaling genes PR/ encoding for PR1 pathogenesis
related protein (Gkizi et al. 2016) and PRS5 encoding
for a thaumatin-like protein (Zhang et al. 2017) were
analyzed by qPCR (Fig. 6). Although PRI and PRS
evidenced different expression patterns, both genes
were up-regulated in seedlings upon 24 h post treat-
ment with 2 mg mL™" Bent-SA. However, the

expression of these two genes was remained at levels
as low as or close to controls in Bent-treated plants.
The activation of PR/ and PR5 gene expression re-
vealed that foliar application of functionalized
nanoclay triggered plant defense responses suggest-
ing that SA remained bioavailable and effective for
its action in plants.

Fig. 3 TGA curves of the Bent, 100 H
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Fig. 4 FTIR spectra of Bent and
Bent-SA hybrid

Absorbance

Bent-SA
Bent
!
T I I T T T I T I ' T T
1000 1500 2000 2500 3000 3500

Protection of tomato plants against Pfo infection
by Bent-SA

To investigate the action of Bent-SA on the protection
against Pro infection, 2 mg mL ™' Bent-SA were applied
on tomato seedlings and then infected with Pfo. Com-
pared with Bent, the application of Bent-SA significant-
ly decreased bacterial damages in tomato cotyledons
(Figs. 7a and b). Then CFU of Pfo bacterium was
quantified in order to test if Bent-SA-mediated protec-
tion was correlated with a reduction in the bacterial
remaining inoculum in tomato tissue. Infected tissue

Wavenumber (cm™)

was collected from 4 days post-inoculated seedlings,
previously treated with Bent-SA or Bent. A strong re-
duction in the estimated CFU value was correlated in
tomato seedlings treated with Bent-SA indicating that
SA-mediated activity is guarantee in this composite
material. The developed Bent-SA nanostructures clearly
represents an system that can be applied to control the
bacterial infections in tomato; improving the disadvan-
tages of free SA and being naturally available, easily
prepared, cheap and environmentally friendly
(Elsharkawy and Mousa 2015).

Fig. 5 In vitro release profile of 10
Bent-SA. Data representing SA
cumulative release in percentage. *
Data are mean values of 3 é 8-
independent experiments = SD L) [] | x B | |
(O]
o |#
@®©
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Fig. 6 Bent-SA promotes the activation of PRs genes in tomato.
Ten-day-old seedlings were treated with 2 mg mL ' Bent-SA or
2 mg mL™" Bent. H,O and 70 mg L™' SA were used as negative

Analysis of SA-mediated local and SAR responses

In order to extend this present analysis to more produc-
tive field conditions, Bent-SA was applied in 40-day-old
plants. By immunoblotting, the abundance of PR3 pro-
tein as a defense marker was analyzed in Bent and Bent-
SA-treated plants. In this experiment, SAR and local

Fig. 7 Bent-SA counteracts Pto a
colonization in tomato seedlings.
a, Tomato were pretreated with

2 mg mL™! Bent-SA or

2 mg mL ™" Bent as control, and
then immersed in Pto cell
suspension. Photographs were
taken at 4 days post-inoculation.
b, The total area affected by Pro in
Bent or Bent-SA-treated
cotyledons was quantified; 100%
represents the total area of
cotyledons corresponding to each
treatment. ¢, Quantification of
CFU from pretreated-cotyledons
and after 4 days post-inoculation.
Values were expressed as the
logarithm of CFU. Data are
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and positive controls, respectively. Transcript expression levels of
PRI (a) and PR5 (b) were analyzed by qPCR after 24 h of
treatments. Data are from 3 independent biological replicates

defense responses were also analyzed. Compared with
Bent, in Bent-SA-treated plants the level of PR3 protein
increased both local and systemically (Fig. 8). As ex-
pected, PR3 protein corresponding to a molecular
weight of approximately 34 kDa was detected
(Falcioni et al. 2014). Due to Bent-SA-mediated local
and systemic defense responses in tomato plants we
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Fig. 8 PR3 protein is both local and systemically accumulated in
Bent-SA treated tomato plants. Forty-day-old tomato plants were
sprayed with 2 mg mL ™" of Bent or 2 mg mL™' Bent-SA. At24 h

speculate that this clay could result in an efficient pro-
tection of tomato against Pfo bacterial infection in the
field.

Assay of SA activity in roots

Since SA has been shown to inhibit expression of auxin-
mediated response in Arabidopsis thaliana transgenic
lines (Wang et al. 2007) we investigated the action of
Bent-SA on roots of DR5:GUS transgenic plants. As
with the control, GUS reporter activity was measured in
22 mg L' 2,4-D treated roots in which the DR5 pro-
moter is most active. Similar results were apparent in
22 mg L™ 2,4-D plus Bent-treated roots. However, as
expected, the application of 2 mg mL™' Bent-SA
abolished 2,4-D-mediated activation validating the ex-
pected biological functionality of this nanocomposite in
roots of tomato plants (Figs. 9a and b).

after treatment, total soluble proteins were isolated and analyzed
by western blot using anti-PR3 antibody (upper panel). Ponceau
staining was used as loading control (lower panel)

Conclusions

The synthesis of Bent-SA nanoclays resulted in a suc-
cessful intercalation of the SA on the inter-laminar space
of natural bentonite. The in vitro release studies of SA
showed an initial fast release phase and it rests sustained
for several hours. This fact was probably related to the
release of SA adhered to the clay surface, and then the
slow action of the water that dissolves the complex
adsorbed both on the surface and in the galleries of the
clay. In addition to proper physical properties, Bent-SA
nano-clays combined high potential of biological func-
tionality in plants. Thus, we propose that the effective-
ness of SA was preserved in Bent nano-clays providing
a useful means for its formulation and use in the horti-
cultural field.
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