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Abstract: Tomato bacterial spot (Bs), caused by Xanthomonas spp., including X. euvesicatoria (Xeu)
remains a major threat for tomato production. The emergence of copper resistance strains of Xeu calls
urgently for eco-friendly phytosanitary treatments as sustainable green alternatives for disease control.
Satureja spp. essential oil (EO) has antimicrobial activity against xanthomonads and combined with
zein nanoparticles (ZNPs), might offer a viable option for field applications. This study aims to
evaluate the effects of S. montana EO, of ZNPs, and their combination in a nanoformulation, on
Xeu quantity, and how these compounds modulate molecular and physiological changes in the
pathosystem. Uninfected and infected tomato plants (var. Oxheart) were treated with EO; ZNPs
and nanoformulation (EO + ZNPs). Treatments reduced Xeu amount by a minimum of 1.6-fold
(EO) and a maximum of 202-fold (ZNPs) and improved plants’ health. Nanoformulation and ZNPs
increased plants’ phenolic content. ZNPs significantly increased GPX activity and reduced CAT
activity. Overall treatments upregulated transcripts of the phenylpropanoid pathway in infected
plants, while ZNPs and nanoformulation upregulated those transcripts in uninfected plants. Both sod
and aao transcripts were downregulated by treatments in infected plants. These findings demonstrate
that S. montana EO, ZNPs and their nanoformulation are suitable to integrate tomato bacterial spot
management strategies, mainly due to their antimicrobial activity on Xeu, however further field
studies clarifying the long-term action of these products are required. These results also support the
prophylactic potential of ZNPs on tomato bacterial spot.

Keywords: Satureja montana; essential oil; zein nanoparticles; nanoformulation; bacterial spot;
Solanum lycopersicum; Xanthomonas euvesicatoria

1. Introduction

Tomato (Solanum lycopersicum L.) is one of the world’s most consumed and produced
fresh vegetables [1], with 180 million tonnes being produced globally in 2019, according to
FAOSTAT (www.fao.org, accessed on 10 August 2021). Currently, tomato production is
affected by several bacterial diseases, among which is the bacterial spot (Bs). This disease
can lead to significant yield losses [2]. Bs can be caused by four species of the Xanthomonas
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genus (X. vesicatoria; X. euvesicatoria; X. gardneri; X. perforans) [3]. Among these four species,
only X. euvesicatoria (Xeu) and X. vesicatoria can cause disease symptoms on fruits [3].
Plants infected with Bs show small, irregular dark lesions that eventually make the leaves
turn yellow and may lead to plant defoliation. Several plant organs can be affected by Bs,
including stems, leaves, and fruits [4,5].

Current disease management strategies are focused on the application of copper-based
bactericides and in some countries also of antibiotics [6,7]. However, the emergence of
copper resistant Xeu strains has been widely reported [8]. A combination of mancozeb
and Cu-based bactericides has been recommended, but the application of this combined
treatments did not improve disease management [9]. Furthermore, the European Union
has issued directives forbidding the use of antibiotics to control phytopathogens, and it also
leans towards replacing copper with green alternatives that can be integrated in organic
farming systems without limitations, mainly due to copper’s phytotoxicity and non-target
effects (i.e., soil accumulation) [10].

Thus, in recent years, emergent sustainable and eco-friendly products/formulations
to manage plant diseases have been evaluated [11–13]. For example, the application of
plant extracts/essential oils (EOs), silicates and microbial metabolites that are capable of
inducing plant’s resistance when applied to the leaves have been reported [14,15]. EOs
have been highlighted for their potential to control a myriad of plant pathogens [16,17],
namely xanthomonads-causing bacterial spots [18,19]. EOs are complex mixtures of volatile
compounds obtained from several organs/structures of aromatic and medicinal plants [20].
These natural products have well characterized antimicrobial activities [21], with carvacrol
and linalool being the key molecules that confer such activities [22–24]. Despite these
antimicrobial properties, most studies on phytopathogens have been performed in vitro
conditions [25,26] thus evidence for the potential of these products for disease management
under field conditions are sparse.

Satureja montana, commonly known as winter savory, is a medicinal plant that belongs
to the Laminaceae family, an economically relevant plant taxon mainly due to its essential
oil (EO) production capacity [27]. S. montana is a perennial plant that grows in many
European countries, particularly in warm rocky areas of the Mediterranean and in some
countries of the Middle East [28,29] www.cabi.org/ (accessed on 1 August 2021). S. montana
EO is known for its antimicrobial and antifungal activities [30,31]. Terpenoids (carvacrol
and linalool) are abundant in this species’ EO, accounting for the antimicrobial capabilities
mentioned above [29]. Note that EOs obtained from the Satureja genus have already
been shown to have bactericidal effect against xanthomonads, namely X. axanopodis pv.
malvacearum, pv. vesicatoria, pv. vitians, pv. pelargonii and pv. campestris, X. campestris
pv. raphanin and pv. zinniae [32]. However, S. montana has not been tested against
Xeu, including in planta conditions (S. lycopersicum) and therefore, its efficiency for Bs
management remains unknown.

EO application in field conditions present many obstacles due to the volatility of
most compounds [33]. Recent studies demonstrated that nanoparticle (NP)-encapsulated
EOs have increased antimicrobial potential against multi-resistant pathogens due to an
increase in EOs’ chemical stability and solubility [23]. Zein nanoparticles are a suitable
candidate for the establishment of a NP-EO nanoformulation due to their coating capacity,
biodegradability, and biocompatibility [34]. Zein is the major protein present in maize
(Zea mays) and it is composed of lipophilic aminoacidic residues, consequently it can be
easily converted into spherical, colloidal nanoparticles [35,36]. These zein-NPs were already
used as nanodelivery systems for carvacrol, one of the major compounds in S. montana
EOs and improved its bioactivity [37,38]. EO-Zein nanoformulations have also been tested,
with results indicating an enhancement of EO’s stability and antimicrobial activity against
pathogenic bacteria [39]. Zein-NPs have demonstrated a non-toxic profile when applied to
plants, for example, the application in beans did not compromise the plants’ growth [40].

The current challenges on tomato phytopathogen management have created a need
for green solutions that could be effectively applied in field conditions against tomato

www.cabi.org/


Horticulturae 2021, 7, 584 3 of 22

pathogens. S. montana EO is a promising candidate to integrate natural products that can
successfully reduce Xeu damages on tomato plantations, since Satureja sp. has shown
successful applications to control Bs on tomato [32]. This, together with the effectiveness of
zein NPs as EO nanocarriers and as activity enhancers [39] raises the hypothesis to combine
these products and explore their activity against Xeu in S. lycopersicum.

This study aims to quantify the efficacy of S. montana EO, free or encapsulated in
Zein NPs on Xeu population and assess EOs effects on Xeu-tomato pathosystem at a
molecular and physiological level. This work provides new insight about the effectiveness
of S. montana EO and zein coating in planta conditions to control Xeu, and the action
mechanisms related to plants’ response, ultimately leading to the application of this strategy
to control Bs in tomato.

2. Materials and Methods
2.1. Essential Oil Obtention, Synthesis of Zein Nanoparticles, and EO-Zein NPs

Essential oil from Satureja montana obtained from steam distillation was purchased
from Florihana distillerie (Caussols, France). An analytical balance (VWR, Radnor, PA, USA)
was used to assess EO density (ρEO = 1.02 g cm−3). S. montana EO is mainly composed
of carvacrol (43%), p-cymene (17%), γ-terpinene (13%) and thymol (4%) (data not shown).
Zein NPs were prepared using an anti-solvent precipitation method [41]. Shortly, 500 mg
of zein (Sigma, Madrid, Spain) were dissolved in 70% ethanol with constant stirring
until the solution became clear. For the preparation of EO-Zein nanoparticles, 500 mg of
S. montana EO were added to the solution and stirred for 5 min at 250 rpm. The EO-Zein
solution was rapidly dispersed at high speed into deionized water until a single phase
was formed. The solution containing the encapsulated EO particles was kept at 4 ◦C
after separation of the non-encapsulated S. montana EO using a PD-10, SephadexTM G-25
column (Cytiva, Marlborough, MA, USA). Zein particles without EO were also prepared
as described previously.

The stability of the NPs during storage (12 weeks at 4 ◦C) was followed by the
evaluation of particle size, surface charge and polydispersion index (PDI) using the DLS-
dynamic light scattering method (Zetasizer, Nano-ZS, Malvern Instruments, Malvern, UK).

The efficiency of NP formation was assessed by separation of the free protein from the
NPs, using 100 kDa centrifugation Amicon tubes. The free protein was quantified by de-
tergent compatible (DC™) colorimetric method (DC™ colorimetric kit, BioRad, Amadora,
Portugal). A calibration curve was performed with BSA (ranging from 0.05 mg mL−1 to
2 mg mL−1). Absorbance was recorded at 750 nm. The efficiency of particle formation was
determined by the following equation:

E f f . particles (%) =
[Protein]i − [Protein] f

[Protein] f
× 100

where Eff. particles (%) is the efficiency of particle formation; [Protein]i, the protein con-
centration used to prepare the NPs and [Protein]f stands for the free protein concentration
quantified by the DC™ Protein Assay.

The efficiency of EO encapsulation was assessed by spectrophotometric quantification
of the non-encapsulated EO. Free EO separation from NP solution was conducted using a
PD-10, Sephadex™ G-25 column, followed by a solvent extraction step with ethyl-acetate.
Extracts’ absorbance was recorded at 275 nm. A calibration curve of S. montana EO in
ethyl-acetate was performed (R2 = 0.9885).

2.2. Plant Growth Conditions and Treatments

Seeds of S. lycopersicum var. Oxheart were obtained from a commercial supplier (Vil-
morin, France). Germination was performed in 80 cm3 seed starter trays with a commercial
substrate (Siro, Mira, Portugal). Plants were kept in a plant-growth chamber at 24 ± 2 ◦C and
50 ± 10% (relative humidity) RH, with a photosynthetic light intensity of 250 µmol m−2s−1

and 16:8 h (light:dark) photoperiod. 10 days after germination, the seedlings were transferred
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to 0.9 dm3 pots (one plant per pot) with the same substrate. 45-day-old plants were divided in
groups corresponding to each treatment as follows (Figure 1), (1) CBC-uninfected/untreated;
(2) CBX-Xeu-infected/untreated; (3) CBS-uninfected/S. montana EO (0.4 mg mL−1 in 8%
(w/v) ethanol); (4) CBSZ-uninfected/S. montana EO-zein NPs (0.4 mg mL−1 EO, incorpo-
rated in 1.6 mg mL−1 zein); (5) CBZ-uninfected/zein NPs (1.6 mg mL−1); (6) CBXS-Xeu-
infected/S. montana EO (0.4 mg mL−1 in 8% (w/v) ethanol); (7) CBXSZ-Xeu-infected/S.
montana EO-zein NPs (0.4 mg mL−1 EO, incorporated in 1.6 mg mL−1 zein); (8) CBZ-
Xeu-infected/zein NPs (1.6 mg mL−1). CBC and CBX were used as controls throughout
the experiments.
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Figure 1. Schematic representation of the treatments applied to tomato plants. Figure 1. Schematic representation of the treatments applied to tomato plants.

X. euvesicatoria LMG 905 were grown at 28 ◦C in yeast extract-dextrose-CaCO3 (YDC)
medium. Infection was carried out in 45-day-old plants by inoculation with 4 mL of a
suspension of X. euvesicatoria (LMG 905) at and optical density (λ = 600 nm) of 0.25. The
bacterial suspension was applied by spraying both leaf sides with a spray vial. After
inoculation, the plants were enclosed for 24 h in transparent polythene bags to create a
high relative-humidity atmosphere and facilitate pathogen penetration. Treatments were
applied 2 days after infection following the groups established above, by spraying both
leaf sides with approximately 3 mL of treatment solution per plant, sterile deionized water
was used for the controls (CBC and CBX). Ten days after treatments, three leaves from the
third node of each plant were removed, ground in liquid nitrogen and preserved at −80 ◦C
for further analysis. In this experiment, three biological plants/replicates were done for
each treatment.

2.3. Xeu Quantification

To quantify Xeu population present in tomato leaves, total RNA was extracted from
100 mg of leaf samples using NZYol (NZYTech™, Lisboa, Portugal) according to the
manufacturers’ protocol. Samples were treated with DNaseI (NZYTech™) according to
the manufacturers’ instructions. cDNA synthesis and RNase treatment were performed
following NZY First-Strand cDNA Synthesis Kit (NZYTech™) in conformity with the man-
ufacturers’ established protocol. A conventional PCR reaction was performed to detect the
presence of Xeu, using primers for bacterial quantification through RT-qPCR [42]: xeu2.4-
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CTGGGAAACTCATTCGCAGT (forward) and xeu2.5–TTGTGGCGCTCTTAT TTCCT (re-
verse), with a product size of 208 bp. Amplification conditions were as follows, an initial
denaturation of 1 min at 95 ◦C, followed by 45 cycles of 15 s of denaturation at 95 ◦C, 15 s
of annealing at 60 ◦C and 15 s of extension at 72 ◦C, and finalized by a 7 min final extension
at 72 ◦C. Samples were then loaded in a 1% (w/v) agarose gel, in TBE buffer and ran for
30 min at 90 V.

Xeu was quantified by RT-qPCR, using the CFX96™ Real-Time PCR Detection System
(BioRad, Hercules, CA, USA). Each reaction used 10 µL of NZYSpeedy qPCR Green Master
Mix (2×), ROX plus (NZYTech™), 0.8 µL of forward primer (10 mM), 0.8 µL of reverse
primer (10 mM), 0.4 µL of DEPC treated water and 8 µL of cDNA template. Amplification
conditions were as follows, 1 min of denaturation at 95 ◦C, 45 cycles of 5 s at 95 ◦C and 15 s
at 60 ◦C. Melting curve analysis ranged from 65 ◦C to 95 ◦C with temperature increasing
0.5 ◦C in each cycle (5 s per cycle). A standard curve was performed using Xeu LGM 905
template, serial dilutions were performed from an initial stock of 108 cells down to 101 cells.
qPCR reactions were performed in triplicates and concurrently with the standard curve.
Primer efficiency was calculated using the Real-time PCR miner, and the efficiency values
were used to obtain the Cq values of each amplification curve [43]. The standard curve
(R2 = 0.994) was used to quantify Xeu in leaf samples.

2.4. Quantification of Reactive Oxygen Species
2.4.1. H2O2 Concentration in Leaves

Hydrogen peroxide was quantified spectrophotometrically [44]. Leaf tissue (50 mg)
was macerated in 1 mL of TCA 0.1% (w/v) using a Bead Ruptor 12 Homogenizer (OMNI
International, Kennesaw, GA, USA). Another 1 mL of TCA 0.1% (w/v) was added to the
homogenate and samples were briefly vortexed (5 s at maximum speed) using a VWR
Analog Vortex Mixer (Radnor, PA, USA). After centrifugation (12,000× g, 15 min, 4 ◦C),
500 µL of supernatant were mixed with 500 µL phosphate buffer 0.1 M (pH = 7) and 1 mL
of potassium iodide (KI) 1 M. The mixture was homogenized using an Analog Vortex
Mixer (VWR, Radnor, PA, USA) for 5 s at maximum speed and incubated in the dark, at
room temperature for 60 min. Absorbances were recorded at 390 nm using a Multiskan™
GO Microplate Spectrophotometer (Thermo Scientific™, Waltham, MA, USA). A standard
curve was made with known concentrations of hydrogen peroxide (from 0 up to 100 µM)
R2 = 0.999, and results were expressed as mmol of H2O2 per g of fresh weight (FW).

2.4.2. Superoxide Radical Concentration in Leaves

The superoxide radical was semi-quantified following Gajewska et al. [45], with the
modifications described by Costa-Santos et al. [46]. Briefly, 50 mg of leaf tissue was homog-
enized in 2 mL of extraction buffer, consisting of phosphate buffer 0.01 M (pH = 7.8), 0.05%
(w/v) of nitroblue tetrazolium (NBT) dissolved in 100 µL of DMSO (dimethyl sulfoxide)
and 10 mM sodium azide. Samples were incubated in the dark, at room temperature for
1 h, with occasional inversions. Samples were centrifuged (VWR, Radnor, PA, USA) at
13,000× g for 2 min at 4 ◦C. Supernatant (1.5 mL) was collected and incubated at 85 ◦C for
10 min. Samples were then chilled on ice to stop the reaction. Absorbance was recorded at
580 nm using the Thermo Scientific™ Multiskan™ GO Microplate Spectrophotometer and
results were presented as absorbance (Abs) per g of FW.

2.5. Non-Enzymatic Antioxidant Capacity (NEAC)
2.5.1. Total Phenol Content Quantification

To quantify the total phenols, present in leaf samples, the protocol established by
Dewanto et al. [47] was followed. Thus, 50 mg of powdered leaf tissue were homogenized
in 3 mL of an aqueous solution of 10% methanol (v/v), using a Bead Ruptor 12 Homogenizer
(OMNI International). Homogenates were vacuum-filtered through qualitative paper on a
Büchner funnel. After centrifugation (2500 rpm, 10 min, 4 ◦C) 125 µL of the supernatant
were added to 500 µL of extraction buffer and 125 µL of the Folin-Ciocalteu reagent, the
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mixture was homogenized by vortexing (VWR, Radnor, PA, USA) for 5 s at maximum
speed and incubated for 6 min at room temperature. Then, 1250 µL of Na2CO3 7% (w/v)
and 1 mL of deionized H2O were added to the mixture and homogenized by vortexing
with the Analog Vortex Mixer (VWR, Radnor, PA, USA) for 10 s at maximum speed.
Samples were incubated in the dark, at room temperature for 90 min and absorbance was
recorded at 760 nm using the using the Thermo Scientific™ Multiskan™ GO Microplate
Spectrophotometer. A standard curve was made with known concentrations of gallic
acid (Sigma-Aldrich, St. Louis, MO, USA) (from 0 up to 500 µg mL−1) and results were
presented as µg of gallic acid equivalents (GAE) per g of FW.

2.5.2. Antiradical Activity

The method described by Harkat-Madouri et al. [48] was used to determine the
antiradical activity of leaf extracts based on the (2,2-diphenyl-1-picrylhydrazyl) DPPH-
scavenging activity. Briefly, 50 mg of leaf tissue were macerated in 3 mL of 90% (v/v)
methanol using a Bead Ruptor 12 Homogenizer (OMNI International) and the homogenates
were filtered through qualitative paper on a Büchner funnel under vacuum. Extracts were
then centrifuged at 2500 rpm for 10 min at 4 ◦C, then 100 µL of supernatant were mixed with
100 µL of extraction buffer and 1250 µL of DPPH 0.2 mM. The mixture was homogenized
and incubated in the dark, at room temperature for 30 min. Absorbance was recorded at
517 nm using the Thermo Scientific™ Multiskan™ GO Microplate Spectrophotometer. For
the standard curve, known concentrations of gallic acid ranging from 0 to 0.5 mg mL−1

(R2 = 0.9846). Results were presented as µg of gallic acid equivalents (GAE) per mL
of extract.

2.6. Antioxidant Enzyme Activity

The activity of key-antioxidant enzymes was assessed following the protocols of
Mariz-Ponte et al. [49] for tomato leaves. Therefore, 100 mg of leaf tissue was macerated
with 1.5 mL of extraction buffer, consisting of phosphate buffer 0.1 M (pH = 7.4), EDTA
(ethylenediamine tetraacetic acid) 1 mM, 0.2% (w/v) TritonX, DTT (dithiothreitol) 2 mM,
PMSF (phenylmethylsulfonyl fluoride) 1 mM and 2% (w/v) PVP (polyvinylpyrrolidone),
in a bead mill homogenizer (MM400, Retsch, Haan, Germany) at a shaking frequency of
30 s−1 in cold conditions. After homogenization, samples were centrifuged for 15 min at
8000× g, 4 ◦C.

The total soluble protein content of the samples (TSP) was determined following
the Bradford method [50], by adding 5 µL of supernatant to 150 µL of Bradford reagent
(Sigma-Aldrich). Samples were incubated for 10 min at room temperature and the ab-
sorbance was recorded at 595 nm using a Thermo Scientific™ Multiskan™ GO Microplate
Spectrophotometer. A standard curve was made with known concentrations of bovine
serum albumin (BSA) (0 to 1.2 mg mL−1) with an R2 of 0.998. Results were expressed as mg
of protein per g of fresh weight. Concerning the quantification of the activity of guaiacol
peroxidase (GPX), 100 µL of supernatant were mixed with 100 µL of phosphate buffer 0.1 M
(pH = 7), 15 µL of guaiacol 15 mM and 50 µL of H2O2 3 mM. After a 10 min incubation
in the dark, at room temperature, absorbance was recorded at 470 nm using a Thermo
Scientific™ Multiskan™ GO Microplate Spectrophotometer and results were expressed as
mmol mgProt−1. To determine the activity of catalase (CAT), 60 µL of supernatant were
added to 135 µL of phosphate buffer (pH = 7) and 50 µL of H2O2 0.083 M. Absorbance
was recorded at 240 nm 12 times, every 10 s, using a Thermo Scientific™ Multiskan™
GO Microplate Spectrophotometer. Results were expressed as nanokatal (nKat) per µg
of protein. Finally, to quantify superoxide dismutase (SOD), 940 µL of reaction buffer
(phosphate buffer 0.1 M (pH = 7.8), methionine 70 mM, EDTA 10 µM, NBT 1 mM and
ultra-pure water, were mixed with 50 µL of supernatant and 50 µL of riboflavin (2 mM).
Samples were divided in 2 sets, one was incubated, in the dark, and another under a
light bulb for 10 min. Absorbance was recorded at 560 nm using a Thermo Scientific™
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Multiskan™ GO Microplate Spectrophotometer and results were expressed in SOD units
(U) per mg of fresh weight.

2.7. Gene Expression Analysis

To evaluate leaves’ gene expression levels, 100 mg of powdered leaf tissue was ho-
mogenized in NZYol (NZYTech™) for total RNA extraction, following the manufacturer’s
instructions. After RNA isolation, samples were digested with NZY DNase I (NZYTech™)
and cDNA was synthesized using the NZY First-Strand cDNA Synthesis Kit (NZYTech™)
according to the manufacturer’s guidelines. cDNA was diluted (1:10) in MilliQ water
and stored at −20 ◦C. Two housekeeping genes, ubiquitin (ubi) and tubulin (tub) (Table 1)
were used to normalize the relative expression levels and transcripts related to biotic stress
defense pathways were quantified by RT-qPCR: (1) hormone response: oxophytodienoate
reductase 3 (opr3), and ABA aldehyde oxidase (aao); (2) flavonoid/anthocyanin pathways:
phenylalanine ammonia-lyase 5 (pal5), chalcone synthase 1 (chs1), dihydroflavonol re-
ductase (dfr) and flavonol synthase (fls); (3) carotenoid synthesis: carotenoid isomerase
(crtiso); (4) antioxidant activity: cytosolic ascorbate peroxidase (apxcyto) and superoxide
dismutase (sod).

Table 1. Primers used for gene expression analysis.

Gene. Primer Sequence Annealing
Temperature (◦C)

Product Size
(bp) Reference

ubi
Forward GGACGGACGTACTCTAGCTGAT

60 134 [51]Reverse AGCTTTCGACCTCAAGGGTA

tub
Forward AACCTCCATTCAGGAGATGTTT

60 180 [51]Reverse TCTGCTGTAGCATCCTGGTATT

crtiso
Forward GTTTGTAATCTTGGGTTTCCAGCA

60 117 This Study
Reverse TTGCCTTGTGGGTTTCAAGC

fls Forward ATAGCTCCACAACCAGGTGC
60 108 [52]Reverse TCCATTTGGCCTCACCACTC

dfr Forward TGCCCTTTCACTAATTACCGCT
60 107 This Study

Reverse CCTTGGGGTGCTCATACAGG

pal5 Forward TGGAGGAGAATTTGAAGAATGCTG
60 136 This Study

Reverse TCCCTTTCCACCACTTGTAGC

chs1
Forward ACCAACAAGGTTGCTTTGCC

60 135 [52]Reverse GAGATTCACTGGGTCCACGG

apxcyto Forward GTTGAAGGTCGCTTGCCG
60 118 [53]Reverse CCAAGGTATGGGCACCAG

sod
Forward GCCACTGCCTCTGCTAATTCA

60 104 [52]Reverse CCAAATTGTTTCTTTTGGGTTCTCC

aao Forward CCAGGCACAAACACAATCAA
60 154 [54]Reverse GTCGTAAATAATATCAGACTG

opr3 Forward ATGGACTCTAATCCACTCAGCCTTG
60 152 [55]Reverse TCACTGCCAAGTCTGCCTGCTTCAG

Real-time quantitative polymerase chain reactions (RT-qPCR) were performed using
a CFX96 Touch™ thermocycler (Bio-Rad). For each reaction, 2.5 µL of total first-strand
cDNA, 10 µL of NZYSpeedy qPCR Green Master Mix (2×), ROX plus (NZYTech™), 0.8 µL
of each primer (forward and reverse) and 5.9 µL of MilliQ water were used. Amplifications
were standardized as follows: 95 ◦C for 1 min followed by 50 cycles of 5 s at 95 ◦C and
15 s at 60 ◦C. The melting curve analysis ranged from 65 ◦C to 95 ◦C with an increment of
0.5 ◦C per each 5 s/cycle. Real-time PCR miner [43] was used to calculate the efficiency of
the primers and determine the Cq values.

2.8. Statistical Analysis

Three biological replicates were used per condition and treated as pools. Compar-
isons between treatments were made using One-way ANOVA test (GraphPad™ Prism 9,
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company, San Diego, CA, USA). The Dunnett Comparison Test (p < 0.05) was also applied
to assess the statistical significance of the data. The MixOmics package for R software (R
Foundation for Statistical Computing, Vienna, Austria) was used for the PCA biplot with
confidence ellipses (0.95).

3. Results
3.1. NP Formation Efficiency, EO Encapsulation Efficiency and NP Stability during Storage

After synthesis of Zein nanoparticles, and encapsulation of S. montana EO, the NP
formation efficiency and the EO encapsulation efficiency were determined. NP formation
efficiencies were 80.08 ± 2.32% for the EO-Zein NPs and 78.29 ± 3.71% for empty NPs,
corresponding to a final concentration of 4 mg mL−1 of zein in both nanoformulations. The
encapsulation efficiency for Zein nanoparticles loaded with S. montana EO (EO-Zein NPs)
was 20.58 ± 1.82%, which is equivalent to a final concentration of 1 mg of encapsulated EO
per mL−1 of nanoformulation.

Particle physical stability was evaluated over 3 months by measuring size, PDI and
surface charge (zeta-potential) when stored at 4 ◦C. The physical stability over time of
EO-Zein NPs and Zein NPs are presented in Table 2.

Table 2. Stability, surface charge and polydespersion index of EO-Zein NPs and empty zein NPs,
assessed with the dinamic light scattering method.

Sample Time
(Days)

Size
(nm) SD PDI SD Zeta-Potential SD

Zein NPs

0 142.3 4.88 0.222 0.025 30.3 1.01
7 132.9 7.53 0.364 0.034 28.8 1.41

30 122.7 11.87 0.361 0.024 28.9 0.451
60 128.8 9.383 0.324 0.008 30.1 0.764
90 122.1 7.804 0.261 0.02 29.8 2.04

EO-Zein NPs

0 159.1 3.99 0.338 0.108 30.3 1.13
7 152.5 5.233 0.254 0.017 26.9 2.112

30 149.3 3.782 0.232 0.003 28.3 2.4
60 151.7 3.755 0.218 0.01 30.5 0.721
90 150.5 3.922 0.211 0.007 30.1 0.764

The NPs remained stable through the 90 days of storage at 4 ◦C (last measurement),
exhibiting along of these 90 days, sizes ranging between 122–160 nm. Both zein NPs with
and without the S. montana EO, presented a monodisperse character and surface charge
with approximately +30 mV, indicating that Zein produced uniform and stable particles.

3.2. Xeu Quantification and Disease Symptom Monitoring

Bacterial quantification revealed pathogen presence in all Xeu-inoculated groups.
Results indicate that all treatments reduced significantly (p < 0.05) Xeu amount in infected
plants, compared to the infected control (CBX). However, EO-zein NPs and zein NPs alone
reduced bacterial amount by a 38 and 202-fold respectively, while plants treated with the
EO presented a 1.6-fold reduction in bacterial levels (Figure 2).

Disease symptoms were recorded 12 days after Xeu inoculation, 10 days after treat-
ments. No Bs symptoms were observed in uninoculated tomato leaves (CBC; CBS; CBSZ;
CBZ) (Figure 3a–d). All infected plants, positive control (CBX) and treated plants (CBXS;
CBXZ; CBXSZ) showed Bs symptoms characterized by necrotic/chlorotic leaf spots
(Figure 3e,f). These results on leaf symptomatology are according to what was observed in
bacterial quantification by q-PCR (Figure 2).
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Values are presented as mean ± standard deviation (n = 3). Means marked with the same letter
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Figure 3. Disease symptom monitoring, 12 days after infection (10 days after treatments). (a) Unin-
fected + Untreated (CBC, negative control); (b) Uninfected + EO (CBS); (c) Uninfected + EO-zein NPs
(CBSZ); (d) Uninfected + Zein NPs (CBZ); (e) Infected + Untreated (CBX, positive control); (f) Infected
+ EO (CBXS); (g)-Infected + EO-zein NPs (CBXSZ); (h) Infected + Zein NPs (CBXZ).

3.3. ROS Quantification

The content on hydrogen peroxide was significantly (p < 0.05) increased by the appli-
cation of the three treatments in uninfected plants (Figure 4a). Xeu infected plants showed
a significant increase in both H2O2 and O2

−, compared to the uninfected control (CBC)
(Figure 4a,c). The application of S. montana EO (CBS), EO-zein NPs (CBSZ) and zein NPs
(CBZ) led to a significant (p < 0.05) decrease in superoxide content (Figure 4c). When
treatments were applied to Xeu infected plants, significant reductions in H2O2 and O2

−

were observed (Figure 4b,d).

3.4. Non-Enzymatic Antioxidant Capacity

The phenol content of tomato plants increased significantly (p < 0.05) in plants infected
with Xeu (CBX) and in tomatoes treated with EO-zein NPs (CBSZ) and zein NPs (CBZ),
compared to the uninfected control (CBC) (Figure 5a). No significant changes in the
phenol content of infected plants were observed 10 days after the application of treatments
(Figure 5b). The antiradical activity of leaf extracts increased significantly (p < 0.05) in Xeu
infected plants (CBX) (Figure 5c). Furthermore, antiradical activity significantly decreased
when S. montana EO (CBS), EO-zein NPs (CBSZ) and zein NPs (CBZ) were applied to
uninfected plants (Figure 5c). Finally, 10 days after the application of treatments, the
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antiradical activity of Xeu infected plants significantly decreased compared to the infected
control (CBX) (Figure 5d).
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Figure 4. Hydrogen peroxide and superoxide radical content of tomato leaves 12 days after infection and 10 days after
treatment application. (a,c) represent the levels of uninfected/treated groups (CBS; CBSZ; CBZ) and infected control (CBX)
compared to the uninfected control (CBC). (b,d) represent the levels on infected/treated (CBXS; CBXSZ; CBXZ) groups
compared to the infected/untreated control (CBX). Values are presented as mean ± standard deviation (n = 3). Means
marked with an asterisk are statistically different from the respective control group according to the Dunnett comparison
test (p < 0.05).
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Figure 5. Total phenol content (a,b) and antiradical activity (c,d) of tomato leaves 12 days after X. euvesicatoria infection and
10 days after treatments. (a,c) represent the levels on uninfected/treated groups (CBS; CBSZ; CBZ) and infected/untreated
control (CBX) compared to the uninfected/untreated control (CBC). (b,d) represent levels on infected/treated groups (CBXS;
CBXSZ; CBXZ) compared to the infected/untreated control (CBX). Values are presented as mean ± standard deviation
(n = 3). All means marked with an asterisk are statistically different of the respective control according to the Dunnett
comparison test (p < 0.05).
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3.5. Antioxidant Enzymatic Activity

Xeu infected plants presented a significant decrease in the TSP content 12 days after
infection. TSP also increased significantly in plants treated with S. montana EO (CBS)
and decreased significantly 10 days after the application of zein NPs (Figure 6a). The
application of treatments to Xeu infected plants did not produce any significant changes
in TSP content, compared to the infected control (CBX) (Figure 6b). Likewise, there were
not significant differences in guaiacol peroxidase (GPX), catalase (CAT) and superoxide
dismutase (SOD) activities in infected plants 10 days after treatments (Figure 6d,f,h).
However, the application of zein NPs to uninfected plants significantly (p < 0.05) increased
the activity of guaiacol peroxidase (GPX) (Figure 6c) and significantly decreased CAT
activity. Concerning SOD activity, there were no differences when compared to infected or
uninfected controls respectively (CBC; CBX) (Figure 6g,h).

3.6. Gene Expression
3.6.1. Phenylpropanoid Pathway

The application of the treatments to uninfected plants upregulated crtiso. Also, cr-
tiso showed a significant upregulation (p < 0.05) in Xeu infected plants compared to the
uninfected control (CBC) (Figure 7a). On the other hand, this gene was also upregulated
by the application of EO-zein NPs in infected plants (CBXSZ) and downregulated by
the application of S. montana EO and zein NPs, compared to Xeu infected plants (CBX)
(Figure 7b). Concerning the phenylpropanoid pathway, pal5 was significantly (p < 0.05)
upregulated in Xeu infected plants, compared to the uninfected control (CBC). In plants
treated with EO-zein NPs (CBSZ), an upregulation of pal5 was observed, compared to
CBC. EO-zein NPs also stimulated pal5 10 days after its application to Xeu infected plants
(CBXSZ) (Figure 7b). Both chs1 and dfr showed a significant upregulation when zein NPs
were applied to uninfected tomato plants (Figure 7e,h). chs1 was also upregulated by
EO application in Xeu infected plants (CBXS) (Figure 7f). On the other hand, dfr was
significantly (p < 0.05) upregulated by EO-zein NPs and zein NPs alone, in Xeu infected
plants (CBXSZ and CBXZ respectively) (Figure 7h). Finally, 10 days after application, the
treatments led to a downregulation of fls, compared to both uninfected and infected tomato
plants (CBC and CBX respectively) (Figure 7i,j).

3.6.2. Enzymatic Pathway

Both apxcyto and sod were significantly (p < 0.05) upregulated in Xeu infected plants,
compared to the uninfected control (CBC) (Figure 8a,c). The application of zein NPs also
upregulated apxcyto and sod in uninfected plants (CBZ). On the other hand, S. montana EO
upregulated sod 10 days after application (CBS) (Figure 8c), while EO-zein NPs upregulated
apxcyto in uninfected plants (CBSZ) (Figure 8a). The application of zein NPs significantly
(p < 0.05) upregulated apxcyto levels in Xeu infected plants (CBXZ) (Figure 8b). Treatments
downregulated sod expression 10 days after application in Xeu infected plants (Figure 8d).
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Figure 6. Effect of treatments (EO; EO-zein NPs; zein NPs) on tomato plants infected and uninfected with X. euvesicatoria
10 days after treatments. Total soluble protein content (a,b). GPX activity (c,d), CAT activity (e,f) and SOD activity (g,h).
(a,c,e,g) represent the activities of uninfected/treated groups (CBS; CBSZ; CBZ) and the infected/untreated control (CBX)
compared to the uninfected/untreated control (CBC). (b,d,f,h) epresent the activity levels of infected/treated groups (CBXS;
CBXSZ; CBXZ) compared to the infected/untreated control (CBX). The values are presented as mean ± standard deviation
(n = 3). Values marked with “*” are statistically different from the respective control according to the Dunnett comparison
test (p < 0.05).
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Figure 7. Expression levels of genes related to the carotenoid (crtiso) and phenylpropanoid (pal5; chs1; dfr; fls) pathways
10 days after treatments. Relative expression levels were determined by q-PCR. (a,c,e,g,i) represent the uninfected/treated
groups (CBS; CBSZ; CBZ) and the infected/untreated control (CBX) normalized to the negative control (CBC). (b,d,f,h,j)
represent the infected/treated groups (CBXS; CBXSZ; CBZ) compared to the positive control (CBX). Values are presented
as mean ± standard deviation. All values marked with an asterisk are statistically different from the respective control
following the Dunnett comparison test (p < 0.05).
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Figure 8. Relative expression levels of genes related to the antioxidant/enzymatic pathway, apxcyto
(a,b) and sod (c,d) 10 days after treatments. Expression levels were determined by quantitative PCR.
a and c stand for the uninfected/treated groups (CBS; CBSZ; CBZ) and the infected/untreated group
(CBX) compared to the negative control (CBC). (b,d) represent the infected/treated groups (CBXS;
CBXSZ; CBXZ) compared to the positive control (CBX). The values are presented as mean ± standard
deviation, and all values marked with an asterisk are statistically different by the Dunnett comparison
test (p < 0.05).

3.6.3. Hormone Pathway

Both ABA aldehyde oxidase (aao) and opr3 showed a significant upregulation on Xeu
infected plants, compared to the uninfected control (CBC) (Figure 9a,c). The application of
S. montana EO also led to an upregulation of aao and opr3 in uninfected tomato plants (CBS)
(Figure 9a,c). aao was upregulated when EO-zein NPs were applied on uninfected plants
(CBXSZ) (Figure 9a). The aao and opr3 genes showed a significant (p < 0.05) downregulation
10 days after the application of EO and zein NPs on Xeu infected plants (CBXS and CBXSZ
respectively) (Figure 9b,d). EO-zein NPs also downregulated aao expression levels in
infected plants when compared to the infected control (CBX) (Figure 9b).

3.7. Principle Component Analysis

Principal component analysis showed a separation between tested groups, including
the uninfected and infected controls (CBC and CBX respectively). PC1 explained 40% of the
variance, and PC2 22% of the variance. Regarding the treatments on tomato plants infected
with Xeu, CBXS and CBXZ were not significantly separated, and, among all treatments,
these performed closer to the uninfected/untreated control (CBC). EO and zein (CBXSZ)
was well separated from other conditions (upper left quadrant), showing a distinct impact
of this treatment. All the treatments clearly changed the plants’ phenotype when compared
to the infected/untreated control (CBX).
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Figure 9. Relative expression levels of ABA and JA related pathways, aao (a,b) and opr3 (c,d) respec-
tively, 10 days after treatments. Expression levels were determined through q-PCR. (a,c)represent the
uninfected/treated groups (CBS; CBSZ; CBZ) and the infected/untreated group (CBX) normalized to
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compared with the positive control (CBX). Values are presented as mean ± standard deviation (n = 3).
All values marked with “*” are statistically different from the control, according to the Dunnett
comparison test (p < 0.05).

4. Discussion

S. lycopersicum is threatened by several bacterial diseases, among which Bs presents
a major concern. Current control methods for bacterial diseases in plant production are
predominantly based on Cu-based products, but bacterial pathogens showing resistance
to Cu are increasingly being found. European governments have applied some strategies
toward the improvement of organic farming by developing alternatives for plant protection.
Therefore, organic products like EOs (alone or stabilized/carried in NP-based nanofor-
mulations) could fill this gap since they are extracted from plants, biodegradable, and
economically viable [56]. Satureja EOs are known to have antimicrobial properties against
several plant pathogens and have already shown effectiveness against some Xanthomonas
sp. [32]. However, Satureja montana EO was not reported as an effective control agent of
X. euvesicatoria until now.

In this work we explored the S. montana EO, free or encapsulated in zein NPs, and
empty zein NPs as new agents for the treatment and control of X. euvesicatoria in tomato.
Some variations on zein NPs and EO-Zein NPs mean size, PDI and surface charge (zeta-
potential) were detected during storage (Table 2). These variations are most likely related
with rearrangements of zein protein at the NP surface [57]. However, these variations were
not significant and did not affect the NPs’ stability and physical properties. An increase in
NP size was noticeable when comparing EO loaded NPs with empty ones. This increase
in nanoparticles’ size might be related with the encapsulation of the S. montana EO. This
phenomenon was already described when encapsulating other EOs in zein NPs [58]. The
encapsulating efficiency was also within the values previously reported for other essential
oils when encapsulated in zein-based nanoparticles [58].

The data presented here suggest that the application of EO unequivocally reduces the
Xeu load on tomato plants as previously reported for S. hortensis EO in X. axanopodis [32].
However, the effect of the EO on the reduction of the amount of bacteria was clearly
improved by its encapsulation in zein NPs (Figure 3). These findings are supported by
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Poyatos-Racionero et al. [59], who reported that zein enhances the antimicrobial activity
of EOs by decreasing their volatility. These data also show that zein NPs alone presented
high antimicrobial activity. It should be noted that, despite being reported as effective
carriers of EOs and other antimicrobial compounds [60–62], some works also report that
zein itself possesses antimicrobial properties [63]. However, to our knowledge this is the
first report suggesting that zein NPs possess antimicrobial activity against phytopathogens,
namely Xeu. Zein nanoparticles have been extensively studied for their coating properties,
which make them suitable for drug delivery and have been considered “generally regarded
as safe” for oral pharmaceuticals by the FDA [64]. Nevertheless, their capability to act
as antimicrobial agents against plant bacterial diseases remain unexplored. These results
widen the scope for zein as a protein of interest in the agricultural field, not only as a drug
delivery tool but also as a plant-based protein with antimicrobial activity.

The reduction of Xeu amount in EO-treated plants (Figure 2) may be due to the EO
composition. Some of the EO’s compounds (e.g., thymol and carvacrol) have known
antioxidant and antimicrobial capacities [37,61,65]. These biomolecules may act directly as
antimicrobials or elicit the plant’s defenses against pathogens [66]. Also, the zein treated
plants showed a decrease in Xeu amount, supporting previous reports on the zein protein
possessing antimicrobial properties [63]. Therefore, the reduction of ROS content in tomato
leaves (Figure 4) might be due to these products’ protective role on plant cell mechanisms,
allied with their antimicrobial activity (Figure 2). The results clearly demonstrate that
they have an antioxidant activity on tomato leaves by reducing the hydrogen peroxide
and superoxide radical levels (Figure 4b,d). Associated with these products’ antimicrobial
activity (Figure 2), ROS levels remain at low concentrations, since high levels of ROS play
a major role in plants’ defense systems against bacterial pathogens [67]. This hypothesis
is supported on the fact that the infected control (CBX) presented a higher level of both
H2O2 and O2

− (Figure 4) than uninfected control plants (CBC) demonstrating the pivotal
role of ROS in plants’ defense as reported previously [68]. The reduction in ROS levels
may have occurred through non-enzymatic mechanisms, namely by the accumulation of
phenolic compounds (Figure 5) as verified in uninfected plants, where EO/zein treatments
stimulated phenolic contents. On other hand, treatments in Xeu infected plants improved
the antioxidant activity compared to CBX, which is aligned with the reduction of Xeu
amount (Figure 2), showing that mitigation of the Bs disease may be promoted by EO and
NP eliciting plant’s defenses in uninfected plants, namely the phenylpropanoid pathway.
However, the anti-radical activity, assessed through the DPPH-scavenging activity was
significantly reduced by treatments in infected plants (Figure 5d). Enzymatic activities are
apparently not stimulated by Xeu infection nor treatments, except for CBZ that promotes an
increase of the group of peroxidases using guaiacol (Figure 4). Despite the little effect on the
GPX activity, our data show that both EO and zein overregulate apx and sod expression in
uninfected plants, (Figure 6), and downregulate sod expression in infected plants compared
to CBX. These data may indicate that the EO and/or zein activate the pool of these enzymes’
transcripts, which may improve tomato’s resilience against Bs disease. The antioxidant
enzymatic pathways have been already referred to as an important mechanism of tomato
resistance to Bs disease [69,70].

Complementary to the enzymatic pathways, tomato plants under pathogenic bacterial
infection, e.g., Ralstonia solanacearum, have increased levels of non-enzymatic antioxidant
metabolites in leaves, which helps to prevent major impacts from the pathogenic attack [71].
Thus, some antioxidant pathways were stimulated by our treatments. This stimulus
remained 10-days after application in infected and uninfected plants. This may indicate
that zein and S. montana EO improve plant’s resistance to Bs and reduce Xeu amount
through the upregulation of the phenylpropanoid and carotenoid pathways. Then, the
significant increase in crtiso transcripts during Xeu infection (CBX) indicates that the
lycopene pathway plays a major role in tomatoes’ defense against Xeu. The upregulation of
crtiso may be associated with high levels of ABA, once this plant hormone is reported to be
at high levels during pathogen infection and to play a pivotal role on the regulation of plant
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defense [72], including the upregulation of phenylpropanoid pathway [73]. When present
at high concentrations in plant leaves, ABA is known to antagonize JA levels and inhibit the
accumulation of phenylpropanoids and other defense compounds in plant leaves [74,75].
Also, as the aao gene was upregulated by Xeu infection, it may indicate a possible link to
the role of ABA on plant immunity against Xeu, via lycopene pathway.

Results show a similar effect of EO and zein, increasing the transcript levels of those
antioxidant pathways, related to the carotenoid pathway and also in the phenylpropanoid
synthesis, except for the regulation of flavonols (fls). These results are in line with the
increment of the aao transcript levels in Xeu-infected plants (CBX), EO treated uninfected
plants (CBS) and EO-zein NPs treated uninfected plants (CBSZ) (Figure 9). This stimulus,
in particular for zein application, on phenylpropanoid pathway, namely related to antho-
cyanins synthesis in leaves, may suggest that the flavanol pathway might not play a major
role in tomatoes’ defense response against Xeu. Our data further show that treatments
were able to reduce aao levels in infected plants, indicating a reduction in ABA which is
important to plants’ defense against biotic stress. The opr3 levels were upregulated in
Xeu infected plants (CBX) and in EO treated uninfected plants, suggesting the capacity of
S. montana EO to activate plants’ defense even in the absence of a bacterial threat (Figure 9),
and consequently supporting its potential as a prophylactic agent. EO and zein NPs treat-
ments also led to a downregulation of opr3 in Xeu infected plants (Figure 9d) which might
be due to the better health status of treated plants, corroborated by Xeu load reduction
(Figure 2) and apparently improved health status (Figure 3) of treated plants. Whole data
analysis integrated by PCA distribution (Figure 10) indicates a different plant behavior
with the absence/presence of Xeu infection. Besides that, the separated application of
EO and zein promotes an identical response in the plant resistance against Bs disease.
Nevertheless, a synergic protective effect of EO-zein NPs changed the plant’s health status,
separating treated plants from the uninfected/untreated control (CBC). This may be due
to a long-term protective effect (improved immunity), supported here by the increase on
transcripts of the phenylpropanoid pathway, namely crtiso, pal5 and dfr. This protective
role from the phenylpropanoid pathway in tomato plants against disease has been already
reported [76,77].
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Figure 10. Principal component analysis (PCA) biplot with ellipses (confidence interval of 0.95)
showing the effect of S. montana EO, EO-Zein NP nanoformulation and empty zein NPs on infected
tomato plants. PC1 (first axis) explained 40% of the variance, while the PC2 (second axis) explained
22% of the variance. CBC—Uninfected/Untreated; CBX—Infected/Untreated; CBXS—Infected/EO;
CBXSZ—Infected/EO-Zein NPs; CBXZ—Infected/Zein NPs.

5. Conclusions

S. montana EO, zein NPs and EO-zein NPs present antimicrobial activity against Xeu
causing Bs of tomato in planta. Such effect ultimately leads to an improvement in plants’
health, compared to infected ones (CBX). All three treatments seem equally effective on
disease control, however zein NPs seem to modulate molecular pathways in uninfected
plants (CBZ) suggesting a possible application as a prophylactic. Overall, our results
indicate that S. montana EO, zein NPs and their combination could be effectively employed
to control Bs caused by X. euvesicatoria in tomato orchards. This work is the first approach
to the effect of S. montana EO against Xeu in tomato and its action when encapsulated in
zein NPs. This is also the first study to assess and demonstrate the antimicrobial activity of
zein NPs in planta as well as its effect in plants’ stress related molecular pathways. Field
studies are required to assess large scale in field implementation of this natural solution
as well as its’ potential as a disease prevention tool. Meanwhile the potential effect of
the application of these compounds in the organoleptic properties of fruits should also be
addressed. Data also suggest that the protective role of these products, as inferred by the
accumulation of transcripts of some antioxidant-enzymes, deserves further studies.
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