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Chitosan- and gallic acid-based (NPF)
displayed antibacterial activity against three
Pseudomonas spp. plant pathogens and
boosted systemic acquired resistance in
kiwifruit and olive plants
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Abstract

BACKGROUD: Pseudomonas syringae pv. actinidiae (Psa), P. syringae pv. tomato (Pst) and P. savastanoi pv. savastanoi (Psav) are
bacterial plant pathogens with worldwide impact that are mainly managed by the preventive application of cupric salts. These
are dangerous for ecosystems and have favoured the selection of resistant strains, so they are candidates to be replaced in the next
few years. Thus, there is an urgent need to find efficient and bio-based solutions to mitigate these bacterial plant diseases. Nano-
technology could represent an innovative way to control plant diseases, providing alternative solutions to the agrochemicals tra-
ditionally employed, thanks to the formulation of the so-called third-generation and nanotechnology-based agrochemicals.

RESULTS: In this work, a novel nanostructured formulation (NPF) composed of cellulose nanocrystals (CNC) as carrier, high amy-
lose starch (HAS) as excipient, and chitosan (CH) and gallic acid (GA) as antimicrobials, was tested at 2% in vitro and in vivo with
respect to the three different Pseudomonas plant pathogens. In vitro agar assays demonstrated that the NPF inhibited <80%
Psa, Pst and Psav. Moreover, the NPF did not decrease biofilm synthesis and it did not influence bacterial cells flocculation
and adhesion. On plants, the NPF displayed complete biocompatibility and boosted the transcript levels of the major systemic
acquired resistance responsive genes in kiwifruit and olive plants.

CONCLUSION: This works provides novel and valuable information regarding the several modes-of-action of the novel NPF,
which could potentially be useful to mitigate Psa, Pst and Psav infections even in organic agriculture.
© 2023 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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1 INTRODUCTION and severe infections.*> Olive knot caused by P.savastanoi
The Pseudomonas genus is distributed worldwide and causes an ~ PV: savastanoi (Psav) is widely distributed in Mediterranean areas,
array of diseases in plants. Three Pseudomonas spp. are of partic-  affecting young woody organs, branches and fruits. Symptoms
ular concern causing severe diseases in kiwifruit, tomato and olive ~ 0ccur as hyperplastic outgrowths (knots) after the bacteria have
plants. The kiwifruit bacterial canker is caused by P.syringae  indirectly penetrated by wounding.® Olive knot is a chronic dis-
pv. actinidiae (Psa), causing brown leaf spots surrounded by a  €ase, because its symptoms persist and recur for many years,
chlorotic halo. The disease affects floral buds and translucent exu-

dates appear on healthy tissues." In Italy, a Psa outbreak in 2008 |5———

Cau?ed around .€2 m||||02n3 losses W"th strong socioeconomic ar.1d * Correspondence to: S Francesconi, Department of Agriculture and Forest
environmental impacts.”” Tomato is challenged by the bacterial Sciences (DAFNE), University of Tuscia, Via San Camillo de Lellis, snc, Viterbo
speck disease, caused by P. syringae pv. tomato (Pst).* Symptoms 01100, Italy. E-mail: francesconi.s@unitus.it (Francesconi)

involve angular spots on leaves, which can further converge,
assuming a dark colour surrounded by a chlorotic halo, leading
to a loss of photosynthetic efficiency in green organs. Bacterial
speck outbreaks may cause <75% of yield losses in cases of early b Phytoparasites Diagnostics (PhyDia) s.r.l., Viterbo, ltaly
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and can lead to severe damage resulting in reduced productivity.”
A recent study characterized the genome of the levan-positive
strain PVFi1 isolated in Central Italy, which was unexpectedly
identified during an epidemiological survey.?

The Pseudomonas diseases are managed by the preventive appli-
cation of cupric salts.”'° Despite their ease of use and affordability,
the use of cupric salts has been restricted by executive regulation
2018/1981, in line with the European Green Deal, which aims to
reduce the use and risk of chemical pesticides by 50% by 2030.
Such restrictions are linked to great concerns regarding the mas-
sive usage of cupric salts, such as phytotoxicity, selection of resis-
tant pathogen strains, effect on nontarget organisms and
ecosystem contamination.”'®"* Thus, cupric salts need to be
replaced by a novel generation of agrochemicals (third generation),
characterized by biocompatibility and sustainability. Naturally
derived nanomaterials, such as cellulose nanocrystals (CNC), are
characterized by no cytotoxicity and high presence of hydroxyl
groups, which can be exploited to link active antimicrobial com-
pounds.' CNC can provide a better coverage when applied on
crops, enhance antimicrobial properties of the delivered active
compound as much as control its release along time, thus concret-
izing the possibility to minimize the agrochemicals employed for
disease control.'® Additives also are a fundamental part of a formu-
lation. Starch-based polymers are already well-studied as they can
facilitate the hydrosolubility of molecules.'® '8 High-amylose starch
(HAS) displays film-forming ability and higher gelling strength com-
pared to conventional starch and can contribute to modulate the
release of active principles in crops,'® which can be antibacterial
or elicitor-like. Indeed, innate immunity in plants can be boosted
by the application of many kinds of compounds that are able to
activate plant systemic defences. As an example, recent research
demonstrated that the application of acibenzolar-s-methyl on kiwi-
fruit plants activated the salicylic acid defence pathway genes (PRT,
PR2 and PR5).2° Natural compounds also can act as elicitor mole-
cules, such as chitosan (CH), which mimics fungal attacks on plants,
or gallicacid (GA), a polyphenolic compound produced by plants as
secondary metabolite with broad range of antibacterial proper-
ties.>’ CNC and HA starches already have been employed to fabri-
cate a novel nanostructured particle formulation (NPF) composed
of CH and GA as active antifungal compounds, which demon-
strated great potential for the control of Fusarium graminearum
and culmorum as much as biocompatibility and elicitor-like proper-
ties on wheat.>>*® Given the clear evidence regarding the antifun-
gal properties of such NPF being reported, the aim of the present
research was to investigate its antibacterial potentialities against
Pst, Psa and Psav, as well as as its biocompatibility and elicitor-like
properties on tomato, kiwifruit and olive plants.

2 MATERIALS AND METHODS

2.1 Bacterial strains, chemicals and plant materials

The virulent bacterial strains Psa CFBP7286 (causal agent of kiwi-
fruit bacterial canker), Pst CFBP1323 (causal agent of tomato bacte-
rial speck) and Psav PvBa206 (causal agent of olive knot) were the
reference strains. CNC and HAS used for an in vitro microtitre plate
assay and to assemble the NPF were extracted and characterized as
described in previous studies.**?* CH hydrochloride (99% purity,
molecular weight 60 kDa, degree of deacetylation 80-90%, CAS
number 70694-72-3; Merck, Darmstadt, Germany) and GA (>97%
purity, CAS number 149-91-7; Merck) are the active molecules
tested in vitro for their minimum inhibitory concentration (MIC),
in order to individualize the concentrations to assemble the NPF.

The NPF was composed of CNC, HAS, CH (25% w/w) and GA
(2.5% w/w); this was obtained and characterized in a previous
study® and employed at 2% (w/v) in order to have CH at 0.5%
(w/v) and GA at 0.05% (w/v). Copper hydroxide (Cu(OH),, 94%
purity; CAS number 20427-59-2; Alfa Aesar/Thermo Fisher Scien-
tific, Waltham, MA, USA) was used as reference bactericidal at the
suggested field dose from commercial formulations (0.1% w/v).
Plants of Actinidia deliciosa var. Hayward, Solanum lycopersicum
var. San Marzano and Olea europea var. Frantoio were employed
for in vivo assays and grown in a climatic chamber at 24/15 °C day/-
night, with 12-14 h light and 60% relative humidity.

2.2 Invitro antibacterial assays

2.2.1 CNC, HAS, CH and GA MIC by 96-microtitre plate assay

A 96-microtitre plate assay was conducted to evaluate the anti-
bacterial activity of CNC, HAS, CH and GA at seven different con-
centrations (0.001, 0.005, 0.01, 0.05, 0.1, 0.5 and 1% w/v) in order
to assess the MIC and to individualize the CH and GA concentra-
tions to be employed in the assemblage of the NPF. The same
assay was repeated to evaluate the synergistic antibacterial activ-
ity of CH and GA at the chosen concentrations (0.5% and 0.05%,
respectively). Fresh culture of Psa, Pst and Psav were obtained
by subculturing colonies on King B (KB) medium?* at 27 °C for
48 h. The fresh single colony was gently scraped and cultured
on KB broth at 27 °C for 12 h. The experiment was run in
96-microtitre plates by inoculating 1 pL bacterial suspension
in 199 puL KB broth incorporated with 50 pL CNC, HAS, CH, GA or
CH + GA at the previously cited concentrations, and sterilized
through a syringe filter with a 0.2-pm pore size. The plates were
incubated at 27 °C for 48 h. After that, the absorbance of the bac-
terial biomass was measured at ODgqq by using a DR-200B Micro-
plate reader (Diatek instruments, Wuxi City, China). Mock
(untreated bacterial suspension cultured on KB medium) and
blank (KB medium supplemented with CNC, HAS, CH, GA or CH
+ GA at the corresponding concentrations, or only KB medium)
controls also were included.”® Data were obtained from three
independent experiments, each one consisting of four replicates.

2.2.2 NPF antibacterial activity by the 96-microtitre plate assay

The 96-microtitre plate assay was conducted to monitor bacterial
biomass growth and biofilm biosynthesis in broth medium. Fresh
bacterial suspension and sterilized NPF and Cu(OH), solutions
were prepared as described in the Section 2.2.1. The experiment
was run in 96-microtitre plates by inoculating 1 pL bacterial sus-
pension in 199 pL KB broth incorporated with 50 pL NPF at 2%
or Cu(OH), at 0.1%. The plates were incubated at 27 °C for 48 h.
After that, the absorbance of the bacterial biomass was measured
at ODgoo by using a DR-200B microplate reader (Diatek, Kolkata,
India). After that, the 250 pL suspension was gently removed from
each well by using a pipette. Each well was gently washed three
times with sterilized distilled water and 250 pL crystal violet at
0.1% (v/v) were pipetted into each well and incubated for 20 min
at room temperature (RT). After that, the crystal violet was gently
removed, each well was washed once with sterilized distilled
water and left to dry at RT. Finally, 200 pL pure ethanol were
added to each well and the plates were incubated for 20 min at
RT. The absorbance of biosynthesized biofilm was measured
at ODsgo by using a DR-200B microplate reader (Diatek). Mock
(untreated bacterial suspension cultured on KB medium) and
blank (KB medium supplemented with the NPF, Cu(OH), or only
KB medium for biomass monitoring and only pure ethanol for bio-
film monitoring) controls also were included.® Data were
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obtained from three independent experiments, each one consist-
ing of four replicates.

2.2.3  NPF antibacterial activity by the incorporated

medium assay

Sterile KB was supplemented with the NPF at 2% or Cu(OH), at
0.1%. The KB incorporated with the compounds was poured on
Petri dishes and allowed to solidify. Then, a 5-mm sterile disc
paper was placed at the centre of the Petri dishes and 100 pL bac-
terial suspension containing 1 X 10° CFU/mL  (ODggoo) Were
pipetted and cultured at 27 °C for 48 h. Mock control also was
included. After 48 h, the bacterial growth was evaluated by mea-
suring four bacterial colony diameters from each plate. Data were
obtained from three independent experiments, each one consist-
ing of four replicates.

2.2.4 NPF antibacterial activity by cellular aggregation assay

The aggregation assay was performed to evaluate the ability of
the NPF to influence the cell-to-cell adhesion. The assay was per-
formed using a standard protocol already present in literature.?®
Fresh bacterial suspension and sterilized NPF and Cu(OH), solu-
tions were prepared as described in the Section 2.2.1. The
obtained solutions were pipetted into the microtitre plates and
the bacterial suspension was added to each well in order to obtain
a final concentration of 1 x 10° CFU/mL. The plates were incu-
bated at 27 °Cin the dark, and the absorbance from the bacterial
biomass was measured at 0, 24, 48, and 72 h postincubation at
ODggp by using a DR-200B microplate reader (Diatek). Mock
(untreated bacterial suspension in sterile distilled water) and
blank (sterile distilled water supplemented with the NPF, sterile
distilled water supplemented with Cu(OH),, and only sterile dis-
tilled water) controls also were included. Higher absorbance
values compared to the mock control were associated with more
aggregated bacterial cells. Data were obtained from three inde-
pendent experiments, each one consisting of four replicates.

2.2.5 NPF antibacterial activity by cellular adhesion assay

The adhesion assay was performed to evaluate the ability of the
NPF to inhibit bacterial cell adhesion to the host tissue. The assay
was performed following a protocol already published with some
modifications.?” Fresh bacterial suspension and sterilized NPF and
Cu(OH), solutions were prepared as described in the Section 2.2.1.
The obtained solutions were pipetted into the microtitre plates
and dried at 60 °C for 24 h in order to favour the adhesion of
the active compounds to the plastic surface. After that, 200 pL
of 1 x 10° CFU/mL suspension were pipetted into each well and
incubated at 27 °C for 3 h. At the end of the incubation time,
the bacterial suspension was removed with a pipette and 200 pL
sterile distilled water was added to each well. The microtitre plates
were bath-sonicated for 15 min to release the bacterial cells
attached to the plastic surface. The 1:100 dilution from the soni-
cated suspension was pipetted into new microtiter plates contain-
ing 200 pL LB and incubated at 27 °C for 24 h. The absorbance
from the bacterial biomass was measured at ODgg by using a
DR-200B microplate reader (Diatek). Mock (untreated bacterial
suspension cultured on LB) and blank (LB) controls also were
included. Higher absorbance values compared to the mock con-
trol were associated with more adhered bacterial cells. Data were
obtained from three independent experiments, each one consist-
ing of four replicates.

2.3 In vivo biocompatibility assay and disease
monitoring
Plantlets of kiwifruit (10-leaf stage), tomato (10-leaf stage) and olive
(50 cm high, monocaule) were sprayed with the NPF or Cu(OH), (wet-
ted until runoff) at the previously cited concentrations. At 48 h post-
treatments, kiwifruit and tomato leaves and olive branches and leaves
were gently scraped with an abrasive surface to create natural open-
ings to allow bacterial penetration. After that, plants were artificially
inoculated with a bacterial suspension of 1 x 10° CFU/mL (wetted
until runoff) of each pathogen on its own host. The biocompatibility
of the treatments was assessed by measuring the nitrogen balance
index (NBI), related to the chlorophyll and flavonoid ratio, by means
of DUALEX Scientific+™ at 21 days after the treatments. The NBI was
measured by positioning the instruments in the centre of the leaf
and the meter was shielded from direct sunlight.

Disease monitoring (bacterial canker of kiwifruit and tomato
bacterial speck) was assessed at 21, 28, 35 and 42 days postinocu-
lation (dpi) by measuring the following parameter:

« number of necrosis in each single leaf for each plant and calcu-
lation of the average number of necrosis per plant (ANP);

« number of symptomatic leaves related to the total leaves for
each plant (NSL).

For each plant, a disease index (DI) was calculated with the
equation DI=ANPxNSL.

For each treatment, the average DI was obtained by averaging
the DI from the single monitored plant.

The DI for olive knot was not assessed as symptoms need
>90 days to be visible on plants.

Data for NBI and DI were obtained from three independent
experiments organized as a complete randomized block, each
one consisting of 10 plants for each experimental group.

2.4 Evaluation of resistance induction by quantitative
real-time (qRT)-PCR

The relative expression level of the genes listed in Supporting Informa-
tion, Tables S1-S3 was evaluated. Treated, inoculated and mock-
treated leaves were harvested 48 h postinoculation (hpi) and immedi-
ately stored in liquid nitrogen and at —80 °C. Then, 100 mg fine pow-
der was subjected to RNA extraction following the instructions
provided by GRS Total RNA Kit-Plant (GRiSP Research Solutions, Porto,
Portugal). The RNA was resuspended in Rnase-free sterile distilled
water and immediately poured onto ice and quantified with Qubit™
RNA BR Assay Kit (Thermo Fisher Scientific). RNA integrity was
checked by running 5 plL total RNA on 1.5% agarose gel. cDNA syn-
thesis was performed using 500 ng RNA following the instructions
provided by Xpert cDNA Synthesis Supermix with a gDNA eraser
(GriSP Research Solutions) in a final volume of 20 pL. To check cDNA
quality, a PCR was performed using cDNA as template to amplify
AcPP2A, SIACT and OeUBI from samples derived from kiwifruit, tomato
and olive, respectively. Tables S1-5S3 show the list of target genes,
accession numbers, their functions, the corresponding primer pairs,
and their references used to perform the qRT-PCR. For the primer pairs
designed in this study, sequence-similarity searches were carried out
starting from known sequences obtained from Gramene (www.
gramene.org, accessed on 18 October 2021). The sequences were
submitted to Blasin (https://blast.nim.nih.gov/) analysis in order to
extract the corresponding cDNA. Primers for qRT-PCR were designed
inside the exonic regions by using Primer-BLast (https://blast.ncbi.nim.
nih.gov/tools/primer-blast/). The optimal annealing temperature was
assessed by running a gradient PCR for each primer pair.
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The relative expression levels of the target genes were
calculated on the basis of the Cq values of the four technical rep-
licates derived from three independent biological replicates for
each plant species and treatment by applying the equation:
Relative expression : 27249, using AcACT, AcPP2A, AcEF or OeTUB,
OeUBI, OeACT or SIUBI, SIACT as reference genes. Mock treatments
were used to normalize the relative expression levels. The gRT-
PCR was performed following the instructions provided by
Rotor-Gene Q (Qiagen, Hilden, Germany) and Xpert Fast SYBR
(uni) MasterMix (GriSP Research Solutions) in a final volume
of 10 pL. The amplification conditions consisted of an initial dena-
turation step of 3 min at 95 °C; 40 cycles of 5s of denaturation at
95°C, 30s of annealing at 55°C for AcPAL and 60 °C for the
remaining primer pairs for kiwifruit, olive and tomato, 20 s of elon-
gation at 72 °C. A final melt cycle (70-99 °C) was performed to con-
firm the unicity of the amplicons and the absence of any gDNA
contamination. NTC controls were included and the amplification
was considered negative when a value of Cq =38 was detected.”®

2.5 Quantification of bacterial spread inside the host
tissues

For quantification of bacterial biomass by qRT-PCR, at 21, 28, 35 and
42 dpi, 10 random leaves from each independent replicate of each
experimental group were homogenized. Then, 100 mg of every
pathogen fresh culture and 100 mg plant material of each host
leaves were subjected to total DNA extraction following the protocol
for the GRS Genomic DNA Kit-Plants (GriSP research Solutions). DNA
was quantified with a Qubit™ fluorometer 1.01 (Invitrogen) using the
Qubit™ dsDNA BR Assay Kit (Thermo Fisher Scientific). DNA from
inoculated samples was diluted to 10 ng pL™', whereas bacterial
and plant calibration curves were obtained by preparing four serial
1:10 dilutions (1:1, 1:10, 1:100, 1:1000) from fresh bacterial cultures
and uninoculated plant material DNAs. qRT-PCR was performed
following the instructions from Rotor Gene Q (Qiagen) and Xpert
Fast SYBR (uni) Master Mix (GriSP Research Solutions). The gRT-
PCR amplification conditions included an initial denaturation
step of 3 min at 95 °C 40 cycle of 5s of denaturation at 95 °C,
30 s of annealing at 60 °C for amplification of Psa and Psav target
sequences or 50 °C for amplification of the Pst target sequence,
20 s of elongation at 72 °C. A final melt cycle (70-99 °C) was per-
formed to confirm the amplicon's unicity. All of the primer pairs used
are listed in Table S4. Data were obtained from four technical repli-
cates derived from three biological replicates. Results were
expressed as ng bacterial DNA per ng plant DNA.

2.6 Statistical analysis

Data were subjected to one-way analysis of variance (ANOVA).
One level of significance (P < 0.01) was computed to assess the
significance of the F-values. A pairwise analysis was carried out
using the Tukey's honestly significant difference test (Tukey test)
at the 0.99 confidence level. Statistical analyses were performed
using DSAASTAT v1.022. Heatmaps were generated to represent
the relative expression levels of kiwifruit, tomato and olive genes
after the plant treatments (Tartu, Estonia).?®

3 RESULTS

3.1 Individuation of the optimal CH and GA

concentrations to assemble the NPF

Neither CNC nor HAS displayed antibacterial activities against Psa,
Pst and Psav, demonstrating that their only function in the final
NPF was that of carrier and excipient, respectively [Fig. S1(A)-(Q)1.

The employment of CH almost completely inhibited Psa and Psav
proliferation at concentrations ranging from 0.01% to 1%, while only
the highest concentrations (0.5% and 1%) completely inhibited Pst
growth. GA displayed a strong antibacterial activity even at the low-
est concentration and, in a similar way to CH application, Psa and
Psav proliferation was more sensitive to GA at lowest concentrations
than Pst proliferation. In general, GA ranging from 0.05% to 1%
completely inhibited bacterial growth. For these reasons, we
decided to employ CH at 0.5% and GA at 0.05% to assemble the
NPF. The synergistic antibacterial activity of CH + GA was compara-
ble to the activity of the single molecules when applied against Psa
and Psav [Fig. S2(A)-(C)]. However, the CH and GA mixture demon-
strated antibacterial properties against Pst as great as GA and higher
than CH alone, suggesting that the predominant antibacterial prop-
erties are displayed by GA.

3.2 The NPF demonstrated direct antimicrobial activity
and mechanical interaction with bacterial cells

The broth assay demonstrated that the NPF did not influence Psa
biomass accumulation and biofilm synthesis in liquid medium. Pst
biomass formation was not affected by the NPF compared to
mock control, while Cu(OH), reduced Pst cell multiplication in lig-
uid broth. The NPF favoured biofilm synthesis in Pst compared to
the mock control (average recorded absorbance 0.46 and 0.24 in
NPF and mock samples, respectively). The NPF did not affect Psav
biomass formation compared to mock control, whereas Cu(OH),
inhibited cells multiplication. The NPF favoured biofilm synthesis
in liquid broth compared to the mock control (average recorded
absorbance was of 0.62 and 0.28 in NPF and mock samples,
respectively) [Fig. 1(A)—(Q)].

The incorporated assay demonstrated that the NPF had antimi-
crobial properties by direct contact with all the three Pseudomo-
nas spp. The average radial growth of Psa colonies was 9.08 mm
in the NPF samples and 25.83 mm in the mock samples. The aver-
age radial growth of Pst colonies was 9.58 mm in the NPF samples
and 21.67 mm in the mock samples. The average radial growth of
Psav colonies was 10.42 mm in the NPF samples and 30.50 mm in
the mock samples The incorporation of Cu(OH), into the medium
completely inhibited the colonies’ radial growth [Fig. 1(D)-(G)].

The NPF mechanically interacted with bacterial cells. The applica-
tion of NPF increased Psa bacterial cells aggregation at 0 and 24 hpi
compared to Cu(OH), and mock, and also at 48 hpi compared to
mock samples. At 48 hpi, the average recorded absorbance was of
0.17 in the NPF samples, 0.08 in the Cu(OH), sample and 0.00 in
the mock controls. The NPF increased Pst bacterial cells aggregation
at 0, 24 and 48 hpi compared to mock controls. At 48 hpi, the aver-
age recorded absorbance was of 0.19 in the NPF samples, 0.2 in the
Cu(OH), samples and 0.00 in the mock controls. The NPF favoured
Psav bacterial flocculation during all time points. At 72 hpi, the aver-
age recorded absorbance was of 0.18 in the NPF samples, —0.02 in
the Cu(OH), samples and 0.00 in the mock samples [Fig. 2(A)-(C)].
Figure 2(D)-(F) shows that the NPF did not influence bacterial cells
adhesion compared to mock controls, while Cu(OH), decreased bac-
terial cells adhesion for all the three Pseudomonas spp.

3.3 The NPF displayed biocompatibility on kiwifruit,
tomato and olive plants, while counteracting the
symptomatic progression of kiwifruit bacterial canker and
tomato bacterial speck

Treatments with Cu(OH), resulted in lower NBI values compared
to the mock control in kiwifruit and tomato plants, whereas no
significant differences were recorded in the NPF-treated leaves
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Figure 1. Boxplots of the in-broth microtitre well assay against Pseudomonas syringae pv. actinidiae (Psa) (A), P. syringae pv. tomato (Pst) (B) and P. savas-
tanoi pv. savastanoi (Psav) (C) bacterial cells. Boxplots of the incorporated assay against Psa (D), Pst (E) and Psav (F). Pictures of bacterial colonies grown on
King's B (KB) or KB incorporated with the NPF or Cu(OH), at 48 h post incubation (G). Different letters (a, A, b, B, ¢, C) in the subfigures refer to the statistical
analysis performed using one-way analysis of variance (ANOVA) with the Tukey test at a confidence level of 0.99 and P < 0.01, while ‘n.s.’ stands for ‘not
significant’. Lowercase and uppercase letters (in A, B, C) refer to two different ANOVA and Tukey tests.
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Figure 2. Boxplots of the aggregation assay against Pseudomonas syringae pv. actinidiae (Psa) (A), P. syringae pv. tomato (Pst) (B) and P. savastanoi
pv. savastanoi (Psav) (C) bacterial cells. Boxplots of the adhesion assay against Psa (D), Pst (E) and Psav (F) bacterial cells. Different letters (a, b, c) into
the subfigures refer to the statistical analysis performed using one-way analysis of variance (ANOVA) with the Tukey test at a confidence level of 0.99

and P < 0.01, while 'n.s.” stands for ‘not significant'.

compared to both Cu(OH),- and mock-treated plants. Average NBI
values were 28.59, 15.26 and 40.38 in the NPF-, Cu(OH),- and
mock-treated kiwifruit plants, and 73.92, 67.61 and 86.78 in the
NPF-, Cu(OH),- and mock-treated tomato plants. No statistical dif-
ferences were recorded in treated olive plants between the three
treatments [Fig. 3(A)-(Q)1.

The application of NPF on kiwifruit plants decreased the symptom-
atic progression from 28 to 42 dpi. The DI in the NPF-treated plants

was lower than in the Cu(OH),-treated or solely inoculated plants. At
42 dpi the average DI was 0.89, 6.09 and 7.26 in the NPF-, Cu(OH),-
and mock-treated kiwifruit plants. The NPF application was more
effective than Cu(OH), in reducing the kiwifruit bacterial canker
symptom progression. In tomato plants, the NPF application
decreased the symptomatic progression at 35 and 42 dpi as much
as Cu(OH),. At 42 dpi the average DI was 1.92, 2.02 and 2.34 in the
NPF-, Cu(OH),- and mock-treated tomato plants [Fig. 4(A)—(C)].
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3.3.1 The NPF activated the systemic acquired resistance (SAR)-
related pathways in kiwifruit and olive plants

The expression of the main genes involved in the induction of SAR
was evaluated under artificial inoculation and treatments condi-
tions. Figure S3 shows that the synthetized cDNA from RNA
extracted from kiwifruit, tomato and olive leaves was successfully
amplifiable. Figure S4 shows that all the selected pair of primers
selectively amplified the target sequences. Figure 5 represents
the heatmaps obtained by calculating the z-score, while the rela-
tive expression level of each analyzed gene is shown into the cor-
responding heatmap. In kiwifruit plants, the NPF slightly
upregulated AcCHI (1.65-fold), AcPR1 (1.82-fold), AcCWRKY
(1.87-fold) and AcPR5 (1.74-fold). The application of NPF increased
the expression level of AcCHI, AcPR1, AcWRKY and AcPR5 com-
pared to Psa inoculation and Cu(OH), treatment. AcLOX was
slightly upregulated by Psa artificial inoculation (1.19-fold) com-
pared to NPF (1.01-fold) and Cu(OH), (0.96-fold) treatments,
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Figure 3. In planta biocompatibility assay. Boxplots of the NBI measure-
ments in kiwifruit (A), tomato (B) and olive (C) plants. Different letters (a,
b) in the subfigures refer to the statistical analysis performed using one-
way analysis of variance (ANOVA) with the Tukey test at a confidence level
of 0.99 and P < 0.01, while ‘n.s.” stands for ‘not significant’.

whereas the expression of AcPAL (2.14-fold) increased after the
Cu(OH), treatment. In tomato plants, only SICHI was upregulated
by the NPF treatment (1.85-fold) as much as Pst artificial inocula-
tion (2.32-fold). Pst inoculation boosted the expression levels of
SICHI and SIWRKY (4.75-fold), whereas Cu(OH), drastically
increased the expression of SIPR1 (12.00-fold). The application of
the NPF on olive plants strongly boosted all of the analyzed genes.
The NPF upregulated OeCHI (69.33-fold) as much as Psav inocula-
tion (86.98-fold), yet was only slightly upregulated in Cu(OH),-
treated plants (8.42-fold); the NPF treatment also boosted the
expression of OeLOX (38.86-fold), OeWRKY (11.32-fold), OePR5
(90.36-fold), OePR2 (49.98-fold), OePAL (21.03-fold) and OeNPR1
(26.98-fold) compared to Psav inoculation and Cu(OH), treatment
[Fig. 5(A)-(Q)].

3.4 Application of NPF inhibited bacterial spread on

plants

Figure S5 represents the target sequences from pure Psa, Pst and
Psav gDNA to test the primer pairs efficiency and specificity.
Figure 6 shows the amplification and the calibration curves
obtained from total gDNA of kiwifruit, tomato, olive, Psa, Pst and
Psav. The R? coefficient ranged from 0.935 to 0.997 demonstrating
the accuracy among replicates and dilutions employed to
obtained the calibration curves. Figure S6 shows the melting
curves of the amplification products from samples used to obtain
the calibration curves, demonstrating the amplicon unicity and
specificity of the primer pairs used to detect Psa, Pst and Psav.
No significant differences were observed among the different
treatments at 21, 28 and 35 dpi in the reduction of Pst and Psav
biomass spread, and at 21 and 35 dpi in the reduction of Psa
spread. At 28 dpi, the application of NPF mitigated Psa spread
as much as the application of Cu(OH), (Table S5). However, prom-
ising data were collected at 42 dpi: the application of NPF
reduced Psa, Pst and Psav bacterial spread. The preventive appli-
cation of NPF reduced Psa spread more efficiently that Cu(OH),
(13.80 and 54.70 ng ng™", respectively). The application of NPF
in tomato plants was effective as much as Cu(OH), in reducing
the amount of Pst DNA accumulation (1.42 and 1.72 ng ng™"',
respectively); the preventive NPF treatment reduced the accumu-
lated Psav DNA (3.23 ng ng™"), whereas Cu(OH), was ineffective
compared to the solely inoculated plants (3.91 and 4.08 ng ng™"',
respectively) [Fig. 7(A)-(Q)].

4 DISCUSSION

We evaluated the putative antimicrobial and elicitor-like proper-
ties of a third generation, nanotechnology-based agrochemical,
NPF, composed of CNC as carrier, HAS as excipient, CH and GA
as active molecules. This NPF had already been tested as fungicide
against F. graminearum and F. culmorum, boosting innate immu-
nity in three bread wheat genotypes?* The NPF inhibited
in vitro conidia germination and mycelium growth, while reducing
their adhesion. On plants, the NPF reduced Fusarium head blight
(FHB) and Fusarium crown rot (FCR) in three bread wheat geno-
types. Application of the NPF on plants boosted several genes
involved in SAR activation. The application of the NPF was bio-
compatible and reduced the accumulated fungal biomass into
the flours. Starting from these lines of evidence, we decided to
investigate the applicability the NPF in counteracting three
impacting bacterial plant pathogens, Psa, Pst and Psav, as much
as its potentialities as beneficial treatment for plant health status
and innate immunity.
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Figure 4. In planta symptomatic progression. Severity of bacterial canker of kiwifruit (A) and of bacterial speck of tomato (B). Different letters (a, b) in the
subfigures refer to the statistical analysis performed using one-way analysis of variance (ANOVA) with the Tukey test at a confidence level of 0.99 and
P < 0.01. Representative pictures of treated and inoculated kiwifruit and tomato leaves at 42 dpi (C).

CNC and starch have been investigated as carriers and
excipient, respectively, to vehicle active molecules, and to
enhance their chemical properties, stability and solubility in agro-
chemicals. CNC have been used to deliver carvacrol to control
three bacterial plant pathogens> which contrasted in vitro
bacterial multiplication. CNC and starch also have been added
as surfactants to poly(DL-lactide-co-glycolide) nanoparticles and
demonstrated to counteract Pst survival on tomato plants.®'’
A very similar composite to the NPF was investigated against Pst.
The composite was made of CNC, starch and CH. Conventional
starch and HAS were compared to investigate their different abili-
ties in CH loading capacity and release, and resulted completely
equivalent for their putative usage as excipient.>?

CH and GA have been functionalized to CNC and HAS as active
antimicrobials. The antimicrobial properties of CH have been
widely reviewed and investigated.**=® The in vitro antibacterial
activity of CH against Psa was demonstrated by incorporated
assay into agar medium>” and its antimicrobial activity also has
been validated in field experiments. CH reduced Psa symptoms
more efficiently than Cu(OH),, while reducing the presence of
exudates on the trunk. Moreover, CH did not show any phytotox-
icity on plants and fruits.® CH extracted from shrimp exoskele-
tons demonstrated in vitro antibacterial properties against Pst.

The same study demonstrated also that CH significantly
reduced the disease incidence in pretreated seedlings3® A
nanotechnology-based agrochemical composed of CNC, starch
and CH was employed at 1% and inhibited Pst growth both
in vitro and in vivo as much as Cu(OH), used as reference agro-
chemical. At the same time, the composite demonstrated full bio-
compatibility on tomato plants.3® To the best of our knowledge,
CH bulk materials or CH-based nanoparticles have never been
investigated to control Psav, and thus the present research repre-
sents the first evidence that CH could be successfully employed
against the bacterial olive knot disease. GA also had already been
investigated for the mitigation of the kiwifruit bacterial canker. GA
inhibited in vitro Psa by the paper disc diffusion test. GA was
encapsulated in methacrylate polymeric microparticles and
tested in vivo and in field trials. The encapsulation improved the
GA antibacterial properties and lasted remarkably for <14 days
after the treatments.”” GA and GA-enriched extracts also were
tested against Pst. The employment of GA-based tannins allowed
the reduction of cupric salts to manage tomato bacterial speck.
This powerful effect was confirmed during in planta experiments,
where GA-based tannins applied alone and mixed with the half
field dose of Cu(OH), were as effective in preventing symptom
occurrence as the recommended field dose of Cu(OH),. GA-based
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Figure 5. Heatmaps, relative expression levels, and standard deviations of the selected kiwifruit (A), tomato (B) and olive (C) genes in the NPF-treated,
Cu(OH),-treated and solely inoculated plants. The heatmaps were constructed with the z-score (explained by the colour legend at the left of the picture)
by analyzing data with CLustVis software (Tartu, Estonia).
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formulations did not show any detrimental properties on tomato
plants, because their application boosted NBI values as much as
the plant dry biomass.*’ Another study evaluated the effect of

Punica granatum fruit peel extract, rich in GA, and its employment
reduced Pst colonies growth both in vitro and in vivo. The authors
observed that the effect of the extract-based treatments lasted up
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Figure 6. Calibration curves set up for DNA quantification. Quantitation and calibration curves for AcPP2A and PsaHOPZ3 (A), SIACT and PstHSP (B), OeUBI
and PsaveRIC (C).
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Figure 7. Pseudomonas syringae pv. actinidiae (Psa) (A), P.syringae
pv. tomato (Pst) (B) and P. savastanoi pv. savastanoi (Psav) (C) biomass
quantification at 42 dpi expressed as ng bacterial DNA per ng plant
DNA. Different letters (a, b, ¢, d) in the subfigures refer to the statistical
analysis performed using one-way analysis of variance (ANOVA) with the
Tukey test at a confidence level of 0.99 and P < 0.01.

to 15 days, which is considered longer than that after application
of conventional cupric-based salts.** A GA-rich extract from dried
leaves of Eucalyptus globulus was tested against Pst and demon-
strated to completely inhibit the pathogen in vitro and
in vivo, because it suppressed the hypersensitive response when
the bacterial suspension was infiltrated onto tobacco leaves. The
authors highlighted that the GA-based extract impaired cell via-
bility by >86%.** GA-based microparticles also have been pre-
pared using hydroxyl-propyl-methylcellulose-phtalate and ethyl
cellulose and tested in vivo against Pst. The treatment significantly
reduced Pst epiphytic population with comparable activity to
copper salts.** GA-based extracts also were tested against Psav.
A GA-containing extract obtained from olive mill wastewaters dis-
played in vitro antimicrobial activity against Psav.*> Another
research study demonstrated that the GA-based extract from
Lawsonia inermis inhibited in vitro Psav growth as much as the

formation of knots on twigs of olive plants.*® Taken together, this
evidence regarding the antibacterial properties of CH and GA are
in line with those observed in the present research work, because
the NPF inhibited Psa, Pst and Psav by agar in vitro assay, but not
in liquid broth, probably because the NPF was not completely bio-
available in liquid compared to agar medium. At the same time,
we also observed a mitigation in symptom spread for the kiwifruit
bacterial canker and bacterial speck of tomato, confirming the
data already present in literature.

We also evaluated the putative mechanical interaction of the
NPF with bacterial cells by monitoring biofilm biosynthesis, cellu-
lar aggregation and cellular adhesion. We observed that treating
bacterial cells with the NPF into KB broth medium does not affect
biofilm biosynthesis (Psa) or even increase its production (Pst,
Psav), while favouring bacterial cell aggregation and adhesion.
Biofilm is defined as cooperating communities of surface-
associated bacteria enclosed in extracellular polymeric sub-
stances (EPS) composed of proteins, polysaccharides and DNA.
Biofilm is responsible for various functions, such as modulation
of metabolism, response to nutrient uptake, cell-to-cell communi-
cation and contact, in addition to restricting the access of antimi-
crobial agents. Many research papers and reviews already
reported that biofilm-growing cells express distinct characteristics
from planktonic ones, such as an increased resistance to antimi-
crobial compounds. This could be related to the physical and/or
chemical structures of EPS that could confer resistance by exclu-
sion of biocides molecules from the bacterial community, thus
resulting in the development of a biofilm-specific antimicrobial-
resistant phenotype.*’~* This may explain why no antimicrobial
activity was observed in the NPF- and Cu(OH),-treated
biofilm-aggregated bacterial cells, with no effect or even an
increase in biofilm production. Biofilm also is involved in cell-
to-cell aggregation and adhesion to the surface, because it repre-
sents an adaptive strategy for successful host colonization.*’° As
a result, we also observed an increase in cellular aggregation and
adhesion, which can be explained by the increase of biofilm bio-
synthesis in benthic cells.

The expression of some SAR-related genes revealed that Psa
inoculation slightly upregulated three genes (AcCHI, AcLOX,
AcWRKY), NPF upregulated four genes (AcCHI, AcPR1, AcWRKY,
AcPR5), and Cu(OH), upregulated two genes (AcCHI and AcPAL)
in kiwifruit leaves. Several other research papers and reviews have
highlighted that the activation of SAR is linked to resistance
against Psa.>’>? The activation of pathogenesis-related proteins
seems to play a key role for the mitigation of the bacterial canker
of kiwifruit>® Kiwifruit plants treated with chitosan displayed
upregulation of AcPR1 and AcPR5 at 24 and 48 hpi, demonstrating
a symptom reduction in inoculated plants.>* Despite the lack of
research studies investigating the expression level of AcCHI in
response to Psa or elicitor-like molecules, a few proteomics and
metabolomics investigations revealed that the biosynthesis of
chitinase is boosted during the early stage of Psa infection, which
could be an indirect proof of high AcCHI transcript levels.>>>¢
Plant chitinases are a group of enzymes that hydrolyze chitin from
insects, fungi or bacteria and are involved in defence mechanisms
against biotic attacks. Because NPF also is composed of CH, this
could act as a plant elicitor of chitinases, especially because the
AcCHI relative expression in the NPF-treated leaves was higher
than in the Psa-infected plants. WRKY are a class of transcription
factors playing a critical role in plant defence response against
both abiotic and biotic stresses. We observed an upregulation of
AcWRKY in the NPF-treated leaves, compared to Psa inoculated
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and Cu(OH),-treated leaves. It is already reported that the activa-
tion of ACWRKY is related to Psa resistance in kiwifruit, so we can
conclude that the NPF acts as an elicitor of ACWRKY transcription
factors.”>*7>8 PAL catalyses the transformation of L-phenylalanine
to trans-cinnamate, which is the first step for biosynthesis of phe-
nylpropanoids, having many metabolic roles in response to light
stimuli, plant defence, growth regulation and differentiation.>®
We observed an upregulation of AcPAL in the Cu(OH),-treated
kiwifruit leaves. Some works have already observed that cupric
salts may contribute in the enhancement of PAL activity, and
the induction of defences after treating plants with cupric salts
was observed in grapevine, which is closely related to kiwi-
fruit.5%" This evidence may explain the upregulation of AcPAL in
Cu(OH),-treated plants. The discussed works taken together are
in line with the data observed in the present work, where we
can affirm that the NPF can act as an elicitor in kiwifruit plants,
thus contributing to the reduction of kiwifruit bacterial canker
symptoms.

A completely different behaviour was observed in tomato plants,
where Pst artificial inoculation upregulated SICHI, SIWRKY and
SINPR1, NPF boosted the transcripts of SICHI, and Cu(OH), greatly
upregulated SIPR1, suggesting that the application of the NPF in
tomato leaves does not act as an elicitor as much as in kiwifruit
plants. This is in contrast with previous observations, where CH oli-
gosaccharide boosted both the salicylic acid and jasmonic acid
pathways in Arabidospis plants.5? This could be explained by the fact
that S. lycopersicum can react differently than Arabidospis or the
presence of CNC, HA starch and GA can mask CH elicitor-like prop-
erties. In particular, antifungal activity and activation of defence
responses to oxidative stress after application of GA in tomato have
been already studied,®®** but no research is available regarding the
GA elicitor-like behaviour in tomato. At the same time, the applica-
tion of CNC or HA starch to boost innate immunity in tomato has
never been investigated. For these reasons, we can speculate that
the presence of CNC, HA starch or GA can mask the elicitor-like activ-
ity displayed by CH. This also is reflected in the tomato bacterial
speck symptom progression after the preventive application of
NPF, because the symptom reduction observed in tomato was not
so considerable as in kiwifruit plants. This could mean that the
slower Pst symptom reduction is mainly due to the direct NPF anti-
bacterial activity.

In olive plants, a remarkable upregulation of all of the selected
genes was observed in the NPF-treated plants, with a special refer-
ence to the transcript levels of OeCHI, OeLOX, OePR5 and OePR2, fol-
lowed by OePAL, OeNPR1 and OeWRKY. Despite that the application
of CH and polysaccharide-based extracts had already demonstrated
the activation of PAL and the accumulation of polyphenols in olive
plants,®*®° no studies have been carried out regarding the evalua-
tion of the expression genes related to the induction of SAR in olive
plants. For this reason, it is quite hard to compare our data with the
literature, and we can affirm that this is the first paper reporting that
a composite of CH, GA, CNC and HA starch acts as a strong elicitor in
olive plants. Moreover, to the best of our knowledge, the induction
of defences in olive plant in response to Psav infection have been
poorly investigated. Indeed, nothing has been found in the litera-
ture regarding the role of genes involved in biosynthesis of salicylic
acid or induction of SAR in response to Psav infection in olive plants.
Thus, we can affirm that this is the first research to individuate at
least nine key responsive genes to Psav infection, all related with
the induction of SAR in olive plants.

Bacterial spread after a treatment is often evaluated by count-
ing recorded colonies, which is labour-intense, time-consuming,

and with no high-throughput and specific quantification method
being validated. For these reasons, we decided to evaluate Psa,
Pst and Psav spread by molecular tools, to be specific, selective,
reliable and fast during data collection. Many papers report sev-
eral molecular based assays for the quantification of Psa, Pst and
Psav,%”~72 but no research studies regarding the bacterial patho-
gen quantification in response to an antibacterial treatment are
already present in literature. We employed already published
primer pairs, specifically designed to detect and quantify Psa,
Pst and Psav, and reference genes specifically designed to detect
and quantify kiwifruit, tomato and olive plant DNA, in order to
relate the bacterial DNA amount to the plant DNA amount. Thus,
we were able to quantify the accumulated bacterial biomass after
the NPF treatment. To the best of our knowledge, this represents
the first research paper reporting this molecular based-approach
to monitor bacterial spread in relationship to a mitigation strat-
egy. The quantification of bacterial spread revealed that bacterial
accumulation resulting from the NPF treatment was affected only
at 42 dpi, whereas symptom scoring revealed that DI was lower at
28, 35 and 42 dpi in tomato plants, and at 35 and 42 dpi in kiwi-
fruit plants. This could be explained by the fact that, as observed
by in vitro experiments, the NPF does not negatively affect biofilm
synthesis and adhesion capability of bacterial cells, but instead
showed direct antibacterial activity during agar assay, and
boosted innate immunity in kiwifruit and olive plants. Thus, we
can hypothesize that sprayed bacterial cells on leaves after the
NPF treatment still continue to multiply but their virulence could
be somehow reduced. This means that the synergistic activity
between direct antibacterial activity and elicitor-like properties
could contribute to reduce symptoms development on leaves
and accumulation of bacterial spread at the late stages of infec-
tion. Starting from these results, we can affirm that further exper-
iments are need to elucidate if the NPF can prolong its elicitor-like
properties by extending the time between treatment and
inoculation.

5 CONCLUSIONS

We demonstrated that a third generation, nanotechnology-based
and natural-derived antimicrobial composite, named as NPF,
showed direct antibacterial activity against Psa, Pst and Psav,
and boosted innate immunity in kiwifruit and olive plants. The
NPF can be potentially synthetized starting from plant-derived
wastes, as cellulose, starch and GA can be easily extracted from
plant wastes, and CH is a food-derived waste. This means that
the synthesis and employment of NPF completely matches with
the upcoming requests from the European Green Deal, because
it contributes both to synthetic pesticide reduction and enhances
circular economy in agriculture. Based on our actual data, the NPF
will be particularly promising for the mitigation of kiwifruit bacte-
rial canker and bacterial olive knot, because it acts as a multi-site
agrochemical and is especially for its interesting capabilities to
boost the major genes involved in the activation of SAR. For this
reason, the NPF could act as a valuable substitute to cupric-based
salts, especially regarding the problematics related to selection of
resistant pathogen strains.
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