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HE CURRENT study stated the novel pathogenic action of Pseudomonas aeruginosa

MAT1 on common bean, causing the soft rot of seeds as the infection route. The pathogenic
bacterium was molecularly identified and deposited in NCBI GenBank with an accession
number of ON000399. Enzymatic activities of xylanase, cellulase, pectinase, proteinase and
protease were observed to be 13.054, 11.09, 9.28, 20.90, and 1.47U respectively, indicating
the ability of MA1 to invade the plant tissue, recording a disease incidence of 63.25% with a
severity of 42.52%. The physiological features showed a remarkable decrease in chlorophyll
content with an increase in proline and phenolic contents in the infected plant. Both peroxidase
and phenylalanine ammonia-lyase (PAL) activities increased, reaching their maximum
value after 72h of infection with a significant overexpression of the PAL gene after 24h. that
proves the pathogenic role of P. aeruginosa on common bean. However, seed transmission is
paramount in further pathological studies since the current pathogenic bacterium was detected
on seeds. /n-vitro evaluation of the chitosan-silver nanocomposite (Ch-Ag NC) reveals the first
management protocol for the bacterial pathogen MA1 that was confirmed by applying (Ch-
Ag NC) in the greenhouse. Furthermore, in-situ application of Ch-Ag NC (50 and 100mg/L)
suppressed bacterial infection with a significant increase in seedling growth properties.

Keywords: Defense-related enzymes, Disease management, Lytic enzymes, PAL gene,
Pseudomonas aeruginosa, Seed germination.

Introduction 29634 metric tons, with an average of 3.18 metric

tons/hectare. The protein-rich seed is an excellent

Common bean, or French bean (Phaseolus
vulgaris L.), is an essential legume worldwide
for the edibility of dry seeds and mature fruits.
According to Food and Agricultural Organization
Statistics (FAO, 2020), the total world yield of dry
beans, mainly from Myanmar, India, Brazil, China,
Mexico, Tanzania, and the USA, was 27.5 million
metric tons in 2020, harvested from 34.8 million
hectares. According to the Egyptian Ministry of
Agriculture Statistics, the area devoted to dry
seeds was about 8850 hectares, yielding about

substitute for animal protein and is therefore
considered an alternative to meat in developing
countries. In addition, the leaf is also used as a
vegetable and the straw as fodder (Moghazy,
2014). Being a member of the leguminous family
Fabaceae, Phaseolus species are distinguished by
their ability to hold atmospheric nitrogen through
the symbiotic relationship between their roots and
the nitrogen-fixing bacteria rhizobia (Peralta et al.,
2016).
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Depending on soil type, the associated
microbiome analysis revealed a plethora of
pathogenic Pseudomonas (Chiniquy et al., 2021),
affecting common bean. Pseudomonas spp. are
non-spore-forming, rod-shaped, Gram-negative,
and oxidase-positive bacteria (Young & Park,
2007). Phytopathogenic Pseudomonas is widely
distributed in plants, causing pronounced plant
problems (Walker et al., 2004; Moore et al., 2013).
The important bean seed-transmitted bacteria are
Pseudomonas savastanoi pv. phaseolicola which
causes halo blight disease, and Pseudomonas
savastanoi pv. syringae, which causes bacterial
brown spot disease. Primary sources of infection
with P. s. pv. phaseolicola include internally or
externally contaminated seeds, and given the
right environmental conditions, even very small
amounts of inoculum can cause catastrophic
epidemics. After the initial infection with P s.
pv. Syringae, the symptoms of young halo blight
are similar to the bacterial brown spot, and small
water-soaked spots were noticed on the underside
of new foliage. When a lesion reaches maturity,
it typically takes on the appearance of a brown
spot and any dead tissue in the center may fall
out giving the lesion of a shot-hole appearance.
Contaminated seed is the main source of inoculum,
and to stop the spread of disease, it is crucial to
produce pathogen-free certified seed (Popovic et
al., 2012; Boersma et al., 2014; Chatterton et al.,
2016).

A certain isolate of Pseudomonas aeruginosa
is a phytopathogenic bacterium that causes leaf
spots in lettuce (Cortes-Monllor, 1993). Also,
P aeruginosa was isolated from the onion bulb
with soft rot disease (Abd-Alla et al., 2011). Such
a disease leads to a severe loss in vegetable and
ornamental yield worldwide (Emami et al., 2018),
and some strains of this bacteria may be potent
opportunistic human/animal pathogens (Tuon
et al., 2022). Moreover, Chahtane et al. (2018)
documented the germination-arresting effect
of P. aeruginosa on Arabidopsis. However, no
previous reports show that P. aeruginosa causes
soft rot disease in common bean.

Chitosan is relatively cheap and considered
the second most abundant natural biopolymer.
Different theories elucidate the antimicrobial
properties that can be enhanced by transformation
into chitosan nanocomposites, to increase their
temperature stability and lower their volatility
(Kumar & Miinstedt, 2005; Feng et al., 2013).
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One of these hypotheses is called “intracellular
leakage,” where the positively charged chitosan
attaches to the negatively charged molecules on
bacterial surfaces like lipopolysaccharides. Due
to this binding, the permeability of the bacterial
membrane changes, resulting in the release of
intracellular constituents and cell death. Compared
to chitosan alone, chitosan nanoparticles (C NPs)
demonstrated better antibacterial activity against
a variety of Gram-positive and Gram-negative
bacteria, which implies that CNPs may have
the ability to function as an antibacterial agent
(Algahtani et al.,, 2020). Additionally, it was
reported that chitosan was recommended as a
good stabilizer for silver nanoparticles (AgNPs).
Furthermore, chitosan-silver = nanocomposite
exhibits great efficiency in killing bacteria and
fungi (Wang et al., 2015).

The present research aims to evaluate the
pathogenicity of the seed-transmitted bacterial
pathogen P aeruginosa on common bean.
In addition, the defense-related mechanisms
associated with common bean infection were
assessed to measure the host’s metabolic changes,
including the determination of peroxidase (POX)
and PAL activity that proceeded by accumulating
PAL mRNA transcripts. Furthermore, we
observed the antimicrobial activity of chitosan-
silver nanocomposite against P. aeruginosa as a
potential control strategy for the pathogen.

Materials and Methods

Common bean seeds

Seeds of Phaseolus vulgaris L. (Paulista
cultivar; Dutch in origin and winter crop) were
obtained from the Central Administration for
Seed Production (CASP), Ministry of Agriculture,
Giza, Egypt.

Isolation of the pathogenic bacterium

A direct detection method for bacterial diseases
in growing seeds followed the recommended
methods from the International Seed Pathology
Association (ISTA, 2007). Seeds of Phaseolus
vulgaris were surface sterilized by submerging
them in 2% sodium hypochlorite for 3 minutes.
Then, the seeds were washed several times with
sterilized water and left to dry using sterilized filter
paper. In the greenhouse, seeds were introduced
to pots containing disinfested soil (Sand: Patmos
at 1:1 v/v). Three seeds were seeded per pot for
seedling inspection.
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Under septic conditions, the diseased parts
of the emerging seedlings were cut into small
pieces and immersed in 1 ml of a sterilized saline
phosphate buffer (pH 7). Serial dilutions were
prepared from the previous suspension, spread on
King's B medium (KB) (King et al., 1954), and
incubated at 28 + 2°C for 24 h. Single colonies
were picked up and purified, then retained on KB
slants for identification and further tests.

Pathogenicity test of isolated bacteria

All greenhouse experiments were conducted
at the Agricultural Research Centre, Giza, Egypt
(latitude: 30° 01° 16.99”° N and longitude: 31° 12’
30.01” E). A pathogenicity test for the isolated
bacterium was carried out in the greenhouse using
pots containing 3 kg/pot of disinfected soil (Sand:
Clay at 1: 2 v/v). Precisely, three pre-surface
sterilizing seeds (by submerging in 2% sodium
hypochlorite for ten minutes and washing many
times with sterile water) of common bean were
seeded per pot. In addition, the bacterial inoculum
was grown on KB broth medium for 24 h at 28 +
2°C. Pathogenicity test was carried out following
detached pod and infesting leaf methods as non-
destructive and inexpensive methods as the
following description:

Pathogenicity test on detached common bean
pods

Under aseptic conditions, the pathogenicity
test of bean pods protocol was carried out
according to the method designated by Hepperly
& Sinclair (1980); detached healthy bean pods
with full-sized beans were surface sterilized with
70% ethyl alcohol for 2min. Precisely, 100uL of
10¢ cfu/mL for the isolated bacterial inoculum
was injected into sterilizing healthy detached
bean pods in holes of 2 mm diameter. Pods were
incubated at 28 + 2°C for 3-4 days. The presence
of soft rot symptoms (a water-soaking area) or
a hypersensitive reaction at the stab inoculation
site was considered a result of the pathogenicity
testing. The pathogenic bacteria were re-isolated
from the diseased parts of infected pods and re-
cultured on KB slants.

Pathogenicity test on common bean leaves
Pathogenicity fest of isolated bacteria was
determined by making minor wounds on the
surface of sterilized healthy leaves for common
bean seedlings 25-30 days old by scratching with
carborundum powder, and each isolated bacterial
suspension was sprayed at 10° cfu/ml of 24h-old

culture. Distilled sterilized water was used in the
control pots instead of the bacterial suspension.
Artificially infected seedlings were covered with
plastic bags for 24h to increase the humidity
level (Zaiter & Coyne, 1984). Seedlings were
irrigated with tap water only. The symptoms that
appeared developed and scored five days’ post-
inoculation. Disease incidence (DI) was assessed
as the presence or absence of disease (percentage
of infected plants) according to the following
equation:

Number of infected plants
DI (%) = (- )

Total assessed plants

The severity was rated according to the
percentage of yellowish-brown or necrotic area
in the leaf with a progression scale from 0 to 4,
where 0 = 0%; 1= 1- 25%; 2= 25 -50%; 3= 50 -
75% and 4= 75 -100%. Then the disease severity
(DS) was calculated according to the following
equation:

DS (%) = (=5=) * 100

4N
where: n= the number of leaves in each category,
V= the numerical values of the symptoms
category, (N) = the total number of leaves,
and (4)= the maximum numerical value of the
symptom category (Waller et al., 2002).

Effect of pathogenic bacterium against seed
germination rate and vigor index

The effect of the purified isolated bacterium
on seed germination and vigor index was tested
fifteen days after seed sowing. The surface of
common bean seeds was sterilized as mentioned
earlier then washed well with sterile water
and desiccated using filter paper. The surface
disinfected seeds were immersed in the bacterial
suspension with different cell densities of (107,
109, and 10" cfu/mL) and incubated at 28 + 2°C
for 6h in the presence of an Arabic gum to confirm
the assembly of bacterial cells on the seed surface
and allow them to air dry. Three seeds were sowed
per pot of disinfected soil (sand: clay at 1:2 v/v).
Sterilized water was used in control pots instead
of bacterial suspension (Garge et al., 2018). After
fifteen days, the germination percentage and
growth parameters including shoot, root lengths
and the number of rootlets were determined. To
assess the impact of the tested bacteria on seed
germination and seedling growth properties,
the germination rate (%) and the vigor index,
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respectively, were calculated according to the
following equations reported by Masum et al.
(2012):

Germination rate= (number of healthy seedlings/
total number of seeds) x 100.

Vigor index (I)= Germination (%) * seedling
length (root + shoot)

Bacterial identification

Phenotypic characteristics and biochemical
tests

The bacterial isolate was identified based on
its phenotypic characteristics, such as motility,
colony morphology, cell shape, and enzymatic
hydrolytic activity. Also, biochemical tests
(Gram staining, fluorescent pigment on KB
medium under UV light, cytochrome oxidase test,
KOH test, catalase activity, starch, and gelatin
hydrolysis) were considered (Garrity et al., 2005;
Cartwright, 2010).

Molecular identification

DNA was extracted from the pathogenic
bacterial cells using sodium dodecyl sulphate
(Zhou et al., 1996). A pure 24-h-old bacterial
colony was suspended in 100 ul of lysis solution
(0.05 M NaOH, 0.25% sodium dodecyl sulphate)
and incubated for 15 minutes at 100°C., then
centrifuged (Imin at 12,000rpm). The pellets
were discarded.

In sterile distilled water, the DNA suspension
was diluted 50 times. The reaction mixture
involved 5 pl of the diluted suspension
with forward and reverse primers 27F
(AGAGTTTGATCCTGGCTCAG) and 1492R
(GGTTACCTTGTTACGACTT), respectively.
The 16S rRNA gene was amplified from the
isolated genomic DNA (Polz & Cavanaugh,
1998).

The PCR amplification for the 16S rRNA
gene was to a near-full length, almost 1500 bp
fragment. The PCR amplification protocol was
carried out in a 50 pl reaction volume, counting;
Dream Taq Green PCR Master Mix (2X) (25uL),
forward primer (2uL), reverse primer (2uL),
Template DNA (4pL), and water, nuclease-free
(17uL), then the sample was gently vortexed and
spun down.

The PCR thermal cycling conditions were
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initial denaturation (one cycle at 95°C for Smin),
denaturation (40 cycles at 95°C for 30sec),
annealing (40 cycles at 56°C for 30sec), extension
(40 cycles at 72°C for 30sec), and final extension
(on the final cycle at 72°C for 10min). The PCR
product was purified, and the sequence was read
through the Macrogen Sequencing Order System.
The 16S rRNA gene sequence was aligned with
the corresponding sequences on the databases
of GenBank by using the BLAST tool. The
evolutionary relationships were constructed using
the Neighbor-Joining technique (Saitou & Nei,
1987). The percentage of replicate trees in the
related taxa was estimated (Felsenstein, 1985).
The vague points were removed for each sequence
pair by the pairwise deletion method. MEGAT11
was used (Tamura et al., 2021).

Hydrolytic activity

Culturing technique

The solid-state fermentation (SSF) procedure
was applied to screen the bacterium for various
enzymes. The dried plant was ground and used
as a substrate in the fermentation medium to
simulate the natural environmental conditions
of the bacterium. One gram of dried plants was
mixed with tap water (SmL, pH 7.2) in 250mL
Erlenmeyer flasks and autoclaved (121°C for
15min), then injected with 1.0mL of 10° cfu/mL,
which was previously prepared from a 2-days-
old culture grown on a nutrient broth medium.
The medium moisture was kept constant by
adding sterilized water when needed. After ten
days of incubation (30°C), the grown culture was
mixed with 10 mL of Tween 80 and shaken (150
rpm for 30min) on a rotary shaker. The bacterial
supernatant was separated by filtration (using
Whatman No. 1 filter paper), centrifugation (4100
xg for 20min), and assayed for lytic enzymes.

Enzymes assay

Xylanase and cellulase were assayed utilizing
xylan, and microcrystalline cellulose as substrates,
respectively. 0.5% of the substrate was dissolved
in citrate buffer (0.05 M, pH 4.8) and mixed with
1 ml of the filtrate. The mixture was incubated
at 50 °C for 30 min for xylanase and 60 min for
cellulase (Saber et al.,, 2010). After incubation
time, the released reducing groups were detected
(Bailey et al., 1992). The unit (U) of the xylanase
or cellulase was defined as the enzyme amount
needed to liberate one pmol/g/min of xylose
(xylanase) or glucose (cellulase) under the assay
conditions.
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The catalytic action of polygalacturonase
(pectinase) was assayed in the bacterial supernatant
mixed with sodium acetate buffer (0.1 M, pH 5.2).
The released polygalacturonic acid groups after
30min incubation at 40°C were determined (Ajayi
etal., 2021). The “U” of pectinase was the amount
that released 1.0umol/g/min of polygalacturonic
acid under the assay conditions.

The quantitative proteolysis activity (protease)
was tested in a mixture of supernatant and casein
substrate. The free amino acids separated after
incubation (37°C for 10min) were determined at
280. Under the test conditions, one protease unit
was identified as the enzyme amount liberating
1.0 pg equivalent of tyrosine, as standard, /min.
tyrosine was measured at different concentrations
at 280 (Al-Askar et al., 2022a).

Lipase activity was determined in a mixture
of olive oil emulsion, 0.2 M Tris HCl buffer
(pH 7.5), and enzyme solution. The tubes
containing reaction mixtures were incubated in a
reciprocating shaking water bath at 40°C for 10
min. The liberated free fatty acid total was titrated
against 0.01 N NaOH (Saber, 2004). One unit of
lipase was identified as the quantity of enzyme
required to liberate 1.0pn mol of fatty acids per
minute under the experimental conditions.

Metabolic changes in common beans

The phenolic (total and free) content of common
bean was determined in the leaves of infected
and healthy plants using a spectrophotometer
(UV-Vis Spectronic 601). The density of the blue
color developed was measured at 520 nm using
catechol as standard (Snell & Snell, 1953). The
colorimetric ninhydrin method was utilized to
measure proline content (Bates et al., 1973). Total
chlorophyll content was evaluated according to
Dere et al. (1998).

Defense-related enzymes

Peroxidase (POX) and phenylalanine
ammonia-lyase (PAL) activities were determined
in the leaves of healthy and infected common bean
plants for 5 days after infection.

Peroxidase assay

Peroxidase enzyme activity was determined
as described by Seevers et al., (1971). Leaf tissue
was homogenized in sodium acetate buffer (0.1 N,
pH 5.0) in a 1:10 ratio (g/mL) and the homogenate
was centrifuged at 20000 xg for 20min. Crude

enzyme extract was diluted with acetate buffer,
and an equivalent volume of sod. acetate buffer
(pH 5.0) was substituted for H,O, in the reference
cuvette in the control assay. The diluted enzyme
extract was used in the colorimetric determination
of peroxidase activity for 5 minutes at 25°C using
a wavelength of 470 nm for O.dianisidine as a
substrate. The reaction mixture consists of 1.8 ml
of 20mM sod. acetate buffer (pH 5.0); 0.05 ml of
O.dianisidine (1% in absolute methanol); 0.2 ml
of 30mM H,0, and 0.1 ml of enzyme solution.
One unit of the enzyme activity was identified as
an increase in optical density (OD = 0.1 per min./
gram fresh weight) (Seleim et al., 2014).

PAL assay

PAL enzyme activity was determined by
measuring the trans-cinnamic acid formation rate
in treated common bean leaves (Zucker, 1965).
PAL activity was determined by measuring the
rate of formation of trans-cinnamic acid in leaf
tissue. In a 1:10 ratio, leaf tissue was homogenized
in borate buffer (25mM, pH 8.8) containing
20mM 2-mercaptoethanol. The homogenate was
centrifuged at 20000 xg at 2°C for 10min, and
the resulting supernatant was used as enzyme
preparation. The reaction mixture contained
33mM sodium borrate buffer (pH 8.8), 10mM of
L-phenylalanine, and 0.2mL enzyme extract in
a total volume of 3mL. The amount of cinnamic
acid during one hour at 37°C, was calculated
through the increase in absorbance at 290nm. One
PAL unit was identified as an increase in optical
density (OD = 0.1 per h./gram fresh weight).

Assessment of the molecular defense-related
mechanism of PAL transcripts

The molecular defense-related mechanism was
assessed by expressing the PAL gene in healthy and
infected leaves (Kohler et al., 2002) after 1, 3, and
5 days of infection. Thermo Scientific GeneJET
RNA purification kits (0731, 0732) were used for
RNA isolation. A NanoDrop spectrophotometer
(ND 2000c, ThermoFisherScientific, Wilmington,
DE, USA) was used to confirm RNA purity
and concentration. The cDNA was synthesized
using 1 pg RNA using the Thermo Scientific
RevertAid First Strand cDNA synthesis kit (1621,
1622) following the standard protocol from the
manufacturer. With the specific primers: 5°-
AAGCACCACCCTGGTCAAATTGAG-3" and
5’- GACAAGCTCGGAGAATTGAGCAAAC-3’
and using the Mx3000P (Stratagene, CA, USA)
qPCRsystem, quantitativeamplificationsofthe PAL
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gene were performed. Results were normalized
to those of actin as endogenous control using the
primers 5’- GTTCCCTGGTATTGCGGACA -3’
and 5’- TTTTCTATCGCCGACCCCAC -3°. The
thermal cycler program was initial denaturation
at 95°C for 10min, followed by 40 two-step
cycles of amplification (95 °C for 15sec and 60°C
for 60sec). The average expression recorded
in the non-infected leaves was considered a
quantification unit.

Control of P. aeruginosa MAI using chitosan-
silver nanocomposite

Preparation of chitosan-silver nanocomposite

The chitosan reduction of silver nitrate
produced the chitosan-silver nanocomposite
(Ch-Ag NC) (Babu et al., 2017). In an acidic
solution of chitosan, polymeric chains’ amino
groups coordinate the silver ion. Metallic silver
nanoparticles are created when the hydroxyl
group in chitosan is oxidized and coupled with
ion reduction. In brief, chitosan was dissolved
in an acetic acid solution (1% v/v) (99-100%,
Riedel-de Haan) at room temperature to create
chitosan aqueous solution (1% w/v) (molecular
weight 50 — 190kDa, degree of deacetylation 75—
85%, and viscosity: 20-300 cP, Sigma-Aldrich,
USA). After that, the solution was immediately
mixed with the silver nitrate solution (0.01M)
(Sigma-Aldrich, USA) while being stirred for
two hours. The preceding suspension had a
rapid color shift from pale yellow to brown after
the addition of sodium borohydride (20mL,
0.04M) (Sigma-Aldrich, USA). The resulting
chitosan-silver nanocomposite suspension was
centrifuged (20000 xg, 30min). Before being
used or analyzed, the Ch-Ag NC pellets were
resuspended in deionized water and then frozen.

Characterization of Ch-Ag NC

The chitosan-silver nanoparticles’ size
(Z-average mean) and zeta potential were
measured in triplicate using a Zeta sizer 3000HS
(Malvern Instruments, ZS Nano, UK) by photon
correlation spectroscopy and laser Doppler
anemometry, respectively. The high-resolution
transmission electron microscope (HR-TEM)
(Tecnai G2, FEI, Netherlands) was used to image
the actual morphology of the Ch-Ag NC as it had
been formed. To lessen particle aggregation, the
diluted Ch-Ag NC solution was ultrasonically
sonicated for 5 min. Three drops of the sonicated
solution were applied with a micropipette to a
copper grid that had been coated with carbon, and
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the grid was left to air dry at room temperature.
For morphological analysis, HR-TEM pictures
of the Ch-Ag NC that had been deposited on
the grid were taken. Using the X-ray Diffraction
(XRD) technique, the chemical structure of Ch-
Ag NC as it had been produced was evaluated. In
the scanning mode of an X-ray diffractometer (X
‘pert PRO, PAN analytical, Netherlands) using a
Cu K radiation tube (= 1.54A) operating at 40kV
and 30 mA, the appropriate XRD pattern was
captured. The standard ICCD library built into the
PDF4 software was used to analyze the acquired
diffraction pattern. An Inductivity-Coupled
Plasma (ICP) technology (PerkinElmer ICP-OES:
Optima 2000, Germany) was used to quantify the
applied silver concentrations in Ch-Ag NC both
qualitatively and quantitatively. The FTIR (IR-
affinity INVENIOS-BRUKER spectrometer) was
used to evaluate functional group confirmations.
Fourier transform infrared spectroscopy (FTIR)
analysis was used to characterize the presence of
molecular bonds during the formation of the Ch-
Ag NC, and this information was subsequently
required to approve the identity of the chitosan-
silver nanocomposite. The material was analyzed
by performing 10 scans on the spectrum with
a resolution of 0.lcm’, ranging from 400 to
4000cm™ for each scan.

In-vitro antibacterial activity of Ch-Ag NC

In acetic acid (1%), Ch-Ag NC, several
concentrations (5, 10, 20, 30, 40, 50, and
100mg/L) were produced. Acetic acid (1%)
was used as a control. Agar-well diffusion assay
was used. King B medium was poured into Petri
plates (9 cm in diameter) and allowed to solidify.
MA1 was spread on the medium surface, and
wells (Smm) were cut in the solid medium using
a sterile cork borer. Wells were filled individually
with 100uL of each concentration, and the
plates were left at 4-5°C overnight to allow the
diffusion of Ch-Ag NC and stop bacterial growth.
Then, the plates were incubated at 30°C. After a
24- hour incubation period, the diameter of the
inhibition zone around the well was measured
using a calibrated ruler and compared to acetic
acid at 1% (Wolf & Gibbones, 1996).

In-vivo application of Ch-Ag NC for controlling
P aeruginosa infection in greenhouse

Common bean seeds were surface sterilized
as mentioned in pathogenicity test and then
the sterilized seeds were dipped in Ch-Ag NC
solutinos of 50 and 100mg/L individually for
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three hours for coating. Arabic gum was added
to ensure the adhesion of nanoparticles to the
seed surface and allow them to air dry. The
coated seeds were divided into two groups; the
first group was introduced to soil (sand: clay
at 1:2 v/v) inoculated with the tested bacteria,
and it could be ensured that the bacterial count
in the soil was 10° cfu/mL. The other group
was introduced to disinfected soil without any
bacterial inoculation (to study the effect of
nanoparticles on seedling growth properties as
a positive control). Uncoated, sterilized seeds
were used in pots without any treatment, acting
as a negative control. Three seeds were seeded
per pot. Growth parameters, including shoots,
root lengths, and the number of rootlets, were
measured to assess the antibacterial activity of
Ch-Ag NC on the tested bacteria.

Statistical analysis

The data were presented as the mean =+
standard deviation (SD). Germination and
pathogenicity test data were analyzed using a one-
way ANOVA. T-test procedures were used for
two samples’ comparison and the Tukey—Kramer
test for multiple comparisons. The 0.05 level of
probability was used as the significance level.
The statistical software MINITAB (Minitab®
19.2020.1 version, Minitab Inc., State College,
PA, USA) was used.

Results

Isolation and pathogenicity test of the isolated
bacteria

Bacterial isolate obtained from bean seedlings
on KB medium gave the same symptoms of soft
rot (water soaking) in growing seedlings (Fig.
1, A) and produced blue-green pigment on KB
medium. Pathogenicity was confirmed through
Kock’s postulates in bean pods for the bacterial
isolate that gave the same symptoms (Fig. 1, B).
A confirmed pathogenicity test was carried out on
bean leaves in the greenhouse using a foliar spray
of the bacterial suspension showed a remarkable
ability to develop infection symptoms after five
days of inoculation, displaying characteristic
chlorotic lesions with brown necrotic edges
around the site of infection (Fig. 1, C). Bacterial
infection was assessed, recording a disecase
incidence of 63.25% with a severity of 42.52%
(Table 1).

Effect of pathogenic  bacterium  against

germination (percentage and rate) and vigor index

The germination percentage was not affected
significantly by the lowest bacterial cell density
of 10? cfu/mL, but it decreased with the further
increase in bacterial cell densities, reaching
26.47% at 10" cfu/ml compared to the control. The
shoot length showed a significant gradual decrease
with the increase in bacterial cell density, reaching
48.18% of control at 10° cfu/ml. The further
increase in bacterial cell density was accompanied
by complete inhibition of shoot emergence, and
germination was restricted to the appearance of
a small radicle, or development of very stunting
seedlings as shown in Fig. 2. Additionally, root
length and the number of rootlets decreased
gradually with the increase in bacterial cell density,
showing the complete absence of rootlets with a
bacterial inoculum of 10'° cfu/mL. Consequently,
increasing P. aeruginosa inoculum densities
caused a significant reduction in both germination
rate by (5.88, 23.52 and 76.47%) and vigor index
by (22.12, 61.05, and 97.8%) for 102, 10°, and
10'° bacterial inoculum densities, respectively
compared to control (Table 2).

Bacterial identification

The isolated pathogenic bacterium had
phenotypic characteristics of non-spore-forming,
motile, and tiny rod-shaped cells. In addition,
when it was grown on KB medium, it had the
shape of tiny circular colonies and a secret
fluorescent pigment. It can solubilize KOH and
is a Gram-negative bacterium. The enzymatic
activity showed positive action for catalase and
starch hydrolysis, whereas it was negative for
cytochrome oxidase and gelatin hydrolysis.
Accordingly, the phenotypic and biochemical
tests revealed that the pathogenic bacterium was
classified as Pseudomonas spp.

Molecular classification

The bacterial isolate MA1 was molecularly
identified. From the blast data of the GenBank, the
isolated strain MA1 showed a similarity with P
aeruginosa (Fig. 3). The percentage of replicate
trees that clustered similar bacteria together in the
bootstrap test (involving 18 nucleotide sequences)
is shown above the branches. Accordingly,
the strain MA1 was identified and classified
as Proteobacteria, Gammaproteobacteria,
Pseudomonadales, Pseudomonadaceae, and
P aeruginosa strain MA1. Consequently, the
Gen Bank accession number was received as
ON000399.
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Infected parts

| Infected leaves | | Healthy o |

Fig. 1. Soft rot symptoms in naturally infected cotyledons and hypocotyl (A), Symptoms of artificial bacterial
infection in bean pods (B) and characteristic chlorotic lesions in artificially infected leaves (C)

TABLE 1. Assessment of leaf spot symptoms caused by P. aeruginosa on common bean plants

Disease Incidence % Disease severity %
Treatment
(DI) (DS)
Non-infected control 0.0+0.0 b 0.0+0.0 b
Infected plant 63.25+6.86 a 42.52+533 a

The Values were represented as mean + SD, n= 10.
The means of the same parameter with different letters are significantly different (T-test at P < 0.05).
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Complete
rotted seed

Stunting
seedlings
with infected
parts

Healthy
seedlings

Fig. 2. (a). Effect of different P. aeruginosa cell densities on germination rate: (A): Control; (B): 10> cfu/mL; (C):
10 cfu/mL; (D): 10" cfu/mL. (b): Magnified image showing infected parts and seedling size under the
effect of different cell densities of P. aeruginosa, (A): 10" cfu/mL; (B): 10° cfu/mL; (C): 10? cfu/mL; (D):

control

TABLE 2. Effect of bacterial cell densities on the emerging seedling’s relative germination and vigor index

Germination
Bacterial cell Shoot length  Root length Number of Germination ¢ Vigor
rate
density (cfu/mL) (cm) (cm) rootlets (%) %) Index
(U

Control 16.85+1.12a 5.03+046a 13.00£1.01a 94.44+13.61a 9444+ 13.61a 2066.00+340.00 a
10% 1458+1.59b 3.52+0.28b 10.89£0.49b 94.45+13.61 a 88.89+17.21 ab 1609.00 £ 381.00 b
10° 8.12+2.02¢c 3.02+0.28¢c  7.00+0.67 ¢ 77.78+1721b 7223 +£13.61b 804.64+179.20¢
10" 0.00£0.00d 2.05+0.19d 0.00£0.00d  25.00£20.41c 22.22+1721c  4555+34.30d

Values were represented as mean + SD, n=6.

The means of the same parameter with different letters are significantly different (Tukey test at P < 0.05).

Lytic activity of the isolated bacterial pathogen on
common bean plant tissue

The lytic activity of the cultural supernatant of
the bacterial pathogen was discovered (Fig. 4). The
enzyme activity varied accordingly, being 13.054,
11.09,9.28,20.90, and 1.47 U for xylanase, cellulase,
pectinase, proteinase, and lipase, respectively.
Additionally, the pH of the cultural supernatant was
found to be in the neutral range (7.27).

Metabolic changes in common beans

Metabolic changes in the leaf tissue of the
infected plants displayed a decrease in chlorophyll b
and total chlorophyll contents by 24.33 and 34.27%,
respectively, compared to the control. On the other

hand, total carotenoids, proline, and phenolic
compounds (total and free) increased in infected
plant by 103.65, 183.33, 119.38, and 133.38%
respectively, in relation to non-infected plants
(Table 3).

Defense-related enzymes

The time profile of POX and PAL in the
common bean plant was followed up for five days
as a response to infection by P aeruginosa. Both
enzymes exhibited almost the same pattern (Fig. 5,
a, b), in which POX and PAL increased significantly,
reaching their peak activity on the third day of
infection at 5061.3 and 117.63 U/g fresh weight,
respectively, and then declined.
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Fig. 3. A neighbor-joining phylogenetic tree of Pseudomonas aeruginosa strain MA1 (accession number:
ON000399), using 16S rRNA gene sequence, with names of related bacterial species
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Fig. 4. Hydrolytic enzyme’s profile of the isolated bacterial pathogen on common bean tissue [Columns of the
enzyme activity are represented as mean £ SD (n=3)]
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TABLE 3. Metabolic changes (mg/g plant fresh weight) in common bean-infected leaves

Chlorophyll Total Phenolic content
Treatment A Proline
a b Total carotenoids Total Free
) 0.211 0.374 0.248 12.595 0.048 4.709 3.789
Non-infected control
+0.0025b  +0.0040a  +0.0046 a +0.0060 b +0.0031 b +0.0020b +0.0035b
0.237 0.283 0.163 13.055 0.088 5.622 5.054
Infected plant
+0.0031a  +£0.0020b  +0.0031b +0.0031 a +0.0025a +0.0053a +0.0025a
T-test (P < 0.05) 0.0114* 0.0002* 0.0012%* 0.0000* 0.0002* 0.0000* 0.0000*

Each value represents mean =+ standard deviation, n=3

Means of the same parameter with different letters are significantly different (T-test at P < 0.05)
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Fig. 5. Time profile of peroxidase and PAL enzyme activity in common bean as a response to infection by P.

aeruginosa MAL for five days

Accumulation of PAL transcripts

Foliar artificial infection of common bean
leaves with P. aeruginosa enhanced significant
PAL gene expression, reaching about threefold
that of the non-infected corresponding control
after 24h of infection (Fig. 6). The transcript
abundance decreased in infected leaves, reaching
the corresponding control level in the third and
fifth days of infection.

Management of P. aeruginosa using Ch-Ag NC

Characterization of Ch-Ag NC

Various methods were used to assess
the physicochemical characterization of the
synthesized Ch-Ag NC. Figs. 7 A and B
indicated that the hydrodynamic diameter was
measured in the nm range using the DLS. The
size of Ch-Ag NC was 13.27 nm and the zeta
potential was +65.6 mV, respectively. Using
HR-TEM, we were able to determine the particle
size and shape. The Ch-Ag NC was depicted in
Fig. 7C in a typical HR-TEM micrograph. The

cross-linking between chitosan and silver has
a size range of about 12 nm with a spherical
shape and smooth surface. The X-ray diffraction
pattern of Ch-Ag NC is shown in Fig. 7D. The
peaks at 20 = 38.13°, 64.46°, and 77.42° were
assigned to (111), (220), and (311) of Ch-Ag NC,
demonstrating that the cubic phase structure of
the silver was present in the crystalline structure
of the synthesized Ch-Ag NC (JCPDS 04-004-
8730). Figure 7E presents the transmittance
(%) versus wavenumber (cm™') plot of the
synthesized Ch-Ag NC. Due to the stretching
vibrations of the O-H and N-H functional
groups, the spectra exhibit a wide absorption
band at 3360 cm’'. The spectrum showed N-H
and C-N bending vibrations with sharp peaks at
1641cm™'. Absorption of N—H and C—N originates
from the interaction between the metallic surface
of silver and the amino group; in such cases the
amino groups serve as chelating agents for the
stabilization of silver.
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Fig. 6. Regulation of PAL relative expression in common bean was detected by real-time PCR as a response to
infection by P. aeruginosa MAL1 for five days
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Fig. 7. Characterization of chitosan-silver nanocomposite (Ch-Ag NC). A) Particle size distribution, showing the average
size of 13.27 nm; B) Zeta potential, showing the surface charge of +65.6mV; C) HR-TEM image, viewing a
spherical shape with a mean size of 12nm; D) XRD pattern analysis suggests the formation of Ch-Ag NC; E). FT-
IR spectra of (a) chitosan nanoparticles (Ch NPs) and (b) chitosan-silver nanoparticles (Ch-Ag NC)
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In-vitro antibacterial activity of Ch-Ag NC

The antibacterial feature of Ch-Ag NC showed
high potential against P. aeruginosa strains that
manifested through the development of growth
inhibition zones (Table 4). It was found that
low concentrations of Ch-Ag NC (5, 10, 20, 30,
and 40mg/L) had no obvious effect on bacterial
growth, but with the increase in nanocomposite
concentration to 50 and 100 mg/l, bacterial growth
was inhibited. The concentration of 50mg/L was
considered the minimum inhibitory concentration
(MIC), the lowest concentration that inhibited
visible bacterial growth. In addition, it had a clear
zone diameter of 1.37 cm compared to the control,
which has no clear zone surrounding it (Fig. 8).

TABLE 4. Antibacterial activity of different
concentrations of Ch-Ag NC against
P. aeruginosa strain using an agar-well
diffusion assay

Ch-Ag NC (mg/L) Inhibition zone diameter (cm)

0.0 0.00+0.00 ¢
5.0 0.00+0.00 ¢
10.0 0.00+0.00 ¢
20.0 0.00+0.00 ¢
30.0 0.00+0.00 ¢
40.0 0.00+0.00 ¢
50.0 1.37+0.05b
100.0 2.10+0.29 a

All values were represented as mean +SD, n=3. The values of
different letters are significantly different (Tukey test at P< 0.05).

Fig. 8. Antibacterial activity of different
concentrations of Ch-Ag NC against P.
aeruginosa, control (A), 50mg/L (B), and
100mg/L (C)

In-vivo control of P. aeruginosa MA1 using Ch-
Ag NC

The antibacterial potential of synthesized
Ch-Ag NC (50 and 100mg/L) was studied by
focusing on the vegetative growth properties
of common bean seedlings under the infection
stress with MA1. Under infection stress, shoot
length showed the lowest value (42.23%)
compared to the negative control, and it
increased significantly with the application
of Ch-Ag NC (50 and 100mg/L) being 80 and
86.6%, respectively. In the same manner, root
length showed the lowest value (66.74%)
under the infection stress and it increased
significantly with the application of Ch-Ag NC
(50 and 100mg/L) being 102.11 and 97.89%,
respectively. In addition, treatment of seeds with
Ch-Ag NC (positive control) improves seedling
growth properties. The positive influence of Ch-
Ag NC (50 and 100mg/L) recorded the highest
shoot length value being 113.6 and 119.88 %
respectively, in relation to the negative control.
Similarly, root length increased with the
application of nanocomposite, recording 101.05
and 105.26 %, as listed in Table 5 and illustrated
in Fig. 9.

Discussion

The climatic changes lead to the appearance
of new phytopathogens that may be more severe
than the already-known ones; further, some
pathogens may extend their host range to infect
other plants; this, in turn, forces researchers to
discover newly adapted phytopathogens. The
current study on the common bean is an example
of'this situation, where it is a universally valuable
crop and essential for human nutrition as a grain
legume.

Pseudomonas members live as plant
associates or parasites. The parasitic species may
live on the surface or inside plant tissue, causing
diseases that are influenced by ecological
aspects and host-specific interfaces (Preston,
2004). Very little consideration has been paid to
Pseudomonas aeruginosa as one of the causal
organisms of soft rot disease in some vegetables
and ornamental crops. The current study reported
P aeruginosa as a phytopathogen associated
with common bean seeds. The bacterial pathogen
was identified based on phenotypic characters,
biochemical tests, and molecular analysis of the
16S rRNA gene.
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TABLE 5. Influence of Ch-Ag NC application on seedling’s growth properties in the presence and absence of

infection stress

Shoot length
Treatment (cm) Root length (cm) Number of rootlets
cm

Negative control Without any treatment 20.88 +2.34 be 4.75+0.87b 15.33 +2.08 ab

Ch-Ag NC (50mg/L) 23.72 + 1.49 ab 4.80 + 0.46 ab 16.33+1.67a
Positive control

Ch-Ag NC (100mg/L) 25.03+ 1.66 a 5.00£1.00a 15.00 +£2.65 ab
MAI1 (10°cfu/mL) 883+09%4e 3.17+0.35¢ 523+0.50d
Ch-Ag NC (50 mg/l) + MA1 (10°cfu/mL) 16.70+1.13d 4.85+0.35 ab 11.00+ 141 ¢
Ch-Ag NC (100 mg/1) + MAT1 (10°cfu/mL) 18.09 +1.32 cd 4.65+095b 10.02+0.45¢

Values were represented as mean = SD, n=3.

The means of the same parameter with different letters are significantly different (Tukey test at P < 0.05).

Fig. 9. Growth characteristics associated with the application of two different concentrations of Ch-Ag NC and
their antibacterial activity against MA1. Control (A); Ch-Ag NC of 100mg/L (B); Ch-Ag NC of 50mg/L
(C); Ch-Ag NC of 100mg/L with bacterial inoculum (D); Ch-Ag NC of 50mg/L with bacterial inoculum (E);

Bacterial inoculum of 10° cfu/mL (F)

Seed is the means of plant reproduction
and spreading and is a storehouse of food and
energy. Plant pathogens are seed transmissible
by adhering to the seed surface or becoming
internally established within the seed, causing
diseases at different stages of plant development,
starting from seed germination up to crop
maturity, leading to the development of seed
and seedling rots, i.e., pre- and post-emergence
losses. For example, P. aeruginosa suppressed
seed germination of Arabidopsis thaliana by
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releasing a specific molecule (L-2-amino-4-
methoxy-trans-3-butenoic acid) that promotes
the accumulation of the germination repressors,
changing levels of gibberellic acid (GA) which
is an essential phytohormone in the germination
process (Chahtane et al., 2018). As a model
legume, mungbean seeds were infected by a
virulent strain of P. aeruginosa and showed poor
progress of seedling roots and high death rates;
further, compared with the wild-type bacterium,
the quorum-sensing mutant was notably less
virulent (Garge et al., 2018).
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The typical identification procedures based
on motility, shape, colony color, spore formation,
fluorescence, Gram staining properties, and
other biochemical tests assumed that the isolated
bacterium was P. aeruginosa, as previously
described (Abd-Alla et al., 2011; Mahmoud
et al., 2016). Pseudomonas aeruginosa has a
uniquely distinctive character: the secretion
of a pyocyanin pigment (Garrity et al., 2005)
which is a water-soluble blue-green phenazine
compound that may have antimicrobial activity
and exhibit fluorescence on KB medium under
UV light. Pyocyanin biosynthesis, purification,
and characterization were reported by Mavrodi et
al. (2001) and Mahmoud et al. (2016).

However, to further distinguish the isolated
microorganism from the other bacterial species
with the same characteristics, 16S rRNA
sequencing was accomplished for molecular
identification as a sensitive, specific, and rapid
method (Moussa et al.,, 2021). As a result,
phylogeny firmly associated the bacterium with
closely similar strains and identified the strain
as Pseudomonas aeruginosa, confirming the
previous identification tests.

The 16S rRNA gene was used for molecular
identification, and a complete phylogenetic tree
was performed. The 1500-bp 16S rRNA gene,
which is present in all bacteria, contains DNA
sequences that are unique to particular species
(Moussa et al., 2022). This aids in identifying the
tested bacteria based on their distinctive rRNA
gene sequence. Pseudomonas aeruginosa was
recognized as the pathogenic isolate, and the 16S
rRNA sequencing was submitted to GenBank, and
assigned the accession number ON000399 to it.

Previously, several soft rot-causative
Pseudomonas spp. were reported, such as P
marginalis on a wide range of plant hosts,
including Chinese cabbage, onion, and lettuce,
as well as P, syringae and P. marginalis on onion
bulbs in markets and fields (Abd-Allaetal.,2011).
Recently, different isolated Pseudomonas spp.
developed the appearance of water-soaking arecas
and soft rot symptoms during the infection on
different healthy plant tissues, including stems of
maize, sweet pepper fruits, eggplant, and tomato
(Emami et al., 2018).

In a trial to elucidate the capability of P
aeruginosa to invade plant tissue, the enzymatic

profile was assayed against the same plant tissue.
The lytic features of the phytopathogen were
associated with infection playing a vital role in
the disecase’s progress (Al-Askar et al., 2022a,
b). Therefore, the catalytic activity of the current
bacterial pathogen was screened on common bean
plant tissue. It is already known that the complex
nature of plant tissue structure limits the attack
of phytopathogens; therefore, some of the cell
wall-degrading enzymes (xylanase, cellulase,
pectinase, proteinase, and lipase) were assayed,
which are supposed to be induced during the
infection to enable microbial access into the tissue
(Saber et al., 2010; Al-Askar et al., 2021).

Marked xylanase activity was noticed,
suggesting the ability of such bacteria to hydrolyze
hemicellulose in plant tissue (Abdelwahed et al.,
2011; Elsayed etal., 2021; Al-Askar et al., 2022b).
Cellulose could also be degraded by cellulase into
glucose (Saber et al., 2010; Al-Askar et al., 2022a,
b). Pectin is decomposed by pectinase, resulting
in monomers of galacturonic acid (Ajayi et al.,
2021; Al-Askar et al., 2022a). Furthermore, the
proteinaceous tissue is catalyzed by proteases
into free amino acids (Al-Askar et al., 2021).
Lipase catalyzes the breakdown of triglycerides
into free fatty acids, glycerol, diglycerides, and
monoglycerides (Saber, 2004). These enzymatic
consortiums work synergistically to soften plant
tissue, thus easing the invasion process, and
therefore, these enzymes pose an additional threat
to plant infection. The current P. aeruginosa has a
complete lytic profile, capable of causing an acute
infection.

The metabolic changes in common bean
plants associated with infection by P. aeruginosa
were followed up in terms of chlorophyll (a and
b), total carotenoids, proline, and phenolic content
(total and free). All such metabolic tests showed
significant variation between the infected and
healthy groups.

Enhancement of systemically induced
resistance is associated with rapid activation
of multiple defense mechanisms, which were
reported here. The defense mechanisms involve
the accumulation of some secondary metabolites,
such as proline. As an amino acid, proline
contributes to the cell wall structure and is vital to
plant growth (Kishor et al., 2015). It was reported
to accumulate in infected plants and increase
in leaves, thus relating to antioxidant roles by
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scavenging the hydroxyl radicles liberated during
infection (Verbruggen & Hermans, 2008). Proline
also accumulates in the leaf tissues of plants
treated with a virulent strains of P. syringae
but remains unaffected in leaves diseased with
isogenic virulent strains, where the virulent
strains stimulate the plant defense line as disease
resistance (Fabro et al., 2004).

In photosynthetic tissues, carotenoids protect
cells from light damage and superoxide radicles.
The physiological role of carotenoids is to protect
the photosynthetic system against reactive oxygen
species (Swapnil et al., 2021). Our data revealed
an increase in carotenoids due to infection,
suggesting the strong reaction of the common
bean against the bacterial pathogen. Likewise,
chlorophyll decreased significantly in the stressed
crops compared to the control (Mibei et al., 2017).
This reaction could also be considered proof of
the pathological action of the currently recorded
P aeruginosa.

Naturally, many plants synthesize phenolic
compounds as a defense line, where they act
as free radical scavenging agents and have an
antioxidant activity that resists plant infection
(Ma et al., 2016). Our tested bacteria trigger the
accumulation of phenolic compounds in bean
plant tissue, which is consistent with Beimen et
al. (1992) who treated tomato plants with three
Clavibacter strains. Leaf blades showed a reliable
accumulation of phenolic compounds depending
on time. Similarly, infection of different olive
cultivars with Xylella fastidiosa subsp. pauca
(Xfp), strain CoDiRO, develops leaf scorch
symptoms due to the accumulation of phenolic
compounds (Luvisi et al., 2017).

A pathogen attack triggers systemic resistance
in the host in a series of molecular and metabolic
changes in plant tissue. Under the infection
with our strain, P. aeruginosa, common bean
tissue showed a significant rise in the activity
of the plant defense-related enzymes POX and
PAL, reaching their maximum value at 72 hours
of infection. Consequently, POX belongs to
oxidoreductases, which elicit the biosynthesis of
different secondary metabolites such as lignin
and oxidizes phenolic compounds into quinines
that protect the plant against pathogen invasion
(Reddy et al., 2014; Prasannath, 2017). Moreover,
PAL is the precursor of phytoalexin biosynthesis
by catalyzing the conversion of L-phenylalanine
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to trans-cinnamic acid and ammonia in the
phenylpropanoid biosynthetic pathway (Sharma
et al.,, 2018). However, the maximum activity
of PAL and POX depends on the difference in
cultivar susceptibility and plant age.

Foliar-sprayed common bean plants generated
a temporary potentiated defense-related PAL gene
expression in 24 h post-infection that vanished
with infection progression. Inoculation of the
primary leaves of Phaseolus vulgaris with virulent
and avirulent isolates of Pseudomonas savastanoi
pv. Phaseolicola, and saprophytic Pseudomonas
Sfluorescens led to the accumulation of PAL gene
transcripts in bean leaves, starting about 15h
after inoculation and increasing up to 24h, then
decreasing (Meier et al., 1993). Some barley
species contain resistance genes (PM-R genes) that
control avirulent strains of Blumeria graminis f.
sp. hordei (Bgh). Quantitative RNA blot analysis
of PAL transcripts showed that they increase in
the susceptible parent at 0—24h and are suppressed
at 36-72h. In resistant plants, PAL transcription
differed according to the acting rate of their PM-R
genes. PM-R genes indirectly modulate defense
response gene transcription by limiting fungal
incidence (Kruger et al., 2003). Colonization
of common bean roots by rhizobacteria with
primed defense capacity is known to stimulate
systemic resistance against P. s. pv. phaseolicola.
In resistant leaves of Rhizobium-treated plants,
a high accumulation of PAL transcripts after five
days of infection was reported (Diaz-Valle et al.,
2019). Based on NCBI and Phytozome databases,
the host-pathogen interaction elicits the expression
of defense-related genes in higher plants, such
as the PAL gene, which was selected as a model
to evaluate expression patterns in common bean
leaves (Iriti & Faoro, 2007).

Chitosan-silver =~ nanocomposite, as an
antimicrobial agent, was used here as a suggested
line for managing the new P aeruginosa
pathogen. In-vitro trial showed that Ch-Ag NC
possesses antibacterial activity, with the increase
in concentration being between 50 and 100 mg/l,
which was ensured by its application in the
greenhouse. Nanoparticles have a larger specific
area and a high reaction activity, demonstrating
a deep impact on many living cells (Negm et al.,
2021; El-Naggar et al., 2022).

The proposed inhibition mechanisms of
chitosan involve the fact that this particle has a
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positive charge that allows its interaction with the
negative charges of phospholipid constituents in
the cell membrane, which disrupts the membrane
or alters its permeability, making cellular contents
leak out, ultimately causing cell death (Liu et al.,
2001; Fosso-Kankeu et al., 2016). Additionally,
chitosan acts as a chelating agent for trace elements,
thus preventing their availability for normal
microbial growth (Zheng & Zhu, 2003; El-Naggar
et al., 2022). Nano-chitosan could pass through
cell walls, attach to DNA and/or proteins, and stop
the functions of essential proteins and enzymes by
inhibiting mRNA synthesis (Yien et al., 2012).

Our experimental results showed increased
antimicrobial activity of Ch-Ag NC. This may arise
from a high infiltration of the silver component
with a subsequent high bactericidal effect on the
bacterial cell, suggesting a dual mechanism (the
bactericidal effect of nanosilver and the effect of
nano chitosan) for the antibacterial activity of Ch-
Ag NC (Shinde et al., 2021).

Conclusions

Summing up, it is evident that Pseudomonas
aeruginosa is a phytopathogenic and seed-
transmitted bacteria that infects common bean
seeds. It can induce obvious pathogenicity
symptoms and provoke defense-related responses,
including an increase in the activity of POX and
PAL as well as upregulation of the PAL gene. It
gives a promising response to Ch-Ag NC treatment,
which can underlie future potent management.
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