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Abstract

In this study, herbicide-degrading soil microorganisms were evaluated as potential
agents for the biogenic synthesis of silver nanoparticles (AgNPs). A total of 42
microbial isolates were obtained from anthropogenically stressed soils and the
cotton rhizosphere, of which 13 exhibited high resistance to the herbicides
pendimethalin and clethodim. The most active strains were identified as
Acinetobacter radioresistens R27 and Bacillus pumilus R25. The formation of
AgNPs was confirmed by UV-Vis spectroscopy, scanning electron microscopy
(SEM), and X-ray diffraction (XRD), revealing predominantly spherical
nanoparticles with a face-centered cubic structure. According to the Debye—Scherrer
analysis, the crystallite sizes ranged from 21.3 to 74.3 nm. Furthermore, the
synthesized AgNPs exhibited a pronounced dose-dependent fungicidal efficiency

against economically significant phytopathogens, including Aspergillus flavus (with
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a maximum inhibition zone of up to 35.0+0.5 mm at 100 mg/L), Fusarium spp., and
Alternaria alternata. These findings demonstrate the dual potential of the
investigated degrading strains for both environmental bioremediation and the eco-

friendly production of nanomaterials for plant protection.
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1. Introduction

1.1. Relevance and the Role of Soil Microbiota. Over the past decade, against the
backdrop of escalating anthropogenic pressure and dynamic climate changes, the
preservation and restoration of agricultural land resources have attained the status of
priority objectives [1,2]. Soil microbiota plays a fundamental role in the global
cycles of nitrogen, sulfur, and phosphorus, as well as in the degradation of organic
residues [3]. It has been established that soil fertility indicators directly depend on
the abundance and taxonomic diversity of microbial communities [4,5].
Consequently, investigating the metabolic potential of these microorganisms opens
new avenues not only for agroecology but also for the rapidly advancing field of

nanobiotechnology.
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1.2. The Concept of "Green" Biosynthesis of Nanoparticles. In parallel with
ecological research, the development of biogenic synthesis methods for
nanoparticles (NPs) has emerged as a priority direction [6]. Beyond their direct
agronomic effects, soil microorganisms represent promising agents for the "green"
synthesis of metallic nanoparticles due to their high adaptability and controllable
cultivation conditions. Bacterial-mediated synthesis of nanoparticles serves as an
environmentally safe and efficient alternative to conventional physical and chemical
methods [7]. A pivotal role in these processes is attributed to strains possessing high
enzymatic potential, which enables precise control over the size, morphology, and
properties of the resulting nanostructures [8].

The synthesis of silver nanoparticles (AgNPs) is of paramount importance due to
their high efficiency, scalability, and pronounced biological activity [9]. Possessing
a broad-spectrum antimicrobial effect, silver effectively inhibits the growth of both

Gram-positive and Gram-negative microorganisms [10,11].

1.3. Applications and Advantages of Biogenic AgNPs. Currently, nanostructured
forms of this metal find extensive applications in biomedicine [12], water
purification systems [13], and the bioremediation of aquatic ecosystems [14], as well
as in the food, cosmetic, and agricultural industries [15]. The burgeoning interest in
biogenic AgNPs is driven by their high cytotoxicity toward pathogens, chemical
stability, and the potential for targeted modification of their properties, which opens
broad prospects for addressing pressing challenges in modern biotechnology and
ecology [16].

The synthesis of AgNPs is implemented through physical, chemical, and biological
approaches. Despite their high throughput, conventional physical and chemical
methods are characterized by substantial costs, technological complexity, and
environmental risks associated with the use of toxic reducing agents and high energy
consumption [17]. Consequently, biological methods, classified as "green

synthesis," are regarded as the most promising alternative. Current research is
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focused on developing biosynthetic approaches utilizing microorganisms and plant
strains to ensure the formation of stable nanostructures with controlled morphology
(size and shape), thereby expanding the opportunities for their targeted application

in nanobiotechnology [18].

1.4. Functional Multipotent Potential of Degrading Strains. The capability of
microorganisms to biosynthesize metallic nanoparticles often correlates with their
enhanced ecological competitiveness. This phenomenon serves as an adaptive
mechanism against stress factors, particularly exposure to xenobiotics [19]. In this
context, investigating microorganisms that degrade anthropogenic pollutants while
simultaneously exhibiting the capacity to synthesize transition metal nanoparticles
1s of profound scientific significance [20]. Such functional multipotency opens new
prospects for integrating bioremediation methods with nanotechnological strategies.
Microbially synthesized metallic nanoparticles (MNPs) fulfill a dual function,
serving both as an effective alternative to pesticides and as catalysts for their
destruction. For instance, silver nanoparticles (AgNPs) synthesized utilizing
Penicillium pinophilum [21] and Bacillus thuringiensis subsp. israelensis [22] are
capable of cleaving organophosphorus insecticides (specifically, cypermethrin)
without generating harmful byproducts, thereby rendering them suitable for the
treatment of pesticide-contaminated water bodies. Similarly, AgNPs biosynthesized
using Bacillus cereus extracts have been successfully applied for malathion
degradation [23], whereas nanoparticles obtained via the endophytic bacterial strain
VXBS8 demonstrated high efficiency in removing a complex of organophosphorus
pesticides, including cypermethrin, malathion, diazinon, and chlorpyrifos from
aquatic environments [24].

The degradation of glyphosate a systemic, broad-spectrum herbicide with a
controversial toxicity and carcinogenicity profile, is of particular interest. Studies
have shown that bacterial and yeast enzymes are capable of cleaving glyphosate into
phosphate ions, carbon dioxide, and water. In an alkaline environment, carbon

dioxide is converted into carbonate ions, after which the phosphate and carbonate
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groups undergo mineralization to form precipitates of zinc phosphate and zinc
carbonate nanoparticles. This methodological approach can be effectively utilized
both for glyphosate disposal and for the simultaneous remediation of environments
contaminated with heavy metals. Despite a substantial volume of research in this
field, the fabrication of nanostructures using microorganisms adapted to high
pesticide loads remains insufficiently explored.

The aim of the present study was to isolate and identify herbicide-degrading soil
microorganisms, and to evaluate their potential for the extracellular synthesis of

silver nanoparticles (AgNPs).

2. Materials and methods

2.1 Study Objects and Reagents

The study objects included soil microbial strains isolated from herbicide-
contaminated soils in the Tashkent region (Uzbekistan). The following strains were
utilized: Pseudomonas putida R15, Bacillus pumilis R25, Acinetobacter
radioresistens R27, Pseudomonas fluorescens G32, and Streptomyces variabilis
G35, previously isolated from soil samples after herbicide application [25]. Soil
sampling for microbiological analysis was performed using the “envelope” method,
which involves collecting several point samples from a single site to form a
composite sample. Soil moisture content was determined gravimetrically at 105°C.
Microbial counts were calculated per 1 g of absolute dry soil and expressed as
colony-forming units (CFU/g) [26,27].

Soil samples were collected from herbicide-contaminated layers at depths of 0 - 10
cm and 15 - 30 cm. Microbiological analysis was conducted using the serial dilution
method, and the bacterial ecology of the soil was characterized.

Dominant microorganisms were initially identified based on morphological and
cultural characteristics, as well as physiological and biochemical properties
(catalase, oxidase, carbohydrate fermentation, etc.) according to Bergey’s Manual.

Further identification of pure cultures was performed using MALDI-TOF mass
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spectrometry [28]. Molecular genetic identification of the isolates was conducted

based on /65 rRNA gene sequencing [29].

2.2 Qualitative determination of Ag NPs formation

To induce the synthesis of silver nanoparticles, an aqueous solution of silver nitrate
(AgNOs) was added to the culture broth containing microbial biomass after 24 and

48 hours of cultivation. The final concentrations of Ag" ions were 50, 75, and 100
mg/L. Bacterial cultures were grown in Meat-Peptone Broth (MPB), while
actinomycetes were cultivated in Gause’s liquid medium. Cultivation was performed
in a shaker-incubator (ES-20/80, Biosan) at 150 rpm and 30°C for 5-7 days. The
formation of biogenic Ag NPs was assessed visually by the color transition of the
culture medium from colorless to yellow or brown shades, characteristic of colloidal

silver solutions.

2.3 Characterization of the microorganism containing Ag NPs

The UV—vis spectra of Acinetobacter radioresistens R27, water solution containing
Ag NPs were measured in a Specord 210 UV spectrophotometer (Analytic Jena,
Germany) at wavelength intervals of 190-900 nm [30]. For determining the sizes,
shapes and element content of Ag NPs in the Acinetobacter radioresistens R27
structure, the samples were investigated using A JCM-6000PLUS Neoscope
scanning electron microscopy (SEM) (Jeol, Japan), with scanning performed at
different magnifications ranging from x15000 to x35000 and voltages of 20-30 kV.
X-ray diffraction (XRD) analyses were carried out on a Miniflex 600 diffractometer
(Rigaku, Japan) using monochromatized CuKa radiation (A = 1.5418 A, 40 kV, 15
mA), filtered by a nickel filter. Acinetobacter radioresistens R27, samples were
mounted on aluminum foil and scanned over a 20 range of 2° to 80° [31] The degree

of crystallinity (DC) was calculated from the intensity of the strongest peak: [32].

I,
DC = X 100
I+KI, *
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With Ic and la being intensities of the crystalline reflection and the amorphous
scattering, respectively, K being a correction coefficient.

The crystallites size was determined using the Scherrer’s equation: [33]

L kA
~ Bcos@

With L being the effective crystallite size (A); A = 1.5418 A the radiation
wavelength; 20 the Bragg’s angle (deg); k the crystallite shape factor (k = 0.9); B the
peak width at half~height (deg).

2.4. Determination of Antimicrobial Activity

The antimicrobial activity was determined according to the method described by
Egorov [34] using the agar well diffusion method. For this purpose, sterilized agar
nutrient media were aseptically poured into Petri dishes. Once cooled, the nutrient
agar was inoculated with the respective microbial test culture. Subsequently, wells
with a diameter of 6—8 mm were cut into the agar using a sterile borer at a distance
of 1.5-2.0 cm from the edge of the Petri dish. The investigated silver nanoparticle
(AgNPs) solutions or AgNOs controls were introduced into the wells, and the plates
were incubated under standard conditions. Due to the radial diffusion of the
nanoparticle solutions into the nutrient agar, the formation of growth inhibition

zones around the wells was observed and measured.

3. Results and Discussion
3.1 Isolation and Identification of Degrading Strains

A total of 42 isolates were obtained through direct plating of soil suspensions
and cotton rhizosphere samples onto organic and synthetic nutrient media. The
resulting cultures were screened for their ability to grow in the presence of various
concentrations of herbicides (pendimethalin and clethodim). It was established that
the majority of the isolated microorganisms were capable of developing on media

supplemented with these compounds [35]. Through repetitive subculturing on
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selective media and cultivation at elevated temperatures, 13 pure cultures exhibiting
the highest resistance to high herbicide concentrations were selected. The most
active isolates were identified based on their cultural, morphological, physiological,
and biochemical characteristics, supplemented by molecular genetic analysis (/65
rRNA gene sequencing). According to the comprehensive investigation, the most

promising degrading strains were identified as Acinetobacter radioresistens R27,

Bacillus pumilus R25 and Streptomyces variabilis G35 (Table 1).

Table 1. Physiological and biochemical characteristics of the selected microbial

strains.
o Acinetobacter Bacillus pumilus Streptomyces
Characteristics radioresistens R27 A
R25 variabilis G35
Colony morphology Smooth, enj[ire, Round, slightly Colonies wi‘Fh
convex, shiny, convex, smooth, abundant aerial
opaque, yellowish- shiny colonies with mycelium on
white or pale yellow | even edges on MPA | synthetic media, light
on nutrient agar gray to ash-colored
Cell morphology Coccobacilli Rod-shaped Branching mycelium
Gram staining Negative (-)* Positive (+) Positive (+)
Spore formation Absent (—) Absent (—) Absent (—)
Oxygen relation Aerobic Aerobic Aerobic
Temperature, °C 30-37 30-37 30-37
pH range 6.8-7.2 6.8-7.0 6.8-7.5

Oxidase activity

Negative (-)

Positive (1)

Not determined

Catalase activity

Positive (+)

Positive (1)

Positive (+)

Gelatin hydrolysis

Negative (—)

Negative (-)

Positive (+)

* (+) presence of a trait; (—) absence of a trait

Bacillus pumilis strain R25 is registered in the National Center for Biotechnology Information

(NCBI) database: GenBank: PZ059428.1

Acinetobacter radioresistens strain R27 is registered in the National Center for Biotechnology

Information (NCBI) database: GenBank: PZ059414.1

Streptomyces variabilis strain R35 is registered in the National Center for Biotechnology

Information (NCBI) database: GenBank: PX398277.




219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

Bacillus pumilus 25 Acinetobacter radioresistens R27  Streptomyces variabilis
R35

Fig. 1 Isolation of bacteria from soil contaminated with herbicides

This genus comprises a vast group of microorganisms characterized by pronounced
phenotypic and metabolic diversity. Although certain members of Acinetobacter
radioresistens R27 are opportunistic pathogens, many species possess significant
biotechnological potential [36]. Specifically, Acinetobacter radioresistens R27
species are capable of degrading xenobiotics (hydrocarbons, amino acid derivatives,
and petroleum products), utilizing them as sole carbon and energy sources [37,38].
For instance, Liu et al. successfully employed the Acinetobacter radioresistens R27
APHI1 strain, which effectively degrades phenol, for soil bioremediation [39]. The
high resilience of Acinetobacter radioresistens R27 to ionizing radiation and
desiccation further confirms its viability for practical applications under field

conditions (Figure 1a).

3.2. Screening of Isolated Microorganisms for Silver Nanoparticle Synthesis
Capability

It was established that the investigated isolates maintained high viability and
biosynthetic activity under conditions of elevated pesticide loads. Consequently,
these degrading strains were further evaluated for their capacity to mediate the
biogenic synthesis of metallic nanoparticles. The highest biosynthetic activity was

recorded in representatives of the genera Acinetobacter, Bacillus, Pseudomonas, and
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Streptomyces, thereby opening broad prospects for their practical application in
biotechnology.

The results of the primary screening of degrading strains for their ability to reduce
silver nitrate (AgNOs) revealed significant heterogeneity among the investigated
cultures. An increase in both the microbial incubation time and the precursor
concentration in the reaction system was accompanied by a pronounced color change
of the medium from light beige to dark brown. This color shift serves as a
characteristic visual indicator of silver nanoparticle (AgNPs) formation, driven by
the surface plasmon resonance effect, while the accumulation kinetics exhibited a

clearly defined, strain-specific pattern (Table 2).

Table 2. Microbial strains capable of silver nanoparticle biosynthesis

. Color change intensity

Strain Temperature Color Day1 | Day2 | Day3
Pseudomonas putida R15 30°C Light brown ++ ++ ++
Pseudomonas fluorescens 30°C Brown ] . .
GI8
Pseudomonas sp. 17 30°C No coloration - - -
Bacillus pumilis R25 30°C Brown ++ +++ Tt
Bacillus subtilis R21 30°C Light brown + 4t 4+
ﬁgl;tetobacter radioresistens 30°C Dark brown i e e
Acinetobacter sp.32 30°C No coloration - - -
Streptomyces variabilis G35 30°C No coloration - + ++

* """ indicates no visual changes; "+" indicates low color intensity; "++" indicates moderate

intensity; "+++" indicates high intensity (maximum nanoparticle yield).

The highest process initiation rate was characteristic of the strains Acinetobacter
radioresistens R27, Bacillus pumilus R25, and Pseudomonas putida R15, for which
a pronounced darkening of the reaction mixture was recorded as early as after 24 h
of incubation. Notably, for the A. radioresistens R27 and B. pumilus R25 strains, a
further increase in color intensity to dark brown (+++) was observed by 48 h,
indicating the maximum nanoparticle yield. In contrast, the strains Bacillus subtilis
R21, Pseudomonas fluorescens G118, and Streptomyces variabilis G35 were
characterized by a longer lag period, with optical shifts in the medium developing

predominantly by 48 h of incubation. It is worth noting that the isolates
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Pseudomonas sp. 17 and Acinetobacter sp. 32 exhibited no biosynthetic activity
throughout the entire exposure period (72 h), thereby serving as a negative control
that confirms the biological specificity of the investigated process.

Among all the investigated bacteria, the Acinetobacter radioresistens R27 strain
exhibited the highest biosynthetic activity. The silver nanoparticles synthesized by
this producer demonstrated high sedimentation and aggregative stability, exhibiting
long-term stability for several weeks and beyond. Such colloid system stability can
be attributed to the formation of smaller particles, as well as the presence of bacterial
exometabolites in the reaction mixture. These biomolecules are capable of
functioning as stabilizing agents, forming a protective capping layer on the surface
of the nanoparticles and effectively preventing their subsequent aggregation.
Bacteria of the genus Acinetobacter radioresistens R27 are characterized by high
resistance to environmental stress factors. It is hypothesized that their ability to
synthesize AgNPs serves as one of the adaptive mechanisms of these
microorganisms. The formation of NPs is visually confirmed by a characteristic
color inversion of solutions containing bacterial biomass and silver nitrate. The
efficiency of biogenic AgNPs synthesis is determined by a combination of factors,
including the growth phase, cell suspension density, nutrient medium composition
and pH, temperature regime, and duration of incubation with metal salts [40]. Our
experiments established that for the Acinetobacter radioresistens R27 strain, the
most intense color transition (from brown to dark brown) was observed after 72
hours of cultivation at silver ion concentrations ranging from 50 to 100 mg/L (Figure

2a).
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Fig. 2 Formation of AgNPs with Acinetobacter radioresistens R27 cultures
Schematic representation of possible mechanism for the synthesis of AgNPs
a. 1. Acinetobacter radioresistens R27; 2. Acinetobacter radioresistens R27 containing 50
mg/l AgNPs, 3. Acinetobacter radioresistens R27 containing 75 mg/l AgNPs,
4. Acinetobacter radioresistens R27 containing 100 mg/l AgNPs;
b. Schematic representation of possible mechanism for the synthesis of AgNPs using

Acinetobacter radioresistens R27 bacteria.
Using bacteria (Fig.2 a. and b.). The mechanisms governing nanoparticle formation

are organism-specific. Nevertheless, the biosynthetic process generally involves the
adsorption of metal ions onto the cell surface or their intracellular uptake, followed
by enzymatic reduction into nanoparticles [41]. Owing to their extensive practical
applications, AgNPs have been the most comprehensively studied among noble
metals in the context of biogenic synthesis. Specifically, Kalishwaralal et al.
investigated the role of nitrate reductase in AgNPs synthesis by a Bacillus
licheniformis strain [42]. The authors hypothesized that nitrate ions induce the
activity of the enzyme responsible for the reduction of Ag* to Ag’. It is further
proposed that the underlying mechanism involves electron transfer mediated by
cofactors such as NADH, which are essential for the catalytic function of NADH-
dependent nitrate reductases during nanoparticle formation [43]. According to
several studies [44,45], NADH-dependent reductase plays a pivotal role in the
synthesis of AgNPs. In this process, NADH acts as an electron donor, reducing silver
ions (Ag") to their elemental form (Ag’), which subsequently leads to their
aggregation into AgNPs.

In the next stage of the study, the UV-Vis absorption intensity of samples containing
Ag" ions and AgNPs synthesized by Acinetobacter radioresistens R27 was

investigated.
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Fig. 3 UV-Vis spectroscopic analysis of Acinetobacter radioresistens R27

samples containing Ag" ions and different concentrations of AgNPs

(a). UV-Vis absorption spectra of solutions: a. AgNO3 solution; b. strain of
Acinetobacter radioresistens R27; b. strain of Acinetobacter radioresistens R27 containing 75
mg/L AgNPs;

(b). strain of Acinetobacter radioresistens R27 containing AgNPs at different

concentrations: 1. 50 mg/L, 2. 75 mg/L, and 3. 100 mg/L.

The UV-Vis spectroscopic analysis revealed that the solution containing AgNPs
synthesized using Acinetobacter radioresistens R27 in the presence of AgNO;
exhibited characteristic absorption peaks at Amax =270 nm and Apax =416 nm. These
absorption maxima are typical for AgNPs and, according to the literature,
correspond to nanoparticles with sizes in the range of 10-80 nm (Fig. 3a, curve c)
[46]. In contrast, no characteristic absorption peaks corresponding to AgNPs were
observed in the spectra of the microbial strain of Acinetobacter radioresistens R27
or in the AgNOj; solution alone, indicating the absence of nanoparticle formation
under these conditions (Fig. 3a, curves a and b). In the subsequent stage of the study,
UV-Vis spectra of solutions containing AgNPs at concentrations of 50, 75, and 100
mg/L, synthesized by Acinetobacter radioresistens R27 were recorded. As shown in
Fig. 1b, the UV-Vis spectra of solutions containing 50 and 75 mg/L of Ag
nanoparticles exhibited absorption maxima at Apax = 270 nm and Agax = 400 nm,
indicating the presence of predominantly spherical, monodispersed Ag NPs with
sizes in the range of 10-80 nm (Fig. 1b, curves I and 2). With an increase in AgNPs
concentration up to 100 mg/L, the optical density of the spectra increased by up to

1.6%, accompanied by changes in nanoparticle characteristics. UV-Vis analysis
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suggested the presence of AgNPs with larger sizes of 80-190 nm, including both
spherical and needle-like morphologies (Fig. 1b, curve 3). According to the literature
[47], an increase in absorption intensity in the spectra is associated with changes in
the size and morphology of the synthesized nanoparticles (Figgure 1b, curves 1-3).
The size and distribution of AgNPs formed after the reduction of Ag" ions to AgNPs
by strain Acinetobacter radioresistens R27 at different concentrations were

determined using SEM analysis. The obtained results are presented in Figure 4.
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Fig. 4 SEM images of powder samples containing AgNPs at concentrations of 50
mg/L, 75 mg/L, and 100 mg/L synthesized by strain

Acinetobacter radioresistens R27

a. Acinetobacter radioresistens R27 containing 50 mg/L of AgNPs with sizes of 10-75 nm;
b. Acinetobacter radioresistens R27 containing 75 mg/L of AgNPs with sizes of 30-85 nm;
¢. Acinetobacter radioresistens R27 containing 100 mg/L of AgNPs with sizes of 60-300 nm;

SEM images revealed that at an AgNPs concentration of 50 mg/L, predominantly
spherical, monodispersed particles with sizes of 10-75 nm were formed by
Acinetobacter radioresistens R27 (Figure 4a). An increase in AgNPs concentration
to 75 mg/L resulted in the formation of predominantly spherical, monodispersed
particles with sizes of 30-85 nm, synthesized by Acinetobacter radioresistens R27

(Figure 4b). When the concentration of AgNPs in the powdered samples of
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Acinetobacter radioresistens R27 was increased two fold compared to the initial
sample, irregularly shaped, polydispersed AgNPs with sizes of 60-320 nm were
observed (Figure 4c). The variation in the size and morphology of AgNPs in the
powdered samples of Acinetobacter radioresistens R27 was found to depend on the
initial concentration of AgNO3 and the reaction conditions.

X-ray diffraction (XRD) analysis was performed to determine the crystalline
structure and size of stable AgNPs formed in the powder obtained from the strain of
Acinetobacter radioresistens R27 containing 75 mg/L AgNPs. The results are

presented in Figure 5.
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Fig. 5 XRD analysis of powder obtained from the strain of Acinetobacter
radioresistens R27 containing 75 mg/L. AgNPs
The XRD analysis revealed that the powder containing 75 mg/L. AgNPs synthesized
by Acinetobacter radioresistens R27 exhibited distinct diffraction peaks at 26 =
38.12°,44.5°,64.13°, and 77.48°, corresponding to the (111), (200), (220), and (311)
crystal planes of face-centered cubic silver (Figure 5). The obtained results were
compared with the standard data from the Joint Committee on Powder Diffraction
Standards (JCPDS) database. The diffraction peaks of AgNPs were found to be in
good agreement with the standard JCPDS file No. 04-0753 for silver nanocrystals.
Furthermore, no characteristic peaks corresponding to AgNOj crystals were detected
in the powder, indicating the absence of residual AgNO; [48]. The intensity of
diffraction peaks, 20 values, and interplanar spacing of crystalline Ag NPs formed

in the powder derived from Acinetobacter radioresistens R27 were analyzed using
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Mathcad software. The particle size in different crystallographic planes was
calculated, and the crystalline nature and size of AgNPs were determined using the
Debye-Scherrer equation.

According to the literature, the broadening of X-ray diffraction peaks is influenced
by the size of the crystals [49]. Based on the Debye-Scherrer equation, the crystallite
sizes of AgNPs with a cubic crystal structure were determined from the full width at
half maximum of the diffraction peaks corresponding to the (111), (200), (220), and
(311) planes, and were found to be 21.3, 41.4, 53.6, and 74.3 nm, respectively.

3.3. Antagonistic Activity of AgNPs

It is well established that metallic nanoparticles, particularly gold (Au), silver (Ag),
and platinum (Pt), possess a broad spectrum of antimicrobial activity and hold great
promise for applications in the agro-industrial sector [50]. The potential of utilizing
Au and Ag nanoparticles in crop production is being actively investigated as a viable
alternative to conventional chemical fungicides. Specifically, it has been
demonstrated that spherical silver nanoparticles (AgNPs) biosynthesized using the
endophytic bacterial strain Pseudomonas poae, isolated from garlic (Allium
sativum), induce the destruction of the cell wall of the phytopathogen Fusarium
graminearum (strain phl). This mechanism ensures the effective inhibition of
mycelial growth and spore germination, thereby underscoring the high potential of
AgNPs in protecting plants against fusarium wilt [51].

Beyond cereal crops, biogenic nanoparticles find extensive applications in
protecting vegetable and fruit plantations against a wide array of economically
significant diseases. For instance, the phytopathogen Fusarium oxysporum, which
induces vascular wilt, root and fruit rot, and an overall reduction in crop yield, is
effectively suppressed by palladium and platinum nanoparticles biosynthesized
using the microalga Botryococcus braunii [52]. A similar therapeutic efficacy has
been demonstrated in the control of grapevine gray mold, a destructive disease
affecting inflorescences, young leaves, and berries across vast agricultural

territories. It was established that silver (AgNPs) and copper (CulNPs) nanoparticles
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obtained from the culture supernatant of Pseudomonas fluorescens (ATCC 17397)
exhibit pronounced antimicrobial activity against the fungal pathogen Ulocladium
botrytis, which is associated with a complex of grapevine rots [53].

Crucially, these nanostructures are effective not only against mycoses but also
against viral invasions; specifically, AgNPs synthesized via bacterial species of the
genus Bacillus, including Bacillus pumilus, B. persicus, and B. licheniformis,
demonstrate significant antiviral efficacy against Bean Yellow Mosaic Virus
(BYMV), which causes necrosis and organ damage in faba beans [54, 55]. To
determine the antifungal activity of the synthesized silver nanoparticles, the agar
well diffusion method was employed. As a result of the conducted studies, it was
established that the silver nanoparticles synthesized by Acinetobacter radioresistens
R27 exhibit a significant antagonistic effect against the tested phytopathogens
(Figure 6).

The biogenic silver nanoparticles synthesized by Acinetobacter radioresistens R27
strain demonstrated pronounced antimicrobial activity against the investigated
phytopathogens (Figure 7), which in most cases exhibited a distinct dose-dependent
trend. In the negative control (sterile medium), zones of inhibition were completely
absent (0 mm), thereby confirming the specific action of the synthesized
nanostructures.

Among the micromycetes, the Aspergillus flavus strain exhibited the highest
sensitivity to elevated concentrations of the agent. While at a dose of 50 mg/L the
growth inhibition zone diameter was 10.0+£0.5 mm, increasing the concentration to
100 mg/L resulted in a sharp expansion of this indicator to 35.0 = 0.5 mm. A linear
dose-dependent effect was also recorded for Alternaria alternata (with the inhibition
zone increasing from 11.0+£0.5 mm to 21.0£0.7 mm) and Fusarium oxysporum
(increasing from 12.0+0.5 mm to 18.0+0.6 mm) as the concentration upscale from

50 to 100 mg/L.
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Fig. 6. Effect of silver nanoparticles from Acinetobacter radioresistens R27 on
phytopathogens and test microorganisms by agar well diffusion method (the zone

of inhibition for control sterile medium was 0 mm for all tested cultures).

Conversely, the phytopathogen Fusarium vasinfectum exhibited resistance to the
minimum dosage, showing a zero inhibition result at 50 mg/L. Nevertheless, its
growth was suppressed at higher concentrations, reaching 12.0+0.1 mm at 75 mg/L
and 19.0£0.7 mm at 100 mg/L, which indicates the threshold nature of this
organism's sensitivity.

Of particular interest are the data obtained for the bacterial pathogen Clostridium
sp., which did not follow a strictly linear trend. The maximum antibacterial effect
(19.0+0.1 mm) was achieved at an intermediate concentration of 75 mg/L, whereas
a further dose increase to 100 mg/L led to a decrease in the zone diameter to 17.0

+0.5 mm. This anomaly might be attributed to nanoparticle aggregation processes at
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elevated concentrations, which reduces the specific active surface area and

consequently lowers the diffusion rate of silver ions within the agar gel.

Fig. 7. Effect of silver nanoparticles from Acinetobacter radioresistens R27
on phytopathogens:
a — F.oxysporum; b — Clostridium sp., ¢ - F.solani; d — F.vasinfectum.

The control (sterile medium) is located on the left (top well), AgNPs at concentrations of 50
mg/L (top right), 75 mg/L (bottom left), and 100 mg/L (bottom right).

Consequently, the investigated biogenic nanoparticles of metals and their oxides
exhibit a pronounced selective potential against a wide array of economically
significant phytopathogens. The results of the in vitro antagonistic activity
assessment revealed that the growth inhibition of the target micromycetes and
bacteria occurred in a dose-dependent manner. The highest fungicidal efficiency was
recorded for AgNPs synthesized by Acinetobacter radioresistens R27 against
Aspergillus flavus (with an inhibition zone of up to 35.0+0.5 mm at 100 mg/L), along
with a stable linear antagonism against Fusarium oxysporum and Alternaria
alternata. The discovered threshold suppression effect on Fusarium vasinfectum and

the non-linear dynamics observed toward Clostridium sp. indicate the specificity of
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the interaction mechanisms between the nanostructures and the cellular barriers of
various pathogen classes. The obtained data confirm the promise of integrating
biogenic nanoparticles into complex plant protection systems and the eco-friendly

control of mycoses and bacterioses in agricultural crops.

Conclusions

The isolation of herbicide-resistant (to pendimethalin and clethodim) soil
microorganisms Acinetobacter radioresistens R27, Bacillus pumilus R25, and
Pseudomonas putida R15 opens new avenues for the environmentally safe ("green")
synthesis of AgNPs. It has been experimentally proven that these degrading strains

possess a high metabolic potential for the bioreduction of Ag" ions into stable

nanostructures. X-ray diffraction (XRD) analysis successfully confirmed the
crystalline face-centered cubic structure of the obtained particles. In contrast to
chemical synthesis, this biogenic process ensures the formation of a natural
biomolecular shell on the surface of AgNPs, which guarantees their high colloidal
stability and biocompatibility.

The synthesized biogenic AgNPs exhibited potent fungicidal and antagonistic
properties against a wide range of economically significant phytopathogens,
demonstrating a distinct dose-dependent trend. The agar well diffusion methods
revealed highly selective inhibition profiles for all evaluated test cultures. The
maximum antifungal efficacy was recorded against Aspergillus flavus, Alternaria
alternata, and Fusarium oxysporum, along with a stable activity against Fusarium
vasinfectum and the bacterial pathogen Clostridium sp.

The integration of herbicide degradation capability with a pronounced biocontrol
and fungicidal potential highlights the functional multipotency of the Acinetobacter
radioresistens R27 strain. This opens promising prospects for the development of
multifunctional biotechnological agents capable of simultaneously providing
environmental soil bioremediation and effective crop protection against

phytopathogens.
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