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Abstract: This study investigates the effects of metabolites from the beneficial bacteria Pseudomonas
N5.12 formulated as silver nanoparticles (AgNPs) on tomato plants and soil microbial communities,
to explore environmental safety of AgNPs for future applications in agriculture. AgNPs coated with
bacterial metabolites are endowed with biological activity that is dose dependent, as shown by
cytoskeleton alterations in Arabidopsis roots. The results show that N5.12-AgNPs can trigger
beneficial effects on tomato plants, either when delivered through the leaves or roots, indicating
effectiveness of the metabolites formulated as NP. Effects consist of lowering oxidative stress
metabolism and therefore, improving plant resilience, as well as increasing chlorophyll a and
carotenoid content. The significant reduction of H20: content was not associated to ROS scavenging
enzymes but to an increase in total phenolic content. On the other hand, AgNPs had a minimal impact
on bacterial metabolic activity, irrespective of the application way. Microbial communities” structure
was not altered by AgNP, anticipating environmental safety for agronomic applications. These
findings suggest that Pseudomonas N5.12 metabolites formulated in AgNPs, at physiological
concentration (30 ppm), may offer agricultural benefits by improving plant health appearing as an
environmentally safe alternative for agriculture.

Keywords: silver nanoparticles; toxicity; cytoskeleton; oxidative stress; microbial communities;
environmental safety

1. Introduction

Silver nanoparticles have attracted significant interest due to their unique physicochemical
properties, including high surface area, ease of functionalization and antibacterial activity. There are
different procedures to reduce Ag* to Ag? from chemical to biological methods resulting in NP
synthesis, among which biological synthesis is relevant because it is low cost and environmentally
friendly [1]. Biological synthesis procedure will determine size and shape of NP, with a unique
organic matter coat that stabilizes NP and modulates effects. Irrespective of their synthesis, NPs are
increasingly used in various sectors, including agriculture, medicine, textiles, and electronics [2,3].
As their use in agricultural applications is experiencing great development from pesticides to
fertilizers and plant growth stimulants, it is essential to examine their potential impacts on plant
physiology and soil ecosystems safety, prior to exploring implications for food security as they may
also accumulate on edible parts of the plants [4].

The interaction of AgNPs with plants has been the subject of extensive research, revealing both
positive and negative effects on plant growth and development. AgNPs can be absorbed by plant
roots and translocated to aerial parts, where they influence various physiological processes, including
photosynthesis, nutrient uptake, and stress responses [5]. On one hand, AgNPs enhance seed
germination and early-stage growth, likely through improved antioxidant activity and hormonal
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signaling [6]; at low concentrations, AgNPs trigger defense mechanisms and ROS production to help
plant acclimation [7], increase nutrient absorption [8] and plant growth in different conditions [9,10].

One of the key concerns associated with plant exposure to AgNPs is the potential of these
materials to induce oxidative stress, probably due to the release of Ag*ions which can bind to plant
tissues and disrupt cellular functions. At high concentrations, AgNPs can cause toxicity by inducing
oxidative stress, damaging plant cell membranes, and disrupting metabolic pathways [11,12]. In line
with this, the cytoskeleton is an excellent marker for this goal since it reacts immediately to
environmental stress. Both microtubules and microfilaments disassemble upon stress sensing to
repolymerize within a short time if perturbation is not toxic [13]. Hence, alterations of the
cytoskeleton structure is a good marker to determine a physiological concentration of AgNPs [14].
Indeed, biologically synthetized AgNP are usually capped and therefore, oxidation of Ag? is not
likely to occur.

Additionally, recent research has highlighted the potential for AgNPs to influence the soil
microbial functional diversity. AgNPs can alter key microbial processes such as carbon and nitrogen
cycling, leading to changes in soil quality and the availability of essential nutrients for plants [15].
The impacts on microbial communities may vary depending on soil characteristics (pH, organic
matter content) and the form in which silver is applied. AgNPs are known to exert antimicrobial
effects, which can lead to shifts in microbial population dynamics that in turn may lead to plant
benefits or be detrimental. Several studies have demonstrated that NPs can indirectly promote plant
nutrient absorption and ultimately promote plant growth by increasing the richness of rhizosphere
microbiota [15,16]. However, AgNPs can inhibit the growth of soil bacteria, fungi, and other
microorganisms, potentially disrupting beneficial microbial communities [17]. Thus, while the use of
AgNPs in agriculture holds significant promise, it also raises concerns about their potential
environmental impact, affecting microbial community structural and functional diversity.

Interestingly, recent studies have reported synthesis of AgNP coated with metabolites from two
different beneficial Pseudomonas strains able to inhibit microorganisms’ growth [18,19]. As
Pseudomonas strain N5.12 and its metabolites were able to promote plant growth and trigger plant
innate immune system [20], we hypothesized that bacterial metabolites formulated in AgNP would
trigger plant metabolism without altering rhizosphere microbial communities. As plants determine
own rhizosphere microbial communities through exudates, we explored changes after root
application to rule out direct inhibitory effect by AgNP, or leaf delivery to rule out indirect systemic
effects through exudates. Therefore, this study aims to investigate the effect of Pseudomonas N5.12
metabolites formulated as AgNPs on plant growth and soil microbial communities. To achieve these
goals, a physiological dose will first be determined based on cytoskeleton disruption in transgenic
Arabidopsis plants; and secondly, AgNPs will be delivered to tomato plants through leaves or roots,
and effects on plant physiology (photosynthetic efficiency, oxidative stress markers and ROS
scavenging enzyme activities) and on soil microbial communities’ (metabolic and structural
diversity) will be studied.

2. Results

2.1. Effect of Biosynthesized AgNPs from Pseudomonas N5.12 on Cytoskeletal Structures in Arabidopsis
Roots

This study focused on determining a physiological dose of AgNP by evaluating disruption of
cytoskeleton structures. MT orientation varies across root zones, reflecting different stages of cell
growth and division. Arrangement of MT in the meristematic zone of native plants, is perpendicular
to cell division plane (Figure 1a), while in the elongation zone, they reorganize to a longitudinal
orientation to support cell elongation (Figure 1f). In NP treated plants, the epidermal cells of the root
elongation zone show MT reorientation 1-hour after treatment with different concentrations of
AgNPs. Specifically, after treatment with 30 ppm AgNP, cells exhibit a predominantly longitudinal
and oblique orientation (Figure 1b); at 60 ppm, most cells show an oblique arrangement (Figure 1c);
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and at 120 ppm, a chaotic MT arrangement predominates (Figure 1d); stock solution (6000 ppm)
caused a total disruption of cytoskeleton (data not shown). NPs did not affect MTs length in the
elongation zone, which fluctuated within values of control plants (from 18 to 23 pm) across all
concentrations studied (Figure le). Additional changes in MT organization were observed in root
meristematic cells. At a low concentration of AgNP (30 ppm), no significant changes in MT
organization were detected, with most of them having a predominantly transverse orientation as in
the control (Figure 1g). Higher concentrations of NPs caused disruptions in the structure of MTs,
resulting in short filaments randomly distributed throughout the cell cytoplasm (Figure 1h and
Figure 1i). In short, MTs length was reduced by 57.7 % and 68.4 % following treatments with NPs at
60 and 120 ppm, respectively (Figure 1k). In summary, AgNP affects the orientation of MTs without
dramatic changes in their organization, but higher concentrations shorten MTs.
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Figure 1. Organization of microtubules in Arabidopsis gfp-map4 1 hour after exposure to different AgNP
concentrations: control (a, f); 30 ppm NPs (b, g); 60 ppm NPs (c, h); 120 ppm NPs (d, i). The average size of MTs
in the elongation zone (e) and meristem (k). Epidermal cells of the elongation zone (a—d); meristematic cells (f-
i). The images were taken sequentially with confocal microscopes from Leica Microsystems in the green channel
(ex/em: 488/496-556 nm) for GFP visualization. Scale bars: 10 pm.

The effect of AgNP on the structure of Actin Filaments (AFs) in Arabidopsis root cells was studied
using gfp-fabd2 mutants. The results revealed that AgNP have a more pronounced impact on AF
organization. Elongation cells contain a thin and highly dynamic network of AFs throughout the
entire cytoplasm (Figure 2a). When seedlings were exposed to 30 ppm NPs, the AF network thinned
somewhat but was like the control (Figure 2b). At higher concentrations, AgNP (60 and 120 ppm)
cause AFs to break apart or fragment into shorter segments, disrupting the normal structure and
organization of the AF network (Figure 2c and Figure 2d). A similar pattern is observed in
meristematic cells, where AgNP causes the disintegration and depolymerization of AFs as the
concentration increases from 30 to 120 ppm (Figure 2f-h).

As aresult, AgNP disrupt AF length and stability in different root cells. The average size of AFs
decreases slightly following treatment with 30 ppm NPs; however, this change remains statistically
non significant, as it fluctuates within the range of the control values. In elongating cells, the size of
AFs decreased by 77.6 % and 84.8 % following treatment with 60 ppm and 120 ppm NPs, respectively
(Figure 2i), indicating a significant disruption in structure at higher concentrations. A similar pattern
was observed in the cells of the meristematic zone, where the size of AFs decreased by 67.5 % and
79.8 % (with 60 ppm and 120 ppm NPs, respectively) indicating a concentration-dependent effect on
actin structure (Figure 2k).
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Figure 2. Effect of AgNP on the AFs of Arabidopsis gfp-fabd2 cells 1 hour after treatment: control (a, e); 30 ppm
NPs (b, f); 60 ppm NPs (¢, g); 120 ppm NPs (d, h). The average size of AFs in the elongation zone (i) and meristem
(k). Epidermal cells of the elongation zone (a-d); meristematic cells (e-h). The images were taken sequentially
with confocal microscopes from Leica Microsystems in the green channel (ex/em: 488/496-556 nm) for GFP

visualization. Scale bars: 10 um.

Therefore, low concentrations of AgNP are less likely to cause significant toxicity or major
disruption of cytoskeleton dynamics in Arabidopsis roots. Based on these data, a concentration of 30
ppm AgNPs was selected for further research on plants growth and development.

2.2. Biological Effects of AgQNPs on Tomato Plants

The effect of AgNP from Pseudomonas N5.12 in tomato was studied, measuring photosynthetic
performance and pigments. When photosynthetic efficiency was evaluated, non-significant
differences were found in any parameter, although non photochemical quenching (NPQ) showed a
notable non-significant increase (Supplementary Figure S1). NPs positively affected the level of
photosynthetic pigments, irrespective of the delivery way. Root treatment resulted in 14.2 % increase
in chlorophyll a content, while the leaf treatment led to a significant increase by 25.2 % (Figure 3a);
however, chlorophyll b content did not show any significant variation compared to the control
(Figure 3b). More notable changes were observed in carotenoid content, which increased by 36 % and
46.6 % following root and leaf treatments, respectively (Figure 3c). Silver nitrate did not affect
photosynthetic pigments concentration.
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Figure 3. Photosynthetic pigments concentration (units) in 7-week-old tomato plants: chlorophyll a (a);
chlorophyll b (b) and carotenoids (c). Values are recorded as mean + standard error of a triplicate experiment.
Different letters indicate significant differences according to ANOVA and LSD post hoc test (p < 0.05).

A significant decrease in the content of H202 by almost 3 times was observed in both root and
leaf treated plants. In contrast, when treated with 1 mM AgNOs, the H2O2 content increased by 1.3
times compared to the control (Figure 4a), MDA content was similarly enhanced by all treatments
(Figure 4b). At the same time, the activity of the ROS scavenging enzymes APX and CAT under AgNP
treatments were not statistically different from those of the control plants (Figures 5a and 5b).
However, exposure to NPs significantly increased the total phenolic content in tomato plants, with
the highest values observed in leaf-treated plants (1.588 mg/g FW) compared to the control and
similar to silver nitrate (Figure 6).
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Figure 4. Oxidative stress markers (units): hydrogen peroxide (a) and malondialdehyde (b) in 7-week-old tomato
plants. Values are recorded as mean + standard error of a triplicate experiment. Different letters indicate
significant differences according to ANOVA and LSD post hoc test (p < 0.05).
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Figure 5. ROS Scavenging enzymes activity (units): ascorbate peroxidase (a) and catalase (b) in 7-week-old
tomato plants. Values are recorded as mean + standard error of a triplicate experiment. Different letters indicate
significant differences according to ANOVA and LSD post hoc test (p <0.05).
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Figure 6. Total phenolic compounds (units) in 7-week-old tomato plants. Values are recorded as mean + standard
error of a triplicate experiment. Different letters indicate significant differences according to ANOVA and LSD
post hoc test (p < 0.05).

3.3. Microbial Community Diversity and Composition

The average well color development (AWCD) reflects the overall metabolic activity of
rhizosphere bacterial community. Kinetics of AWCD are shown in Figure 7a. To further investigate
how AgNPs alter the metabolic profile of soil microorganisms, 31 carbon sources utilization was
analyzed. The heat map and metabolic profile performed with the absorbance values of the different
carbon sources of Biolog Eco plates are presented in Figure 7b and Figure 7c, respectively. Metabolic
fingerprint showed in the heat map is similar among all treatments, being the treatment with AgNOs
the one with slight differences in the use intensity of few wells compared with the control (a-
cyclodextrin, L-arginine, L-threonine, Putrescine). The use intensity of polymers, carbohydrates,
carboxylic acids, amino acids, amines, and phenolic compounds by rhizosphere bacteria was not
altered by any treatment (Figure 7c). The metabolic profile was significantly different only between
AgNQO:s and Control (Figure 7c). Metabolic diversity calculated as Shannon index did not indicate
significant differences between treatments (Control: 4.808 + 0.023; Silver: 4.761 + 0.017; NP-roots: 4.777
+0.019; NP-leaves: 4.722 + 0.066).
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Figure 7. Metabolic activity of rhizosphere bacterial community. (a) Average well color development (AWCD)
in Biolog Eco plate on 96 hours incubation performed as the mean of the absorbance value of the 31 wells of
Biolog Eco plate; (b) Heat map performed with the absorbance values of the 31 wells of Biolog Eco plate,
measured at 96 hours of incubation; (¢) Metabolic profile of bacterial communities displayed as bars graph with
the mean absorbance values of the substrates of each category (polymers, carbohydrates, carboxylic acids, amino
acids, amines and phenolic compounds). Different letters indicate statistically significant differences between

treatments (X, y, z) or categories (a, b, c) according to ANOVA and LSD post hoc test (p <0.05).

Structural diversity of rhizosphere microbial communities under the different treatments was
analyzed. Biological diversity (Shannon-Weaver index) and abundance were calculated, both for
bacterial and fungal communities. The Shannon index for bacteria showed no significant changes
between treatments, suggesting that bacterial diversity remained stable under AgNP treatments
(Figure 8a). The Shannon index for fungi was similar for controls and both NP treatments; however,
significantly lower values were found for the AgNOs treatment (Figure 8b).

EasyMap did not found significant differences in any taxonomic level between treatments. It is
remarkable that the most abundant bacteria phyla were Proteobacteria, Bacteroidetes,
Planctomycetes, Acidobacteria and Verrucomicrobia, which dominated more than 84 % of the total
sequences (Figure 8c). The relative abundance of Proteobacteria was highest in all samples and
remained stable after NP treatment, showing an increase of 4-5.5 %. In contrast, after AgNOs
treatment, the abundance of Proteobacteria decreased by 7.06 % compared to the control. A similar
pattern was observed for other bacteria phyla, indicating a possible negative effect of AgNOs on this
microbial group. Thus, AgNP did not alter microbial communities, with no significant changes in
microbial structural or metabolic diversity.
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Figure 8. Differences in the structural diversity of bacterial and fungal communities under different AgNP
treatments. Biological diversity calculated with Shannon-Weaver diversity index of bacteria (a) and fungi (b);

and the relative abundance of bacterial community at Phylum level (c¢) and fungal community at Family level

(d).

The fungal community predominantly comprised Onygenales, Umbelopsidaceae,
Trichomonascaceae, Hypocreaceae, Thermoascaceae and Saccharomycetales, which accounted for
more than 83 % of all fungi (Figure 8d). While AgNP treatments enriched the relative abundance of
Onygenales by 3.2 % and 22.1 % after NP-roots and NP-leaves treatments, respectively, as well as the
relative abundance of Trichomonascaceae and Hypocreaceae by 6.9 % and 12.6 % (NP-roots), and by
242 % and 22.3 % (NP-leaves), respectively. However, AgNP treatments reduced the relative
abundance of Umbellopsidaceae by 36.4 % (NP-roots) and 12.8 % (NP-leaves). It is interesting that
the relative abundance of Thermoascaceae increased by 90.8 % in the NP-leaf treatment, but it showed
only a slightly difference compared to the control in the NP-root treatment. In addition, AgNOs
caused a significant alteration on the fungal community with the relative abundance of all fungal
families decreasing by more than 85 %.

3. Discussion

The use of AgNP in agriculture is on the rise and still, evidence for environmental and health
safety need to be provided. In a previous work, the process for biological synthesis of AgNP coated
with metabolites from the PGPR strain Pseudomonas sp. N5.12 was reported, together with the
antimicrobial and antifungal effects of these AgNP [18]. As plant protection effects against pathogens
and drought have been reported [20,21], a similar or even better effect of the NP is foreseen. As a first
step towards this goal, the present study was conceived to explore potential negative effects on soil
microbial communities or in plants in order to provide preliminary evidence of their ability to trigger
plant metabolism and for environmental safety. Results show that AgNP can trigger plant
metabolism without altering microbial communities’ structure and activity.

Determining biological activity calls for sensitive and suitable markers. The cytoskeleton is an
excellent marker for this goal, since it reacts immediately to environmental stress since both
microtubules and microfilaments disassemble upon stress sensing to repolymerize within a short
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time if perturbation is not toxic [14]. AgNP can significantly impact the organization and function of
MTs and AFs, as metal NPs may lead to damage to the plant’s cellular structures in the event of NP
uncapping or Ag oxidation, since silver itself is ten times denser than the cytosol. The exact effects
depend on various factors, including the size, shape, concentration, and surface properties of the
nanoparticles, as well as the exposure duration [13]. Previous studies have shown that exposure to
AgNPs leads to a significant reduction in the number and growth rate of MTs in Arabidopsis plants
[14]. Some studies have shown that AgNPs might induce bundling or aggregation of microtubules,
which can alter the typical parallel arrangement of microtubules in plant cells [14,22]. In the case of
AgNP, the crown of bacterial metabolites stabilizes and caps the metal, preventing or eliminating
toxicity, as evidenced by the non-significant changes on cytoskeleton arrangements by the lower
concentration. Consistently, higher concentrations led to MT and AF shortening suggesting a
physical interference when NP are too concentrated, as AgNPs can disrupt MTs and AFs organization
(Figures 1 and 2) by inhibiting polymerization and leading to the depolymerization or the formation
of unstable structures. This study highlights the concentration-dependent toxicity of AgNPs and their
potential to interfere with crucial cellular processes, such as cell division and elongation. So based on
cytoskeleton response, a physiological active concentration has been established in Arabidopsis using
gfp-map4 and gfp-fabd2 mutants.

Nanoparticles smaller than 60 nm are ideal for penetrating plant tissues because they can
navigate stomata (10-60 pm) and plasmodesmata (20-50 nm) [23]. Their shape also influences their
entry efficiency, with spherical nanoparticles being the most effective. Spherical AgNPs typically
demonstrate better penetration and distribution within plant tissues compared to irregularly shaped
particles. Once inside, they can be transported through vascular tissues to deliver nutrients,
pesticides, or antimicrobial agents [24]. As the size of our AgNP (average diameter of 20 nm) allows
penetration through plant tissues, and tissues are similar in all plant species, we reasoned that the
same concentration would suit tomato plants. Furthermore, as AgNP are prone for systemic transport
due to size, two application systems were explored, considering effects on soil rhizosphere
communities from both ends, directly in the roots, or as a side effect from systemic transport within
the plant or by dripping from leaves.

A number of beneficial effects of biologically synthetized AgNP from seed germination to plant
growth stimulation have been reported [8,25]. Improving nutrient contents, maintaining the
structural integrity of chloroplasts and other cellular components involved in photosynthesis or
enhancing pigment synthesis in plants have also been described as mechanisms to improve plant
fitness [26]. Although our AgNP did not affect chlorophyll fluorescence, the total chlorophyll and
carotenoid content significantly increased, consistent with other authors [27,28]. Interestingly both
treatments triggered tomato plants, with leaf treatments having a more pronounced effect than root
treatment, evidencing both a systemic effect from the roots, and a direct effect when delivered on the
leaf.

In line with improvement of plant fitness, oxidative stress response has been studied. Reactive
oxygen species (ROS) increase upon exposure to AgNP, being ROS alteration a general plant response
to integrate environmental changes. ROS changes can have different effects depending on their
concentration; while high ROS levels may damage tissues, low levels can trigger beneficial responses
[29]. Upon stimuli, the plant systems initiate a framework for scavenging ROS by upregulating the
activities of antioxidant enzymes, as well as the antioxidants phenols and flavonoids to restore
physiological homeostasis [7]. The ability of AgNPs to enhance the activity of ROS scavenging
enzymes enhancing the plants’ ability to resist oxidative stress and maintain cellular homeostasis
under stressful conditions has been reported [29,30]. Our results are consistent with improving ROS
homeostasis as indicated by the significant decrease (66%) in H,O, content detected (Figure 4a); this
ROS control is based on antioxidant molecules like phenols instead of ROS scavenging enzymes
activities (Figures 5 and 6). In line with lower H,O, concentration indicative of non-stressing
conditions, lower MDA levels were expected; however, an unexpected 29% increase in MDA content
for both root and leaf treatment were found (Figure 4b), suggesting that MDA could be acting as a
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signaling molecule [31] in view of the improved physiological status of plants. The protective effects
of bacterial metabolites on the NP’s crown is evidenced on the different response shown by the
increase in H,O, levels compared to the control and to treatment with 1 mM AgNOs.

Environmental safety of the AgNP was the second concern addressed in this work, since our
AgNP have demonstrated antimicrobial activity of AgNP against human and plant pathogens [18].
Microorganisms play a key role in soil fertility and are vital for supporting the functions of soil
ecosystems. However, the presence of contaminants can interfere with these functions, including the
cycling of nitrogen [32]. NPs participate in various physical, chemical, and biological processes,
including vulcanization, flocculation, precipitation, and adsorption. These processes allow them to
interact with soil organic matter, plants, and microorganisms in the soil [15]. NPs can impact
rhizospheric microorganisms positively or negatively, depending on their size, concentration, soil
type, and microbial diversity in the root zone [33]. Monitoring rhizosphere bacteria overall metabolic
activity (kinetics of AWCD) can provide insights into how AgNPs affect microbial ecosystems. In the
literature, soil extract exposures (ex-situ) to uncoated AgNPs and ionic silver resulted in decreases in
bacterial metabolic activity [34,35]. However, our data supports the non-toxic effects of our coated
NP as either treatment had a minimal impact on functionality of bacterial communities (Figure 7),
consistent with functional diversity calculated applying the Shannon-Weaver index. However, when
analyzing the metabolic profile (Figure 7c) a significant negative overall effect of AgNOs was detected,
although no significant differences were found when analyzing consumption by compound
categories. This indicates that AgNPs functionalized with the metabolites released by N5.12 to the
culture medium efficiently reduces silver to form the NP and stabilizes it, preventing oxidation of Ag,
and therefore, avoiding the potential negative impact of oxidized Ag on the metabolic activity of
rhizobacteria. All this suggests that, at the concentrations used in our study, AgNPs may have limited
ecological consequences for soil microbial communities” function.

Nevertheless, despite the overall metabolic activity seems to remain stable, the community
composition could shift, with more resistant species dominating the environment. Metagenomic
analysis have evidenced changes in specific groups upon NP treatment; among these groups
abundance of Acidobacteria, Verrucomicrobia, Actinobacteria, Cyanobacteria and Nitrospirae has
been negatively affected by NP, while Proteobacteria and Bacteroidetes abundance increased under
NP treatments [17,36]. Proteobacteria have already been identified in other studies as the most
prevalent bacterial group in the rhizosphere [37,38]; among other reasons, due to their decisive role
in the nitrogen cycle [39]. Our data is consistent with reported effects of NP in this group, showing a
similar increase in Proteobacteria abundance by root and leaf treatments, reinforcing the notion of
effectiveness of NP both on a direct basis when root treatment is delivered, and by a systemic effect
on leaf treatments. Interestingly, stability of the coated NP is also confirmed for microbial
communities” structure, as Ag in its ionic form significantly decreased Proteobacteria abundance.

As regards to fungal structure, AgNP have shown to increase prevalent fungal communities,
having a slight negative effect only on Umbelopsidaceae. Leaf application seems to affect fungal
communities more intensely than root applications, suggesting intense metabolic changes in plants
to be responsible for these changes. Finally, toxicity of AgNOs was confirmed by significant reduction
in fungal family abundance by more than 85%, indicating a strong inhibitory effect (Figure 8). These
findings support the notion that the form of silver (NPs versus ionic) plays a crucial role in shaping
microbial and fungal community composition, with AgNPs generally exerting a more stable and less
toxic effect compared to their ionic counterparts [35], confirming the stabilization of the metal due to
the corona of bacterial organic matter and its beneficial effects as anticipated in our hypothesis based
on the beneficial effect of the strain and its rhizosphere origin.

4. Materials and Methods

4.1. Biosynthesis of AGQNP from Pseudomonas N5.12
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AgNP were obtained as described in Plokhovska et al. [18]. In summary, 24 h cell free
supernatants were mixed with 1 mM AgNOs (2:4; v/v) and incubated at 37 °C for 24 h. After washing,
the product was lyophilized and resuspended in 1 mL of milli Q water with a stock concentration of
6000 pg/mL. It was confirmed by UV-Vis spectra (430 nm) and TEM showing spherical particles
(20.71 + 0.43 nm) with an organic corona of bacterial metabolites (Supplementary Figure S2).

4.2. Determination of Physiological Dose in Transgenic Arabidopsis

The experiments were performed using 5-day-old seedlings of the Arabidopsis thaliana plants
(GFP-MAP4 and GFP-FABD2) with fluorescently labeled microtubules and actin filaments,
respectively. The mutant lines were obtained from the European Arabidopsis Stock Centre (NASC;
https://arabidopsis.info), stock codes N799990 and N73159. Arabidopsis seeds were sterilized in 70%
EtOH (1.5 min) and 10% sodium hypochlorite (10 min) and exposed to cold stratification for 2 days.
After stratification, the seeds were sown on agar plates under sterile conditions. Seedlings were
grown in a vertical position in a climate chamber (Sanyo MLR-350H) at 22 °C, 70% air humidity,
under long day conditions (12 h light period). Five-day-old seedlings were transferred for 1 hour to
different concentrations of AgNPs (30, 60 and 120 ppm) to study their effect on the plant cytoskeleton.
Changes in the organization of MTs and AFs in the cells of the elongation zone and root meristem
were observed wusing a Leica Stellaris 8 Confocal Microscopy (SAI-MICROCON),
https://www.uspceu.com/en/research/research-support/servicio/microsco pia-confocal. The
fluorescent signal from GFP was excited at 488 nm and emitted at 505/530 nm. To measure the lengths
of MTs and AFs Image] software (Version 1.8.0_345) was used. The measurements were carried out
on confocal microscope images specifically within the elongation zone and meristematic cells (n =
30).

4.3. Experimental Design: Effect of AGNPs on Tomato Plants and Microbial Communities

Experiments were conducted to investigate if the physiological dose of AgNPs in Arabidopsis
was effective in tomato plants Lycopersicon esculentum Razymo RZ (F1-Hybrid 74-204RZ), and to
explore changes in rhizosphere microbial communities. Two ways to deliver AgNP were evaluated:
leaf spray or root drench.

Experimental design is shown in Figure 9. Seeds were sown in trays (4) of 12 alveoli. Each tray
was watered with 1 L of tap water every two days and were grown in the greenhouse, under natural
photoperiod, with a day-night temperature range of 10 °C to 30 °C. One month after sowing, 24
seedlings (two trays) were inoculated with AgNPs, 12 seedlings (one tray) were inoculated with 1
mM AgNOs, leaving 12 seedlings (1 tray) as control. Treatment with AgNPs (30 pg/mL) were
delivered to the leaves adding a drop on the newest leaf (50 pL/plant; one tray) or inoculated by soil
drench (5 mL/plant; one tray). Treatments were delivered 3 times, with 3 days between each
application; fist application was done on 4-week-old tomato plants (Figure 9). Four days after the last
treatment, the plant's aerial parts were harvested, powdered in liquid nitrogen, and stored at -80°C.
Rhizosphere soil was sampled and stored -80° until further analysis. The 12 plants per treatment were
sampled, and material from 4 plants was pooled and constituted a replicate.
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Figure 9. Experimental design.
4.4. Effects on Plant Physiology

4.4.1. Chlorophyll Fluorescence

Photosynthetic efficiency was assessed based on the chlorophyll fluorescence emitted by
photosystem II. Chlorophyll fluorescence was measured with a pulse amplitude modulated (PAM)
fluorometer (HansatechFM2, Hansatech, Inc., UK) on 1 h dark-adapted leaves. The variable
fluorescence (Fv) was calculated as the difference between the maximum fluorescence (Fm) and the
minimum fluorescence (Fo). The maximum photosynthetic efficiency of photosystem II (PSII) was
calculated as Fv/Fm. Immediately, the leaf was continuously irradiated with red-blue actinic beams
and equilibrated to record steady-state fluorescence signal (Fs). The effective PSII (¢PSII) and non-
photochemical quenching coefficient (NPQ) were calculated as follows: ¢PSII = (Fm’-Fs)/Fm’) and
NPQ = (Fm-Fm’)/Fm’). All measurements were carried out in the five plants of each treatment [20].

4.4.2. Photosynthetic Pigments

One hundred milligram of leaf powder was dissolved in 1 mL of acetone 80 % (v/v), incubated
overnight at 4 °C, and then centrifuged 5 min at 10,000 rpm in a Hermle Z233 M-2 centrifuge.
Absorbance at 647, 663, and 470 nm was measured immediately to quantify chlorophyll a, chlorophyll
b, and carotenoids using a Biomate 5 spectrophotometer. Concentration of chlorophylls a and b was
calculated with the equations proposed by Porra et al. [40] and carotenoids with the one proposed by
Lichtenthaler [41].

Chl a (ug/g FW) = [(12.25xAbs663) — (2.55xAbs647)] x V(mL)/weight (g).

Chlb (ug/g FW) =[(20.31xAbs647) — (4.91xAbs663)] x V(mL)/weight (g).

Carotenoids (ug/g FW) = [(1000xAbs470) — (1.82xChl a) — (85.02xChl b)/198] x V(mL)/weight

(mg).

4.4.3. Oxidative Stress Markers

The quantification of H202 was performed following the method shown in Shukla et al. [42].
Samples (0.2 g) were suspended, and vortexed with 2.0 mL of 0.1% (w/v) trichloroacetic acid (TCA)
in an ice bath. The homogenate was centrifuged at 10,000x g for 20 min. The supernatant (0.5 mL)
was mixed with 0.5 mL of 10 mM of potassium phosphate buffer (pH 7.0) and 1 mL of 1 M potassium
iodide. After 5 min, absorbance was measured spectrophotometrically at 390 nm. The amount of H202
formed was estimated from a standard curve and expressed as nmol/g H20: of FW.

Malondialdehyde (MDA) content was determined as described by Hu et al. [43]. Briefly, 0.1 g of
powder was added to 2 mL of 10% (v/v) trichloroacetic acid (TCA) and centrifuged at 20,000x g for
30 min at 4 °C. The supernatant (1 mL) was mixed with 4 ml TCA 20 % with thiobarbituric acid (TBA)
0.5 % (v/v). The supernatant (1 mL) was mixed with 4 mL of 20 % TCA and 0.5 % thiobarbituric acid
(TBA). The reaction was incubated at 95 °C for 30 min and cooling to room temperature. Then, it was
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centrifuged at 10,000x g for 10 min and the absorbance at 532 and 600 nm of the supernatant was
measured. The concentration of MDA was determined as: MDA (nmol/g FW) = [(Abs 532 — Abs
600)]/(e x FW), where ¢ is the molar extinction coefficient (155 mM-/em),

4.4.4. Enzyme Activities

To determine enzyme activity a buffered enzyme extract was prepared (10 mg of leaf powder in
1 mL of potassium phosphate buffer 0.1 M pH 7 supplemented with 2 mM Phenylmethyl sulfonyl
fluoride), manipulated at 4 °C. After 10 min of sonication, followed by centrifugation (10 min) at
14,000 rpm, soluble proteins were determined in the supernatant. Then, 50 pL of supernatant were
mixed with 250 uL of Bradford reagent to determine total protein on ELISA 96-well plates. After 30
min at room temperature, absorbance at 595 nm was determined in a plate reader (Heales MB-580).
A calibration curve was constructed from commercial BSA (0.05 and 2 mg/mL) to interpolate
absorbances and determine protein concentration. Enzyme activities related to scavenging of ROS
were determined in the supernatant with a spectrophotometer.

Ascorbate peroxidase (APX) was measured by the method as shown in Garcia-Limones et al.
[44]. The enzyme extract (100 pL) was mixed with 860 uL of potassium phosphate buffer (50 mM pH
7.0) and 120 pL of 2.5 mM sodium ascorbate. The reaction was started by adding 120 uL of 50 mM
H20:. A decrease in absorbance at 290 nm was indicative of the oxidation of ascorbate. Activity was
calculated using the extinction coefficient of 2.8 mM-V/em,

Catalase (CAT) was measured by the method in Garcrfa-Limones et al. [44]. The enzyme extract
(50 puL) was mixed with 980 uL of potassium phosphate buffer (50 mM pH 7.0) and 120 uL of 200 mM
H20:. The absorption at 240 nm was measured immediately and after 20 seconds; a decrease indicates
H:20: breakdown. Activity was calculated using the extinction coefficient of 36 mM-1/em,

4.4.5. Total Phenols

Total phenols were quantitatively determined with Folin—Ciocalteu agent (Sigma Aldrich, St
Louis, US) by a colorimetric method with some modifications [45]. Twenty microliters of extract were
mixed with 250 pL of Folin-Ciocalteu agent, 750 pL of Na2COs 20 % solution and 950 uL H20. After
2 hours at room temperature, absorbance was measured at 760 nm. A gallic acid calibration curve
was made (r = 0.99). Results are expressed in mg of gallic acid equivalents per 100 g of FW.

4.5. Effects on Microbial Communities

4.5.1. Metabolic Profile of Soil Microbiota

Biolog® ECO plate (BIOLOG Inc., Hayward, CA) were used to assess metabolic profile and
diversity 8 of the bacterial communities [46]. Biolog ECO plates are 96-well microplates that contain
31 substrates in triplicate (providing three repetitions per replicate, 3 replicates; n=9) and three control
wells without a substrate.

A bacterial suspension was prepared homogenizing 2 g of rhizosphere soil in 20 ml of sterile
distilled water by stirring for 15 min. The homogenate was centrifuged for 10 min at 2,500 rpm and
the supernatant was filtered through glass wool. The bacterial suspension obtained was resuspended
in MgSO4 10 mM to achieve 95 % of transmittance at 620 nm. The wells of the plate were inoculated
with 150 pl per well of this bacteria suspension. Plates were incubated at 25 °C in darkness and the
absorbance at 595 nm of the wells was measured every 24 h until 96 h with a HEALES “MB-580"
ultrafast automatic microplate reader. Each absorbance value was corrected by subtracting the blank
(corrected absorbance).

The corrected mean absorbance of all wells, known as average well color development (AWCD)
was calculated and plotted against incubation time to obtain growth curves of the microbial
community in the wells of the plate. In these curves, the incubation time was chosen at which the
growth of the microorganisms was starting the stationary phase, which was 96 hours. With the
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corrected absorbance values of the chosen incubation time (96 h), the metabolic diversity of each
sample was calculated using the Shannon-Weaver diversity index [47]:

H =-S5 [ni/N * Log ni/N],
where: ni = Corrected absorbance of each substrate (well); N = Sum of the 31 corrected absorbance
values.

4.5.2. Metagenomic Analyses of the Rhizosphere Bacterial and Fungi Communities

Metagenomic analyses were carried out by AllGenetics & Biology SL (www.allgenetics.eu).
DNA was extracted from 250 mg of each rhizosphere sample using the DNeasy PowerSoil Pro kit
(Qiagen) following the manufacturer’s instructions, with an extraction blank (Bex) included to check
for contamination. The DNA was resuspended in 50 puL and quantified using the Qubit High
Sensitivity dsDNA Assay (Thermo Fisher Scientific).

For the rhizosphere bacterial community library preparation, the 165 rRNA gene (domains V4-
V5, around 400 bp) was amplified using the following primers: forward 515F-Y (5'-
GTGYCAGCMGCCGCGGTAA-3') [48] and reverse 926R (5'-CCGYCAATTYMTTTRAGTTT-3’) [49].

For rhizosphere fungi community library preparation, a fragment of the ITS1 genomic region (of
around 300 bp) was amplified wusing the following primers: Forward ITS1F (5
CTTGGTCATTTAGAGGAAGTAA 3’) [50] and reverse ITS2 (5 GCTGCGTTCTTCATCGATGC 3’)
[51]. In both libraries the pool was sequenced in a fraction (1/16) of a MiSeq PE300 flow cell (Illumina).

EasyMAP, a user-friendly online platform for evaluating 16S rRNA sequencing data was utilized
[52]. For alpha diversity analysis, EasyMAP produces “observed OTUs”, “Faith’s Phylogenetic
Diversity”, “Shannon index”, and “Pielou’s evenness”. Microbes with significant differences across
groups are identified using LEfSe, which EasyMAP applies to provide taxonomic differential
abundance analysis. When conducting a Wilcoxon test between distinct subgroups, the default alpha
value is 0.05. Two is the standard threshold for the logarithmic linear discriminant analysis (LDA)
score’s absolute value. For the Kruskal-Wallis test between statistical groups, the default alpha value
is 0.05. Finally, the Greengenes database (version 13_8, 99% OTU) and VSEARCH [53] are used for
close-reference clustering to predict the function of the microbes. This ensures that the representative
sequences map to the Greengenes database. PICRUSt locates the matching function in the KEGG
database using the mapped Greengenes ID.

For fungi, taxonomic assignment of each ASV (Amplicon Sequence Variant) was performes
using a pre-trained classifer of the UNITE reference database [54]; updated in May 2021. Specifically,
the feature-classifier approach classify-sklearn implemented in QIIME 2 [55], setting the confidence
parameter at 0.80 was used.

4.6. Statistics

To examine the statistical differences in the stem diameter and height between treatments in
each sample period (June 19 and June 20), one-way ANOVA with repetitions was carried out. IBM
SPSS Statistics (Version 29.0.2.0) was used to verify the homoscedasticity and normality of the
variance prior to ANOVA analysis, ensuring that all the analytical conditions were met. LSD test was
employed when significant differences (p < 0.05) were observed. The sequences obtained in the
metagenomic analysis were analyzed using an online platform for analyzing 16S ribosomal DNA
sequencing data named EasyMAP [54]; accessed on December 10, 2020.

5. Conclusions

In summary, the following conclusions can be made:

e  The metabolites from Pseudomonas N5.12 formulated in AgNPs have biological activity that is
dose dependent, as shown by cytoskeleton alterations.

e  Physiologically active doses are low and can be extrapolated to different plant species. AgNP
coated with N5.12 metabolites (N5.12-AgNP) can effectively enhance tomato metabolism,
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highlighting the potential of nanotechnology-based solutions to promote sustainable
agriculture.

e Nb5.12-AgNPs enhance plant resilience on tomato plants. Despite the increase in photosynthetic
pigment contents and in MDA, H20z levels decreased, suggesting that coated AgNPs
contribute to oxidative stress homeostasis in plant cells, modulating antioxidant molecules for
ROS scavenging without involving major changes in specific antioxidant enzymes.

e Nb.12-AgNPs did not significantly affect overall microbial diversity or activity, anticipating
environmental safety. Furthermore, NP treatments favored beneficial bacteria groups like
Proteobacteria.

e Nb5.12-AgNP can be delivered to the roots or to the leaves achieving similar effects either
directly or systemically. Further studies are necessary to unveil differences.

e  When formulated in AgNP, N5.12 metabolites are able to reduce silver, stabilizing the NP and
preventing negative effects that could arise from oxidation of silver after delivery; negative
effects have been evidenced on AgNO:s treatments at all levels.

e  Nb5.12-AgNPs enhance plant fitness while maintaining rhizosphere microbial balance.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: The effect of AgNPs on photosynthetic efficiency in tomato plants;
Figure S2: Characteristics of biosynthesized AgNPs from Pseudomonas sp. N5.12
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The following abbreviations are used in this manuscript:

AgNP Silver nanoparticles

MT Microtubules

AF Actin Filaments

APX Ascorbate peroxidase
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MDA Malondialdehyde
H20» Hydrogen peroxide

AWCD Average Well Color Development
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