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ABSTRACT: This study investigates the compatibility and efficacy of combining ammonium molybdate (AM) with
antagonistic bacteria Bacillus amyloliquefaciens BIOW10 and Pseudomonas sp. BIIW11 for brown rot control (Monilinia
laxa). In vitro experiments reveal variable mycelial growth inhibition rates compared to untreated controls, with
BIIWI11 + 0.5% AM and BIOWI10 + 2% AM displaying the highest inhibition rates after 5 days. After 10 days,
the 2% AM + B10WI10 combination exhibits the highest inhibition rate. Microscopic observations show structural
alterations in mycelium within inhibition zones, marked by vacuolization. The antagonistic bacteria, alone or with
different ammonium molybdate concentrations, significantly impact M. laxa spore germination, with the BIOW10
cell filtrate + 2% ammonium molybdate combination achieving the most substantial inhibition. Conversely, the 0.5%
ammonium molybdate treatment has the lowest inhibition rate while the combination of AM and bacteria is giving
better results compared to the use of bacteria alone. Fruits treated with various antagonistic bacteria and ammonium
molybdate combinations demonstrate a significant reduction in disease severity. The 0.5% AM + BIOW10 combination
exhibits the lowest severity. FT-IR spectra analysis identifies shifts in fungal biomass functional groups, with reduced
lignin-related bands and increased phenols, lipids, polysaccharides, and carbohydrates. This highlights the structural
modifications caused by the biological treatments. The study also evaluates the effects on fruit quality parameters. The
2% ammonium molybdate treatment yields the lowest weight loss. TSS levels are affected by salt concentration, while
acid content remains consistent across treatments. All treatments influence fruit firmness compared to controls. These
findings emphasize the potential of combining ammonium molybdate and antagonistic bacteria for effective brown
rot control, highlighting their compatibility and effects on disease severity, fungal biomass, spore germination, and
fruit quality.
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1 Introduction

Nectarines (Prunus persica L.) and peaches (Prunus persica L.) stand among the most economically
significant fruit crops, trailing closely behind apples and oranges [1,2]. With a global production exceeding
25 million tons, spread across an approximate area of 1.5 million hectares, China, Spain, and Italy emerge as
the primary producers of peaches and nectarines [3,4]. Over the past years, peach and nectarine production
in Morocco has witnessed significant increase, rising from 138,560 t in 2017 to 168,974 t in 2021, and reaching
247,869 t in 2022 This surge has earned Morocco recognition as one of the leading countries in the production
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of these stone fruits, securing the 18th position globally, according to data from the Food and Agriculture
Organization of the United Nations [3].

Regrettably, nectarines and peaches often face rapid deterioration both before and after harvest,
particularly when storage conditions are not adequately maintained. This degradation is primarily attributed
to spoilage fungi, with Monilinia spp. being a significant culprit [5]. Monilinia, the causative agent of brown
rot, predominantly triggered by three species within the Monilinia genus (M. laxa, M. fructicola, and M.
fructigena), stands out as a major economic concern [6]. The economic impact is substantial, with estimated
annual losses amounting to 2.1 million euros [7]. When environmental conditions are conducive to disease
initiation and growth in orchards, the post-harvest fruit loss can soar to as high as 80% [8].

Brown rot not only results in the withering of flowers and fruit decay in orchards but also triggers
latent infections in fruits, leading to rot after harvest. These latent infections, originating in the fields,
can swiftly transition into visible rot, often near or after harvest, and easily propagate through contact
in refrigerated warehouses [9,10]. The ability of brown rot to rapidly develop at temperatures between
5°C-10°C can contribute to fruit rot post-harvest. Disease management heavily relies on fungicide applica-
tion, especially pre- and post-harvest [11]. Despite synthetic fungicides like benzimidazole and dicarboximide
still being available on the market and effective against brown rot, their usage is diminishing due to the
emergence of resistant fungal strains [12]. The extensive use of synthetic fungicides has led to the proliferation
of resistant strains among these phytopathogens, undermining the efficacy of chemical treatments [13,14].

The frequent application of necessary fungicides to combat brown rot remains a major obstacle to
sustainable production. Therefore, genetic resistance to brown rot is highly desirable and a priority for
various selection programs worldwide. However, there are currently no commercially available cultivars of
nectarines or peaches that are resistant or immune to brown rot [15]. Additionally, public concerns regarding
the potential harmful effects of fungicide residues on the environment and their accumulation in food,
resulting in adverse effects on human health, are significant [16,17]. This situation has led to increased
research on alternative management methods, such as biological control [18]. Biological control involves
the use of formulations of living organisms (biofungicides) to regulate the activity of pathogenic fungi
and bacteria [19]. Many bacteria have shown good potential for biocontrol against brown rot, for example,
Pantoea agglomerans, a Gram-negative bacterium effective in preventive treatments [20], Bacillus subtilis [21],
and B. amyloliquefaciens [22]. However, although these biological control agents have significantly reduced
the incidence of the disease but they have not been able to fully control the disease [23]. In this regard,
researchers have recently selected two antagonistic bacteria, B. amyloliquefaciens (BIOW10)/Pseudomonas sp.
(B11W11), for their greater efficiency in reducing brown rot on apple fruits [24]. To address this shortfall,
these bacteria have been attempted in combination with other salts, additives, and low-dose fungicides [25].

Ammonium molybdate (AM), a tetrahydrate molybdenum salt, is used as a controlled-release biological
fertilizer, foliar spray, and insecticide. It is also employed to prevent and treat diseases related to parasites.
It has shown superior effects in combating post-harvest root in cherries, peaches, apples, and citrus fruits.
However, information on its mechanisms of action remains limited [26].

As of now, there is no existing research on the use of a combination involving either B. amyloliquefaciens
(B10W10) or Pseudomonas sp. (BIIW11) along with ammonium molybdate to suppress M. laxa-triggered
brown rot, and the associated mechanisms are yet to be explored. Thus, this research proposes an innovative
biological strategy to combat one of the main post-harvest diseases affecting nectarines. It aims to: (i)
evaluate the efficacy of controlling brown rot induced by M. laxa by combining B. amyloliquefaciens and
Pseudomonas sp. with ammonium molybdate at different concentrations, (ii) assess the impact of these
biological treatments on nectarine quality after storage, considering parameters such as firmness, titratable
acidity, weight loss, and total soluble solids content.
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Furthermore, the study investigates the effect of biological treatments on the organic composition of the
fruit using ATR-FTIR analysis. Additionally, the inhibition of M. laxa mycelial growth is examined through
optical microscopy to elucidate the underlying mechanisms.

2 Materials and Methods
2.1 Fingal Pathogen and Culture Conditions

The fungal pathogen Monilinia laxa (VP]R strain), responsible for brown rot disease affecting numer-
ous rosaceous fruit trees, was used in this study. This isolate was originally obtained in Serbia in 2010
from symptomatic sweet cherry (Prunus avium) fruits. The corresponding GenBank accession number
is KC544802 [27]. To maintain its long-term preservation, it was stored in a 25% glycerol solution at a
temperature of —80°C. Before each experiment, M. Laxa had to be grown freshly in PDA medium at 25°C
in the dark for 7-10 days.

After this, Spore suspensions were prepared by gently scraping ten-day-old fungal colonies using the tip
of a sterile Pasteur pipette into 10 mL of sterile distilled water (SDW) containing 0.05% Tween 20 (v/v). The
resulting mixture was then filtered through Whatman filter paper to remove mycelial fragments and agar
debris, allowing for the recovery of spores. The concentration was then adjusted to 10* spores mL™! using a
hemocytometer (Malassez cell, Roche, Meylan, France).

2.2 Antagonistic Bacteria and Their Growth Conditions

Two antagonistic bacteria, namely Pseudomonas sp. (B1IW11) and B. amyloliquefaciens (BIOW10),
sourced from the culture collection at the ENA-MEKNES (National School of Agriculture, Meknes), were
employed. These bacteria were chosen due to their proven ability to act as antagonists against apple brown
rot throughout the post-harvest storage period [24]. Both bacteria were kept at the Plant Protection Unit in
(LB) liquid medium, which contains 20% glycerol and is stored at —20°C for later use. These strains were
reanimated prior to the experiment and grown in the dark at 28°C on LB medium. A bacterial suspension
for each strain was produced by grinding 24-h cultures in LB medium. Then, for each bacterium, 10 mL of
SDW was added to the Petri dish containing the streaked bacterial colonies. Colonies were carefully scraped
with a sterile loop, then collected in a 15 mL Falcon tube and homogenized with a vortex. The concentration
of each bacterial antagonist was set at approximately (1 x 10® CFU/mL) at 420 nm with a spectrophotometer
(Rochester, NY, USA). To investigate the indirect impact of these antagonistic bacteria on pathogen growth
inhibition, cell-free bacterial filtrates were produced using a modified protocol based on [28]. Bacterial
colonies were transferred to nutrient broth and placed in a rotary shaker at 130 rpm for three days at 28°C.
Following incubation, the supernatant was collected after centrifuging the suspension for half an hour at a
gravity force of 5500. It was then filtered using a Millipore filter with a fineness of 0.22 pum.

The filtrates collected were kept at —20°C until use. To examine the antifungal efficacy of the bacterial
metabolites, Petri dishes filled with PDA enriched with 10% cell-free bacterial filtrate were inoculated with
5 mm mycelial plugs and placed at 28°C for incubation. Each fungal pathogen was inoculated into control
dishes without bacterial filtration.

2.3 Ammonium Molybdate Treatments

Concentrations of 0.5%, 1%, and 2% (w/v) ammonium molybdate (NH,;)6Mo07024, Fisher Scientific
S.A. (reference A4730051), were measured alone and in combination with the two antagonistic bacteria.
The fungicide BELLIS WG, containing Boscalide (25.2%) and Pyraclostrobin (12.8%) is supplied by BASF
SE, Ludwigshafen, Germany and registered under the homologation number E12-9-016 in Morocco (BASF
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MAROC), has emerged as an optimal solution for combating various fungal diseases, including scab,
powdery mildew, leaf curl, and brown rot affecting fruit-bearing trees. Its efficacy in addressing brown rot
on nectarines has been confirmed at a dosage of 50 g/hL.

2.4 Fruit

The nectarines chosen for this study were in good health, harvested at uniform sizes, and belonged to
the Honey Blaze variety sourced from the Green Providence estate (LOUATA). Before being employed in
different vivo experiments, all fruits underwent surface disinfection. This involved immersing them in a 2%
sodium hypochlorite solution for 5 min, followed by two rinses with SDW, and then air-drying for 1 h under
a laminar flow hood.

2.5 Compatibility between Antagonist’s Bacteria’s and AM

Before testing the combined effects of the antagonistic bacteria B. amyloliquefaciens
(B10W10)/Pseudomonas sp. (B1IW11) and ammonium molybdate on the fungal pathogen, following the
protocol of Lyousfi et al. 2022 with minor adjustments, it is crucial to assess the compatibility of the bacteria
with salt. One milliliter of each q bacterial suspension of the strain (1 x 10® CFU/mL) was mixed with
100 mL of ammonium molybdate solution at different concentrations (0.5%, 1%, and 2% w/v). Distilled
water was used as a negative control in place of salt. The mixture was then incubated at 28°C for 1 h under
constant shaking at 150 revolutions per minute for each bacteria-fungi combination. The PDA culture was
then re-implanted with the formation of mycelial plugs. A potato dextrose broth (PDB) culture was grown
by adding one milliliter of each bacteria and salt solution (100 mL). This experiment was repeated three
times with five replicates. A spectrophotometer was used to measure optical density (OD) to assess bacterial
growth [29].

2.6 Impact of Biological Treatments on the Growth of Fungal Mycelium In Vitro
2.6.1 Effect of Treatments on Fungal Growth
Effect of Ammonium Molybdate on Fungal Growth

The various salt concentrations were prepared in SDW and added to potato dextrose agar (PDA), and
the medium was poured into Petri dishes. Two 5-mm-diameter mycelium plugs of M. laxa, each originating
from a culture that was 7-12 days old, were placed on the edges of a Pétri dish filled with PDA medium
that included varying amounts of sel. For the control, which contained only PDA, the Petri dish received
mycelial disks at the end without any treatment. Following five and ten days of dark incubation at 25°C, the
colonies’ diameter was measured to evaluate growth. The experiment was conducted twice over time, with 5
replications each.

Effect of Antagonist’s Bacteria on Fungal Growth

To evaluate the impact of each antagonist on inhibiting the growth of the pathogen, bacterial cultures
aged 24 h and mycelial cultures aged 7 to 12 d were employed. In each Petri dish, two mycelial disks, were
positioned at the ends of the Petri dish that contained PDA media, each measuring 5 mm in diameter and
originating from a 7-12 days M. laxa culture. The bacteria were inoculated in the middle of the dish between
the two mycelial disks. For the control group, the Petri dish received mycelial disks at the end without
any additional treatments. Subsequently, the dishes were incubated in darkness at 25°C, and growth was
evaluated after 5 and 10 d by measuring the colony diameter. The experiment was performed twice over a
period of time, with five replications for each trial.
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Effect of the Combination of Salt and Antagonistic Bacteria on Fungal Growth

Various salt concentrations were prepared in a potato dextrose agar (PDA) medium, and the medium
was poured into Petri dishes. Two mycelial disks, At the ends of the Petri plate with PDA media adjusted with
salt at varying concentrations, each 5 mm in diameter and originating from a 7-12 days culture of M. laxa
were inserted. The bacterium was inoculated in the middle of the dish between the two mycelial disks. For
control, the Petri dish received mycelial disks at the end without any additional treatments. The dishes were
then incubated in the dark at 25°C, and growth was assessed after 5 and 10 days by measuring the colony
diameter. The experiment was conducted three times over time, with 5 replications each [30].

Bio-Control Assessment

Mycelial growth was assessed by measuring the diameter in two distinct stages: firstly, after 5 days of
incubation at 25°C, and secondly, after 10 days of incubation, corresponding to the complete invasion of
the petri dish by the fungus. Colony diameters were measured using the cross method, and the surface was
calculated using the ellipse surface formula. The average surface area of the colonies on 3 plates for each
treatment was obtained, and the inhibition rate was calculated using the following equation [30].

Dt-DC

IR% = ——— x 100
Dt-DO

IR: Percentage inhibition of mycelial growth compared to the control (%)

Dt: Mean diameter of the control on an untreated culture medium (mm)

DC: Mean diameter of the fungus on culture medium with treatment (mm)

DO: Diameter of the mycelial disc (5 mm)
Microscopic Observation of Mycelial Growth

Microscopic observations were conducted on the Petri dishes from the confrontation test after 10 days
of incubation to assess the effects of treatments on the structure and form of the pathogen’s mycelium. To
achieve this, a section of the mycelium was taken at the edge of the fungal growth zone and placed between

a slide and a cover slip for microscopic examination. Alterations and degradations caused by the treatments
are characterized in comparison to the control under an optical microscope at a magnification of 40x.

2.6.2 Effect of Salt on the Germination of M. laxa Spores

Microtubes filled with 5 mL of potato dextrose broth (PDB) were filled with pathogen spore suspensions
(1mL; 1 x 10* spores/mL), either with or without added (depending on treatment or control). Sterile distilled
water was used to generate salt concentrations of 0.5%, 1%, and 2%, which were then combined in a 1:1 (v/v)
ratio with M. laxa spore suspensions. After that, the mixtures were incubated in Eppendorf tubes set on a
rotating shaker at 25°C. Spore germination was seen under a microscope following a 24-h incubation period.
When the germination tube’s length surpasses its lowest diameter, the spore is said to have germinated. At
least 100 M. laxa spores per treatment were counted in order to determine the germination rate.

Each experimental condition is performed in triplicate, and the whole experiment is reproduced three
times independently in time to ensure robustness and reproducibility of results [31]. The inhibition rate of
spore germination compared to the controlwas calculated using the following formula [32]:

ISG% = ((Nt — NC)/Nt) x 100

ISG: Percentage of spore germination compared to the control (%)

Nt: Number of germinated spores (control) in SDW without treatment
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NCR: Number of germinated spores in SDW with treatment

The germination rate was determined by counting at least 100 M. laxa spores per treatment, and the
entire experiment was conducted three times to ensure the validity of the results. A spore is considered
germinated when the length of its germination tube surpasses its smallest diameter.

2.6.3 Effect of Antagonistic Bacteria on the Germination of M. laxa Spores

Conidia are recovered by gently scraping the surface of the culture medium with a sterile scalpel,
thus detaching any spores present, and are used to prepare a spore suspension of the pathogenic fungus
by inundating them into 5 mL sterile distilled water containing tween 20 (0.05%) to guarantee a quality
suspension, and filtering through a sterile filter to remove residues of mycelium and culture medium.
Conidial concentration (1 x 10* (ten to the power of four) spores/mL) is estimated using a Malassez cell
and adjusted to the desired concentration by adding SDW. M. laxa spore suspensions are mixed with
bacterial suspensions in a volume ratio of 1:1 (V/V), then incubated at 25°C in Eppendorf tubes placed on a
rotary shaker. After 24 h of incubation, spore germination is assessed by microscopic observation, analyzing
a minimum of 100 M. laxa spores per treatment. The inhibition rate of spore germination (ISG%) was
calculated using the same formula described in Section 2.6.2, to maintain methodological consistency across
the experiments

2.6.4 ATR-FTIR Spectroscopy for Fungal Biomass of M. laxa

With a few adjustments, the Fourier-transform infrared spectroscopy (FTIR) technique of fungal
biomass analysis was performed following the method of Shankar et al. 2024 with some modifications [33].
After a 10-day incubation period in PDA, the biomass was extracted from the growth medium by centrifuga-
tion and SDW washing. For further homogenization, about 50 mg of fresh and cleaned biomass was added to
a 2-mL polypropylene tube along with 250 + 30 mg of glass beads that had been acid-washed and 0.5 mL of
distilled water. To eliminate any leftover water, the remaining cleaned biomass was stored at 40°C for seven
days. The following setup of tissue homogenizer was used to homogenize the fungal biomass: 6 x 20 s cycle
at 5500 rpm. Two hours were spent air-drying the 15 mg samples. For every biomass sample, three technical
duplicates were examined. A Vertex 70 FTIR spectrometer (Bruker Optik GmbH, Ettlingen, Germany) was
connected to a high-throughput screening extension unit (HTS-XT) to record FTIR spectra in transmission
mode. The range in which the spectra were captured was 4000-500 cm™" [34].

2.7 In Vivo Effect on the Development of the Fungus

The aim of the in vivo experiment was to examine the antagonistic effect of the bacteria B. amylolique-
faciens (BIOW10) and Pseudomonas sp. (B11W11) independently, as well as that of ammonium molybdate at
three different dosages (0.5%, 1% and 2%) taken separately and in mixture, on the progression of brown rot
on nectarines (M. laxa). The efficacy of these approaches was compared with the positive control, exposed
only to the pathogen, and the negative control exposed to the fungicide (500 ppm). The nectarines were
sanitized by immersing them in a 10% sodium hypochlorite solution for 5 min, then rinsing them twice
with distilled water. They were then air-dried for one hour at room temperature under a laminar flow
cabinet. The fruits were then prepared for inoculation. Each wound received 50 pL of a treatment (salts at
different concentrations, bacteria alone, or combinations). After 4 h, each wound was inoculated with a spore
suspension of M. laxa containing 50 uL (1 x 10* (ten to the power of four) spores/mL). The fruit was then
placed in plastic containers and incubated at a temperature of 22°C in a culture chamber with high humidity
(95%) [35]. After 4 h, each wound was inoculated with 50 uL of M. laxa spore suspension (1 x 10* spores/mL).
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The fruit was then placed in plastic containers and kept at a temperature of 22°C with low humidity
(95%) in the growth room. After incubation for 5 and 10 days, the diameter of the wounds and the severity
of the disease were assessed using a caliper. Each trial included four nectarines treated simultaneously, and
the experiment was carried out twice. For each treatment (4 fruits, 8 lesions), severity was assessed after 5
and 10 days of incubation using the equation below:

Dt
Severity DS (%) = — x 100
Dc

with:
Dt: average diameter (mm) of wounds treated with treatments/fungicides.

Dc: mean diameter (mm) of lesions in the untreated control group (inoculated solely with the
pathogenic fungus).

For the evaluation procedure, nectarines were disinfected by soaking them in a 10% sodium hypochlo-
rite solution for 5 min, followed by two washes with SDW. Then, they were air-dried for 1 h at room
temperature under the laminar flow hood, making the fruits ready for inoculation. Four artificial wounds
per fruit, with a diameter of 4 mm and a depth of 3 mm, were made on two sides of the equatorial zone
of the fruit. Each wound was inoculated with 20 uL of bacterial suspension (1 x 10> CFU/mL/wound)
of B. amyloliquefaciens (BIOW10) or Pseudomonas sp. (B11W11) and incubated at 22°C in light. Bacterial
growth at the wound site was monitored throughout the incubation period. Tissue samples encom-
passing the entire wound were taken at various intervals (24, 48, 72, and 96 h) following inoculation,
weighed, and placed in tubes containing a proportional amount of buffered peptone water. A series
of dilutions of each sample was plated on PDA, and bacterial colonies were counted to obtain mean
colony counts (logl0 CFU). Each treatment was tested using three replicates, each comprising three
nectarines [36].

2.8 Effects of Biological Treatments on Fruit Quality Parameters
2.8.1 Weight Loss

Fruits were initially inspected, and those exhibiting visible injuries were excluded, and only fruits of
nearly uniform size were selected. The selected fruits were then randomly allocated into treatment groups,
with each treatment replicated twice and comprising five fruits per replicate (2 x 5 fruits per treatment).
Before treatment, the initial weight of each fruit was recorded using an MP2000-2 analytical balance
(£0.001 g), and the mean initial weight was calculated for each treatment group. After applying the biological
treatments under controlled laboratory conditions, the fruits were incubated at 22°C for 10 days. At the end
of the incubation period, the final weight of each fruit was measured using the same balance, and weight loss
was calculated using the formula provided in reference [37]:

Weight Loss = %b
a: Average mass of fruit before treatment
b: Mass of fruit after treatment.

Brix (TSS)

The index of refractive of the fruit was measured to quantify the total soluble solids (TSS) after ten
days of incubation at 22C post treatment. First, the handheld refractometer was calibrated with distilled
water to ensure accurate measurements. Fruit juice was then extracted from each treatment, and a drop
of the filtered juice was placed on the refractometer prism to record the refractive index. The TSS values,
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expressed as a percentage (1 g per 100 g of fruit), were recorded according to the protocol outlined in
reference [38].

2.8.2 Titratable Acidity

Titration consisted of gently adding 0.001 M NaOH solution (adjusted to pH 8.1) and 50 mL SDW with
phenolphthalein as indicator, to 10 mL of the fruit juice sample obtained after a 10-day incubation period. For
each treatment was initially diluted with sterile distilled water. The volume of NaOH used was then employed
to calculate the titratable acidity (TA), It was first given as grams of malic acid per liter of juice. Subsequently,
the TA was recalculated and. represented as a percentage of citric acid anhydride per liter of juice, in line
with the standardized AOAC method 942.15 [39].

2.8.3 Firmness

Following a 10-day incubation at 22°C, fruit firmness was assessed for each treatment. A Digital
Firmness Instrument penetrometer was used to measure firmness as penetration force (N). The penetrometer
was applied at two equidistant points along the fruit’s circumference [40].

3 Statistical Analysis

In vivo and in vitro trials were conducted to evaluate the effect of biological treatments, with two
repetitions per condition and multiple replicates to ensure the reliability of the results. The identification of
significant treatment effects was performed through an analysis of variance (ANOVA) using the R software,
based on statistical data analysis. If a significant difference (p < 0.05) was detected, mean comparisons were
carried out using the least significant difference (LSD) test to distinguish distinct groups. Furthermore,
to conduct an in-depth analysis of chemical variations, the integrated regions of the FT-IR spectra were
examined using Duncan’s multiple range test (p < 0.05), providing a better understanding of changes
in composition.

4 Result
4.1 Compatibility Assessment

The compatibility was assessed between the two antagonistic bacteria, B. amyloliquefaciens (BIOW10)
and Pseudomonas sp. (BIIW11), with ammonium molybdate at different concentrations. For the first 2 h,
the treatment trends are not significantly different (Fig. 1). The difference begins to emerge after 5 h, with
a gradual progression for both individual bacteria, BIOW10 and BI1IW11. This becomes more apparent after
24 h, where the highest optical densities are recorded for the individual bacteria, followed by the combination
of 1% Ammonium molybdate and B11W11, with an optical density exceeding 0.5. However, a low optical
density, below 0.5, was observed for the combinations 2% Ammonium molybdate and BIIW1l, 2% Ammo-
nium molybdate and BIOW10. This may be attributed to the presence of interaction or incompatibility among
bacteria and the high concentration of the salt.
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Figure 1: The growth of antagonistic bacteria (optical density) in a culture medium (PDB), enriched with ammonium
molybdate (AM) at various concentrations, over time (up to 48 h). Treatments with the same letter are not significant

4.2 Effect of In Vitro Treatments on Mycelial Growth

The results of the different treatments (salt, antagonistic bacteria, and bacteria/salt combination) in
vitro are reflected in varying percentages of inhibition of mycelial growth compared to the untreated control
(Table 1) based on incubation periods (5 and 10 days) and treatments. After five days of treatment, the highest
inhibition rates were observed with the combinations B11W11 + 0.5% AM and BIOW10 + 2% AM, which
achieved inhibition rates of 64.56% and 71.94%, respectively, indicating a strong antifungal effect of these
formulations (Table 1 and Fig. 2). After ten days, although a general decrease in inhibition rates was noted,
the most effective treatment remained the combination of 2% AM + B10W10, which maintained an inhibition
rate of 57.54%, suggesting its prolonged efficacy over time (Table 1).

Table 1: Inhibition rates (IR) of mycelial growth of M. laxa obtained by ammonium molybdate (AM), the two
antagonistic bacteria alone, and their combinations after five and ten days at 25°C

Treatments After five days After ten days
Diameter of colony IR Diameter of colony IR
(mm) (mm)
Untreated control (pathogen only) 2223 £113° 0.00 28.2 +1.26% 0.00
0.5% AM 18.22 + 0.81° 18.04 19.7 + 0.74°¢ 30.03
1% AM 16.87 + 0.88¢ 24.13 18.9 + 0.81¢ 33.05
2% AM 13.59 + 0.63 38.87 15.2 + 0.85° 46.26
B1OW10 11.36 + 1.078 48.90 14.1 +1.198 50.18
0.5% AM + B1I0OW10 16.67 + 0.43¢ 25.00 20.1 +0.83° 28.60
1% AM + B10OW10 15.08 + 0.44° 3217 179 + 0.97¢ 36.54
2% AM + BIOW10 6.24 + 0.42! 71.94 12.0 + 0.81" 5754
BLIW11 13.13 + .07 40.95 18.5 + 1.35%¢ 34.52
0.5% AM + BIIW11 7.88 + 0.49" 64.56 14.0 + 1.008 50.33
1% AM + B1IW11 1743 + 0.43° 21.60 19.2 + 0.79°<d 31.95
2% AM + BIIW11 13.52 + 0.90f 39.20 15.05 + 0.83 46.64

Note: The data represents the average of two experiments with five replications for each pathogenic treatment: Means
followed by different letters (a—g) within the same column are significantly different at p < 0.05.



1574 Phyton-Int ] Exp Bot. 2025;94(5)

Figure 2: Colonies morphology in vitro based on treatments with the two antagonistic bacteria and ammonium
molybdate at different concentrations, as well as the fungicide against M. laxa, after 10 days of incubation at 25°C. (A)
Control (M. laxa), (B) 2% AM + B10W10, (C) 0.5% AM + B11W1l, (D) fungicide

The results highlight that the inhibition rates obtained using ammonium molybdate were enhanced by
increasing the concentration for bacteria BIOW10, but for the second bacteria (B11W11), a low concentration
of 0.5% shows more significant effectiveness than the other doses of 1% and 2%. In addition, microscopic
observation of the mycelium in the inhibition zones revealed significant structural alterations, characterized
by disorganization of the mycelial network and pronounced vacuolization compared with the untreated
control, suggesting a disruption of fungal cellular processes. Furthermore, treatments applied to M. laxa
with the two antagonistic bacteria, alone or in combination with salt at different concentrations, showed a
noticeable effect on spore germination rates after one day’s incubation. This impact could be attributed to
direct inhibition of spore development, or to changes in spore viability under the effect of biocontrol agents
and salt (Fig. 3).

The highest inhibition rates of M. laxa spore germination reached 69.49%, coming from the combi-
nation of the cell filtrate of bacteria BIOW10 with 2% ammonium molybdate. In the control group, spore
germination was not inhibited (Table 2). However, the treatment with 0.5% ammonium molybdate had the
least impact on the spore germination of M. laxa, with an inhibition rate of 25.91%.
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Figure 3: The morphology of the spores observed in vitro based on treatments with both antagonistic bacteria and
ammonium molybdate at different concentrations, and the fungicide against M. laxa after 24 h of incubation at 25°C,
(A) Control (M. laxa), (B) 2% Ammonium molybdate altered spore with the appearance of a germ tube in the 0.5%
ammonium molybdate treatment (C) scale bar indicates 20 um for (A) and 10 pum for (B) and (C)

Table 2: Effect of two antagonistic bacteria alone or in combinations with the ammonium molybdate at different
concentrations after 24 h of incubation at 25°C

Treatment The average number of germinating spores Inhibition rate IR (%)
PDA 46 + 0.86° 0.00
0.5% AM 34 +0.87° 25.91
1% AM 29 +0.22° 36.80
2% AM 25+ 0.874 45.52
BIOW10 20 + 1.00% 56.42
0.5% AM + B10W10 23.1 + 0.50° 49.64
1% AM + B10OW10 22.78 £ 0.71° 50.36
2% AM + B1I0OW10 14 + 0.85" 69.49
BlIw1l 23 +£0.87° 49.88
0,5% AM + BIIW11 210.66'¢ 54.24
1% AM + B11W11 30 + 0.50° 34.62
2% AM + B11W11 22+ 0.66°F 52.06

Note: The data represents the average of two independent trials with five replications for each pathogenic
treatment combination: Means followed by different letters (a—g) within the column are significantly
different at p < 0.05. Ammonium molybdate (AM); B. amyloliquefaciens (BIOW10)/Pseudomonas sp.
(BIIW11); potato dextrose agar (PDA), and inhibition rate (IR%).

4.3 Effects of In Vivo Treatments on the Brown Rot

A marked difference was observed between the untreated control group and the biological treatments,
highlighting the variable effectiveness of the latter in suppressing M. laxa. Fungal colony diameters under
each treatment, and the resulting levels of disease severity, are shown in Table 3 and Fig. 4. Of all the
treatments evaluated, the application of 0.5% AM resulted in the highest severity, reaching 97.67% five days
after incubation, while the lowest disease severity was recorded for BIOW10 with 2% AM and B1IW11 with
0.5% AM with 11.71% and 15.22%, respectively. Therefore, the concentration of 0.5% AM combined with
B10W10 yielded the lowest disease severity. Other concentrations (1% and 2%) of ammonium molybdate did
not reduce severity (64.46% and 47.23%, respectively). Overall, the severity of brown rot disease increased
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as the incubation periods increased from 5 to 10 d. The results demonstrate that disease severity significantly
decreased for all incubation periods (5 or 10 d) in fruits treated compared to the control.

Table 3: Disease Severity (DS, %) of brown rot on nectarines obtained by different treatments after five and ten days of
incubation at 25°C

Treatment After five days treatment DS (%) After ten days treatment DS (%)
| lesion diameter (mm) | lesion diameter (mm)

Untreated control 20.42 + 0.28° 100 29.71 + 0.27% 100
0.5% AM 19.95 + 0.01f 97.67 24.95 + 0.23 83.96
1% AM 13.17 + 0.28" 64.46 14.47 + 0.388 48.70

2% AM 9.65 + 0.23* 4723 11.71 £ 0.56° 39.41
B10W10 5.27 + 0.09° 25.80 10.28 + 0.23° 34.59
0.5% AM + BIOW10 10.59 + 0.58° 51.85 13.26 + 0.95° 44.63
1% A M + BIOW10 9.14 + 0.68¢ 44,76 11.67 + 0.394 39.28
2% A M + BIOW10 2.39 + 0.098 11.71 4.83+0.12" 16.24
B11w1l 5.07 + 0.28° 24.80 8.51 + 0.26° 28.64
0.5% A M + BlIWI11 3.1+ 0.464 15.22 7.81 + 0.28¢ 26.28
1% A M + B1IWI11 11.21 + 0.168 54.88 13.05 + 0.22/ 43.93
2% A M + BIIW11 12.29 + 0.14¢ 60.18 14.34 + 0.13¢ 48.26

Fungicide 0.14 + 0.10" 0.70 0.35 + 0.138 1.16

Note: For each pathogenic treatment combination, which included four fruits and twelve wounds, the results
shown below is the average of two separate studies with five replications: The LSD test demonstrates that
there is no significant difference between the mean diameters if they share the same letter (p < 0.05). The
pathogenic treatments used were Ammonium molybdate (AM), B. amyloliquefaciens (BIOW10)/Pseudomonas
sp. (BIIW11), and the disease severity was indicated by DS. Values with different letters (a-i) within a column
are significantly different at p < 0.05.

Figure 4: (Continued)
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Figure 4: In vivo test on nectarines of the two antagonistic bacteria B. amyloliquefaciens (BIOW10) and pseudomonas
sp. (BIW11) with ammonium molybdate at different concentrations against M. laxa at 5 days incubation, (A): Control
(M.laxa), (B): BIOW10, (C): BUWIL, (D): 0.5% AM, (E): 1% AM, (F): 2% AM, (G): 0.5% AM B10W10, (H): 1% AM
BIOW10, (I): 2% AM B10W10, (J): 0.5% AM BIIW11, (K): 1% AM BIIW11, (L): 2% AM BIIW11

4.4 Fungal Biomass

Fig. 5 shows the spectral absorbance profiles of M. laxa fungal biomass generated by FTIR analysis in
response to different treatments combining ammonium molybdate (AM) and antagonistic bacteria (BIOW10
and B1IWI11). The main absorption bands appeared at characteristic values, enabling the identification of
changes in the fungal biomass compounds. The band around 3270 cm™" corresponds to O-H bonds, which
may originate from hydroxyl groups or proteins. Intensity variations in this region suggest changes in these
compounds in the fungal biomass. Peaks at around 2900 and 2909 cm™' are linked to the C-H tension
vibrations of methyl and methylene groups associated with lipids. Differences in absorption could indicate
changes in lipid compounds in the biomass as a function of the treatment. The band around 1630 cm™, linked
to C=0 and C=N bonds, could indicate alterations in fungal proteins, perhaps caused by the treatments. The
bands around 1412 and 1250 cm™!, associated with the C-H and C-O groups of cell wall polysaccharides, also
showed variations in intensity, which could reflect changes in the structure of this wall under the effect of
treatments. The band around 1030 cm™, linked to the C-C and C-O vibrations of the polysaccharides, could
indicate a change in the concentration or structure of the polysaccharides present in the biomass. Finally, the
peak at approximately 600 cm™! was associated with the C-H deformation vibrations of the complex organic
structures. In general, treatments combining ammonium molybdate with bacteria (e.g., 0.5% AM B10W10,
1% AM B10W10) appeared to induce more pronounced changes in certain absorbance bands, notably in
the 3270 cm™ (O-H) and 1630 cm™ (C=0) regions, which could indicate synergy between bacteria and
ammonium molybdate to further alter the cellular structures of M. laxa. Treatments with bacteria alone
showed less pronounced variations in absorbance, suggesting an effect on certain fungal structures but
potentially with less efficacy. Different concentrations of ammonium molybdate showed a dose-dependent
effect on M. laxa biomass, with increased cell disruption observed at higher concentrations. Thus, the FTIR
spectrum suggests that combined treatments involving bacteria and ammonium molybdate induce greater
changes in fungal biomass than treatments applied individually, which may indicate the greater effectiveness
of the combinations in disrupting M. laxa cell structures.
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Figure 5: Spectral bands of the fungal biomass of the fungus M. laxa based on treatments with both bacteria alone and
in combination with ammonium molybdate at different concentrations

Table 4 shows the specific absorbance surface of different compounds in the fungal biomass of M. laxa
in response to various treatments (control, fungicide, bacteria BIOW10 and BI1W1l, ammonium molybdate
at several concentrations, and combinations). For Amide A significant differences (p < 0.001) between the
treatments. The “2% AM BI1W11” combination has the highest value (14.93), while the control and “1% AM”
have the lowest values, suggesting that treatments, particularly combinations with a high concentration of
ammonium molybdate, have a greater effect on proteins. The absorbance surface of carbonyl esters also
varied significantly (p = 0.02), although the values were low. The “2% AM B1IW11” has the highest value,
while the “1% AM” shows the lowest, indicating a limited effect of the treatments on this compound. The
absorbance of Amide I also shows significant differences (p = 0.001), with the highest value observed for “1%
AM B10W10” (0.457), indicating a strong disruption of peptide bonds in proteins.

Table 4: Integrated surface area of different compounds in the fungal biomass of Monilinia laxa

Amide A Carbonyl ester Amidel Phenol Hemicellulose Cellulose

Control 4.01f 0.01¢ 0.31 1.074 0.07 0.16°¢
Fungicide 12.30° 0.01°¢ 0.23° 2.11° 0.04° 0.24%°
B10W10 12.88%° 0.01° 0.25% 2.67° 0.07% 0.33
B1IW11 4.04f 0.014 0.22f 1074 0.04° 0.18°
0.5%AM 9.62¢ 0.01°¢ 0.21f 1164 0.024¢ 0.13°
0.5%AM B10W10 6.51° 0.014 0.198 0.46" 0.024¢ 0.06¢
0.5%AM B1IW11 8.50° 0.01° 0.22f 0.61° 0.02° 0.08¢
1%AM 4.948 0.002¢ 0.188 0.59¢ 0.044 0.10°4
1%AM B10W10 10.38°4 0.01° 0.46° 1.68° 0.05%° 0.08d
1%AM BIIW11 8.48° 0.01° 0.392 1.52¢4 0.05%° 0.12°
2%AM 13.09%° 0.01°¢ 0.34%¢ 2.06°¢ 0.04° 0.14¢
2%AM B10W10 11.70° 0.01 0.39° 1.72¢ 0.05%° 0.17°
2%AM B11W11 14.94% 0.022 0.24¢4 2.64 0.03¢ 0.14°
p-value <0.001 0.02 0.001 0.023 0.02 0.04

Note: Means with different letters (a—g) are not significantly different according to the least significant difference test
(p < 0.05): The values of Amide II, lignin, and pectin are all equal to 0. Therefore, these compounds are not included
in the table.
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In contrast, no absorbance was detected for Amide II in any of the treatments, suggesting an absence of
any effect on this specific region. For phenols, the absorbance surface is significantly different (p = 0.023), with
high values for the “BI0OW10” treatment and the “2% AM B11W11”, suggesting that phenols are more sensitive
to treatments involving bacteria and a high concentration of ammonium molybdate. No absorbance was
detected for lignin, indicating the low presence or absence of lignin in M. laxa biomass. For hemicellulose,
significant variations (p = 0.02) were observed, with the highest values for the control and the “B10W10”
treatment, while AM combinations with bacteria showed lower values, suggesting potential hemicellulose
degradation in the presence of certain treatments. The absorbance of cellulose varied significantly (p =
0.04), with high values for the “BIOW10” treatment and fungicide, whereas AM combinations with bacteria
showed lower values, which may indicate cellulose alterations. No absorbance was detected for pectin in any
of the treatments, indicating either the absence of pectin or levels too low to be detected in this biomass.
The treatments, especially those combining 2% ammonium molybdate with bacteria, appeared to induce
more marked changes in certain compounds such as amides, phenols, and hemicellulose, suggesting greater
disruption of the structure of the fungal biomass.

4.5 Fruit Quality

To evaluate the potential effect of antagonistic bacteria and ammonium molybdate on fruit quality
indicators, measurements were taken for weight loss (WL), citric acid content (TA), fruit firmness, and total
soluble solids (TSS), which are presented in Table 4. The lowest weight loss recorded after the fungicide
was with the 2% Ammonium Molybdate treatment. In contrast, high weight loss was observed after the
control, particularly for the 0.5% Ammonium Molybdate, 0.5% Ammonium Molybdate BIOW10, and 1%
Ammonium Molybdate treatments. However, TSS was significantly different among all treatments, with the
0.5% AM treatment showing statistically higher TSS than the chemical control (Table 5). On the other hand,
all AM treatments, either alone or in combination with antagonists, showed statistically decreased TSS with
increasing salt concentrations. The acid content of the tested treatment was found to be similar to that of the
chemical control, indicating that the tested treatment had the same effect on both TA and acid content as
chemical treatments. Moreover, all treatments tested showed an influence on fruit firmness compared to the
untreated control and water control (pathogen only).

Table 5: Effect of different treatments on nectarine fruit quality parameters

Treatment Weight loss (WL) Brix Acidity Fermety

T- 0.17 + 0.00°* 10.41 + 0.06° 8.49 + 0.01° 4.90 + 0.08°

T+ 0.14 + 0.00 13.20 + 0.08° 8.35 + 0.01° 6.40 + 0.08

0.5% AM 0.16 + 0.00° 14.21 + 0.08 8.48 + 0.01° 5.10 + 0.08¢

1% AM 0.16 + 0.00° 13.50 + 0.08° 8.51 + 0.01° 5.80 + 0.08

2% AM 0.14 + 0.00° 11.38 + 0.07¢ 8.45 + 0.01 5.90 + 0.08

B10W10 0.15 + 0.01° 12.33 + 0.07¢ 8.35 + 0.01° 5.48 + 0.17°

0.5% AM + 0.16 + 0.00° 14.28 + 0.07° 8.42 + 0.014 4.80 + 0.08°
B10W10

1% AM + BI0OW10 0.16 + 0.00° 13.40 + 0.08° 8.54 + 0.01% 5.40 + 0.08°

2% AM + BIOW10 0.15 + 0.004 11.30 + 0.08¢ 8.49 + 0.01° 5.90 + 0.08

B1IWI11 0.15 + 0.004 11.80 + 0.08¢ 8.28 + 0.01° 5.85 + 0.08"

0.5% AM + BIIW11 0.16 + 0.00P 14.10 + 0.08 8.43 + 0.014 4.40 + 0.08'

1% AM + BIIWI11 0.16 + 0.00° 13.10 + 0.07° 8.43 + 0.01 5.20 + 0.08¢

(Continued)
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Table 5 (continued)

Treatment Weight loss (WL) Brix Acidity Fermety
2% AM + BIIW11 0.15 + 0.004 11.20 + 0.06¢ 8.52 + 0.01° 5.70 + 0.08°

Note: The data represents the average of two repetitions of four nectarine fruits over time: Ammonium molybdate
(AM); B. amyloliquefaciens (BIOW10)/Pseudomonas sp. (B11W11). Means followed by different letters (a—f) within the
column are significantly different at p < 0.05, the meaning diameters with the same letter are not significantly different.
Treatments include T— (no control) and T+ (chemical treatment with Belli’s fungicide).

5 Discussion

Brown rot, caused by M. laxa, is a prevalent disease afflicting fruits within the rosacea family. This disease
results in significant losses, impacting both the quality of fruits during storage and their overall yield in the
orchard [41]. The application of fungicides in the management of postharvest fruit decay is being reduced,
and the transition to biological control is an ongoing process [42]. However, it's important to mention
that using only biological control has several limitations and sometimes shows low effectiveness [43].
Hence, there is a growing interest in the integration of biological agents with additional parameters, such
as heat treatment [44], the application of safe chemical compounds [45], and the use of salts and food
additives, enhancing their effectiveness in combating postharvest pathogens. Various salt additives, including
ammonium molybdate, sodium bicarbonate, sodium carbonate, calcium chloride, calcium propionate, and
potassium metabisulfite, have been investigated for their potential to promote the performance of microbial
antagonists. The success of this interaction relies on several factors, namely the concentration of the
antagonist population and the salt additive, their compatibility with each other, and the timing and duration
of their application [46].

To this regard, the present study evaluated, the efficacy of two microbial antagonists (B. amylolique-
faciens (BIOW10)/Pseudomonas sp. (B11W11)), alone and in combination with ammonium molybdate to
advance a strategy to achieve effective control of M. laxa, on nectarine. To the best of our knowledge, there is
no existing research on the utilization of a combination of B. amyloliquefaciens (BIOW10) and Pseudomonas
sp. (B11W11), along with ammonium molybdate, to suppress M. laxa triggered brown rot. However, species
of Pseudomonas and Bacillus genera have been researched as effective BCAs to control postharvest diseases
and in particular M. laxa, for their production of anti-fungal components [47,48].

Concerning the in vitro experiments, treatments of M. laxa based on the two antagonistic bacteria
combined with the salt at different concentrations showed more efficiency on mycelial growth and on
spore germination rate than when the antagonist was used alone. Accordingly, the highest inhibition rates
were noted for treatments BIIW11 + 0.5% AM and BIOW10 + 2% AM with inhibition rates of 64.56% and
71.94%, respectively. Also, the highest inhibition rates of spore germination reached 69.49%, coming from
the combination of the cell filtrate of bacteria BIOW10 with 2% ammonium molybdate. Our results revealed
that the two tested bacteria exhibited an antagonistic activity in combination with different concentrations
of AM, however the best association was shown between (B. amyloliquefaciens (BIOW10) and 2% of
ammonium molybdate. Previously, ammonium molybdate has been evaluated to many extents for its impact
on enhancing the antagonistic potential of multiple BCAs such as Pseudomonas fluorescens, Cryptococcus
laurentii, and Candida sake [45,49,50]. This result was in accordance with [51], who demonstrated that the
potency of R. glutinis at 10’ CFU mL™! was highly devloped by adding 1 mmol L™! of molybdate ammonium
to control postharvest diseases of pear. In addition, it was proved that the incorporation of 0.1 mmol L™
AM significantly improved the biological performance of R. paludigenum against green mold, leading to an
89.3% reduction in disease incidence [26].
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In vivo experiment, it provided verification that the most effective combination for the lowest disease
severity, involved the use of B. amyloliquefaciens (BIOW10) with 2% ammonium molybdate by reaching 11.71
(Table 3). Overall, it was revealed that fruits treated with B. amyloliquefaciens (BIOW10) or Pseudomonas sp.
(B11W11), combined with AM showed less disease severity than fruits treated with antagonists alone. Identical
results have been found by Qin et al. (2006) [52], exanimating antagonistic yeast combined with AM against
Monilinia fructicola in sweet cherry. However, the compatibility test showed a low optical density for the
combinations 2% Ammonium molybdate and BIIW11/B1I0W10. Similar, in a study by Qin et al. (2006) [52],
it was observed that AM lessen the population of Cryptococcus laurentii at 20°C. As a result, it was seen
that the low concentration of population did not affect the induction of biocontrol potential. This outcome
aligns with prior findings by [50], who underscored that the addition of AM enhanced the effectiveness of
BCAs, even when the population of antagonists diminished due to the introduction of a chemical. Therefore,
the improvement in biocontrol activity could be attributed to a synergistic effect [45]. In previous study, a
synergistic effect has been observed between SA and B. amyloliquefaciens to control Botrytis cinerea [53].

Furthermore, other salts were tested for their capacity to enhance the activity of biocontrol antagonists,
such as sodium bicarbonate which was used in combination with Cryptococcus laurentii, Hanseniaspora
uvarum and Pichia guillermondii and showed efficacy against the major postharvest pathogens M. laxa,
Botrytis cinerea, and Aspergillus niger [54]. Also, several studies have shown that biological control is
enhanced when biological agents are combined with natural components such as SA and chitosan [55,56].

The specific mechanism through which AM promotes the antagonistic potential of microbial agents
remains currently unknown. It’s possible that the presence of AM could enhance the activity of specific
enzymes in antagonistic agents. These enzymes may have a role in the biocontrol mechanism by affecting
the ability of BCA to compete with or inhibit the growth of pathogenic micro-organisms [57]. Molybdate
ammonium has been shown to be a potent inhibitor of acid phosphatase [49]. Following the results of
Wiyono et al. (2008), the effectiveness of AM varies for one organism to another, which explains that the low
concentration of this salt in the presence of bacteria, did not impact the growth of phytopathogens. However,
this quantity was adequate to influence the antagonistic activity exhibited by the bacteria [58]. In contrast,
a study by Palou et al. (2002) suggested that AM at low concentration showed efficacy in controlling grey
mold, while this low concentration of this salt may be phytotoxic [59].

In order to better understand the effects of AM and the microbial antagonists (B. amyloliquefaciens
(B10W10)/Pseudomonas sp. (B11W11)), on nectarine fruits, we used FT-IR spectroscopy to examine fruits
with all the treatments tested. Our results help to elucidate the potential role of this biological control
method in the development of M. laxa. This method allowed us to analyze the composition of treated and
untreated fruits in the presence of AM, antagonistic bacteria, and their combined application. FTIR analysis
revealed that the integrated area shows clear differences among the treatments, suggesting that the presence
of the above-mentioned treatments, especially those with bacterial antagonists, altered the structure and
composition of the pathogen. Indeed, the content of certain bands in the cell walls of pathogenic fungi
decreased in the presence of biological treatments, especially those representing lignin. On the contrary, an
increase in various constituents such as phenols, lipids, nucleic acids, polysaccharides, and carbohydrates
was observed in most biocontrol treatments. This suggests considerable degradation and alteration in the
composition of the cell wall of the pathogenic fungus.

With regard to fruit peels, the results highlight the impact of these treatments on the composition
of treated nectarine peels. The results highlight a reduction in cell wall composition, particularly lignin,
following fungal infection. There are significant changes in the content of the bands illustrating phenolic
components, aromatic nuclei, cellulose and pectin. A disparity was generally observed between these mixed
treatments and the impact of the microbe on the constitution of the fruit skin, which appeared negligible
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in the combined treatments compared with the others. In addition, previous research analyzing the efficacy
of B. amyloliquefaciens combined with SA in combating post-harvest green mold on citrus fruit revealed
that FTIR analysis of the citrus coating revealed notable changes in the bands associated with phenolic and
aromatic compounds, indicating potentiation of resistance to the fungal pest [55].

All of the tested treatments significantly affect the weight loss of nectarine fruits in comparison to
the control, according to the in vivo results on the impact of the aforementioned treatments on fruit
quality measures. The treatments that used AM alone at 2% and in conjunction with BIOW10 at the same
concentration showed the least amount of weight reduction. Also, all AM treatments, either alone or in
combination with antagonists significantly decreased TSS with high salt concentrations. Furthermore, the
acid content showed no significant statistical difference between chemical control and all other treatments.
This suggests that the treatment being tested had a similar effect on both total acidity (TA) and acid content as
the chemical treatments. When compared to the water control and the untreated control (pathogen only), all
the tested treatments affected fruit firmness. Overall, it seems that all the treatments examined in this study
may alter with different degrees some fruit parameters such as weight loss and firmness. Also, it’s important
to note that these combinations may slow down the ripening of nectarine fruits and decrease the amount of
weight lost. Our results were in line with those obtained by Lyousfi et al. (2021) [60], who demonstrate that
the use of SA with bacterial antagonist significantly minimized weight loss while preserving the appearance
of the fruit, acidity and TSS content.

6 Conclusion

This study evaluated the efficacy of combining ammonium molybdate with Bacillus amyloliquefaciens
(B10W10) and Pseudomonas sp. (B11W11) for the control of M laxa. In vitro, the combinations BIIW11 +
0.5% AM and BIOW10 + 2% AM showed the highest inhibition rates after 5 days, with mycelial vacuolation
observed under the microscope. The addition of 2% AM to the BIOW10 cell filtrate resulted in the most
marked inhibition of spores.

In vivo, these treatments significantly reduced the severity of the disease, with the 0.5% AM + BIOW10
combination being the most effective. FT-IR analysis revealed structural changes in the fungal biomass, with
a decrease in lignin bands and an increase in phenols and polysaccharides, indicating fungal degradation.
In addition, treatment with 2% AM limited weight loss in the fruit, although firmness and TSS levels were
influenced by salt concentration.

These results confirm the potential of this approach as an alternative to conventional fungicides,
providing effective control of brown rot while preserving fruit quality. Further research is needed to optimize
its application and improve its efficacy.
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