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Abstract  Soil-borne pathogens represent a critical 
constraint to melon (Cucumis melo L.) production, 
calling for the development of sustainable biocon-
trol strategies. This study evaluated the efficacy of 
formulations integrating bacterial consortia, Tricho-
derma spp., and microbial metabolites for disease 
management. A pilot greenhouse study was con-
ducted, and the treatments that provided the lowest 
disease severity were tested in the field. The field 
trial followed a randomized complete block design 
with six treatments and seven replicates: T1 (Bacil-
lus consortia + Metabolites 1), T2 (Bacterial consor-
tia + Metabolites 2), T3 (Metabolites 1 + Metabolites 
2), T4 (Bacterial consortia + Metabolites 1 + Metab-
olites 2), T5 (standard farm management), and T6 

(untreated control). We assessed plant development 
(stem diameter and shoot dry mass), disease sever-
ity, yield components (fruit number and weight), fruit 
quality (°Brix), and soil health indicators (enzyme 
activity). Across two experimental cycles, treatments 
T1 and T4 consistently reduced disease severity by 
50% relative to the control. Specifically, T4 signifi-
cantly enhanced soil health, evidenced by increased 
activity of β-glucosidase, arylsulfatase, and acid 
phosphatase (≈ 47, 23, and 120 µg p-nitrophenol g⁻1 
soil h⁻1, respectively), while achieving a yield of 3.5 
fruits per plant. These results demonstrate that the 
integrated application of microbial consortia and their 
metabolites provides an effective and viable alterna-
tive to conventional chemical management of soil-
borne pathogens in melon.

Keywords  Soil-borne pathogens · Biological 
control · Plant disease · Cucurbitaceae

Introduction

The sustainability of melon (Cucumis melo L.) cul-
tivation is increasingly threatened by a complex of 
soil-borne diseases that cause extensive root rot and 
premature vine decline (Nascimento et  al., 2018; 
Almeida et  al., 2025; Nogueira et  al., 2023). This 
challenge is particularly acute in Brazil, one of the 
world’s primary melon exporters. In 2023, 862,000 
tons of melon were produced in the country, of which 
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167,000 tons were exported (HF Brasil, 2024). The 
Brazilian Northeastern region accounts for 90% of 
the national production, and the state of Rio Grande 
do Norte holds more than 70% of this total (IBGE, 
2023; HF Brasil, 2024). In this area, the unique 
edaphoclimatic conditions—marked by high thermal 
amplitude, low humidity, and intense solar radia-
tion—while ideal for a superior fruit flavor, also facil-
itate the persistence of specialized pathogens (Rocha, 
2009; Figueiredo et al., 2017).

The recurring presence of Monosporascus cannon-
ballus, Macrophomina phaseolina, Fusarium spp., 
and Rhizoctonia solani, which are among the main 
soil-borne pathogens (SBP) that attack melon plants, 
in these semi-arid soils creates a significant bottle-
neck for growers (Dantas et al., 2013; Medeiros et al., 
2015; Porto et al., 2016; Stewart et al., 2015). These 
pathogens produce robust survival structures that 
withstand the fallow periods typical of the region’s 
climate, leading to severe outbreaks once irrigation 
resumes (Porto et al., 2016). To make matters worse, 
there are no chemical fungicides registered for melon 
field applications in the Ministério da Agricultura, 
Pecuária e Abastecimento (Brazilian Department of 
Agriculture) (AGROFIT, 2023). Furthermore, Euro-
pean countries that import Brazilian melons have 
strict regulations that restrict the use of agrochemi-
cals in melons and other agricultural products, due 
to environmental issues and risks to human health, 
which makes it even more difficult to control these 
pathogens (Nogueira et al., 2023; Borges et al., 2023; 
European Commission 2022). Therefore, given the 
limitations and environmental concerns surrounding 
conventional chemical fumigants, there is an urgent 
need to validate biological alternatives that are effec-
tive under these specific environmental stressors.

Bioprospecting for antagonistic microorganisms, 
such as Bacillus consortia and Trichoderma species, 
has emerged as a promising path for managing these 
root-infecting complexes (Lahlali et al., 2022; Coêlho 
et  al., 2018; Bedendo, 2018). Recent evidence sug-
gests that the integration of these live agents with 
their own bioactive microbial metabolites can yield a 
synergistic effect, not only inhibiting pathogen growth 
but also stimulating host defenses and improving soil 
health indicators (Tuzun, 2001; Coêlho et  al., 2018; 
Lorito et al., 2010; Druzhinina et al., 2011).

Despite the potential of these consortia, their per-
formance in the field under the rigorous climate of 

the Brazilian Northeast requires detailed assessment. 
Thus, the objective of this study was to evaluate the 
impact of formulations based on bacteria, Tricho-
derma, and microbial metabolites on disease severity, 
plant development, and soil enzyme activity in melon 
crops. We hypothesized that the combined appli-
cation of microbial consortia and their secondary 
metabolites would reduce the severity of soil-borne 
root rot and stimulate rhizosphere health, indicated 
by increased soil enzymatic activity. By focusing on 
these integrated bioprotection strategies, we aimed to 
provide a scientifically grounded and viable manage-
ment protocol for high-yield and sustainable melon 
production.

Material and methods

The experiments were carried out at Fazenda Agrí-
cola Famosa, located in the municipality of Icapuí/
CE, from October to December 2024, and the analy-
ses were performed at the Laboratório de Microbio-
logia e Fitopatologia of the Departamento de Ciências 
Agronômicas e Florestais of the Universidade Federal 
Rural do Semi-Árido, located in Mossoró, Brazil.

A pilot study was conducted with 30 treatments 
and four replicates arranged in a completely rand-
omized design, composed of six alternative prod-
ucts and their associations. Combinations of up to 
four products were tested, verifying the interaction 
between bacteria (Bacillus, Lactobacillus, and Ente-
rococcus), the fungus Trichoderma, and fermenta-
tion metabolites (produced by bacteria from the 
genus Bacillus and yeasts), on the severity of root 
system rot. This study was performed in greenhouse 
conditions, with soil from an area with a history of 
diseases caused by SBP, including Fusarium, Mac-
rophomina, Monosporascus, and Rhizoctonia. The 
melon Gália, variety SV4974, was used in this pilot 
study. After 65 days of seedling transplantation, the 
root rot severity was evaluated, and the data were 
analysed using the Kruskal–Wallis test (p ≤ 0,05). 
Based on the preliminary results from the green-
house pilot, the five treatments demonstrating the 
lowest disease severity were selected for further 
validation under field conditions. The field trials 
were conducted using a randomized complete block 
design (RCBD) with six treatments (Table  1) and 
seven replicates. To ensure the robustness of the 



1437Eur J Plant Pathol (2026) 174:1435–1445	

Vol.: (0123456789)

findings, the entire field procedure was performed 
twice as independent experimental runs (Experi-
ment 1 and Experiment 2).

The area with a history of root diseases in melon 
plants was cultivated with the Gália melon (vari-
ety SV4974). Most treatments were applied once 
per week beginning with the transplantation of the 
seedling, totaling five times, except for the treat-
ment T5, which was applied four times, at the dos-
ages recommended by the manufacturers, as men-
tioned in Table 1.

After preparing the soil, organic compost (cow 
manure, sorghum, and monoammonium phos-
phate) was added, and the planting lines were cov-
ered with white polyethylene mulch, which helps to 
reduce the population of weed plants in the area and 
maintains soil moisture. The seedlings were trans-
planted 10  days after sowing. Then a non-woven 
fabric blanket was placed over them, which helps 
to reduce the attack of pests, such as the leafminer 
(Liriomyza huidobrensis Blanchard). Irrigation 
was carried out via drip irrigation, with the nutri-
ent solution containing macro and micronutrients 
needed for crop development. During the period of 
opening of the first flowers, when the plants were 
approximately 22  days after transplanting (DAT), 
the non-woven fabric blanket was removed for pol-
linators (bees) to have access to the flowers to per-
form pollination. The crop cycle was 60 DAT, when 
the following parameters were evaluated:

o	 Stem diameter: The plant stem diameter was 
measured using a digital caliper, model MTX-
316119.

o	 Shoot dry mass: The base of the stem was sepa-
rated from the root, and the shoot was placed in 
Kraft paper bags and dried in a forced air oven 
(± 65 ºC) until a constant weight was observed.

o	 Disease severity (SEV): The roots were sepa-
rated from the shoot and washed in running 
water for evaluation using the score scale modi-
fied by Ambrósio et  al. (2015), where: 0 = plant 
without symptoms; 1 = less than 3% of infected 
tissue; 2 = 3–10% of infected tissue; 3 = 11–25% 
of infected tissue; 4 = 26–50% of infected tissue; 
and 5 = more than 50% of infected tissue.

o	 Number of fruits per plant: The number of 
fruits on each plant of the treatments and repli-
cates was counted.

o	 Fruit weight and ºBrix: The fruits were weighed 
on a digital scale, model Vonder 3885001010, 
and the ºBrix of each fruit was measured using a 
digital refractometer, model MA871.

o	 Soil enzymatic activity: Soil quality and micro-
bial activity were assessed through the quantifi-
cation of three key enzymes: β-glucosidase, aryl-
sulfatase, and acid phosphatase. These activities 
were determined by measuring the release of 
p-nitrophenol (pNP) following the incubation of 
air-dried soil samples with their respective spe-
cific substrates. The following substrates were 
utilized for each enzymatic assay: β-glucosidase: 
p-nitrophenyl-β-D-glucopyranoside (PNG), Aryl-
sulfatase: p-nitrophenyl sulfate (PNS), and Acid 
phosphatase: disodium p-nitrophenyl phosphate 
(P-NPP). All determinations were performed in 
triplicate directly on the soil samples. The enzy-

Table 1   Treatments applied to soil cultivated with Gália melon, aiming at managing root diseases

Treatment Composition and dosage

T1 B. subtilis and B. licheniformis (1 kg/ha) + Metabolites 1 (natural fermentation of amino acids, microbial metabolites) 
(1L/ha);

T2 B. subtilis, Lactobacillus plantarum and Enterococcus faecium (1 kg/ha) + Metabolites 2 (natural fermentation of ben-
eficial microorganisms) (1L/ha);

T3 Metabolites 1 (natural fermentation of amino acids enriched with macronutrients) (1L/ha) + Metabolites 2 (natural 
fermentation of amino acids) (1L/ha);

T4 B. subtilis + B. licheniformis + L. plantarum and E. faecium (1 kg/ha) + Metabolites 1 (natural fermentation of amino 
acids enriched with macronutrients) (1L/ha) + Metabolites 2 (natural fermentation of amino acids) (1L/ha);

T5 T. asperellum (300 mL/ha), B. subtilis (1L/ha), Metabolites 1 (natural fermentation of amino acids enriched with 
macronutrients) (1L/ha) + Metabolites 2 (natural fermentation of amino acids) (1L/ha);

T6 Control



1438	 Eur J Plant Pathol (2026) 174:1435–1445

Vol:. (1234567890)

matic activities were expressed in µg p-nitrophe-
nol g⁻1 soil h⁻1 (Tabatabai, 1994).

o	 Statistical analyses: The data were subjected to 
the Shapiro–Wilk normality test (p < 0.05) and 
Bartlett’s homogeneity of variances test (p ≤ 0.05) 
to fulfill the ANOVA presumptions. Due to the 
differences between experiments 1 and 2 in the 
field, the data from both experiments were ana-
lyzed separately. Subsequently, parametric vari-
ance analysis was performed, and the means 
were compared by the Tukey test (p ≤ 0.05). All 
statistical analyses were performed on R (R Core 
Team, 2022) using RStudio as a graphical inter-
face (RStudio Team, 2024).

Results

The preliminary greenhouse pilot study identified 
four superior treatments for suppressing root rot: T18 
(B. subtilis + B. licheniformis + metabolites 1), T19 
(B. subtilis + L. plantarum + E. faecium + metabolites 
2), T21 (metabolites 1 + metabolites 2), and T28 (B. 
subtilis + B. licheniformis + L. plantarum + E. fae-
cium + metabolites 1 + metabolites 2). Compared to 
the control, treatments T18, T19, and T28 reduced 
disease severity by 62.5%, while T21 achieved a 
reduction of 68.75% (Supplementary Fig. 1). Micro-
biological analysis of the symptomatic root systems 
identified Fusarium spp. and Macrophomina spp. as 
the primary causal agents of the observed rot.

In the first field experiment, treatments T2 (B. 
subtilis + B. licheniformis + metabolites 1) and T3 
(metabolites 1 + metabolites 2) significantly enhanced 
plant vigor, yielding the largest stem diameters at 
10.6  mm and 9.7  mm, respectively. This represents 
an increase of 23.5% (T2) and 16.5% (T3) relative to 
the control (8.1 mm). While treatments T1, T4, and 
T5 performed similarly to T3, no significant statisti-
cal differences in stem diameter were observed during 
the second experimental run (Fig. 1A).

Regarding shoot dry mass, no statistically sig-
nificant differences were found between treatments 
in either experiment. However, it is noteworthy that 
T4 (B. subtilis + B. licheniformis + L. plantarum + E. 
faecium + metabolites 1 + metabolites 2) promoted an 
approximate 24% increase in aerial dry mass com-
pared to the untreated control (Fig. 1B).

In Experiment 1, treatments T1, T2, T3, and T4 
showed no significant statistical variance among 
themselves. Specifically, T2 and T3 achieved a 
50% reduction in disease severity, while T1 and T4 
resulted in a 20% reduction, all relative to the control 
(Fig. 1C).

In Experiment 2, all treatments incorporating 
microorganisms and their metabolites significantly 
outperformed the control. Treatments T1 and T4 were 
the most effective in this trial, both providing a 50% 
reduction in disease severity compared to the control 
group (Fig. 1C).

Statistical analysis of the yield data revealed that 
Treatment T4 (B. subtilis + B. licheniformis + L. plan-
tarum + E. faecium + metabolites 1 + metabolites 2) 
consistently optimized fruit production. In the first 
experiment, T4 significantly outperformed all other 
treatments, achieving a mean of 3.4 fruits per plant 
(Fig. 2A).

In the second experiment, T4 maintained its supe-
rior performance (3.4 fruits per plant), differing 
significantly from most treatments, with the excep-
tion of T5 (T. asperellum + B. subtilis + metabolites 
1 + metabolites 2), which yielded 3.3 fruits per plant. 
Notably, while T5 was statistically comparable to T4, 
it did not show significant differences from T1, T2, or 
T3. Across both experimental runs, the untreated con-
trol consistently produced the lowest yield (2.8 fruits 
per plant), while T4 reached the maximum productiv-
ity (Fig. 2A).

Regarding fruit quality parameters, no statisti-
cally significant differences were observed between 
treatments for fruit weight (Fig. 2B) or soluble solids 
content (°Brix; Fig. 2C) in either experiment. These 
results indicate that while the microbial consortia sig-
nificantly enhance yield by reducing disease pressure, 
they maintain the standard commercial quality char-
acteristics of the melon fruits.

The application of microbial consortia and 
metabolites significantly influenced the biochemi-
cal activity of the melon rhizosphere, particularly in 
Treatment T4 (B. subtilis + B. licheniformis + L. plan-
tarum + E. faecium + metabolites 1 + metabolites 2). 
For β-glucosidase activity in Experiment 1, T4 pro-
moted the highest enzymatic rates (44.3  µg p-nitro-
phenol g⁻1  h⁻1), differing significantly only from 
the untreated control. All other treatments remained 
statistically comparable to the control. A similar 
trend was observed in Experiment 2, where T4 again 
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demonstrated the greatest activity; however, in this 
instance, Treatment T3 (metabolites 1 + metabolites 
2) performed significantly lower than T4, while T4 
remained statistically similar to the remaining treat-
ments (Fig. 3A).

Regarding Arylsulfatase activity, T4 exhibited the 
superior performance across both experiments, dif-
fering significantly from all other treatments and the 
control (Fig. 3B). This suggests a robust impact of the 
combined bacterial-metabolite consortium on sulfur 
cycling within the soil.

Finally, the results for acid phosphatase showed 
no significant statistical variance between treatments 
in the first experiment. Conversely, in Experiment 2, 
T4 significantly outperformed the control, reaching a 
peak activity of 141.2 µg p-nitrophenol g⁻1 h⁻1. While 
T4 was superior to the control, its activity level was 

statistically consistent with the other evaluated treat-
ments (Fig. 3C).

Discussion

The application of biological products has become 
a standard practice in Brazilian melon production, 
often involving on-farm multiplication (on-farm pro-
duction) of microbial inoculants. These bioproducts 
are primarily deployed to manage soil-borne patho-
gens (SBPs), though they are also recognized for 
their secondary benefits in promoting plant growth 
and enhancing nutrient bioavailability through 
microbial activity. Despite their widespread use, 
the specific mechanisms by which these complex 
microbial communities interact with the SBPs com-
plex in melon—and their subsequent impact on host 

Fig. 1   Stem diameter (a), shoot dry mass (b), and root rot 
severity (c) in melon plants. Cultivated soils were treated 
with the mix formulation of alternative products, being 
T1 = (B. subtilis + B. licheniformis + metabolites 1), T2 = (B. 
subtilis + L. plantarum + E. faecium + metabolites 2), 

T3 = (metabolites 1 + metabolites 2), T4 = (B. subtilis + B. 
licheniformis + L. plantarum + E. faecium + metabolites 
1 + metabolites 2), T5 = standard management (T. asperel-
lum + B. subtilis + metabolites 1 + metabolites 2), and 
T6 = Control
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development—remain poorly characterized. This 
study investigated the efficacy of integrated formula-
tions comprising diverse bacterial consortia, Tricho-
derma spp., and their respective metabolites. Our 
objective was to clarify whether this synergistic com-
bination can effectively mitigate root rot in intensive 
monoculture systems, where high pathogen pressure 
and soil degradation often limit the performance of 
conventional biological control agents.

In both field experiments, no single treatment dem-
onstrated a statistically superior reduction in disease 
severity. This outcome likely reflects the inherent 
constraints of the melon crop’s short phenological 
cycle (approximately 60 days). Unlike synthetic fun-
gicides, which typically provide immediate localized 
protection, biological control agents (BCAs) operate 
through complex temporal dynamics. The efficacy of 

BCAs depends on their ability to successfully estab-
lish, compete for niches, colonize the rhizosphere, 
and engage in multi-trophic interactions that trigger 
systemic plant defense mechanisms (Compant et  al., 
2019). Consequently, the evaluation period of a sin-
gle melon cycle may be insufficient to witness the 
full transformative potential of microbial treatments 
on soil suppressiveness. This observation aligns 
with the findings of Nascimento et  al. (2016), who 
underscored that a single cultivation cycle is often 
inadequate for detecting significant shifts in the soil 
microbial community structure or achieving sub-
stantial reductions in disease pressure. While the ini-
tial reduction in root rot severity (SEV) may appear 
modest in this study, we hypothesize that the cumu-
lative effect of these beneficial microorganisms will 
lead to a gradual, year-over-year decline in pathogen 

Fig. 2   Weight (a), number of fruits per plant (b), and °Brix 
(c) of melon fruits. Cultivated soils were treated with the 
mixed formulation of alternative products. T1 = (B. subti-
lis + B. licheniformis + metabolites 1), T2 = (B. subtilis + L. 
plantarum + E. faecium + metabolites 2), T3 = (metabolites 

1 + metabolites 2), T4 = (B. subtilis + B. licheniformis + L. 
plantarum and E. faecium + metabolites 1 + metabolites 
2), T5 = standard management (T. asperellum + B. subti-
lis + metabolites 1 + metabolites 2), and T6 = Control
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inoculum as the consortia stabilize within the soil 
matrix. Long-term studies designed to monitor these 
microbial communities over successive years are 
essential to validate this hypothesis and determine the 
threshold for stable soil suppressiveness.

Similar challenges have been documented in other 
systems. For instance, Volynchikova (2022) observed 
that despite the high in vitro antagonistic performance 
of Pseudomonas spp. against Phytophthora infestans, 
their in vivo efficacy remained limited by environmen-
tal variables. Furthermore, Barbieri (2023) reported 
that the application of Trichoderma harzianum, T. 
asperellum, and Bacillus amyloliquefaciens in soy-
bean crops did not yield significant improvements 
in plant performance under natural conditions. The 
authors suggested that the time required for microbial 
establishment may exceed the developmental window 

of the host crop, a phenomenon that likely explains 
the results observed in our melon trials.

Despite the temporal constraints of the melon 
cycle, a consistent trend emerged across both experi-
ments: treatments integrating bacteria and their 
metabolites significantly outperformed the untreated 
control in reducing disease severity. The most effec-
tive formulations relied on a complex "mix" of 
Bacillus and lactic acid bacteria (LAB), such as 
Lactobacillus.

The efficacy of Bacillus species in the rhizosphere 
can be largely attributed to their multifaceted antago-
nistic repertoire. These bacteria produce a diverse 
array of hydrolytic enzymes (including chitinases, 
glucanases, cellulases, lipases, and proteases), which 
actively degrade the structural components of fungal 
and oomycete cell walls (Miljaković et  al., 2020). 
Beyond enzymatic degradation, Bacillus produces 

Fig. 3   Activity of the enzyme β-glucosidase (a), Arylsulfatase 
(b), Acid phosphatase (c) of soils. Cultivated soils were treated 
with mix formulation of alternative products. T1 = (B. sub-
tilis + B. licheniformis + metabolites 1), T2 = (B. subtilis + L. 
plantarum + E. faecium + metabolites 2), T3 = (metabolites 

1 + metabolites 2), T4 = (B. subtilis + B. licheniformis + L. 
plantarum and E. faecium + metabolites 1 + metabolites 
2), T5 = standard management (T. asperellum + B. subti-
lis + metabolites 1 and metabolites 2), and T6 = Control
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potent secondary metabolites (e.g., lipopeptides) that 
act as biosurfactants. These biological properties have 
established Bacillus-based products as robust alterna-
tives to synthetic fungicides for sustainable plant pro-
tection (Fira et al., 2018; Wang et al., 2018).

Furthermore, our results highlight the potential of 
non-traditional biocontrol genera, such as Lactoba-
cillus and Enterococcus, in suppressing soil-borne 
pathogens (Jaini et  al., 2022). Specifically, metabo-
lites derived from L. plantarum have demonstrated 
significant antifungal activity against Fusarium spe-
cies (Zhao et  al., 2017). The antimicrobial efficacy 
of these LAB metabolites is often linked to their 
surfactant or "detergent-like" properties, which dis-
rupt the integrity of the pathogen’s cytoplasmic mem-
branes, leading to cellular leakage and death (Sjogren 
et al., 2003). The integration of these diverse micro-
bial groups and their metabolic byproducts likely pro-
vided a broader spectrum of action, targeting multiple 
pathogens within the root rot complex simultaneously.

While Trichoderma-based products are extensively 
utilized for managing soil-borne pathogens (SBPs) 
in Northeastern Brazil, their field performance is 
contingent upon a complex interplay of soil proper-
ties, native microbial competition, pathogen pressure, 
and environmental variables. High temperatures and 
specific edaphoclimatic conditions of the semi-arid 
region can significantly hinder the establishment 
and saprophytic activity of introduced Trichoderma 
isolates. In this study, such environmental stress-
ors may have limited the biocontrol expression of 
Trichoderma.

The superior performance of bacterial-metabolite 
consortia (T4) compared to Trichoderma treatments 
is likely due to the faster growth kinetics and rapid 
rhizosphere colonization characteristic of Bacillus 
and lactic acid bacteria. Given the short phenological 
cycle of melon (approx. 60 days), the crop demands 
biological interventions that provide rapid responses. 
Agile microbial consortia are therefore more suit-
able for producers facing high SBP pressure, as sup-
ported by Mohamed et al. (2020), who demonstrated 
that Enterobacter cloacae was more efficient than 
Trichoderma in controlling potato wilt due to its rapid 
establishment.

The significant increase in fruit yield observed 
in T4 (Bacillus spp., L. plantarum, and E. fae-
cium) aligns with previous research on the growth-
promoting effects of fermented microbial products 

(Sretenović et  al., 2024). Bacillus species are well-
known for synthesizing potent antifungal lipopep-
tides, such as iturins, bacillomycins, and surfactins 
(Ongena & Jacques, 2008), which in this study may 
have contributed to lower disease severity (SEV). 
Pathogen-induced obstruction of vascular tissues 
typically limits the transport of water and nutrients, 
diverting metabolic resources from fruit production to 
defense responses (Agrios, 2005; Huot et  al., 2014). 
By suppressing these pathogens and enhancing nutri-
ent bioavailability, biocontrol bacteria preserve the 
plant’s physiological integrity, thereby increasing 
fruit number and ensuring a healthier environment for 
plant growth.

Furthermore, the potential lack of adaptation of 
commercial Trichoderma strains (often isolated from 
regions with temperate climates) to the harsh semi-
arid conditions of Brazil may explain their delayed 
performance. Enhancing the efficacy of fungal bio-
control in this region may require the bioprospect-
ing of native Trichoderma species already adapted to 
local temperature, humidity, and pH levels, as sug-
gested by Imran et al. (2022) for the management of 
tomato late blight.

In the present study, indicators of soil biological 
activity—specifically β-glucosidase, arylsulfatase, 
and acid phosphatase—exhibited significantly higher 
levels in Treatment T4. This enhancement can be 
directly linked to the robust presence of Bacillus spe-
cies, which utilize these enzymes as core components 
of their metabolic pathways for substrate degradation 
and nutrient acquisition (Moreira & Siqueira, 2006). 
These enzymes are pivotal in agroecosystems, gov-
erning the decomposition of organic matter and the 
mineralization of essential nutrients, such as carbo-
hydrates, sulfates, and phosphates, which are vital for 
maintaining soil fertility (Burns et al., 2013).

The integration of diverse Bacillus strains and their 
metabolites in T4 appears to have fostered a synergis-
tic environment, accelerating nutrient dynamics in 
the melon rhizosphere. This observation is consistent 
with Caballero et  al. (2022), who demonstrated that 
the application of a fermented bioproduct based on 
B. licheniformis significantly stimulated the activities 
of dehydrogenase, phosphatase, and β-glucosidase in 
agricultural soils. Similarly, Ng et al. (2022) reported 
a substantial increase in enzymatic activity following 
the inoculation of B. subtilis and Pseudomonas fluo-
rescens compared to untreated controls.
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Our results suggest that the "mix" of microorgan-
isms and metabolites in T4 does not merely suppress 
pathogens but actively reconstructs the soil’s biogeo-
chemical potential. By increasing the availability of 
phosphorus (via acid phosphatase) and sulfur (via 
arylsulfatase), the consortium potentially mitigates 
the physiological stress caused by root rot, providing 
plants with the nutritional resources necessary to sus-
tain higher fruit yields even under pathogen pressure.

Conclusion

While the integrated application of bacterial con-
sortia, microbial metabolites, and Trichoderma spp. 
did not identify a single definitive strategy for the 
immediate eradication of melon root rot; Treatment 
T4 (combining diverse bacteria and metabolites) 
emerged as a highly promising biocontrol candidate. 
The superior soil enzymatic activity and significantly 
higher fruit yield associated with this treatment sug-
gest that a multi-component bioprotection approach is 
more effective than traditional single-agent applica-
tions in the intensive melon monoculture systems of 
Northeastern Brazil. These findings indicate that the 
synergy between Bacillus, lactic acid bacteria, and 
their metabolic byproducts represents a viable alter-
native for sustainable disease management, though 
further longitudinal studies are required to optimize 
application timing and verify cumulative efficacy over 
multiple crop cycles. Ultimately, this study advances 
the understanding of the potentials and constraints 
of bioproducts in semi-arid agriculture, providing a 
scientific foundation for future research aimed at con-
solidating resilient and sustainable management pro-
tocols for melon producers.
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