[bookmark: _GoBack]Original Research Article

Harnessing the Biotechnological Power of Biodigester-Derived Bacteria


ABSTRACT

	Aims: The present study aimed to isolate and characterize bacterial strains from bovine biodigester sludge collected in western Paraná, Brazil, with potential biotechnological applications. 
Study design:  A total of six isolates (belonging to the genera Brucella, Microbacterium, and Brevibacillus) were previously isolated from swine and bovine sludge samples collected from an Upflow Anaerobic Sludge Blanket (UASB) reactor fed with bovine manure, located in western Paraná, Brazil.
Place and Duration of Study: Bacterial isolates from biodigester collection were used in this study. Research activities were conducted at Labiogen (Laboratory of Biochemistry and Genetics), UFPR/Sector Palotina, between June 2023 and July 2024.
Methodology: The microbiological composition was obtained by 16sRNA genetic characterization, as well as, phosphate and potassium solubilization capacity, catalase and oxidase, fungal antagonism, and enzymatic capacity.
Results: Enzymatic assays revealed significant production of amylase, protease, cellulase, and lipase, with Microbacterium mangrovi and M. arabinogalactanolyticum exhibiting the highest enzyme indices. Three isolates demonstrated potassium solubilization, although none showed phosphate solubilizing capacity. Partial antifungal activity was detected exclusively in M. arabinogalactanolyticum. Biofilm formation was strain-dependent and influenced by carbon sources and incubation times, with several isolates showing consistently low biofilm production-an advantageous trait for industrial applications. 
Conclusion: These findings highlight the untapped microbial potential of biodigester sludge and support its exploration as a source of bacteria with promising applications in biotechnology and sustainable agriculture.
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1. INTRODUCTION
Microorganisms represent a vast natural resource found in all habitats. Swine and bovine biodigester sludge can harbor a wide range of bacterial genera capable of performing anaerobic fermentation, resulting in methane production and the generation of organic fertilizers for use in rural areas [1,2]. Despite this diversity, only a small fraction has been explored to date [3].
Bioprospecting refers to the systematic identification, evaluation, and utilization of biological diversity to discover genetic resources [4]. It is the first step in valorizing biodiversity [5]and enables the development of biotechnological innovations in fields such as biofuels, medicine, pharmaceuticals, and agriculture [6–8].
Bacterial genera are considered valuable sources of species with biotechnological potential [9], as they can produce a wide range of versatile biomolecules used in industrial, pharmaceutical, and agronomic applications. This is largely due to their enzymatic stability, catalytic efficiency, and ease of production and optimization for plant and animal enzyme applications [10,11]. Many bacterial genera are known to produce enzymes such as amylases, proteases, pectinases, lipases, cellulases, and xylanases, which are widely used in industries including detergent, textile, chemical, food and beverage, biofuels, animal feed, and personal care [12,13]. These enzymes offer advantages such as high performance and ease of modification and optimization due to biochemical diversity. Bacteria are also amenable to genetic manipulation, and selected strains can produce large-scale, purified, and well-characterized enzymes, antibiotics, and other bioactive compounds [14,15].
Biofilms are structured communities of bacterial cells embedded in a self-produced extracellular polymeric matrix, primarily composed of exopolysaccharides (EPS), DNA, and proteins. Biofilm formation occurs in moist environments where nutrients are available and surfaces are present for attachment, offering protection to bacterial cells [16–19]. While biofilms can be problematic in medical, dental, and food industries [20,21], recent research suggests they may also have industrial applications, such as in the development of new materials, chemical and biological products [22,23], agriculture [24], wastewater treatment and bioremediation [25], and corrosion prevention [20].
The objective of this study was to identify and characterize bacterial isolates with potential biotechnological applications, specifically in terms of their ability to degrade starch, casein, proteins, cellulose, and lipids. The isolates were obtained from bovine biodigester sludge in the western region of Paraná, Brazil. Additional evaluations included their ability to solubilize phosphorus and potassium, form biofilms, and exhibit antifungal activity.

2. MATERIAL AND METHODS
2.1. BIOCHEMICAL CHARACTERIZATION OF ISOLATES
2.1.1. Detection of Enzymatic Activity in Solid Media
Protease, caseinolytic, lipolytic, amylolytic, and cellulolytic activities of the bacterial isolates were evaluated using the agar diffusion method on modified Basal Medium (MM), composed of 2.5 g yeast extract, 1 g glucose, and 14 g agar, following the methodology of [26]. Bacteria were inoculated in the center of Petri dish quadrants and incubated at 30 °C for 48 hours. Three plates were used per isolate, totaling 12 replicates.
Protease activity was assessed in MM supplemented with 6.2 g.L-1 of skim milk protein. A clear halo around the colony indicated positive protease activity. Caseinolytic activity was evaluated in MM with 1% casein. A white halo around the colony indicated casein degradation. Amylolytic activity was tested in MM supplemented with 1% soluble starch. Cellulolytic activity was assessed in MM with 7.5% cellulose biomass (2.5 g of shredded paper in 75 mL of water). Plates were flooded with iodine solution (1% iodine and 2% KI), and clear halos around colonies indicated starch and cellulose degradation. 
Lipolytic activity was determined using Tween Agar Medium (10 g peptone, 0.1 g CaCl₂·2H₂O, 5 g NaCl, 10 mL Tween 80, and 15 g agar, pH 7–7.4), as described by [27]. A white precipitate around the colony, formed by calcium salts of released fatty acids, indicated lipase activity after 15 days of incubation at 30 °C.
All enzymatic activities were quantified using the Enzyme Index (EI), calculated as the ratio of the total halo diameter (zone of hydrolysis, in mm) to the colony diameter (mm): All enzyme activities were quantified in terms of Enzyme Index (EI), which was expressed by the ratio between the average diameter of the halo and the average diameter of the colony growth (IE = DMH/DMC), where DMH = total diameter of the hydrolysis zone (hydrolysis halo /Diameter of the Bacterial Colony, measured in mm); DMC = Diameter of the Bacterial Colony (measured in mm). Measurements were taken using a graduated ruler [28,29].

2.1.2. Catalase and Oxidase Activity
Catalase activity was confirmed by bubble formation after applying a drop of 3% hydrogen peroxide (H₂O₂) onto the bacterial colony. Oxidase activity was tested by placing a colony on filter paper, followed by the addition of 1% TEMED (tetramethylethylenediamine) solution. A purple color indicated a positive reaction. Both tests followed the procedures of [30].

2.1.3. Potassium and Phosphate Solubilization Capacity
Potassium solubilization was evaluated using the solid Aleksandrov medium, which contains 5 g.L-1 glucose, 0.005 g.L-1  MgSO₄·7H₂O, 0.1 g.L-1  FeCl₃, 2 g.L-1  CaCO₃, 3 g.L-1  K₂SiO₃, 2 g.L-1  Ca₃(PO₄)₂, and 20 g.L-1 agar, following the protocol described by [31]. Plates were incubated at 30 °C for 3 days. After incubation, the formation of a clear halo around the colonies indicated potassium solubilization activity. Each isolate was tested in three separate plates. Each plate was divided into four quadrants, and one quadrant was inoculated per repetition, totaling twelve replicates per isolate. 
Phosphate solubilization was assessed using NBRIP medium [30], also plated in quadrants. Plates were incubated at 30 °C for 6 days. After incubation, the diameter of the solubilization halo and colony was measured using a graduated ruler. The Solubilization Indexes (IS) were obtained using the formula: IS = fHalo (mm) / fColony (mm), where f is the diameter of the halo or colony [32].

2.1.4. Antagonistic or Anti-Fungal Capacity
The antagonistic potential of the bacterial isolates was evaluated using the dual culture method, by direct confrontation between each bacterial isolate and two phytopathogenic fungi: Fusarium spp. and Curvularia lunata, following the protocol described by [33]. The fungi were first cultivated on Sabouraud Agar in Petri dishes and incubated at 28 °C for 7 to 14 days to ensure sufficient fungal growth.
After this period, bacterial isolates were inoculated laterally, at an appropriate distance from the fungal colony, to allow for interaction during co-culture. The inoculated Petri dishes were incubated in triplicate at 30 °C for 10 days. Fungal inhibition or antagonistic activity was assessed visually, by observing the presence or absence of an inhibition zone between the bacterial and fungal colonies, or changes in fungal growth patterns near the bacterial inoculation site.

2.1.5. Biofilm Production and Quantification
To evaluate the influence of media composition (carbon sources) and incubation time on biofilm formation by biodigester isolates, growth tests were conducted under static conditions following a modified version of the methodology proposed by [34]. Initially, isolates were pre-inoculated in LB broth supplemented with various carbon sources (no sugar, fructose, glucose, or lactose) and incubated with agitation for 12–16 h. Subsequently, 1 mL of a 1:100 dilution of the inoculum was transferred to 2 mL microtubes. These tubes were incubated at 30 °C in a BOD chamber for 24, 48, and 72 h.
After each incubation period, the medium was discarded, and the tubes were gently rinsed twice with distilled water to remove non-adherent cells. The tubes were then tapped on absorbent paper and left to dry at room temperature for 15 min. Next, 1.25 mL of 0.1% crystal violet solution (0.1 g in 100 mL distilled water) was added to each tube and allowed to stain the biofilm for 10–15 min. After staining, the tubes were washed four times with distilled water to remove excess dye and left to dry at room temperature. For biofilm quantification, 1.25 mL of 30% acetic acid was added to each tube to solubilize the retained crystal violet. After 10–15 min, the optical density (OD) was measured using a UV spectrophotometer at 550 nm. All assays were performed in six replicates.

2.1.6. Statistical Analysis
The data obtained from the enzymatic, solubilization, and biofilm production assays were subjected to analysis of variance (ANOVA). Means were compared and grouped using the Scott-Knott test at a 5% significance level. All statistical analyses were performed using the GENES software package [35].

3. RESULTS AND DISCUSSION
3.1. Molecular Characterization of Isolates
The genetic characterization of the isolates is shown in Table 1. The isolates were classified as Brucella (Pseudomonadota) – isolates UFPR04 and UFPR05; Microbacterium (Actinomycetota) – isolates UFPR13, UFPR20, and UFPR28; and Brevibacillus (Bacillota). As expected, the genera Brucella [36], Microbacterium [37], and Brevibacillus [38] have been previously associated with bovine manure.
Microbacteriaceae play a significant role in soil ecosystems, acting as both decomposers and nutrient mobilizers. They enhance plant nutrient uptake by solubilizing phosphates and mobilizing other essential nutrients, thereby promoting plant growth. Additionally, their ability to produce enzymes and biopolymers has led to their application in various industries, including food, pharmaceuticals, and agriculture. For instance, Microbacterium arabinogalactanolyticum produces d-arabinofuranosidases that degrade the complex d-arabinan core structure of lipoarabinomannan and arabinogalactan [39]. Moreover, Microbacterium esteraromaticum has shown salt tolerance [40].
Brevibacillus laterosporus is known to produce antimicrobial peptides for use in animal feed. It enhances crop growth by secreting hydrolases to improve nutrient uptake, synthesizing growth hormones, and producing proteins that inhibit the reproduction of harmful organisms, thus functioning as a probiotic [41].



Although the genus Brucella is typically associated with brucellosis—a zoonotic disease caused by B. melitensis, B. suis, and B. abortus that affects livestock and humans [42]. The isolates used in this study did not exhibit pathogenicity. All isolates, including Brucella, tested negative in biosafety tests using blood agar plates (5% v/v sheep blood).
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	Isolate
	Classification
	Fragment Size
	E value
	% Identity
	Genbank Access

	UFPRBD04
	Brucella pseudogrignonensis
	1387
	1,00E-119
	83.19%
	NR_042589.1

	UFPRBD05
	Brucella grignonensis
	1407
	6,00E-103
	87.82%
	NR_114149.1

	UFPRBD13
	Microbacterium arabinogalactanolyticum
	1462
	0
	92.24%
	NR_044932.1

	UFPRBD20
	Microbacterium mangrovi
	1463
	0
	93.67%
	NR_026468.1

	UFPRBD22
	Brevibacillus laterosporus
	1486
	0
	93.09%
	NR_112212.1

	UFPRBD28
	Microbacterium esteraromaticum
	1463
	6,00E-76
	83.18%
	NR_026468.1


Fragment Size: Sequence size. E Value: probability of randomly finding the same alignment between two sequences. Identity %: percentage of identity between the isolate's sequence and the related organism. GenBank Access: Sequence accession number of the related organism.

Table 2. Enzymatic activity and solubilization capacity of isolates
	Essays
	B. pseudogrignonensis
	B. grignonensis
	M. arabinogalactanolyticum
	M. mangrovi
	B. laterosporus
	M. esteraromaticum

	EI (cm)

	Amylase
	-
	-
	-
	2.41 ± 0.39 a
	1.93 ± 0.73 b
	-

	Cellulase
	1.33 ± 0.17 c
	-
	-
	3.13 ± 0.22 a
	2.96 ± 0.16 a
	2.61 ± 0.30 b

	Proteinase
	-
	-
	2.72 ± 0.50 b
	4.23 ± 0.57 a
	4.15 ± 0.91 a
	2.79 ± 0.43 b

	Caseinase
	-
	-
	-
	-
	-
	-

	Lipase
	-
	-
	1.37 ± 0.61 a
	-
	-
	-

	K
	-
	-
	-
	7.31 ± 2.32 a
	6.85 ± 1.10 a
	2.45 ± 0,.56 b

	P
	-
	-
	-
	-
	-
	-


The enzymatic index represents the halo diameter of degradation/diameter of colony in cm. Averages followed by the same letter did not differ among themselves (Scott-Knott, p< 0.05).

3.2. Biochemical Characterization of Isolates
The biochemical characterization results are presented in Table 2. None of the isolates tested positive for oxidase activity. Catalase activity was detected in only two species of Microbacterium: M. arabinogalactanolyticum and M. esteraromaticum. Partial antifungal activity was observed in the isolate M. arabinogalactanolyticum against Curvularia lunata.
Enzymatic assays revealed that five out of six isolates (83%) exhibited hydrolytic activity in at least one assay (Table 2). The visual appearance of halos around bacterial colonies, indicative of enzymatic activity, is shown in Table 2. Four of the six isolates demonstrated multi-enzymatic activity (positive in two or more assays), suggesting a greater ability to degrade and utilize various substrates for growth and adaptation [26].
Amylase activity was observed in isolates M. mangrovi and B. laterosporus, with M. mangrovi exhibiting the highest enzymatic index (EI). Cellulase activity was found in four isolates (B. pseudogrignonensis, M. mangrovi, M. esteraromaticum, and B. laterosporus), with M. mangrovi again showing the highest EI (3.13 cm). Protease production was noted in four isolates, with EI values ranging from 2.72 to 4.23 cm. The highest protease activity was observed in M. mangrovi and B. laterosporus (EI: 4.15 - 4.23 cm). None of the isolates showed caseinase activity. Lipase activity was detected only in M. arabinogalactanolyticum, with maximum production after 72 h. In contrast, [43] reported maximum lipase activity after 48 h in Microbacterium spp.
Intermediate amylase and protease activity were also noted in Microbacterium spp. by [44]. Although B. laterosporus did not produce caseinase in our study, it has been reported to do so in previous research [44,45]. It is important to note that isolates from the same genus did not always display the same enzymatic profiles (Table 2). This variation could be due to gene gain and loss via horizontal gene transfer, which contributes to bacterial genome plasticity [46].
Potassium solubilization was detected in M. mangrovi, M. esteraromaticum, and B. laterosporus, with M. mangrovi showing the highest solubilization index (7.31 cm). None of the isolates demonstrated the ability to solubilize phosphate (Table 2), nor did they exhibit antifungal activity against Fusarium spp. or Curvularia lunata, except for M. arabinogalactanolyticum, as mentioned earlier.
Another relevant feature for industrial use is biofilm production. The ability to form biofilms can hinder the use of certain strains in industrial reactors. The results showed variation among isolates in response to growth time, carbon source, and biofilm production (Figure 1). The highest biofilm formation was observed after 72 h of incubation for B. pseudogrignonensis and M. esteraromaticum across all tested conditions, especially when fructose and sucrose were added as carbon sources.
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Fig 1. Bacteria biofilm formation using different carbon sources in the growth medium. A. LB medium (control) B.LB medium added fructose. C. LB medium added lactose and D. LB medium added glucose. Averages followed by the same letter did not differ among themselves (Tukey test, p < 0.05).



[image: ]Fig 2. Visual aspect of the biofilm evaluation. A. Biofilm production using Pseudomonas aeruginosa (P) as control and B. pseudogrignonensis (B) B. Biofilm production using Pseudomonas aeruginosa (P) as control and M. esteraromaticum (M).

Similar findings were reported by [47], who showed that fructose and sucrose promoted the highest levels of biofilm formation in Pseudomonas aeruginosa and Staphylococcus  aureus. [48] also noted that high concentrations of carbon sources, particularly  glucose and maltose, stimulated biofilm formation in Bacillus spp. In our experiment, all carbon sources were tested at 1%, while [49] observed optimal biofilm production at 2.5% concentrations for glucose, maltose, lactose, and sucrose.
Conversely, M. arabinogalactanolyticum and M. mangrovi exhibited low biofilm production compared to M. esteraromaticum. [18] identified different gene clusters responsible for biofilm formation in various Microbacterium strains, which may explain the observed differences in biofilm production among the isolates.
4. CONCLUSIONS
Exploring bacterial diversity for biotechnological applications remains a critical first step in the development of new industrial technologies. In this study, we evaluated the enzymatic potential and biofilm-forming capacity of six bacterial isolates obtained from bovine biodigester sludge. The isolates were identified as belonging to the genera Brucella, Microbacterium, and Brevibacillus, all commonly associated with bovine sludge environments. Among the isolates, Microbacterium arabinogalactanolyticum and M. mangrovi emerged as promising candidates for semi-industrial trials. These strains demonstrated the ability to produce important enzymes such as protease, amylase, and cellulase, showed potassium solubilization capacity, and exhibited low biofilm production - an important feature for industrial scalability. However, none of the isolates exhibited significant phosphate solubilization or antagonistic activity against the tested fungal species. Despite these limitations, our findings highlight bovine biodigester sludge as a valuable and underexplored source of bacterial genera with potential applications in agriculture and industry.
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