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Abstract

Microbial contamination in biofertilizer bioreactors represents a major challenge for industrial
production, yet studies integrating molecular, phenotypic and antimicrobial characterization of bacterial
contaminants remain limited. Bacterial isolates recovered from biofertilizer bioreactors with process
deviations were identified by 16S rRNA gene sequencing (primers 27F/1492R) and further characterized
by phenotypic and biochemical assays. Antimicrobial susceptibility was determined by the Kirby—Bauer
disk diffusion method, while the antibacterial activity of a hydroethanolic extract of Copaifera malmei
was evaluated by broth microdilution and membrane permeability assays. The isolates were identified as
Micrococcus luteus and Bacillus cereus sensu lato, showing >99% 16S rRNA gene sequence similarity.
The B. cereus isolate exhibited multidrug resistance to ampicillin, penicillin, cefoxitin and ceftazidime,
remaining susceptible only to tetracycline and erythromycin. Phenotypic and biochemical analyses
corroborated the molecular identification of the B. cereus isolate. In contrast, M. luteus was susceptible
to all antimicrobials tested. The hydroethanolic extract of C. malmei showed limited antibacterial activity,
with minimum inhibitory concentrations of 5000 pg/mL against B. cereus and 312 pg/mL against M.
luteus, although membrane permeability assays indicated increased leakage of intracellular material in
the latter. The integration of molecular, phenotypic and antimicrobial susceptibility analyses provides a
robust approach for the characterization of bacterial contaminants in biofertilizer bioreactors. The
multidrug-resistant profile of the B. cereus isolate reinforces the importance of continuous
microbiological surveillance and stricter sanitation strategies in industrial biofertilizer production.

1. Introduction

The biofertilizer industry has experienced accelerated global expansion, driven by the demand for
sustainable agriculture. However, maintaining microbiological purity in large-scale bioreactors remains a
critical challenge. Microbial contamination not only compromises the quality of the final product but also
results in substantial economic losses due to batch disposal and production flow interruptions. In this
context, the identification of these microorganisms is fundamental for contaminant traceability and the
implementation of effective corrective measures [1, 2].

be

Bacteria from the genera Bacillus and Micrococcus are reported as contaminants in industrial
environments due to their ubiquity and, in the case of Bacillus spp., their ability to form endospores and
persistent biofilms [3, 4]. In addition to taxonomic identification, characterizing the antimicrobial
susceptibility profile of these isolates is vital for understanding the risks of resistance dissemination and
for guiding sanitation protocols [5]. Concurrently, the search for new antimicrobial agents derived from
biodiversity, such as Copaifera species from the Brazilian Cerrado, emerges as an exploratory alternative
for the control of industrial pathogens [6, 7].

Strengthening collaboration between industry and research institutions is fundamental to promote
technological innovation, enhance quality control, and ensure the sustainability of industrial processes.
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This interaction favors the integration of scientific knowledge with the demands of the productive sector,
enabling the identification of microbiological challenges and the development of more efficient
strategies for their prevention and control. This study aimed to identify bacterial contaminants isolated
from biofertilizer bioreactors with process deviations, characterize their susceptibility profile to
conventional antibiotics, and exploratorily evaluate the antimicrobial activity of the Copaifera malmei
extract.

2. Material and Methods
2.1 Sample collection and bacterial isolation

Samples were aseptically collected from a bioreactor that presented process deviations in an industrial
biofertilizer unit, located in the city of Lucas do Rio Verde, Mato Grosso, Brazil. Although the samples
were collected from the same bioreactor, the isolates originated from different batches. Isolation was
performed on nutrient agar (NA) under incubation at 35+ 2°C for 24 h. Morphologically distinct colonies
were purified by successive streaking [8, 9].

2.2 Molecular identification

Genomic DNA was extracted using a commercial Wizard Genomic DNA Purification Kit (Promega,
Madison, WI, USA), strictly following the manufacturer's instructions. Amplification of the 16S rRNA gene
was performed by polymerase chain reaction (PCR) using the universal primers 27F (5-
AGAGTTTGATCMTGGCTCAG-3') and 1492R (5-TACGGYTACCTTGTTACGACTT-3'), widely used for
molecular identification of bacteria [10, 11]. PCR products were purified and subjected to Sanger
sequencing. The obtained sequences were edited, evaluated for quality, and compared with those
deposited in the GenBank database (NCBI) using the BLASTn tool, with taxonomic identification based
on the highest sequence identity percentage [12, 13]. The sequences were processed and deposited in
GenBank under accession numbers PZ535511 and PZ535512.

2.3 Phenotypic and biochemical characterization

The B. cereus group isolate was characterized using a phenotypic and biochemical approach. Motility
was evaluated in SIM (Sulfide-Indole-Motility) medium by the stab method, while rhizoid growth was
determined by observing colonial morphology on nutrient agar after incubation at 35+ 2°C for 24 h [14,
15]. Hemolytic activity was determined on blood agar containing 5% defibrinated blood, with isolates
classified according to the hemolysis pattern observed [16]. The presence of parasporal crystals was
investigated by Smirnoff staining in sporulated cultures, according to the methodology described for
differentiation of B. cereus group species [17]. Growth at 6°C was evaluated after incubation in
appropriate culture medium, following recommendations of ISO 7932 for characterization of B. cereus
group isolates. Biochemical characterization was performed on Mannitol Egg Yolk Polymyxin (MYP)
medium, simultaneously evaluating mannitol fermentation and lecithinase production, as described in
the U.S. Food and Drug Administration's Bacteriological Analytical Manual [18]. Together, these assays
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provided phenotypic and biochemical characteristics compatible with isolates belonging to the B. cereus
group. Tests were performed in triplicate.

2.4 Antimicrobial susceptibility testing

Susceptibility profile was determined by the disk diffusion method (Kirby-Bauer) following CLSI M100
guidelines. The following antimicrobials were tested: ampicillin (10 pg), penicillin (10 pg), cefoxitin (30
ug), ciprofloxacin (5 pg), ceftazidime (30 pg), tetracycline (30 pg), and erythromycin (15 pg). Results
were interpreted based on zone diameter formation. Tests were performed in triplicate with three
repetitions. This assay was conducted with the isolates and with the B. cereus ATCC 10876 strain.

2.5 Plant extract and MIC determination

Stem bark of C. malmei was collected in the Cerrado (Voucher deposited at the Herbarium of the Federal
University of Mato Grosso under No. 46321). The ethanolic extract was obtained by maceration
(hydroethanolic, 72h) and concentrated in a rotary evaporator. The Minimum Inhibitory Concentration
(MIC) was determined by broth microdilution (CLSI M0Q7) at concentrations ranging from 3.12 to 10000
pg/mL, with an inoculum of 0.5 McFarland. Tests were performed in triplicate with three repetitions.

2.6 Membrane permeability assay

Intracellular material leakage (absorbance at 260 nm) was measured after exposure of cells to the
extract at the MIC for 2h. 0.1% SDS was used as a positive control and untreated cells as a negative
control [19]. Tests were performed in triplicate with three repetitions.

3 Results and Discussion

3.1 Bacterial identification

Two bacteria were isolated, and analysis of the 16S rRNA gene sequences allowed identification of the
isolates as B. cereus sensu lato and M. luteus (> 99% similarity and E-value 0) (Fig. 1).

In the B. cereus group, phenotypic and biochemical methods are widely employed as initial screening
tools, allowing preliminary differentiation based on morphological and metabolic characteristics. In the
present study, these methods were used as an initial identification step, subsequently complemented by
16S rRNA gene sequencing. Although 16S rRNA analysis is widely applied in bacterial identification, its
discriminatory capacity within the B. cereus group is limited due to the high genetic similarity among
phylogenetically close species. Thus, the combined approach adopted in this work provides greater
robustness in the identification of isolates [20, 13, 21].

3.2 Table 1. Polyphasic identification of the isolate belonging to the Bacillus cereus group based on
molecular and phenotypic characteristics.
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Approach Factor analyzed Observed result Taxonomic interpretation

Molecular Sanger sequencing of 99.65% identity Compatible with Bacillus
16S rRNA gene with Bacillus cereus group (sensu lato)
cereus strains
Phenotypic Motility test (SIM) Motility positive Phenotypically excludes B.
anthracis
Phenotypic Rhizoid growth Absent Phenotypically excludes B.
mycoides
Phenotypic Hemolysis profile B-hemolysis Phenotypically excludes B.
anthracis
Phenotypic Parasporal crystals Absence Makes B.
thuringiensis unlikely
Phenotypic Growth at 6°C Absent Disfavors psychrotrophic
species of the group
Biochemical MYP Mannitol negative and Corroborates identification
(mannitol/lecithinase) lecithinase positive as B. cereus. Excludes B.
megaterium
Conclusion Data integration Convergent molecular, Identification compatible
phenotypic and with B. cereus

biochemical profile

3.3 Phenotypic and Biochemical tests

The phenotypic and biochemical tests corroborate the molecular identification of the isolate as B.
cereus. Positive motility and B-hemolysis allowed differentiation from B. anthracis, a species typically
non-motile and non-hemolytic [20, 22]. The absence of rhizoid growth phenotypically excluded B.
mycoides, while the absence of parasporal crystals made identification as B. thuringiensis unlikely, since
this species is characterized by the production of crystalline inclusions during sporulation, considered
one of its main phenotypic markers [23]. Furthermore, the absence of growth at 6°C was compatible with
B. cereus and disfavors psychrotrophic species of the group, such as B. weihenstephanensis [24]. On
MYP medium, the isolate showed negative mannitol fermentation and positive lecithinase activity, a
profile characteristic of B. cereus and consistent with the criteria described in the FDA's Bacteriological
Analytical Manual, which uses acid production from mannitol as a differential characteristic from B.
megaterium [25]. Together, the phenotypic, biochemical, and molecular results were concordant,
supporting the identification of the isolate as B. cereus. Regarding M. luteus, the intense yellow
pigmentation constitutes a typical phenotypic characteristic of the species, resulting from carotenoid
production and widely used as an auxiliary criterion for its microbiological identification [26].

3.4 Antimicrobial susceptibility

The antibiogram results revealed marked differences between the isolates (Table 2). While M. luteus
showed susceptibility to all antimicrobials tested, the industrial B. cereus isolate exhibited a multidrug
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resistance profile, remaining susceptible only to tetracycline and erythromycin. The susceptibility profile
was consistent with that observed for the reference strain B. cereus ATCC 10876, reinforcing the
reproducibility of the disk diffusion assay. This pattern is consistent with studies demonstrating that
members of the B. cereus group exhibit intrinsic resistance to B-lactam antibiotics, mainly due to the
production of B-lactamases, in addition to variable resistance to aminoglycosides and fluoroquinolones,
depending on the origin and selective pressure of the isolates [27, 28]. In industrial environments, the
occurrence of multidrug-resistant strains represents an additional challenge for microbiological control,
reinforcing the need for continuous monitoring and phenotypic and molecular characterization of
contaminants to support effective control strategies [29].

Table 2
Antimicrobial susceptibility profile of the isolated contaminants.
Antimicrobial Pharmacological class Concentration B. cereus B. M. luteus
(Hg) cereus
(Industrial (Industrial
isolate) ATCC isolate)
10876
Ampicillin B-Lactam 10 R R S
(Aminopenicillin)
Penicillin B-Lactam (Natural 10 R R S
penicillin)
Cefoxitin B-Lactam 30 R R S
(Cephamycin)
Ceftazidime B-Lactam (Third- 30 R R S
generation
cephalosporin)
Tetracycline Tetracycline 30 S S S
Erythromycin ~ Macrolide 15 S S S

3.5 Activity of Copaifera malmei extract

As a complementary evaluation, the antimicrobial potential of the hydroethanolic extract of C. malmei
against the bacterial isolates was investigated. The stem bark extract showed MIC of 5000 pg/mL for B.
cereus and 312 pg/mL for M. luteus. The nucleotide leakage assay, performed with M. luteus, measuring
absorbance at 260 nm, demonstrated increased absorbance, indicating that the extract promoted the
release of intracellular material compatible with increased cytoplasmic membrane permeability.
Although the hydroethanolic extract of C. malmei did not show high antimicrobial activity, this study
constitutes a preliminary evaluation of its potential against industrial contaminants. The reduced activity
may be related to the nature of the crude extract, suggesting that strategies such as bio-guided
fractionation and isolation of active compounds may result in fractions and compounds with greater
antimicrobial efficacy [6, 30].

3.6 Industrial implications
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The detection of multidrug-resistant B. cereus underscores the need for more rigorous sterilization and
sanitation protocols. The resilience of this microorganism in industrial environments is often potentiated
by biofilm formation, which requires continuous microbiological monitoring to avoid persistent process
failures.

4. Conclusion

This study demonstrated that the integration of molecular identification, phenotypic characterization,
and antimicrobial susceptibility evaluation constitutes an efficient approach for the characterization of
bacterial contaminants in biofertilizer bioreactors. This strategy enabled the identification of a B. cereus
isolate with a multidrug resistance profile and an M. luteus isolate, providing relevant information for
microbiological monitoring and the improvement of quality control programs in industrial processes.
Furthermore, the results obtained represent a preliminary evaluation of the antimicrobial potential of the
hydroethanolic extract of C. malmei, indicating that future studies involving bio-guided fractionation,
chemical characterization, and evaluation of isolated compounds may contribute to obtaining fractions
with greater activity against bacterial contaminants of industrial interest. Thus, the results reinforce the
importance of integration between research institutions and the industrial sector to address
microbiological challenges associated with biotechnological processes. This collaboration can
contribute to the development of evidence-based quality control strategies, as well as to technological
advancement and sustainability of the biofertilizer industry in Brazil and on the international stage.

Declarations

Acknowledgments

We thank: the Federal Institute of Mato Grosso, Lucas do Rio Verde campus, Mato Grosso, Brazil, for
providing research space, and the Graduate Program in Biodiversity and Biotechnology of the Bionorte
Network for research encouragement.

Author contributions

Tarcisio Renan Pereira Sousa Resende: Bibliographic research, antimicrobial tests with plant extracts,
molecular identification of isolates, antibiotic testing, and manuscript writing.

Geiziquele de Lima: Phenotypic and biochemical tests for B. cereus.

Vanessa Mendes Régo: DNA extraction, PCR performance, and molecular identification of isolates.
Sikiru Olaitan Balogun: Experimental design, manuscript writing, manuscript supervision.
Marcondes Alves Barbosa da Silva: Manuscript writing, manuscript supervision.

Reginaldo Vicente Ribeiro: Experimental design and manuscript supervision.

Page 7/10



Conflict of interest. The authors declare no conflict of interest.

References

1.

Kumar A, Singh S (2013) Bioreactor contamination: causes and controls. J Ind Microbiol Biotechnol
40(10):1101-1115

. Junker B, Ziillig U et al (2006) Investigation and reduction of microbial contamination in industrial

fermentation processes. J Biotechnol 25:112-121

. Logan NA (2012) Bacillus and relatives in foodborne iliness. J Appl Microbiol 112(3):417-429

. Morandini L, Caulier S, Bragard C, Mahillon J (2024) Bacillus cereus sensu lato antimicrobial arsenal:

an overview. Microbiol Res 283:127697. https://doi.org/10.1016/j.micres.2024.127697

. Algammal AM, El-Tarabili RM, EI-Sayed ME, EI-Kholy AW et al (2024) Meat and meat products as

potential sources of emerging multidrug-resistant Bacillus cereus. BMC Microbiol 24:86

. Veiga Junior VF, Pinto AC (2002) O género Copaifera L. Quim Nova 25(2):273-286.

https://doi.org/10.1590/S0100-40422002000200016

. Santos AO, Ueda-Nakamura T, Dias BP, Veiga Junior VF, Pinto AC, Nakamura CV (2008) Antimicrobial

activity of Brazilian copaiba oils. Mem Inst Oswaldo Cruz 103(3):277-281.
https://doi.org/10.1590/S0074-02762008005000015

8. Cappuccino JG, Sherman N (2014) Microbiology: A Laboratory Manual, 10th edn. Pearson, Boston

11.

12.

13.

14.

15.

16.

17.

18.

. Tortora GJ, Funke BR, Case CL (2019) Microbiology: An Introduction, 13th edn. Pearson, Boston
. Lane DJ (1991) 16S/23S rRNA sequencing. In: Stackebrandt E, Goodfellow M (eds) Nucleic acid

techniques in bacterial systematics. Wiley, New York, pp 115-175

Weisburg WG, Barns SM, Pelletier DA, Lane DJ (1991) 16S ribosomal DNA amplification for
phylogenetic study. J Bacteriol 173(2):697-703. https://doi.org/10.1128/JB.173.2.697-703.1991

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local alignment search tool. J Mol
Biol 215(3):403-410. https://doi.org/10.1016/S0022-2836(05)80360-2

Janda JM, Abbott SL (2007) 16S rRNA gene sequencing for bacterial identification in the clinical
laboratory: pluses, perils, and pitfalls. J Clin Microbiol 45(9):2761-2764

Tille PM (ed) (2022) Bailey & Scott's Diagnostic Microbiology, 15th edn. Elsevier, St. Louis (MO)
Leber AL (ed) (2016) Clinical Microbiology Procedures Handbook, 4th edn. ASM, Washington (DC)

Beecher DJ, Wong AC (1994) Identification of hemolysin BL-producing Bacillus cereus isolates by a
discontinuous hemolytic pattern in blood agar. Appl Environ Microbiol 60(5):1646-1651.
https://doi.org/10.1128/AEM.60.5.1646-1651.1994

Smirnoff WA (1962) A staining method for differentiating spores, crystals, and cells of Bacillus
thuringiensis (Berliner). J Insect Pathol 4:384-386

Tallent SM, Kotewicz KM, Strain EA, Bennett RW (2012) Efficient isolation and identification of
Bacillus cereus group. J AOAC Int 95(2):446-451. https://doi.org/10.5740/jaoacint.11-251

Page 8/10



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Tang YL, Shi YH, Zhao W, Hao G, Le GW (2008) Insertion mode of a novel anionic antimicrobial
peptide MDpep5 (Val-Glu-Ser-Trp-Val) from Chinese traditional edible larvae of housefly and its
effect on surface potential of bacterial membrane. J Pharm Biomed Anal 48(4):1187-1194.
https://doi.org/10.1016/j.jpba.2008.09.006

Logan NA, De Vos P (2009) Genus Bacillus. In: De Vos P, Garrity GM, Jones D et al (eds) Bergey's
Manual of Systematic Bacteriology, vol 3, 2nd edn. Springer, New York

Liu Y, Du J, Lai Q, Zeng R, Ye D, Xu J, Shao Z (2017) Proposal of nine novel species of the Bacillus
cereus group. Int J Syst Evol Microbiol 67(8):2499-2508. https://doi.org/10.1099/ijsem.0.001821

Bottone EJ (2010) Bacillus cereus, a volatile human pathogen. Clin Microbiol Rev 23(2):382-398.
https://doi.org/10.1128/CMR.00073-09

Lereclus D, Agaisse H, Gominet M, Chaufaux J (2011) Bacillus thuringiensis: toxins and insect
pathogenicity. In: Sonenshein AL, Hoch JA, Losick R (eds) Bacillus subtilis and Its Closest Relatives:
From Genes to Cells. ASM, Washington, DC

Guinebretiére MH, Thompson FL, Sorokin A, Normand P, Dawyndt P, Ehling-Schulz M et al (2008)
Ecological diversification in the Bacillus cereus group. Environ Microbiol 10(4):851-865.
https://doi.org/10.1111/j.1462-2920.2007.01495.x

Tallent SM, Knolhoff A, Rhodehamel EJ, Harmon SM, Bennett RW (2020) BAM Chap. 14: Bacillus
cereus. Bacteriological Analytical Manual. U.S. Food and Drug Administration

Tizabi D, Hill RT (2023) Micrococcus spp. as a promising source for drug discovery: a review. J Ind
Microbiol Biotechnol 50(1):kuad017. https://doi.org/10.1093/jimb/kuad017

Drobniewski FA (1993) Bacillus cereus and related species. Clin Microbiol Rev 6(4):324-338.
https://doi.org/10.1128/CMR.6.4.324

Miller RA, Jian J, Beno SM, Wiedmann M, Kovac J (2018) Intraclade variability in antibiotic
resistance and toxin gene profiles among Bacillus cereus group isolates. Appl Environ Microbiol
84(21):e01537-e01518

Ehling-Schulz M, Lereclus D, Koehler TM (2019) The Bacillus cereus group: Bacillus species with
pathogenic potential. Microbiol Spectr 7(3). https://doi.org/10.1128/microbiolspec.GPP3-0032-
2018

Leandro LF, Moraes TS, Damasceno JL et al (2024) Antibacterial, antibiofilm and antivirulence
potential of diterpenes isolated from Copaifera spp. oleoresins against multidrug-resistant bacteria.
Naunyn Schmiedebergs Arch Pharmacol 397:6975-6987. https://doi.org/10.1007/s00210-024-
03077-9

Figures

Page 9/10



Figure 1

Colonial morphology of bacterial isolates cultured on nutrient agar. (A) Micrococcus luteus, showing
colonies with intense yellow pigmentation, characteristic of the species. (B) B. cereus, showing opaque,

white-cream colored colonies.

Page 10/10



