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ABSTRACT 22PH O
co <9 XU
Meat processing enterprises are currently seeking ways to improve the efficiency of their operations. This study g% ) 2 o)
aimed to assess the presence of harmful microorganisms in poultry meat treated with a probiotic complex of Bacillus & & & & =
spp. bacteria during storage. Of the 2,516 meat samples collected from broiler chickens across six poultry processing 5 v Z <,5 jZ>
enterprises in the Dnipropetrovsk region over three years, 1,845 samples tested positive for pathogens. Listeria spp. % % e<
were isolated in 52.7% of meat samples, S. aureus in 28.7%, P. aeruginosa — in 6.9%, E. coli in 4.2%, and % g %_’ﬁ >
Salmonella spp. in 7.5%. The next stage of the study was the infection of 10 samples of poultry meat with pathogens £ 8 ©r» U
of test cultures (Escherichia coli UNCSM - 007, Pseudomonas aeruginosa UNCSM - 012, Staphylococcus aureus o5 = & § -
UNCSM - 017, Listeria ivanovii UNCSM - 042, Salmonella Enteritidis UNCSM - 081), followed by aerosol =< &~ O
treatment with a probiotic complex of Bacillus spp. (1.5x10% in ml (0.5 Mac Farland) administered at a dose of 1 ml % Q r'|_-|
~ P

per sample with daily registration of colony growth. Following pathogen contamination and a single aerosol
treatment with the probiotic complex of Bacillus spp., the growth of E. coli and S. aureus was already suppressed on
the second day of meat storage. The probiotic complex of Bacillus spp. was able to displace Salmonella Enteritidis
on the third day and P. aeruginosa on day 4, but the growth of L. ivanovii could be observed only on day 5. The
probiotic complex of Bacillus spp. formed visible biofilms from the five strains of microorganisms and remained
viable for five days, forming a dense biofilm with a high accumulation rate of 4.73 D620. A distinctly noticeable
ability to form microbial biofilms within three days was observed in planktonic forms of L. ivanovii up to 2.88
D620, followed by P. aeruginosa at 2.28 D620. Low biofilm density was observed for Salmonella Enteritidis (1.77
D620) and S. aureus (1.76 D620). The probiotic complex of bacteria of the genus Bacillus spp. shows potential for
use in meat processing plants to prevent the growth of harmful microbial biofilms on meat products stored under
refrigeration.

Keywords: Antagonistic activity, Biofilm formation, Microbial biofilm, Pathogen, Probiotic complex of Bacillus
spp.

INTRODUCTION

Currently, much attention is directed to the safety of food products of animal origin. To meet international quality and
safety standards, these products must be free from toxic substances, as well as pathogenic and opportunistic
microorganisms. It is crucial to note that poultry meat may contain harmful microorganisms, which can lead to severe
food poisoning and even death in humans. Therefore, the initial processing of poultry carcasses (thawing, pinching,
burning,) plays a significant role in ensuring the quality of the meat. It is especially important to avoid contamination of
the carcasses with pathogenic and opportunistic microflora. Additionally, cross-contamination of meat products during
primary processing may result in a higher concentration of harmful microorganisms, which can pose a risk to human
health (Bridier et al., 2015; Markowiak and Slizewska, 2018; Zazharskyi et al., 2023). The microbiota found on the
surfaces of food processing plants are often diverse and include foodborne pathogens as well as food spoilage bacteria.
Predominant genera in meat processing plants include Pseudomonas, Acinetobacter, Staphylococcus, and Serratia
(Fegan and Jenson, 2018). One of the pathogens regularly encountered in such environments is Listeria monocytogenes,
which causes the life-threatening disease listeriosis. Therefore, it is important to maintain viability at low temperatures.
Moreover, it should be noted that their pathogenic prevalence is not reduced by chilling the meat. Increased resistance to
inhibitory agents is associated with the survival of microorganisms, whichis often linked to the development of biofuels
(Wang et al., 2015; Puga et al., 2016). One of the pathogens regularly living in such media is Listeria monocytogenes.
This means that illness due to listeriosis poses a more serious threat to human health (D’Ostuni et al., 2016; Fan et al.,
2020; Borowuk and Zazharska, 2022).
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Biofilms of L. monocytogenes on food contact surfaces have been identified as an important pathway for
pathogenic persistence and subsequent product contamination (Nowak et al., 2017; Pazin et al., 2018; Zazharskyi et al.,
2019). The formation of Listeria biofilms in combination with Pseudomonas, Bacillus cereus, Escherichia coli
0157:H7, Salmonella spp., Pseudomonas spp. i Staphylococcus aureus bacteria contribute to the preservation and
maintenance of the bacterial population, thereby showing resistance to antimicrobial drugs, ultraviolet radiation, drying,
and disinfectants (Akinbobola et al., 2017; Wang et al., 2018; Zazharskyi et al., 2020). Microbial cells are capable of
detaching from the biofilm and spreading, making the biofilm a potential source of contamination in the production of
meat products (Flemming and Wingender, 2010; Abdullahi et al., 2016; Lin et al., 2017). Thus, contamination of food
production environments with biofilms of pathogenic bacteriaand the development of effective methods to remove these
biofilms from meat products, production surfaces, and equipment is a significant challenge. The use of spore-probiotic
strains of Bacillus, which can reduce microbial contamination during the storage of meat products in processing plants, is
highly relevant. Previous studies have laid the foundation for this research by identifying the antagonistic properties of
probiotic preparations in destroying microbial biofilms in animal feed, which is crucial for preventing microbial
contamination in the human food chain. It was established that the probiotic complex of bacteria of the genus Bacillus
during continuous exposure to feed samples could displace biofilms of almost all types of isolated feed microflora
(Kolchyk et al., 2022). To improve the sanitation and hygiene of poultry meat and extend its shelf life while ensuring
safe consumption, it is imperative to explore new methods that are safe for the environment. Therefore, this study aimed
to evaluate the presence of harmful microorganisms in poultry meat that had been treated with a probiotic complex of
Bacillus spp. bacteria during the storage process.

MATERIAL AND METHODS

Ethical approval

The experiment was approved by the Bioethics Committee of the National Scientific Center, Institute of
Experimental and Clinical Veterinary Medicine, Kharkiv, Ukraine. During the research on animals, manipulations were
carried out in accordance with the existing documents regulating the organization of work with the use of animals in
experiments and adherence to the principles of the European Convention for the Protection of Vertebrate Animals used
for experimental and other scientific purposes (WorldLll, 1986).

Study conditions

The research was carried out at the Laboratory of Swine Diseases at the National Scientific Center, Institute of
Experimental and Clinical Veterinary Medicine (Kharkiv, Ukraine) and the Dnipropetrovsk Regional State Laboratory of
the State Service of Ukraine on Food Safety and Consumer Protection (Dnipro, Ukraine).

Sampling for laboratory research

Microbiological studies were performed on 2516 meat samples from broiler chickens obtained from six poultry
processing enterprises in the Dnipropetrovsk region over three years. Immediately after slaughter, meat samples (chest
and thigh muscles) were taken from each carcass, weighing 25g, and examined for the presence of Listeria,
Pseudomonas, Staphylococcus aureus, Escherichia coli, and Salmonella spp. Pathogen’s detection was carried out
following current regulatory documents. Specifically, they were tested for Escherichia coli according to ISO/IEC 17025
(2017), Pseudomonas spp. — I1SO 13720(2010), Staphylococcus aureus — ISO 11290-1 (2017), Salmonella spp. — ISO
6579-1 (2017), and -1SO 6888-1 (2021), Listeria spp. The selection of meat samples from broiler chickens was
conducted in accordance with ISO/TS 17728 (2015). Sample preparation for microbiological studies adhered to 1ISO
6887-2 (2014),6887-3 (2017), and I1SO 6887-2 (2017).

The identification of pathogenic microorganisms involved several main stages: Preliminary enrichment, selective
enrichment, sowing on selective media, and confirmation of suspicious colonies. For preliminary enrichment of Listeria
spp., the meat sample was minced and mixed with the Half Fraser broth (HiMedia, India) ina 1:10 ratio and incubated at
(30.0£0.5) °C for 24 hours. Then, 0.1 ml was transferred to Complete Fraser broth (HiMedia, India.) and incubated at a
temperature of (37.0 £ 0.5) °C for 48 hours. It was sown on selective agar media (Agar Listeria) according to Ottaviani
and Agosti (ALOA, HiMedia, India) and Polymyxin Acriflavine Lithium Chloride Ceftazidime Aesculin Mannitol
(PALCAM, HiMedia, India). Plates were incubated at a temperature of 37.0 + 0.5 °C for 48 hours. After incubation,
colonies of Listeria spp., which had typical morphology (blue-green colonies with or without a black center on ALOA or
gray-green with a black halo on PALCAM) were assessed.

For the isolation of Salmonella spp, the meat sample was ground and mixed with buffered peptone water (BPW) in
a ratio of 1:10, and incubated at a temperature of 37.0 £ 0.5 °C for 24 hours. Two selective media were used for
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additional enrichment: soy peptone broth Rappaport-Vassiliadis (RVS, HiMedia, India), and tetrathionate broth (TT,
Farmactiv, Ukraine). While the RVS broth was incubated at 41.5 + 0.5 °C for 24 hours, the TT broth was incubated at
37.0 £ 0.5 °C for 24 hours. The samples were then plated on selective agar media: Xylose, lysine, and desocholate agar
(XLD, HiMedia, India), and hexanoate-lysine agar (HE, HiMedia, India). The plates were incubated at a temperature of
37.0 £ 0.5 °C for 48 hours. After incubation, the plates were examined and suspicious colonies were counted. Typical
Salmonellacolonies on XLD agar displayed black centres with a red border, while on HE agar, blue-green colonies with
black centres were observed.

For the isolation of S. aureus, 10 g of meat cut was crushed and homogenized in 90 ml of a phosphate buffer
solution corresponding to a dilution of 1:10. The sample was sown on the surface of Beard-Parker agar (Ukraine),
enriched with egg yolk and potassium tellurite, and using a micropipette, it was evenly distributed with a spatula. It was
then incubated at a temperature of 37.0 £ 0.5 °C for 24 hours. After incubation, colonies with typical appearance of
coagulase-positive staphylococci were counted. Typical colonies on Beard-Parker agar were black or gray-black with a
distinct zone of lecithinase activity (opalescent zone).

The identification of Pseudomonas spp. was carried out using a meat sample weighing 10 g, which was
homogenized in 90 ml of a phosphate buffer solution diluted 1:10. A 0.1 ml aliquot of the homogenized sample was
applied to the surface of Cetrimide, Fucidin, and Cephaloridine (CFC, Merck, Germany) agar with a micropipette and
evenly distributed using a sterile spatula. The plates were incubated at a temperature of 25.0 £ 0.5 °C for 24 hours. After
incubation, the agar was examined and colonies with a typical appearance of Pseudomonas spp. (round, smooth,
opalescent colonies) were counted.

E. coli was isolated from a meat sample weighing 10 g, which was homogenized in 90 ml of a phosphate buffer
solution with a dilution of 1:10. The sample was plated on Endo and Levin agar (Farmaktiv, Ukraine), and incubated at a
temperature of 37.0 £0.5 °C for 24 hours. After incubation, the agar was examined and the E. coli colonies on Endo had
a characteristic metallic sheen, while on Levin agar, they appeared black with a metallic sheen.

According to the results, 1845 samples tested positive for pathogens out of 2516 research samples. Listeria spp.
was isolated in 52.7% of the samples, S. aureus in 28.7%, P. aeruginosain 6.9%, E. coli — 4.2%, and Salmonella spp. in
7.5% of the broiler chicken meat samples.

The pathogenicity of the isolated microorganisms (Listeria spp., P. aeruginosa, S. aureus, E. coli, Salmonella spp.)
was determined using the Dosis Certa Lettalis (DCL) on 70 white outbred mice (n=10), weighing 18-20 g and aged 8-9
weeks, kept in a vivarium for a month. The animals were adapted to the conditions of detention for 15 days. Six
experimental groups and one control group, each consisting of 10 animals of the same age, were formed. While mice
from the six experimental groups were injected intraperitoneally with a certain type of bacteriain a dose of 0.5 ml (ata
concentration of 4.0 MacFarland) isolated from meat samples, mice in the control group were injected with 0.5 ml of
physiological solution. The behavioural reactions and the physiological state of mice were monitored for 10 days. In five
experimental groups, 100% mortality of the animals was recorded on the second to third day of observation, indicating
the pathogenicity of the field isolates. No deaths occurred in the control group (Schlegel, 1987).

Scheme of the experiment

At a poultry processing enterprise, immediately after the slaughter of broiler chickens, meat samples (muscles of
the chest and thigh) were taken from 20 broiler chickens: Ten of the samples were stored on moist napkins treated with a
probiotic complex of Bacillus spp., while the other ten samples were stored on untreated napkins (control) within 5 days.
Throughout the experiment, the meat samples were kept at a temperature of + 4°C without being covered with food film.
Microbial contamination of the napkins was examined when processed and unprocessed meat samples were stored on
them for five days after storage. Additionally, an organoleptic assessment of broiler chicken meat was carried out on a 9-
point scale with sensorial specifications (9 = like extremely, 8 = like very much, 7 = like moderately, 6 = like slightly, 5
= neither like nor dislike, 4 = dislike slightly, 3 = dislike moderately, 2 = dislike very much, and 1 = dislike extremely)
(Moradi et al., 2019).

The next phase of the study was the contamination of 10 poultry meat samples with the test cultures of pathogens
(Escherichia coli UNCSM — 007, Pseudomonas aeruginosa UNCSM — 012, Staphylococcus aureus UNCSM — 017,
Listeria ivanovii UNCSM — 042, Salmonella Enteritidis UNCSM — 081), followed by aerosol treatment with a probiotic
complex of Bacillus spp. The test cultures Escherichia coli UNCSM — 007, Pseudomonas aeruginosa UNCSM — 012,
Staphylococcus aureus UNCSM — 017, Listeria ivanovii UNCSM — 042, and Salmonella Enteritidis UNCSM — 081 were
purchased from the State Scientific Control Institute of Biotechnology and Strains of Microorganisms of Ukraine and
used to contaminate the 10 poultry meat samples and the polymer base.

First, a suspension was prepared from five test cultures including Escherichia coli UNCSM — 007, Pseudomonas
aeruginosa UNCSM — 012, Staphylococcus aureus UNCSM — 017, Listeria ivanovii UNCSM — 042, and Salmonella
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Enteritidis UNCSM — 081. To create this suspension, 0.1 ml of each of the five reference test cultures was inoculated
onto a liquid differential nutrient medium and incubated at a temperature of 30.0 to 37.0°C. After cultivation, 1.0 ml of
each pathogen was added to the test tube and adjusted with phosphate buffer to the density of the suspension according
to the MacFarland test standard of 0.5 units. Following this, 100 ml of sterile water and 10 ml of a daily test culture were
added to sterile glass jars with a volume of 500 ml. Next, ten samples of poultry meat, each weighing 100 g, were
immersed in this solution containing five pathogens, with a microbial body concentration of 1.5 x 10® /cm® (0.5
MacFarland) for 1 minute, according to its improved methodology. The samples were subsequently dried for 10 minutes
at room temperature (20.0 + 2.0) °C. Following the contamination of the poultry meat samples, a one-time aerosol
treatment of each sample of meat products was carried out using a probiotic complex of Bacillus spp. bacteria. The
probiotic complex contained the five strains of Bacillus subtilis UNCSM - 020, Bacillus licheniformis UNCSM - 033,
Bacillus amyloliquefaciens ALB 65, Bacillus pumilus UNCSM — 026, and Bacillus subtilis variant mesentericus UNCSM
— 031 all purchased from the State Scientific Control Institute of Biotechnology and Strains of Microorganisms of
Ukraine. For the aerosol treatment of poultry meat and moisture-retaining napkins, a probiotic complex of bacteria of the
genus Bacillus with a concentration of microbial bodies of 1.5x10%in each cm® (0.5 MacFarland) was used. Samples of
treated and untreated meat were stored for five days at a temperature of +4 °C and organoleptic studies were performed
daily, assessing the appearance of the samples (appearance, texture, smell, and juiciness), total microbial contamination
levels, and the presence of pathogenic microflora growth using methods specified by 1ISO 6887-2 (2017).

The next stage aimed to investigate how the probiotic complex of bacteria belonging to the Bacillus spp. genus
affects the pathogenic microflora of poultry meat. For this purpose, a comparative analysis of the probiotic complex's
Bacillus spp. film formation dynamics and the multispecies biofilm of pathogenic microorganisms (E. coli UNCSM —
007, P aeruginosa UNCSM —012, S. aureus UNCSM — 017, L. ivanovii UNCSM - 042, S. Enteritidis UNCSM — 081) on
poultry meat was conducted. The formation of biofilms of microorganisms was studied by determining the ability of
isolates of microbial associations and individual types of microorganisms to adhere to the surface of a 24-well
polystyrene plates according to the method outlined by O'Toole and Kolter (1998). To obtain biofilms, 24-well plates
were used, into which the nutrient medium was poured, and 1 ml of each strain (Bacillus subtilis UNCSM - 020, B.
licheniformis UNCSM - 033, B. amyloliquefaciens ALB 65, B. pumilus UNCSM — 026, B. subtilis variant mesentericus
UNCSM - 031) and the probiotic complex of the genus Bacillus spp., as well as 10 CFU of a mixture of five pathogenic
bacteria were added separately. A separate plate was used for each microorganism. Cultivation was carried out at a
temperature of 37.0 + 0.5 °C for 5 days.

After culturing the bacteria, the medium with planktonic cells was carefully collected from the wells of the plate.
To remove the remaining planktonic cells, the wells with biofilms were washed for 2 minutes with sterile phosphate -
buffered saline (pH 7.2-7.4) in a volume of 5 ml, and the buffer was completely removed. Then, 4 ml of filtered 0.1%
gentian violet solution was added to each well of the 24-well plate. The biofilms were incubated with the dye for 15
minutes at room temperature (20.0 = 2.0 °C). The dye was removed from the well, and unbound dye was thoroughly
washed off with buffer. The plates were inverted onto filter paper and dried. A 95% ethanol solution (4 ml) was added to
each well for dye elution. The solvent was collected and placed in clean flat-bottomed plates, and the optical density was
measured at a wavelength of 620 nm. During the evaluation of the density of biofilms, the film-forming microorganisms
served as the experimental groups, while a nutrient-differential diagnostic medium for the cultivation of biofilms was
used as the control.

The probiotic complex of bacteria of the genus Bacillus spp. has been introduced in veterinary medicine for various
applications, including aerosol disinfection, cleaning of water supply systems, and the stimulation and regulation of
digestive processes (Alrubay et al., 2020; Valeris-Chacin et al., 2021). Similar commercial preparations of probiotic
bacilli are widely used for these purposes in veterinary medicine. Therefore, the probiotic complex of Bacillus bacteria
was used to treat poultry meat samples and to influence the pathogenic microflora. It has antimicrobial activity
associated with the ability to synthesize antibiotic-like substances with a wide spectrum of action, thereby suppressing
pathogenic and opportunistic bacteria, as well as fungal flora, and stimulating the protective functions of animals (Wu et
al., 2018). The protective functions of the animal body present a promising area for utilizing this probiotic complex in
extending the long-term storage of poultry carcasses.

Statistical analysis

The results of the study were statistically analyzed using Microsoft Excel 2016 (for Windows XP). The probability
of the extracted results was assessed using the Student’s criterion. Differences in data were considered significantat p <
0.05.
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RESULTS

In ten meat samples of broiler chickens during the three-day storage period on an untreated napkin, no organoleptic signs
of meat spoilage were detected and no pathogenic microphores were isolated. They were evaluated for 7 points on the
3rd day of storage. However, on the 4th and 5th days, the growth of E. coli (7.20 and 12.30 CFU/g), an unpleasant smell,
the decomposition of tissues, and the appearance of dark spots on the surface were observed in the meat samples, which
amounted to 2 points (Table 1). When storing meat products on a napkin treated with a probiotic complex of Bacillus
spp. bacteria, signs of spoilage and pathogenic microorganisms were not detected within 5 days. The meat samples were
rated at 8 points, which indicated inhibition of microflora growth.

Twenty-four hours after contamination with pathogens of poultry meat followed by aerosol treatment with a probiotic
complex of Bacillus spp., the growth of pathogenic agents including L. ivanovii, S. enteritidis, E. coli, P. aeruginosa, and
S. aureus was noted (Table 2). Complete suppression of the growth of E. coli and S. aureus microorganisms by the
probiotic complex Bacillus spp. was already observed onthe second day of meat storage. While the probiotic complex of
bacteria of the genus Bacillus spp. displaced S. Enteritidis on the third day by 57.9% and P. aeruginosa on the fourth day
by 65.4%, the growth of Listeria spp. was observed until the fifth day (6.7 CFU/g). Therefore, L. ivanovii can form a
biofilm in monoculture, and in a consortium with microorganisms S. enteritidis, E. coli, P. aeruginosa, and S. aureus,
which also have a species-specific ability to form a film, the biofilm-forming properties are strengthened and form a
biofilm resistant to the action of disinfectants.

Bacterial contamination of meat treated with probiotic Bacillus spp. was lower on each day of storage compared to
untreated control samples (p < 0.05). The probiotic complex of bacteria of the genus Bacillus spp. caused inhibition of
the growth activity of the studied pathogenic microorganisms, which can form biofilms of different densities due to their
high intensity of film formation and antagonistic effect. Inthis case, the antagonistic activity of Bacillus spp. manifested
itself later in L. ivanovii and P. aeruginosa on days 4 and 5 due to the formation of joint dense biofilms by them.

The count of mesophilic aerobic and facultatively anaerobic microorganisms in poultry meat treated with a
probiotic complex of Bacillus spp. was 18.2% lower after a day, 32.7% on the third day, and 27.8% on the fifth day
compared to the value of pure meat in the control (Figures 1 and 2).

Table 1. Determination of the level of microbial contamination after aerosol treatment with a probiotic complex of
bacteria of the genus Bacillus spp. in the meat of broiler chickens

Meat with Meat with

Meat storage period untreated napkin a napkin treated with the probiotic Bacillus spp.
(day) Contamination (CFU/g) 83?:% Contamination (CFU/g) ((S:)Jﬁiltts);

1 Growth is absent 9 Growth is absent 9

2 Growth is absent 7 Growth is absent 8

3 Growth is absent 7 Growth is absent 8

4 7.20+£0.20* E. coli 3 Growth is absent 8

5 12.30+0.26* E. coli 2 Growth is absent 8

*The difference in the values of the indicators is reliable at p < 0.05 relative to the corresponding indicators

Table 2. Experimental infection of poultry meat with test strains of pathogens followed by treatment with a probiotic
complex of Bacillus spp.

Meat Bacterial contamination
storage Control Meat, aerosol Meat, treated with probiotic Bacillus spp., isolated pathogenic microorganisms, (CFU/Q)
. treated with
period, pure meat, probiotic Bvawcillus L. ivanovii S. Enteritidis E. coli P. aeruginosa S. aureus
(day) (CFUIg) spp. (CFUIg) UNCSM - 042 | UNCSM —081 | UNCSM —007 | UNCSM —012 | UNCSM —017
1 11110 + 0.59 90.10 + 0.55* 33.50 +0.58 27.30+0.26 17.20 £ 0.20 26.20 = 0.36 14.10 £ 0.35
R e L. ivanovii S. enteritidis E. coli P. aeruginosa S. aureus
2 550.60 + 045 32220 + 0.70* 24,60 + 0.37* 11.50 + 0.22* solid growth 24.20 + 0.25* solid growth
R e L. ivanovii S. enteritidis Bacillus spp. P. aeruginosa Bacillus spp.
3 98150 + 0.60 656.0 + 2.67* 16.10 + 0.53* solid growth solid growth 9.00 £0.26 solid growth
RN D L. ivanovii Bacillus spp. Bacillus spp. P. aeruginosa Bacillus spp.
6.70 +0.26* solid growth solid growth solid growth solid growth
*
4 1481.00 +065 95300 + 367 L. ivanovii. Bacillus spp. Bacillus spp. Bacillus spp. Bacillus spp.
5 18019 + 059 131200 +4.42% solid growth solid growth solid growth solid growth solid growth
A R Bacillus spp. Bacillus spp. Bacillus spp. Bacillus spp. Bacillus spp.

° The difference in the values of the indicators is reliable at p < 0.05 relative to the corresponding indicators (between the values of columns 2 and 3);
*- the difference in the values of the indicators is reliable at p <0.05 relative to the corresponding indicator of first day of storage
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Figure 1. A swab from poultry meat on the third day after infection. a: Not treated with a probiotic complex of bacteria of the
genus Bacillus spp., b: Treated with a probiotic complex of bacteria of the genus Bacillus spp.

AN ,
Figure 2. A swab from poultry meat on the fifth day after infection. a: Not treated with a probiotic complex of bacteria of the
genus Bacillus spp., b: Treated with a probiotic complex of bacteria of the genus Bacillus spp.

According to the studies conducted, it has been established that each strain of the Bacillus spp. probiotic bacteria
complex exhibits a significant biofilm formation (p < 0.05) intensity during a 5-day cultivation period. Bacillus subtilis
formeda biofilmin only 24 hours, with an optical density reaching 3.25 £ 0.16 Dg,, Which increased by 19.7% within 5
days (Figure 3). The growth intensity of biofilms of B. pumilus, B. amyloliquefaciens, B. subtilis variant mesentericus,
and B. licheniformis also increased by the fifth day, and the density of biofilms was recorded at the level of 3.74 to 3.97
D20, representing increases of 15.7 and 24.5% compared to the initial values. The difference between the accumulation
of microbial biofilms among the five strains was noted to be insignificant (p < 0.05).

On the first day of cultivation, probiotic cells of the genus Bacillus spp. transit from a planktonic to a stationary
state for the formation of a microbial biofilm. As they dewelop, stationary cells stick to each other and the surface,
releasing an extracellular matrix that has properties contributing to the survival of the five strains of bacilli in the biofilm.
The probiotic complex of bacteria of the genus Bacillus spp. developed visible biofilms from the five strains of
microorganisms. The concentration of bacteria of the genus Bacillus spp. maintained its viability for 5 days and
accumulated at a high rate, thereby forming a pronounced dense biofilm at - 4.73 Dgy,.

After conducting a series of experiments aimed at assessing the intensity of biofilm formation in pathogenic
microorganisms that contaminate meat products, the following results were obtained (Figure 4). A pronounced ability to
form microbial biofilms within 3 days was noted in planktonic forms of Listeria spp. (1.78 - 2.88 D620) and
P. aeruginosa (1.95-2.28-2.28 D620), while lowbiofilm densities were observed in S. Enteritidis (1.38-1.77), S. aureus
(1.33-1.76), and E. coli (1.49-1.91 D620). At the same time, in all planktonic forms of bacteria, a decrease in the density
of biofilms was recorded from day 4 to day 5 by 4.2% in Listeria spp., 6.9% in P. aeruginosa, 6.8% in S. enteritidis,
14.8%in S. aureus, and 7.3% in E. coli compared to the values on day 3.

Planktonic forms of the above-mentioned microorganisms join each other within 4 hours to form strong
microcolonies. During the next 12 hours, the number of planktonic forms decreases and mature colonies of a bacterial
filmwith an optical density of 2.96 Dy, are formed. The intensity of film formation of a multispecies biofilm reaches a
maximum moderate density at the level of 3.24 Dg,o 0on the third day of cultivation, and then dispersion of planktonic
forms into the nutrient medium occurred on day 5, resulting in a decrease of biofilm density by 11.5%.
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Figure 3. The intensity of biofilm formation of 5 strains of the probiotics complex Bacillus spp. on polystyrene plates
during 5 days (n =9, p < 0.05). Note: The optical density of biofilms up to Dgyq < 2.0 is low; 2.0 < Dgyo <4.0 — moderate; Dgyo > 4X
OD - expressed
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Figure4. The intensity of biofilm formation of pathogenic microorganisms on polystyrene plates during 5 days (n =7, p
< 0.01). Note: The optical density of biofilms up to Dgyo < 2.0 is low; 2.0 < Dgyg < 4.0 — moderate; Dgyo > 4x OD— pronounced

DISCUSSION

The results of the present study indicated that L. ivanovii on poultry meat has the ability to adhere with the subsequent
formation of biofilms of varying intensity, both in planktonic form and in association with pathogenic microorganisms S.
enteritidis, E. coli, S. aureus, and P. aeruginosa, which interact as part of a mixed biofilm with one another,
demonstrating a mutualistic relationship. The formation of a mixed biofilm was accompanied by the formation of an
exopolysaccharide matrix by L. ivanovii, which holds the entire colony of pathogenic microorganisms capable of
forming microbial biofilms on the surface of meat products, contributing to their preservation and maintenance.
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According to the literature, interactions with other bacteria in biofilms explain the persistence of pathogens such as
L. monocytogenes in food production environments (Gilbertet al., 2002). In multispecies biofilms, L. monocytogenes can
interact directly with one or more other species in the biofilm (Elias and Banin, 2012; Jamal et al., 2018).
L. monocytogenes can grow and survive in multispecies biofilms (Psychromonas, Shewanella, Yersinia, and
Lactobacillus) formed from bacteria belonging to the background microbiota isolated in meat processing plants. In
addition, it has beenshown (Puga et al., 2018) that L. monocytogenes can colonize biofilms formed by P. fluorescens in
co-culture experiments, which leads to an increase in bacterial cell density in vitro.

It is known that spore-forming bacteria of the genus Bacillus spp. can secrete bacteriocins and mycotoxins
(antibiotic-like substances) and exhibit a sufficiently pronounced antibacterial effect against both opportunistic and
pathogenic microflora including Listeria, Salmonella, Staphylococcus aureus, Pseudomonas aeruginosa, and
Escherichia coli (Milyan et al, 2014; AlGburi et al., 2017).

Probiotic bacteria of the genus Bacillus spp. are characterized by their antimicrobial properties, which allow them
to destroy (lyse) certain bonds in the peptidoglycan structure of the cell walls of a mixed biofilm (Khochamita et al.,
2015; Petrovaand Sauer, 2016; Kolchyket al., 2020). It is known that spore-forming bacteria of the genus Bacillus spp.
synthesize stable biofilms on various surfaces and show lytic sensitivity even in Listeria spp. and P. aeruginosa,
suggesting high resistance to antimicrobial drugs due to their ability to form biofilms (Branda et al., 2004; Irkitova et al.,
2018; Kolchyk et al., 2022).

The mechanism of the antagonistic activity of bacteria Bacillus spp. consists in the synthesis of non- polypeptide
antibiotics (surfactin, bacillisin, bacitracin) and ribosomal synthesized peptides (subtilin, ericin S, mersacidin), which are
synthesized by a bacterial cell in the stationary phase of growth (Cutting, 2011; Khardziani et al., 2017; Kotowicz et al.,
2019). Different strains of Bacillus bacteria secrete a different set of antimicrobial substances, thereby exerting an
inhibitory effect onawide range of gram-positive and gram-negative bacteria (Baruzzi etal., 2011). In the mechanism of
the selective antagonistic action of bacteria from the genus Bacillus, bacilli play a significant role in reducing the
antilysozyme and adhesive activity of pathogenic bacteria, which determine the persistent properties of these
microorganisms and their ability to parasitize intracellularly (Sorokulova, 2013; Rusaleyev et al., 2019; Chechet et al.,
2022).

The obtained experimental results are consistent with the existing literature on the use of a probiotic complex of
bacteria of the genus Bacillus spp. consisting of the five strains including B. subtilis UNCSM - 020, B. licheniformis
UNCSM - 033, B. amyloliquefaciens ALB 65, B. pumilus UNCSM - 026, and B. subtilis variant mesentericus UNCSM -
031, which complement each other in the spectrum of antagonistic activity, as well as enzyme and amino acid
production.

After the action of the probiotic complex of bacteria of the genus Bacillus spp. on the microbial biofilm of
pathogenic microorganisms, E. coli and S. aureus cells were lysed to a greater extent (on the second day), and S.
enteritidis, P. aeruginosa, and Listeria spp. (on days 3 and 4). This led to the destruction of the mixed biofilm and the
dispersal of microorganisms, occurring due to a decrease in the number of essential substances for the body, after which
they switched to the planktonic state with damage to their cell walls.

It should be noted that Bacillus spp. bacteriaare capable of forming their biofilms, a type of cooperative existence
in natural conditions. Bacilli form long chains of immobile cells that adhere to each other and the surface, secreting an
extracellular matrix that provides rigidity and forms a stable biofilm (Wilking et al., 2012; Patel and DuPont, 2015).
Spore-forming bacteria of the genus Bacillus spp. synthesize stable biofilms on various surfaces and show lytic
sensitivity even in Listeria spp. and P. aeruginosa, which indicated high resistance to antimicrobial drugs due to the
ability to form biofilms (Branda et al., 2004; Irkitova et al., 2018; Kolchyk et al., 2022).

Colonies of each strain of the probiotic complex of bacteria of the genus Bacillus spp. formed biofilms of moderate
density: B. subtilis at the level of 3.89 Dg,q, B. pumilus at 3.72 Dg,, B. subtilis var. mesentericus at 3.72 Dgyg, B.
amyloliquefaciens at 3.81 D¢y, and B. licheniformis at 3.97 Dg,,. In contrast, a consortium of the five strains synthesized
a dense biofilm at 4.73 Dy, with maximum preservation on day 5 of cultivation or intrageneric coaggregation.

As the biofilm expanded and matured, the production of the extracellular matrix continued, leading to the
formation of folds (wrinkles) in the bacilli biofilms. These folds contributed to the formation of a complex network of
channels in the biofilm, which facilitated the circulation of fluid and the distribution of nutrients. In this context, the
biofilm of the probiotic complex of bacteria of the genus Bacillus spp. exhibited strong adhesion to the surface of meat
products and co-aggregated pathogenic bacteria that multiplied and synthesized their biofilm. This process led to the
dispersion of L. ivanovii, S. enteritidis, E. coli, S. aureus, and P. aeruginosa microorganisms and disrupted the growth
mechanism of the microbial biofilm.

The obtained results are consistent with those in the literature in that the expression of B. subtilis biofilm genes is
induced during co-culture with other members of the Bacillus genus (Shank et al., 2011; Bleich et al., 2015). B.
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amyloliguefaciens ANT1 and its culture supernatant exhibit antibacterial activity against B. cereus ATCC 17778, P.
aeruginosa ATCC 15442, Aeromonas hydrophila ATCC 7966 and Aspergillus niger ATCC 9642, all of which can form
biofilms (Elias and Banin, 2012; Song et al., 2016).

Furthermore, bacteriocin BaCf3, isolated from Bacillus amyloliquefaciens BTSS3, can reduce biofilms by up to
80% even at low concentrations against strong food-borne biofilm producers such as S. typhimurium, C. perfringens, E.
faecalis, and P. aeruginosa (Bindiya et al, 2019).

CONCLUSION

The results of the study showed that the probiotic complex of bacteria of the genus Bacillus spp completely inhibited the
growth of pathogens E. coli, S. aureus, S. enteritidis, and P. aeruginosa during 2-4 days. Howeer, the growth of L.
ivanovii, Listeria spp. was observed up to day 5 after treatment, thereby reducing the number of pathogenic bacteria by
about 11.5%. The probiotic complex containing Bacillus spp. exhibits antagonistic properties against pathogenic
microflora and is capable of forming a biofilm, which facilitates the elimination of foodborne pathogens existing in the
mixed biofilm on the surface of meat products. The broad specificity of bactericidal action and the high antagonistic
activity of the probiotic complex of bacteria of the genus Bacillus spp. (B. subtilis, B. licheniformis, B.
amyloliquefaciens, B. pumilus, and B. subtilis variant. mesentericus) against a consortium of pathogens (L. ivanovii, S.
enteritidis, E. coli, S. aureus, and P. aeruginosa) opens prospects for practical application in meat processing and the
storage of meat products. Based on the obtained results, it is possible to plan the development of spore-forming probiotic
preparations for the neutralization of pathogenic microflorain meat products at meat processing enterprises in the future.
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