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Abstract: The aim of the study was to evaluate the effect of coumarin and Bacillus cereus
derivatives on the productivity and ecology of the caecum of broilers. Assessment of phytochemicals
and their synergistic effect with probiotics on the ecological state of individual organs and systems of
the body of animals is important for increasing their productivity. The need to address these
problems provides sufficient motivation to expand the search for new antimicrobial products.
According to the research results, the activity of cellular biomasses to suppress quorum sensing (QS)
(Chromobacterium violaceum 026) in Bacillus cereus and a coumarin derivative was revealed. In
experiments on animals, i.e. broiler chickens (4 groups, n = 30). Control group: had basic diet (BD);
I experimental: was fed with BD + Bacillus cereus probiotic (BC); Il experimental: BD + coumarin
(CO); I experimental: BD + Bacillus cereus + coumarin (BC + CO). Metagenomic analysis of the
bacterial profile of the cecum contents showed the prevalence of representatives of Bacteroidetes
phylum in the experimental groups (4.5-15.2%) at 14 days of age, and a decrease in the percentage
of Firmicutes phylum (5.9-14.8%), the dominance of Bacteroidaceae families was noted. On the
21st day, a similar increase in representatives of Bacteroidetes phylum (1.7-20.8%), a decrease in
Firmicutes and Proteobacteria were noted. At the family level, there is a quantitative change in the
microbiome, both in comparison with the control, and with similar data obtained on the 7th day of
the experiment. The vast majority belonged to representatives of Bacteroidetes phylum, an increase
in bacteria belonging to Firmicutes and Proteobacteria was observed, Rikenellaceae and
Ruminococcaceae were minor families. Thus, the additional introduction of Bacillus cereus and a
coumarin derivative into the diet of broilers improved the growth parameters and the structure of the
intestines of broilers; a positive synergistic effect of Bacillus cereus and coumarin in maintaining the
microecological balance of the intestines in poultry was noted.
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1. Introduction

Antimicrobial resistance poses a serious threat to human and animal health and well-being; it
has a huge impact on food security [1]. The need to address these issues provides sufficient
motivation to expand the search for potential drugs from different sources [2]. Plants provide a rich
reservoir of compounds with multiple biological properties, including antimicrobial properties [3-5],
making them a good resource for finding useful and new antimicrobial products.

At the same time, it should be borne in mind that ecological and phylogenetic factors are
important in the development of the chemical diversity of plants [6]. The recently discovered
phenomenon of “Horizontal natural product transfer” also applies to phenolic plant metabolites, their
chemical analogs, and is important for the ecology of plants, the ecology of feed prepared from them,
and the ecology of animals consuming these feeds. Therefore, it is known that coumarin, which is
also contained in agricultural forage plants (in barley seedlings), was modified by methoxylation,
followed by the production of scopoletin [7]. Numerous alkaloids of various structural types are able
to diffuse through biomembranes and are absorbed by acceptor plants; this phenomenon is essential
for all objects of plant origin, especially for the production of environmentally friendly
phytopharmaceuticals [8]. In this regard, the assessment of impact of certain phytochemicals on the
animal body is important for the overall ecological safety of food.

Coumarin derivatives may be promising substances in plant extracts [9-11]. Thus, recent studies
have revealed that coumarins are able to suppress pathogenic plant bacteria [12], reduce the
virulence and biofilm formation in Pseudomonas aeruginosa [13], including acting on the quorum of
bacteria [14-16], low cytotoxic activity [17], are effective against aflatoxicosis in animals [18,19],
reduces oxidative stress [20]. At the same time, there is insufficient information on the effect of
coumarin derivatives on immunity, productivity and ecology of microorganisms of the
gastrointestinal tract of farm animals.

Probiotic substances, including spore-forming ones, for example, Bacillus cereus, are also
considered as alternative substances from the point of view of biological safety for animal nutrition.
It was earlier believed [21] that all B. cereus strains are toxin producers, while the assessment of their
danger depends on their further study and their effect on biological systems. There are probiotic
Bacillus strains used as feed additives for animals [22,23], although their mechanism of action is not
fully understood. Probiotics enjoy GRAS status and are freely used throughout the world. Their
efficacy and safety have been demonstrated in several clinical trials in vitro, in vivo [24-27],
nevertheless several recent studies have raised concerns about their biosecurity and dose in
immunocompromised patients [28]. Although Bacillus probiotics have an overall excellent reputation
for promoting health, especially in the prevention and treatment of diarrhea, and in maintaining gut
homeostasis [29], their use in poultry farming is under-represented and requires careful study.

The aim of the study was to evaluate the effect of coumarin and Bacillus cereus derivatives on
the productivity and ecology of the caecum of broilers.
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2.  Materials and method
2.1. Ethics approval of research

The protocol of the present investigation was approved by the Local Ethics Committee of the
Orenburg State University, Orenburg, Russia. All animal studies have been performed in accordance
with the ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments.

2.2. Substances

The active substance of coumarin is shown in Figure 1.

Figure 1. 7-Hydroxycoumarin, 99% AC121110250 (Acros Organic, Belgium).

Bacillus cereus strain IP 5832 (ATCC 14893) is a part of probiotic preparations. The primary
isolation of microorganisms was carried out on LB agar (Sigma-Aldrich, United States); further
cultivation was carried out in LB broth at 37 =1<C with dynamic growth monitoring at 545 nm
(OD545). After 72 hours, the bacterial biomass was separated by centrifugation for 10 minutes at
12000 g (MiniSpin, Eppendorf, Germany), and the resulting supernatants were sterilized through a
sterile syringe filter attachment, CA (cellulose acetate) (Membrane Solutions, USA) with a pore
diameter of 0.22 um.

The characteristics of the microorganism used to assess the QS Luxl/LuxR-type system C.
violaceum ATCC 31532 are presented in Table 1.

Table 1. Characteristics of the microorganism used to assess the QS LuxI/LuxR-type system.

Name of  Genetic Sensor Auto-indu  Indicator Effective

biosensor peculiarity protein cer system feature

C. violaceum  Violacein CviR C6-GSL VIOABEDC  Violacein

ATCC 31532 production is pigment
controlled by biosynthesis

Quorum sensing

Quantitative accounting of QS inhibitory activity was carried out by measuring the optical
density of biomass at a light wavelength of 520 nm and pigmentation at a wavelength of 600 nm
using a Stat Fax 303 6VIS microstrip photometer “Awareness Technology Inc” (USA).

2.3. Experimental research
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Experimental studies were carried out on 120 heads of 7-day broiler chickens (4 groups, n = 30).
Control group — BD (Control); Experimental I: BD + probiotic strain of Bacillus cereus (4 ml/kg)
(BC); Experimental 11: BD + coumarin (9 pug/kg) (CO); Experimental 11l: BD + Bacillus cereus strain
+ coumarin (BC + CO) (Table 2). Poultry feeding and drinking was carried out by a group method.

The live weight of broilers was determined by the method of weekly weighing of individuals of
all groups, in the morning, before feeding and drinking. The feed intake for the experiment was
determined by weighing the feed in poultry feeding and feed residues at the end of the day.

Feed conversion rate was calculated as the ratio of feed weight consumed per the experiment for
absolute growth to the live weight of broiler at the end of the experiment. Sampling of the contents
of the cecal part of the intestine of broilers was carried out on the 42nd day after the slaughter of the
bird (ether). Animal care and experimental studies were performed in accordance with the
instructions and recommendations of Russian Regulations, 1987 (Order No.755 on 08/12/1977 the
USSR Ministry of Healt hand “The Guide for Care and Use of Laboratory Animals (National
Academy Press Washington, DC 1996). Efforts have been made in the studies to minimize animal
suffering and reduce the number of samples used.

Table 2. Dietary ingredients (natural substance) and chemical composition (dry matter)
of basal diets, %.

Starter (1-20 Grower (21-34 Finisher (35-42

Ingredient composition (%) days) days) days)
Control, BC, CO, BC + CO
Wheat 47.0 44.5 42.0
Barley 2.6 1.45 0.3
Corn 7.5 14.75 22.0
Soybean meal (46 % protein) 25.0 20.0 15.0
Sunflower meal (38 % protein) 7.0 8.5 10.0
Sunflower oil 5.0 5.0 5.0
Dicalcium phosphate 1.6 1.5 1.4
Mel stern 0.9 1.2 1.5
Limestone 0.5 0.4 0.3
Salt 0.36 0.28 0.2
DL-methionine 0.18 0.17 0.16
L-lysine 0.35 0.26 0.17
Vitamin-mineral premixa* 2.0 2.0 2.0

Calculated nutrients metabolizable

1 296.0 299.0 302.0
energy (kcal g™)
Crude protein 22.0 20.3 18.7
Methionine + cysteine 0.87 0.83 0.79
Lysine 1.35 1.15 0.96
Calcium 0.95 0.98 1.01
Available phosphorus 0.54 0.51 0.48

Note: *Supplied following per kilogram of diet (natural substance): Vitamin A = 7000 IU, Vitamin D3 = 800.0 IU,
Vitamin E = 9 IU, Vitamin K3 = 1.1 mg, Thiamine = 0.7 mg, Riboflavin = 3.0 mg, Vitamin B6 = 1 mg, Vitamin
B12 = 0.01 mg, Vitamin C =50 mg, Mn =23 mg, Fe =17 mg, Zn =11 mg, Cu=2.5mg, | =0.4 mg, Se = 0.2 mg.
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2.4. DNA extraction of bacteria and archaea

Metagenomic sequencing of genomic DNA (chemical extraction method) was carried out on
days 7, 21 and 42 using MiSeq (Illumina) and a MiSeq v3 reagent kit with 2 ><300.

To assess the microbial communities of rumen of cattle, ruminal fluid was sampled. For this,
samples of from fistuled animals in an amount of 300 ml were taken before feeding and three hours
after the start of feeding. Samples were placed in sterile Eppendorf tubes (Nuova Aptaca S.R.L., Italy),
frozen at —70<C (ULUF65 ARCTICO freezer, Denmark) and stored, preventing re-freezing.

DNA was isolated from the obtained samples by chemical extraction. For this, each sample was
incubated in 300 ul of sterile lysis buffer, which was prepared by mixing EDTA 20 mmol/L, NaCl
1400 mmol/L, Tris-HCI 100 mmol/L, pH = 7.5, with the addition of 50 ul of lysozyme in concentration
100 mg/ml at 37 T for 30 minutes. Subsequently, 10 ul of proteinase K was added at a concentration of
10 mg/ml and sodium dodecyl sulfate to its final concentration of 1.0% and incubated for 30 min at
60<C.

DNA was purified with a mixture of phenol and chloroform, precipitated by adding sodium
acetate and three volumes of absolute ethanol at —20°C for 4 hours. After extraction with
phenol-chloroform-isoamyl alcohol (25:24:1) and chloroform-isoamyl alcohol (24:1), DNA was
precipitated in the aqueous phase with ammonium acetate (1 mol/L to 10% vol.) And a three-fold
volume of anhydrous ethanol during nights at —20<C. After centrifugation and double washing with 80%
ethanol, DNA was dried and dissolved in TE buffer.

To assess the purity of the extraction from foreign DNA, a negative parallel control was
established by treating 100 pl of autoclaved deionized water using the same method as described above.
DNA purity was checked by electrophoresis using a 1.5% agarose gel. DNA concentration was
quantified using a Qubit 2.0 fluorometer with dsDNA high sensitivity analysis (Life Technologies).

2.5. Library preparation and sequencing

Preparation of DNA libraries, as well as sequencing, was carried out at the Common Use Centre
“Persistence of Microorganisms” of the Institute of Cellular and Intracellular Symbiosis of the Ural
Branch of Russian Academy of Sciences (Orenburg, Russia). 16S DNA libraries were prepared
according to lllumina workflow with primers targeting the VV3-V4 regions of the SSU rRNA gene,
namely SD-Bact-0341-bS-17 and reverse SD-Bact-0785-aA-21. Libraries were sequenced in MiSeq
(Illumina) using MiSeq V3 reagent kit with 2 <300 base pairs.

Data analysis was carried out using USEARCH v8.0.1623 win32 (Edgar R.S., 2010) and
included the merging of pair readings, quality filtering and choice of amplicon size (minimum size of
415 base pairs). During filtration, reading with N or a total average Q score of <15 were discarded.
Filtering quality assessment was performed using Fast QC v 0.11.3. As a result of decomposition and
clustering with USEARCH, operational taxonomic units (OTUs) were determined using similarity
levels between sequences of at least 97% to classify the microorganism at the species level. Chimera
detection was performed through UCHIME (24) using USEARCH and chimeric sequences were
removed. Contaminating OTUs were found and removed using the USEARCH command-articular
sequence corresponding to sequences from negative control samples. A taxonomic classification of
sequences was performed using VAMPS and the SILVA reference database [30].
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2.6. Statistical analysis

Statistical processing was carried out using the Statistica 10.0 application (Stat Soft Inc., USA).
Analysis of poultry live weight included determination of the arithmetic mean (M), standard error of
the mean (m). Differences were considered significant at p < 0.05. For bioinformatic processing of
sequencing results, the PEAR program (Pair-End AssembeR, PEAR v0.9.8) was used.

3. Results

Determination of the GSL concentration at EC50 when working on Chromobacterium
violaceum 026 revealed the activity of cell biomass to suppress QS in Bacillus cereus and a coumarin
derivative (Table 3).

Thus, these substances have a pronounced anti-quorum activity and can be used in experiments
on animals.

Studies on poultry (broilers) showed that the feed conversion rate was less than in the control
group by 4.2% and 3.6%, respectively for the entire period of the experiment in the experimental
groups BC and CO (Table 4). In experimental group BC + CO, the lowest feed consumption was noted,
which is by 9.7% less than in the control. The feed conversion rate of chickens from the experimental
groups was higher than that of their peers from the control group throughout the entire experiment, and
the maximum was in the BC + CO experimental group, which in absolute value was 3.99 kg/bird,
which is by 10.0% higher than the control group.

The birds of the experimental groups (CO, BC + CO) prevailed over birds from the control and
BC experimental groups according to live weight growth intensity. It should be noted that superiority
began to manifest already from the age of three weeks and persisted until the end of the experiment.
So, on the third week, a significant difference by 13.2% (p < 0.05) was revealed in group BC + CO,
compared with the control. On the fourth week of the experiment, the CO experimental group
exceeded the control by 13.5% (p < 0.05), and the BC + CO group by 17.4% (p < 0.05). At the end of
the experiment, the studied bird of the CO experimental group reached an average live weight of
2694.7 g, it is 11.4% (p < 0.05) higher than the control, in BC + CO experimental group it is 2886.7
g, that is by 17.3% (p < 0.05) exceeded the control group.

Thus, the calculations showed that live weight was the highest in the group of broilers that
additionally received Bacillus cereus IP 5832 and coumarin. On average, over 5 weeks of the
experiment, the increase in live weight in this group is 19.5% higher than that of the control group.
The use of methods of statistical data processing made it possible to establish that the adaptation of
the bird’s body to drugs occurs within 14 days. The drugs have the maximum effect in the period
28-35 days.

Analyzing the bacterial profile of samples of the cecum contents of broiler chickens from the
control group, on the 7th day of the experiment, 117 OTUs were identified, which can be attributed
to 2 phyla of eubacteria, whose representatives accounted for 99% of microflora. In particular,
representatives of Bacteroidetes accounted for 69.1%, and the share of bacteria in Firmicutes
accounted for 30.8%. Other groups of bacteria that were not identified during the study made up no
more than 0.1% of the total.
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Table 3. Concentrations of GSL (EC50) when working on Chromobacterium violaceum 026.

Bacterial strain Concentration of Cg-GSL at ECso (MM)
Control 0.31
B. cereus 2.50
Coumarin 1.13

Table 4. Dynamics of live weight, palatability and feed consumption by broilers.

Two-way ANOWA

Expe(r;mentk Group (P-values)
PErod, WEeKs " control BC co BC+CO BC CO BC+CO
1 362.2 +19.2 354.4+962 361.56+9.7 3704=+13.3 0.722 0.975 0.556
2 707.3x57.8 741.0+x27.2 786.0+17.8 783.7*+199 0.609 0.222 0.906
+ +
3 12150+ 1297.0 +47.0 18717+ 1400.0 £57.2 0.442 0.112 0.536
91.1 31.0
1768.0 + 1896.7 + 2044.7 = 2139.3 +
4 457 137.7 44 5 120.9 0.425 0012 0.357
2388.7 = 2605.3 + 2694.7 + 2886.7 +
> 70.5 173.8 42.6 180.0 0.3120.020 0.297
Feed
consumption
per 3.59 +0.12 3.77 £0.274 3.94 +0.07 3.99 +0.27 0.578 0.059 0.831
experiment,
kg/head
Feed

conversion 1,65 +0,05 1,58 +0,12 1,59 +0,03 1,49 +0,10 0.679 0.350 0.349
rate*

Note: Data were presented as mean =standard error. Feed conversion rate: Feed consumption per
experiment / absolute growth live weight of broiler.

In the analysis of the bacterial profile of the contents of the cecum of broiler chickens from the
BC experimental group (addition of a probiotic preparation), 97 OTUs were identified, which can be
attributed to 3 phyla. Bacteroidetes were identified as the dominant phylum, as in the control, but the
content of representatives of this phylum is by 4.5% higher than in the control group and is 74.5%.
As a consequence, a decrease in the percentage of microorganisms of the phylum Firmicutes is
observed, and the difference was 5.9% relative to the control. Bacteria belonging to the phylum
Actinobacteria in percentage terms make up 0.5% of the total number of microorganisms. The share
of other phyla was no more than 0.1% of the total. Metagenomic sequencing of the contents of the
cecum of the CO experimental group (addition of coumarin) revealed 88 OTUs, which correspond to
3 phyla. In the control and BC experimental group, the representatives of the phylum Bacteroidetes
(75.3%) are dominants. Their number is 6.2% higher than in the control, the difference between
groups BC and CO was minimal and amounted to 0.8%. The phylum Firmicutes accounts for 24.4%
of the total microorganism content; this is 6.3% lower than in the control group. The difference

AIMS Agriculture and Food \Volume 6, Issue 1, 360-380.



367

between groups BC and CO was minimal and amounted to 0.4%. The phylum Actinobacteria
accounted for only 0.2% of the total number of bacteria. The share of other phyla did not exceed 0.1%
of the total mass of the microbiota. The microbial profile of broiler chickens of the BC + CO
experimental group (a combination of coumarin and a probiotic preparation) was represented by
microorganisms belonging to 4 phyla. The phylum Bacteroidetes (83.4%) was the dominant species,
as in the groups described above, but the difference was maximum. Comparison with the control
showed that with a combination of coumarin and a probiotic strain, an increase in bacteria of this
phylum was observed by 15.2%, with an intergroup comparison, this indicator was higher by 8.9%
relative to group BC and by 8.1% relative to group CO. Against the background of the above, there is
a decrease in the number of representatives of Firmicutes by 14.8% relative to the control, by 8.9%
and 8.5% compared to groups BC and CO, respectively. Phylums Actinobacteria and Proteobacteria
accounted for 0.5% and 0.1% of the total number of microorganisms (Figure 2A).

Assessing the diversity of families and genera identified in the control group, the phylum
Bacteroidetes is represented by the families Bacteroidaceae (31.3%) and Rikenellaceae (37%). They
are minor, since they account for more than 50% of the total number of microorganisms. The phylum
Firmicutes is represented in most of the families of the Clostridia class, in particular,
Ruminococcaceae (24.3%), Lachnospiraceae (2.1%), and unclassified Clostridiales (3.2%). The
share of other families was not more than 1%; it should be noted that almost half (0.6%) were
non-cultivated forms. In terms of the qualitative composition at the family level, the differences in
the experimental groups compared with the control were minimal, however, differences in the
quantitative ratio were observed. So, the dominant family is Bacteroidaceae, the percentage of its
representatives is almost 2 times higher and is 62.6%. At the same time, there is a decrease in the
percentage of bacteria of the family Rikenellaceae and Ruminococcaceae by 25.4% and 4.7%,
respectively. The share of unclassified representatives is 7.6%. The share of other bacteria in their
taxonomic group did not exceed 1%. In the CO experimental group, according to the quantitative
ratio of families, it can be noted that the dominant identified families were Bacteroidaceae (61.6%),
Rikenellaceae (13.4%) and Ruminococcaceae (16.7%) just like in the groups described above.
However, a comparative analysis showed that bacteria of the Bacteroidaceae family are 30.2%
higher than in the control group and 1.4% lower than in group BC. The percentage of representatives
of the family Rikenellaceae was by 23.7% lower than in the control and by 1.7% higher than in
group BC. With the addition of coumarin, a decrease in the percentage of bacteria of the
Ruminococcaceae family is observed by 7.6% in comparison with the control and by 2.9% in
comparison with the first experimental group. Other families in their taxonomic category did not
exceed 1%. Unclassified groups of microorganisms accounted for 0.1%. Carrying out a comparative
assessment at a lower taxonomic level, it can be noted that only in group BC + CO the dominant
family is Rikenellaceae, since its representatives make up more than 50.0% of the microflora. The
difference with the control is 15.0%, with group BC 40.3% and 38.7% with group CO. Against this
background, there is a change in the percentage of bacteria of the Bacteroidaceae family (31.3%) in
comparison with the groups, since the values were the same with the control. Their content decreased
by 31.3% relative to group BC and by 30.3% relative to group CO. The number of microorganisms
of the Ruminococcaceae family was lower by 15.9% compared to the control, by 11.2% and 8.3%
compared to groups BC and CO, respectively. Representatives of the Lachnospiraceae family were
within 10.0%, including non-classified forms 2.7%. Other families account for no more than 1.0%
(Figure 2B).
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Figure 2. Histogram of the top phyla (A) and genera (B) in each group.
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Figure 3. Microbiota in the caecum. (A) histogram of genus in control; (B) histogram of genus
in BC group; (C) histogram of genus in CO group; (D) histogram of genus in BC + CO group.
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Assessing the generic diversity in the control and experimental groups, a number of differences
can be noted. Thus, the control revealed a variety of bacterial genera, among them the dominant
position (more than 5.0%) is occupied by the genus Bacteroides (31.4%) and Alistipes (37.1%). The
content of representatives of the genus Faecalibacterium did not exceed 8.0%, it should be noted that
unidentified forms of bacteria account for 12.1% of the total microbial profile (Figure 3A). In
experimental group BC, the dominant species was Bacteroides, its content was 62.6%, which is 31.2%
higher than in the control. In this case, the percentage of bacteria of the genera Alistipes and
Faecalibacterium decreases by 25.4% and 6.1%, respectively. Considering other identified genera,
the content of which did not exceed 5.0%, an increase in the percentage of microorganisms of the
Pseudoflavonifractor genus by 6.3% can be noted (Figure 3B). In experimental group CO, the main
majority in the microflora is made up of Bacteroides (61.6%), Alistipes (13.4%), Faecalibacterium
(13.3%) and Ruminococcus (5.6%). Comparing their content with the control group, it can be noted
that bacteria of the genus Bacteroides were more by 30.2%, Alistipes were less by 23.7%, and
Faecalibacterium and Ruminococcus were more by 5.5% and 4.1%, respectively. The remaining
groups of microorganisms did not exceed 1.0% in terms of their number. It should be noted that the
unclassified forms of microorganisms accounted for 2.5% in total (Figure 3C). The main majority in
the microflora of group BC + CO are the genus Alistipes (52.1%), Bacteroides (31.3%). These
categories of microorganisms also dominated in the above groups. However, the percentage of
content is different. Therefore, representatives of the genus Alistipes were 15.0% more than in the
control; by 40.4% than in group BC and by 38.7% than in group CO. The content of bacteria of the
genus Bacteroides did not differ from the control group, but was lower by 30.0% than in groups BC
and CO. The remaining groups of microorganisms did not exceed 1.0% in terms of their number. It
should be noted that unclassified forms of microorganisms accounted for 5.2% in total (Figure 3D).

Analysis of metagenomic sequencing of cecum contents of the control and experimental groups
of broiler chickens on the 21st day showed a quantitative and qualitative change in the composition
of the microbiome (Figure 4). Thus, 168 OTUs belonging to 3 phyla of eubacteria were identified in
the content of the control, while representatives of the phylum Firmicutes already occupied a
dominant position, their number increased by 22.3% in comparison with the control group on the 7th
day. There is also a decrease in the percentage of representatives of the phylum Bacteroidetes by
27.8%. The share of the phylum Actinobacteria was 2.8% of the total number of microorganisms.

In experimental group BC, in comparison with the control (21 days), there was an increase in
the representatives of the phylum Bacteroidetes by 20.8% and a decrease in the representatives of the
phyla Firmicutes and Proteobacteria by 16.3% and 1.9%, respectively. When comparing with similar
indicators of the microbial status of group BC on the 7th day, an insignificant increase in the
representatives of individual found phyla can be noted. Thus, the percentage of bacteria of the phyla
Bacteroidetes and Actinobacteria decreased by 12.4% and 0.4%, respectively, against the
background of an increase in the representatives of the phyla Firmicutes by 12.0% and
Proteobacteria by 0.9%.

In experimental group CO, Bacteroidetes and Firmicutes were the dominant phyla on the 21st
day of the experiment, as on the 7th day, however, their content changed in comparison with the
control. Thus, there is an increase in the percentage of microorganisms belonging to Bacteroidetes by
13.9 % against the background of a decrease in the bacteria of Firmicutes by 10.5%, Actinobacteria
by 0.8%, and Proteobacteria by 2.7%. Analysis of the results of metagenomic sequencing of samples
of the CO experimental group on the 7th and 21st days among themselves showed that over time
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there was a decrease in the number of representatives of the phyla Bacteroidetes and Proteobacteria
by 20.1% and 0.1%, respectively, while the number of representatives phyla Firmicutes and
Actinobacteria increased by 18.2% and 2.0%.

Comparing the data on metagenomic sequencing of samples of the contents of the cecum of the
BC + CO experimental group on the 21st day with a similar control group, a number of changes can
be noted. Thus, against the background of a decrease in the number of representatives of the phyla
Firmicutes and Actinobacteria by 19.9% and 2.6%, there is an increase in bacteria belonging to the
phyla Bacteroidetes by 10.7% and Proteobacteria by 11.6%. A big difference is noted in the data
obtained in this group on the 7th and 21st days. So, on the 21st day, there is a decrease in the content
of bacteria belonging to the phylum Bacteroidetes by 31.4%, while there is an increase in the number
of representatives of Firmicutes, Actinobacteria and Proteobacteria by 17.3%, 0.1% and 13.9%,
respectively.
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Figure 4. Histogram of the top phyla in each group after 7 and 21 days.

Assessing the lower taxonomic category in the control group on the 21st day of the experiment,
it can be noted that the dominant family was also Rikenellaceae (31%), however, comparing the
sequencing data on the 21st and 7th days, a sharp decrease in the percentage of microorganisms of
the family Bacteroidaceae by 21.7% is also remarkable. At the same time, the content of bacteria of
the Ruminococcaceae family changed insignificantly and amounted to 25.5%. The number of other
families did not exceed 10.0%.

In experimental group BC, at the family level, there is a quantitative change in the microbiome
both in comparison with the control and with similar data obtained on the 7th day of the experiment.
Therefore, the dominant family is Rikenellaceae, the percentage of which increased by 20.4%
relative to the control and by 39.8% compared to the same data on the 7th day. The number of
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representatives of the Bacteroidaceae family was slightly higher than in the control (by 0.5%),
however, in comparison with similar data on the 7th day, their number decreased by 52.4%. At the
same time, there is a decrease in the percentage of bacteria of the Ruminococcaceae family by 20.9%
relative to the control and by 7.3% lower than the data on the 7th day, respectively. The share of
unclassified representatives is 0.5%.

In experimental group CO, the dominant families were Rikenellaceae and Ruminococcaceae on
day 21, but their content varied relative to the control. There were 14.4% more bacteria of the
Rikenellaceae family and 1.9% less Ruminococcaceae than in the control group. Compared with
similar data on the 7th day, on the 21st day, there is an increase in the number of bacteria of the
Rikenellaceae families by 32.1%, Ruminococcaceae by 14.6%, against the background of a decrease
in microorganisms of the Bacteroidaceae family by 52.1%.

In experimental group BC + CO, the minor family on the 21st day was Rikenellaceae, the
percentage of its representatives was 11.4% higher than in the control. There is also an increase in
the number of bacteria of the Enterobacteriaceae family by 11.7% relative to the control. In
comparison with the data obtained on the 7th day of the experiment, the Rikenellaceae family also
remains the dominant family, but its content decreased by 9.6%. There is also a 22.5% decrease in
the percentage of bacteria belonging to the Bacteroidacea family. Against this background, there is
an increase in the number of representatives of the families Clostridiales, Ruminococcaceae and
Enterobacteriaceae by 10.2%, 6.8% and 14.0%, respectively. The share of unclassified bacteria of
the phylum Firmicutes is 2.5%; the rest of the bacteria make up 3.7% in total.

On the 42nd day of the experiment, significant changes were observed in the microbial profile
of broiler chickens in the control group. In comparison with the results obtained on the 21st day,
there is an increase in the representatives of the phyla Bacteroidetes and Actinobacteria by 9% and
30.3%, respectively. At the same time, the percentage of microorganisms of the phyla Firmicutes and
Proteobacteria decreases by 36.9% and 2.6%, respectively. Evaluating the overall results at the
beginning and end of the experiment, one can observe both smooth and sharp dynamics in the
change in the microflora of the cecum over time.

In experimental group BC, on the 42nd day of the experiment, the main majority belonged to
representatives of the phylum Bacteroidetes; relative to the control, they were more by 18.9%. There
was also an increase in bacteria belonging to the phyla Firmicutes and Proteobacteria by 12.3% and
0.2%, respectively, while the percentage of representatives of the phylum Actinobacteria was 31.3%
less than in the control group. When compared with the data obtained on day 21, an increase in the
number of representatives of the phyla Bacteroidetes and Actinobacteria by 7.0% and 1.9%,
respectively, can be noted, against the background of a decrease in the number of bacteria belonging
to other isolated phyla. In particular, the phylum Firmicutes - by 8.3%, the phylum Proteobacteria -
0.6%.

In experimental group CO, on the 42nd day, the content of bacteria of the phylum Bacteroidetes
was practically equal to the control, while the number of representatives of phyla Firmicutes
increased by 32.3%, Proteobacteria - 0.6%. At the same time, the percentage of representatives of
the phylum Actinobacteria was 32.7% less than in the control group. Comparison of similar
indicators on the 21st and 42nd days showed that during this period there was a decrease in the
number of representatives of the phyla Bacteroidetes and Actinobacteria by 5.4% and 1.3%,
respectively, against the background of an increase in the number of representatives of the phyla
Firmicutes, Proteobacteria by 5.9% and 0.6%, respectively.
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A number of changes also took place in the BC + CO experimental group. On the 42nd
experimental day, there was an increase in the number of representatives of the phyla Bacteroidetes,
Firmicutes and Proteobacteria by 9.7%, 22.7% and 0.4%, respectively, in comparison with the
control group. The content of bacteria of the phylum Actinobacteria was 32.8% lower than the
control. Analysis of the data on the 21st and 42nd day of the experiment showed that during this
period of time there was an increase in the number of representatives of the phyla Bacteroidetes,
Firmicutes and Actinobacteria by 7.9%, 5.9% and 0.3%, respectively, against this background, the
number of representatives of the phyla Proteobacteria by 13.8% (Table 5).

Table 5. Percentage of phylum representatives for the entire record period, %.

Phylum 7 days 21 days 42 days
Control
Bacteroidetes 69,1 41,2 50,2
Firmicutes 30,8 53,2 16,3
Actinobacteria 0,01 2,8 33,3
Proteobacteria 0 2,7 0,1
BC
Bacteroidetes 74,6 62,1 69,1
Firmicutes 24,9 36,9 28,6
Actinobacteria 0,5 0,1 2
Proteobacteria 0 0,9 0,3
CO
Bacteroidetes 75,3 55,4 50
Firmicutes 24,5 42,7 48,6
Actinobacteria 0 2 0,7
Proteobacteria 0,2 0,1 0,7
BC + CO

Bacteroidetes 83,4 52 59,9
Firmicutes 16 33,3 39
Actinobacteria 0,1 0,2 0,5
Proteobacteria 0,5 14,4 0,6

Based on the above, changes have occurred at a lower taxonomic level (Figure 5). At the end of
the experiment, 2 dominant families were noted in the control group: Coriobacteriaceae and
Rikenellaceae. Their content did not exceed 34%. It should be noted that there are significantly more
representatives of the Coriobacteriaceae family than at the beginning of the experiment. The content
of the Rikenellaceae family was relatively constant over the entire reference period. The difference
between the data on the 7th, 21st and 42nd days was in the range from 5 to 8%. However, a sharp
decrease from 24.3% (on the 7th day) to 7.5 on the 42nd day should be noted in other dominant
family of Ruminococcaceae.
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In group BC, on the 42nd day of the experiment, the Rikenellaceae family was characteristic.
This family was considered minor, since its content exceeded 50%. In comparison with the control,
the content of this family was almost 2 times higher. In general, throughout the entire accounting
period, there is an upward trend (from 11.7% to 66.3%). Against this background, the percentage of
representatives of the Bacteroidaceae family decreased (from 62.6% to 2.6%). The relative
consistency in number was recorded among the Ruminococcaceae family. The difference between
the accounting periods was about 6%, and then only at the beginning of the experiment.

In experimental group CO, minor families were Rikenellaceae and Ruminococcaceae. At the
same time, the content of the Rikenellaceae family slightly differed from the control values, and over
the entire period there was a tendency to their growth (from 13.4% to 35.9% with a maximum of
45.5% on day 21). A similar picture was observed in relation to the Ruminococcaceae family. It
should be noted that the Bacteroidaceae family, which at the initial stage constituted the main
majority (61.6%), at the end of the reference period was 13.7%.

Analysis of the sequencing data of samples of the cecum of broiler chickens of the BC + CO
experimental group on the 42nd day of the experiment showed that the main majority are
representatives of the family Rikenellaceae. Their content was 24.9% higher than the control.
Throughout the entire accounting period, their content varied slightly in the range of 5%. The
Ruminococcaceae family also makes up the majority in comparison with other families. The number
of bacteria of this family was higher than the control values by 16.4%. During the entire accounting
period, their content increased.

The Shannon and Simpson diversity indices were used for quantitative description of the
generic diversity of microbial communities (Table 6).

Based on the data obtained, it can be noted that the maximum diversity on the 7th day is typical
for the control group (1.80), and the minimum is for the BC + CO experimental group. A similar
situation is typical for IP results. On the 21st day, it can be noted that the maximum diversity is
typical for the BC + CO experimental group (1.89), and the minimum - for the CO. A similar trend is
characteristic for Simpson index results. At the end of the experiment, the maximum diversity was
observed in the control group, and the minimum in group CO. Thus, it can be noted that the trend
remains within the groups. However, the data obtained contradict the main provisions of theoretical
ecology, which indicates the unreliability of the obtained effects of the investigated substances.

Table 6. The Simpson and Shannon indices for the microbiocenosis of the cecum of broiler chickens.

Groups Period of experiment, days
7 21 42
Shannon index
Control 1,80 1,56 2,18
BC 1,47 1,80 1,57
CO 1,32 0,99 1,29
BC + CO 1,38 1,89 1,79
Simpson index
Control 0,018 0,016 0,022
BC 0,015 0,018 0,016
CO 0,013 0,011 0,013
BC +CO 0,014 0,019 0,018
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4. Discussion

Our results confirm the previously obtained information that various isolates belonging to the
Bacillus cereus group have QS inhibitory activity, including the ability to inhibit the formation of
biofilms of Pseudomonas aeruginosa, and have probiotic potential [31]. In addition, the results for
coumarin are consistent with recent studies highlighting the ability of coumarins to block QS
signaling systems and inhibit biofilm formation in clinically significant pathogens [32].

Determination of GSL concentration at EC50 working on Chromobacterium violaceum 026
revealed the activity of cell biomass to suppress QS in Bacillus cereus and a coumarin derivative in
the luxR-luxl type system. In contrast to our studies, the quorum-sensory system PIcR-PapR
quenching in Bacillus cereus was previously studied [33]. There is little information on the effect of
coumarin and Bacillus cereus on productivity and general health of poultry in the available sources.
There are conflicting data on Bacillus on growth performance of chickens [34,35] it is assumed that
this may be associated with various bacterial strains [36] and the manifested effects. At the same time,
there is evidence that Osthole (a coumarin derivative) in broiler diets increases growth rates [37].
This effect was observed in our CO experimental group. It is known that the introduction of Bacillus,
including Bacillus cereus (108 cfu/kg) into the diet of broilers, significantly improved the final body
weight, daily gain [38], it was also confirmed in BC group.

In turn, the positive synergistic effect of the combined action of the probiotic drug and coumarin
on the live weight of animals is indirectly confirmed by the studies of [39,40].

The extent after the addition of B. cereus and coumarin, including synergistic effects, can affect
the composition and functionality of the intestinal microbiota, is hardly studied. In the last decade,
research into the poultry microbiome has gained increasing popularity [41]. This is because the
microflora of various parts of the gastrointestinal tract is involved in digestion and assimilation of
nutrients, supporting the immune system's metabolic processes [42]. At the same time, there are many
factors that affect the structure of the microbiome, for example, age, gender, type of diet, etc. [43,44].
In terms of diversity, the part of the cecum surpasses the others both in the complexity of the
structure and in the absolute number of microorganisms [45]. A number of studies show that the
dominant place in the structure of the microflora of this section is occupied by two phyla: Firmicutes
and Bacteroidetes [46]. The percentage of representatives of these phyla reaches 80% of the total
number of microorganisms in this section of the gastrointestinal tract [47]. This consequence
correlates with the results obtained in the course of our experiment. The exception is the results
obtained on day 42 in the control group, where at the end of the study there is a sharp jump in
representatives of the phylum Actinobacteria. This fact can be explained by the influence of age, as
one of the most important factors that determine the structure of the bird microbiome [48].

Evaluating the effect of the drugs used in the experiment, it can be noted that the effect is
observed not at the phylum level, but at lower taxonomic levels. In particular, during the entire
experimental period, changes were observed in the number of such families as Rikenellaceae,
Ruminococcaceae and Bacteroidaceae. These are important groups of microorganisms that are
involved in metabolism [49]. At the same time, the maximum fluctuations in the number of these
microorganisms can be observed under the action of the probiotic preparation and coumarin
separately. Studies have shown that the effect of a probiotic affects the composition of the
microbiome of poultry, in particular, the number of Bacteroidaceae, which are involved in the
metabolism of glucose and amino acids [31]. However, against the background of an increase in
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some “beneficial” bacteria, there is a decrease in others, which are also important for the body. A
change in their numbers indicates a consequence of inflammation [41].

The mechanisms affecting the growth of broilers in the groups may be associated with
modulation of broiler intestinal microbiota. So it is assumed that probiotics, plant phenols, including
coumarins, improve the oxidative and anti-inflammatory status of the intestine, preserve the function of
the epithelial barrier [23-26]. Probiotics increase the concentration of some beneficial bacteria [13],
and B. cereus increase the height, width, depth of intestinal villi, and surface area [9].

In addition, Bacteroides, prevailing in the experimental groups, plays an important role in the
breakdown of complex molecules into simpler compounds, stimulation of the production of
anti-inflammatory cytokines, while Ruminococcus is associated with the degradation and utilization
of polysaccharides in the intestines of broilers [21-29]. Bacteroidetes are considered the main
polysaccharide degraders and are found in all studied ecosystems.

In our experiment, the prevalence of representatives of the Rikenellaceae family and
specifically of the genus Alistipes was noted; it was previously noted that a high number of Alistipes
positively correlated with body weight [38—41]. In the genomes of Bacteroidetes, enzymes that break
down carbohydrates are located in gene clusters called polysaccharide utilization loci [44,45]. These
data make it possible to partially explain the increase in live weight in the experimental groups in
comparison with the control.

5. Conclusions

In conclusion, the addition of Bacillus cereus and a coumarin derivative to broiler diets
improved the growth performance and gut structure of broilers, the likely mechanism of which was
their role in the formation of gut microbial composition. Specifically, individual and joint
supplementation of Bacillus cereus and coumarin has altered broilers’ caecal microbiota towards a
healthy balance by increasing the number of beneficial bacteria as well as improving the interaction
patterns in the community. This study may expand our fundamental knowledge of the synergistic role
of Bacillus cereus and coumarin in maintaining intestinal microecological balance in poultry.
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