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A b s t r a c t  
 

There is a growing interest in the study of natural multicomponent feed additives to regulate 
gut microbiome composition and improve immune and physiological status of rabbits. In the present 
work, for the first time, it was bioinformatically found that a complex probiotic biological product 
affects the change in the predicted metabolic pathways of the rabbit intestinal microbiome. The aim 
of the work was to study the joint action of a complex containing minerals and a probiotic on physi-
ological status, composition and functional potential of gut microbiome in rabbits. For the study (the 
vivarium of the FGBU VO SPKhFU of the Ministry of Health of Russia, St. Petersburg, 2021), ten 
Soviet chinchilla rabbits of 2.5 months of age (5.37-5.53 kg bw) were allocated to two groups of five 
rabbits each. Control group I received the recommended basal diet (BD, RAAS norms 2003), test 

group II was fed with the BD supplemented with a complex feed additive (30 mg per animal day1) 

consisting of the microelement preparation Silaccess at 5 mg/kg of bodyweigh (LLC TECHNOLOG 
2D, Russia) and the probiotic strain Bacillus subtilis 1-85. On days 30 and 60, the animals were weighed 
before morning feeding, and blood was sampled to evaluate natural resistance parameters (bactericidal 
function, including lysozyme activity, and phagocytic activity of neutrophils). Chyme samples of the 
caecum for microbiome studies aseptically collected at the end of the experiment were immediately 
placed in sterile plastic tubes. Total DNA was isolated using the Genomic DNA Purification Kit 
(Thermo Fisher Scientific, Inc., USA). The bacterial community was assessed by NGS sequencing on 
a MiSeq automated sequencer (Illumina, Inc., USA) using primers to the V3-V4 region of the 
16S rRNA gene which allows us to identify microorganisms to the species level: the forward  primer 5´-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3´ and the re-

verse primer, 5´-GTCTCCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTAT-
CTAATCC-3´. The reconstruction and prediction of the functional content of the metagenome was 

performed using the PICRUSt2 (v.2.3.0) software package (https://github.com/picrust/picrust2). 
Mathematical and statistical processing was carried out by the multivariate analysis of variance proce-
dure using Microsoft Excel XP/2003, R-Studio (Version 1.1.453) (https://rstudio.com). In group II 

compared to control, the phagocytic index was higher (p  0.05) by 1.8 %, the phagocytic number by 

32.3 % (p  0.05). NGS sequencing revealed the values of the Chao1, Shannon and Simpson biodi-

versity indices to be higher (p  0.05) in group II compared to group I. Taxonomic analysis of caecum 
microbial community disclosed 12 phyla of the kingdom Bacteria among which representatives of the 
phylum Firmicutes dominated (80.2±6.2 % in group I, 78.2±7.4 % in group II). In group II, there was 
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a 1.3-2.6-fold increase in the abundance of phyla Verrucomicrobiota, Actinobacteriota, Patescibacteria, 
Proteobacteria, Desulfobacterota and a 4.8-fold decrease in the abundance of the phylum Campylobac-
terota (p  0.05). In the caecum of test rabbits, the genus Bacillus spp. increased 2.82 times compared 

to control (p  0.05). Staphylococcus sciuri was found in group I (0.075±0.006 %) but not in group II. 

Data processing using the PICRUSt2 software tool (v.2.3.0) revealed 370 predictable metabolic path-

ways in the rabbit gut microbial community, 36 of which differed (p  0.05) between the groups. In 
group II, the intestinal microbiome pathways related to the degradation of aromatic compounds and 
xenobiotics, protein, carbohydrate, and energy metabolism, alcohol biosynthesis, photorespiration, as-
similation of formaldehyde, degradation of myo-, chiro- and scillo-inositol, cell wall synthesis and 

spore formation activated compared to group I (p  0.05). The dominant proportion (15 pathways) of 

enhanced potential metabolic pathways was associated with the degradation of aromatic compounds 
and xenobiotics. Thus, a complex dietary additive based on the probiotic strain of Bacillus subtilis 1-
85 and microelements has a multiple positive effect both on gut microorganisms (fewer pathogens, 
metabolic regulation) and on the macroorganism (higher values of immunity parameters, a better 
growth performance of Soviet chinchilla rabbits).  

 

Keywords: probiotic, trace elements, resistance, domestic rabbits, microbiome, NGS, meta-

bolic pathways 
 

Rabbits (Oryctolagus dominis) are farm animals with a short pregnancy 

period, high fecundity, and good feed conversion [1, 2]. Rabbit meat is high in 

protein, low in fat, cholesterol, and sodium, and is easily digestible, which makes 

it a dietary choice [3]. In addition, rabbits are often used for experimental purposes 

as model animals. 

In many countries, rabbit farming is becoming an important growing sub-

sector [4]. The main factors hindering the development of rabbit breeding are viral 

and bacterial diseases, leading to mass mortality and significant economic losses [5]. 

 The microbial populations inhabiting the gastrointestinal tract of animals 

form the microbiome, a complex ecosystem capable of autoregulating its homeo-

stasis under favorable conditions. The mammalian gut microbiome plays an im-

portant role in digestive, metabolic, physiological and immunological processes, af-

fects host susceptibility to many immune-mediated diseases and disorders (6), and 

affects productivity [7, 8]. This was also confirmed by the example of rabbits, whose 

economically valuable traits are also affected by the intestinal microbiota [8]. 

Due to the rapid development of sequencing technologies, several inter-

esting studies have been carried out to analyze the microbial communities of the 

rabbit gut. In 2008 and 2012, the bacterial community of the caecum of rabbits 

was studied using high-throughput sequencing of the V3-V4 amplicon of the 16S 

rRNA gene [9, 10]. In 2018, changes in the microbiota of the rabbit by intestinal 

tract were described, with a focus on the microbiota of the caecum and faeces 

[11]. In 2019, the composition of the microbiota of the gallbladder of rabbits of 

different ages was studied [12], in 2020, the structure of the intestinal microbiota 

in commercial rabbits was studied in dynamics from weaning to the end of rearing 

[13]. More recently, the composition of the bacterial microbiota throughout the 

gastrointestinal tract in New Zealand rabbits has been characterized [5]. Despite 

the existence of microbial populations in the proximal and distal sections of the 

rabbit gastrointestinal tract [14], the caecum is the main organ where the most 

active enzymatic processes occur. 

In modern conditions of rabbit breeding, factors such as overcrowding of 

a significant number of animals in a limited area, violation of the principles of the 

feeding system and keeping technology, changing diets, poor quality feed, uncon-

trolled use of antibiotics and other stresses, significantly increase the risk of infec-

tious diseases. The weaning and rearing periods, when there is a transition from 

mother's milk to solid foods, stress from mother absence and regrouping, are crit-

ical [15]. This leads to enteritis and gastrointestinal infections, in particular those 

caused by the bacteria Clostridia spp. and Escherichia coli, Lawsonia intracellularis, 
Salmonella spp. [5, 16]. One of the most dangerous disease of domestic rabbits is 
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epizootic enteropathy. It is a multifactorial gastrointestinal syndrome with a 30-

95% mortality rate regardless of breed, with an increasing incidence in the post-

weaning period [17). 

Intestinal diseases often manifest as inflammation of the digestive system 

[18], which leads to a violation of the wall integrity [19]. Inflammation and dam-

age to the intestines cause a redistribution of nutrients, which leads to a decrease 

in animal productivity and a significant increase in economic losses [20]. Studies 

using chromatographic methods have shown that a number of differential metab-

olites are involved in five metabolic pathways associated with intestinal inflamma-

tion (tryptophan metabolism, pyrimidine metabolism, phenylalanine, tyrosine and 

tryptophan biosynthesis, lysine degradation, and bile secretion) [21]. In turn, an 

increase in the number of pathogenic and opportunistic bacteria (Escherichia coli, 
Clostridium spp., Bacteroides spp.) and a decrease in the presence of beneficial 

bacteria (Lactobacillus casei, Bifidobacterium spp. and Lactobacillus spp.) is asso-

ciated with the release of pro-inflammatory signaling factors (cytokines, IL-6 and 

TNF-), as well as increased secretion of immunoglobulin A (IgA). This process 

has been associated with decreased short-chain fatty acids, inhibition of intestinal 

ion and water absorption, and inflammation of the intestinal mucosa [22-24]. 

Strategies for regulating the microbiome and preventing digestive disorders 

include introducing feed additives such as probiotics into diets. During the last dec-

ade, several studies have been published on the effect of probiotics on the perfor-

mance of rabbits [25-27]. Some authors have considered specific and non-specific 

immune responses to probiotic dietary supplements. Various hematological param-

eters were analyzed: total protein, immunoglobulins, leukocytes and lymphocytes 

[28, 29]. It has been established that probiotics have a positive effect on the com-

position of the microbiome, reducing the number of pathogens [30, 31]. 

Previously, in a study [32] based on bioinformatics processing of data from 

NGS sequencing of the 16S rRNA gene in the microbiome of the rumen of dairy 

cows we revealed that changes in the taxonomic structure of rumen microorgan-

isms under the influence of the Cellobacterin+ probiotic were associated with 

metabolic shifts in the functional potential of microorganisms. In addition, our 

findings confirmed the role of this probiotic in maintaining metabolic homeostasis. 

In 2021, a genotype-dependent alteration of potential metabolic pathways of the gut 

microbiome based on 16S rRNA gene sequencing was demonstrated in rabbits, re-

vealing potential biomarkers important for improving meat rabbit breeds [33]. 

However, experiments related to the evaluation of the effect of probiotics 

on the composition and potential metabolic pathways of the intestinal microbiome 

of rabbits have not been previously performed. That is, the mechanism by which 

microorganisms and probiotics interact at a metabolic level in the gut of these 

animals is unclear. 

Dietary trace elements have a positive effect on various functions in rab-

bits, e.g., acid-base balance, nutrient metabolism and immunity. Iron deficiency 

in rabbits reduces animal activity, leads to loss of appetite, and deterioration of 

the skin and coat [34). Iodine is necessary for the proper functioning of the thyroid 

gland, while cobalt is directly related to the absorption of vitamins in fur-bearing 

animals [35, 36]. 

It is of interest to create and study the effectiveness of new complex feed 

additives that will make it possible to obtain environmentally friendly rabbit prod-

ucts of higher quality and reduce the risk of infectious diseases. 
Here, we revelaled, based on bioinformatic methods, that a complex pro-

biotic biological product affects the change in the predicted metabolic pathways 
of the rabbit intestinal microbiome. 

This work aimed to investigate how a dietary complex containing minerals 
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and a probiotic affects physiological parameters of rabbits, gut microbiome com-

position and its functional potential.  

Materials and methods. Experimetns were carried out in 2021 in the vivar-

ium of the St. Petersburg Chemical and Pharmaceutical University (veterinary 

state registration certificate for the vivarium No. 78-0713/2). Feeding and keeping 

conditions corresponded to the guidelines for rabbits [37].  

Ten Soviet chinchilla rabbits (2.5 months of age, 5.37-5.53 kg body weight) 

were divided into two groups (5 rabbits each). Animals of control group I received 

the basal diet (BD) as per recommended detailed norms of the Russian Academy 

of Agricultural Sciences (2003), experimental group II received BD with the ad-

dition of a complex feed additive (30 mg/animal daily). The complex feed additive 

contained the microelement preparation Silaccess (OOO TECHNOLOG 2D, 

Russia) [38], consisting of a mixture of mineral components of silicon (35-42.7%), 

iron (3.5-4.5%), copper (0 08-0.12%) and zinc (0.04-0.055%) in a stabilizing agent 

(GOST 12.1.007.-76. Moscow, 2007). The dosage of the Silaccess component was 

5 mg/kg body weight. In addition, the supplement included the water-soluble 

probiotic Likvipro (OOO BIOTROF, Russia) at a ratio of 0.5 g/10 l of water. The 

introduction of the probiotic component was carried out around the clock into 

the drinking system using a Dosatron D25RE5 dispenser (Dosatron, France). 

Liquipro is based on the Bacillus subtilis 1-85 strain, the drug is produced in dry 

form in the form of a powder. The duration of the experiment was 75 days. 

The growth rate of the animals was controlled by individual weighing on 

an empty stomach before morning feeding in 30 and 60 days (at 3.5 and 4.5 

months of age) after the start of the experiment. The live weight of experimental 

rabbits was determined using an electronic balance for weighing animals Momert 

6551 (MOMERT Co Ltd., Hungary) with an error of up to 10 g, the average daily 

gains for the noted periods were calculated using the generally accepted formula: 

А =
𝑊1−𝑊0

𝑡
, 

where A is the average daily gain in live weight, g; W0 - live weight at the beginning 

of the experiment, kg; W1 - live weight at the end of the experiment, kg; t is the 

time period, days. 

The clinical and physiological state of the rabbits was assessed during daily 

examination. Attention was paid to the behavior, palatability of food, the condi-

tion of the coat. 

Thirty days after the start of the experiment and at the end of the exper-

iment (60 days), blood was taken from the rabbits on an empty stomach from 

the tail vein into two types of vacuum tubes (with the anticoagulant heparin and 

with a coagulation activator). Determined indicators of natural resistance (bac-

tericidal activity, including lysozyme, phagocytic activity of neutrophils). The 

phagocytic activity of pseudoeosinoyls was assessed by counting phagocytic cells 

from 100 neutrophils. When determining the bactericidal activity of blood serum, 

the method of I.M. Karput [39]. Lysozyme activity in blood serum was determined 

by the nephelometric method according to V.G. Dorofeichuk [40]. Clinical 

(hematological) blood analysis was performed using an ABXMICRO 60-OT18 

apparatus (Roche, France). 

Chyme samples for microbiome studies were manually collected from the 

caeca at the end of the experiment under aseptic conditions as possible and im-

mediately placed in sterile plastic tubes. All samples were frozen at 20 C and 

sent in dry ice to the molecular genetic laboratory of the OOO BIOTROF com-

pany for DNA extraction. 

Total DNA was isolated from the samples using the Genomic DNA Pu-

rification Kit (Thermo Fisher Scientific, Inc., USA) according to the attached 
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instructions. The method is based on selective detergent-mediated precipitation of 

DNA from a substrate using solutions for cell wall lysis and DNA precipitation, 

1.2 M sodium chloride, and chloroform. 

The bacterial community was assessed by NGS sequencing, which makes 

it possible to identify microorganisms to the species level, on a MiSeq automatic 

sequencer (Illumina, Inc., USA) using primers for the V3-V4 region of the 16S 

rRNA gene: 5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTAC-

GGGNGGCWGCAG-3' (forward primer), 5'-GTCTCGTGGGCTCGGAGAT-

GTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3' (reverse primer). 

PCR conditions were as follows: 3 min at 95 С; 30 s at 95 С, 30 s at 55 С, 30 s 

at 72 С (elongation) (25 cycles); 5 min at 72 С (final elongation). Sequencing was 

performed using Nextera® XT IndexKit library preparation reagents (Illumina, Inc., 

USA), Agencourt AMPure XP purification PCR products (Beckman Coulter, Inc., 

USA), and MiSeq® ReagentKit v2 sequencing reagents. (500 cycle) (Illumina, Inc., 

USA). The maximum length of the resulting sequences was 2½250 bp. 

Automatic bioinformatic analysis was performed using QIIME2 ver. 

2020.8 (https://docs.qiime2.org/2020.8/). After importing sequences in the .fastq 

format from the sequencing instrument and creating the necessary mapping files 

containing the metadata of the studied files, paired read lines were aligned. Next, 

the sequences were filtered for quality using the default settings. Noise sequences 

were filtered using the DADA2 package built into QIIME2, which includes infor-

mation about the quality of sequences in the error model (filtering of chimeric 

sequences, artifacts, adapters), which makes the algorithm resistant to a sequence 

of lower quality. In this case, the maximum length of the pruning sequence was 

used, equal to 250 bp (https://benjjneb.git-hub.io/dada2/tutorial.html). To con-

struct de novo phylogeny, multiple sequence alignments were performed using the 

MAFFT software package, followed by a masked alignment to remove positions 

that differed significantly. For taxonomy assignment, the QIIME2 software was 

used, which assigns sequences a taxonomic identification based on ASV data (us-

ing BLAST, RDP, RTAX, mothur and uclust methods) using the Silva 138.1 16s 

rRNA database (https://www.arb-silva.de /documentation/release-138.1/). 

Based on the obtained table of operational taxonomic units (OTU; oper-

ational taxonomic unit, OTU), using plugins of the QIIME2 package, biodiversity 

indices were calculated, and a graph of the dependence of the number of OTUs 

on the number of reads was plotted. In the statistical analysis of diversity indices, 

their additional transformation was not carried out. 

The reconstruction and prediction of the functional content of the meta-

genome, gene families, and enzymes was carried out using the PICRUSt2 (v.2.3.0) 

software package (https://github.com/picrust/picrust2) [41]. We worked with the 

program according to the recommended scenario of actions, all settings were used 

by default. The OTUs of each sample were arranged according to their content, 

from largest to smallest, and the values were converted using the logarithmic trans-

formation of Log2. The MetaCyc database (https://metacyc.org/) was used to ana-

lyze metabolic pathways and enzymes. The predicted profiles of MetaCyc metabolic 

pathways were assessed by the abundance of ASV (Amplicon Sequence Variants) 

[42]. Data visualization and calculation of statistical indicators were performed using 

the Phantasus v1.11.0 web application (https://artyomovlab.wustl.edu/phantasus/), 

which, in addition to the main visualization and filtering methods, supports R-

based methods such as like k-means clustering, principal component analysis, or 

differential expression analysis with the limma package. 

Mathematical and statistical processing of the obtained results was carried 

out by the method of multifactor analysis of variance (multifactor ANalysis Of 

VAriance, ANOVA) in Microsoft Excel XP/2003, R-Studio (Version 1.1.453) 
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(https://rstudio.com). Data are presented as means (M) and standard errors of 

means (±SEM). Significance of differences was assessed by Student’s t-test, dif-

ferences were considered statistically significant at p  0.05. Means were compared 

using Tukey’s Significantly Significant Difference (HSD) test and the TukeyHSD 

function in the R Stats Package. 

Results. Clinical blood test parameters are extremely sensitive to physio-

logical influences, and therefore the blood profile is a fairly accurate reflection of 

such influences [43-45]. In animals of the control and experimental groups, the 

content of hemoglobin and erythrocytes corresponded to age norms, only some 

minor deviations were noted: the number of erythrocytes and hemoglobin in the 

II experimental group after 60 days of the experiment (Table 1). In addition, the 

average content of hemoglobin in erythrocytes in both groups exceeded the norm. 

In both groups, age-related changes in blood parameters were observed at different 

stages of development of the rabbit organism. Thus, in 60 days, the amount of 

hemoglobin in test group II increased by 8.2% (p  0.05) compared to the begin-

ning of the experiment, in control group I by 4.45% (p  0.05).There were no 

statistically significant differences in these indicators between the control and ex-

perimental groups (p > 0.05) (see Table 1). 

1. Blood clinical analysis in Soviet chinchilla rabbits (Oryctolagus dominis) fed a com-

plex feed additive based on the probiotic Bacillus subtilis 1-85 strain and trace 

elements (n = 5, M±SEM; the vivarium expeeriment, St. Petersburg, 2021) 

Parameter Days of experiment Group I (control) Group II  Norm 

Erythrocytes, ½1012/l 1 7.01±0.43 7.24±0.31 5.2-7.8 

30 7.24±0.59 7.42±0.77 

60 7.28±0.33 8.20±0.93 

Hemoglobin, mmol/l 1 143.80±8.80 152.20±4.09 100.5-160.0 

30 143.80±4.30 152.00±7.31 

60 150.20±6.02 164.60±9.24 

The average content of hemoglo-

bin in erythrocytes, pg/l 

1 19.72±1.80 21.06±0.71 9.3-15.3 

30 20.70±0.79 21.32±0.73 

60 20.44±0.58 22.14±2.34 

N o t е. For a description of the groups, see the Materials and methods section. 

 

Regarding the fact that at an early age of rabbits their gastrointestinal tract 

is not sufficiently prepared for the digestion of solid feed, and the body during the 

growing period is exposed to stress factors that affect the immune system, we 

studied the indicators of natural resistance in experimental animals. 

Based on the indicators that indirectly reflect the levels of innate immune 

mediators in the blood (lysozyme content, bactericidal characteristics of blood, 

phagocytic activity, phagocytic index, phagocytic number), natural resistance in 

rabbits treated with a complex feed additive was higher than control (p  0, 05) 

(Table 2). Thus, the phagocytic index (the average number of phagocytosed mi-

croorganisms per one active leukocyte), reflecting the intensity of phagocytosis, 

was higher in group II compared to group I by 1.8 (p   0.05), the phagocytic 

number (the ratio of the number of phagocytized leukocyte bacteria to the total 

number of counted leukocytes) was higher by 32.3% (p  0.05). 

An increase in natural resistance in rabbits treated with a complex feed 

additive is natural. It has long been known that blood contains antimicrobial com-

ponents that provide rapid responses to infection [46]. Innate responses to microbial 

infections in mammals are mediated by signaling molecules, including Toll-like 

receptors, cytosolic kinases, nuclear factor (NF)-kB, and transcription factors 

[47]. Pathogen entry induces rapid expression of several genes encoding antimi-

crobial proteins and peptides [48, 49]. In turn, there are molecular mechanisms 

that provide a cross-relationship between the microbiome and the expression of 

host genes, primarily immunity genes [50]. The introduction of a probiotic strain 
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of bacteria in combination with trace elements into the intestines of rabbits could 

affect the expression of host genes associated with immunity. An increase in the 

content of total protein and globulins in the blood serum of rabbits under the 

influence of a probiotic has been previously demonstrated [28]. Data obtained by 

A.F. Mohamed et al. [51] indicate that the introduction of a probiotic strain of 

Lactobacillus acidophilus into the diet did not have a significant effect on the 

globulin content, but led to an increase in the number of leukocytes and the 

amount of total protein in the blood serum. It has been suggested that micronu-

trients play an important role in various physiological processes and are critical 

for the proper functioning of the immune system [52]. 

2. Natural resistance parameters in Soviet chinchilla rabbits (Oryctolagus dominis) 
fed a complex feed additive based on the probiotic Bacillus subtilis 1-85 strain and 
trace elements (day 60, n = 5, M±SEM; the vivarium expeeriment, St. Peters-

burg, 2021) 

Parameter Group I (control) Group II  
Lysozyme, % 36.18±1.04 46.29±1.36* 

Bactericidal activity of blood serum, % 38.45±1.09 46.68±1.27* 

Phagocytic activity, % 43.45±1.19 63.27±1.33* 

Phagocytic index 5.33±0.10 7.13±0.15** 

Phagocytic number 2.88±0.10 3.81±0.11* 

Phagocytic capacity, thousand microbial bodies 73.12±1.53 75.89±1.21 

N o t е. For a description of the groups, see the Materials and methods section. 

* and ** Differences between the test and control groups based on Student's t-test are statistically significant at 

p  0.05 and p  0.01, respectively.  

 

3. Daily weigh gain in Soviet chinchilla rabbits (Oryctolagus dominis) fed a complex 

feed additive based on the probiotic Bacillus subtilis 1-85 strain and trace elements 

(n = 5, M±SEM; the vivarium expeeriment, St. Petersburg, 2021) 

Group Days of experiment Daily weigh gain, g 
I (control) 1-30 5.53±0.32 

31-60 5.21±0.15 

II  1-30 6.08±0.49 

31-60 5.90±0.21 

N o t е. For a description of the groups, see the Materials and methods section. 

 

Weighing data allow us to assume that the studied complex feed additive 

based on microelements and probiotics does not have a negative effect on body-

weight gain in rabbits (Table 3). However, it should be noted that the number of 

animals in the experimental groups did not provide a sufficient level of evidence, 

since the groups were formed according to the main goal of our study - to analyze 

the composition and functions of the microbiome. 

Previously, the positive effect of probiotics and trace elements on the per-

formance of rabbits was noted. A.A.A. Abdel-Wareth et al. [25] studied a complex 

preparation from a mixture of fenugreek seeds and a probiotic (AmPhi-Bact, 

American Pharmaceutical Innovations Company, LLC, USA) containing cultures 

of Lactobacillus acidophilus, Lactobacillus plantarum, Bifidobacterium bifidum, me-

tabolites of Bacillus subtilis and Aspergillus niger, on 45-day-old New Zealand white 

rabbits for 6 weeks. The authors noted an improvement in feed conversion, a 

higher digestibility of crude protein and an increase in meat productivity in the 

groups treated with the drug. M. Lopez-Alonso et al. [53] opined that trace ele-

ments coordinate many biological processes and are therefore essential for the 

maintenance of animal productivity. 

At the next stage, we studied the composition of the chyme microbiome 

from rabbit cecum by NGS sequencing. A total of 57.56 sequenced 16S rRNA 

gene sequences were generated (with median reads of 9.59 at min = 7.69 and 

max = 12.86). When comparing the control and experimental groups for the Chao1, 

Shannon and Simpson indices, it turned out that the values had statistically 



1124 

significant differences (p  0.05) (Fig. 1). In the trest group, the -biodiversity 

indices were higher. That is, a complex feed additive, which included a probiotic 

strain and a mixture of trace elements, had a positive effect on increasing the 

species diversity of the microbiome in the intestines of rabbits. These results are 

consistent with other reports [54, 55]. 
 

 

Fig. 1. Absolute values of -biodiversity indices Chao1 (A), Shannon (B), and Simpson (C) divericity 

indexes for the caecal microbiome of Soviet chinchilla rabbits (Oryctolagus dominis) fed a complex feed 

additive based on the probiotic Bacillus subtilis 1-85 strain and trace elements (n = 5, M±SEM; the 

vivarium expeeriment, St. Petersburg, 2021). Calculated using Qiime2 ver. 2020.11. For a description 

of the groups, see the Materials and methods section. 

* Differences between the test and control groups based on Student's t-test are statistically significant 

at p  0.05 and p  0.01, respectively. 
 

When studying the composition of microorganisms of the blind processes 

of the intestines of rabbits, 12 phyla of the kingdom Bacteria were identified (Fig. 

2), among which representatives of the phylum Firmicutes dominated in number 

(80.2±6.2% in group, I.78.2±7.4% in group II), which indicates their ecological 

and functional importance of the phylum in the digestive tract. The main function 

of Firmicutes is the ability to degrade complex polysaccharides with subsequent 

formation of short-chain fatty acids [56]. Based on previous studies, the domi-

nance of representatives of this phylum in the contents of the blind processes is 

quite typical for rabbits [11]. 

In our experiment, the phylum Bacteroidetes was the second most common 

in the intestines of rabbits (13.3±1.2% in group I, 12.3±1.8% in group II). Bac-

teroidetes have previously been shown [9, 57] to stimulate the development of gut-

associated immune tissue in the digestive system. Results similar to ours were also 

obtained in wild rabbits, as well as in domestic Rex rabbits [58, 59]. On the whole, 

the quantitative representation of phyla in the intestines of rabbits corresponds to 

that of other monogastric herbivores [60, 61]. 

In the experimental group, compared with the control group, there was an 

increase in abundance of the phyla Verrucomicrobiota, Actinobacteriota, Patesci-

bacteria, Proteobacteria, Desulfobacterota by 1.3-2.6 times and a decrease in the 

representation of the phylum Campylobacterota by 4.8 times (p  0.05). In all 

likelihood, these data indicate a positive effect of the complex feed additive on the 

composition of the microbiome. For example, members of the phylum Verrucomi-

crobiota, such as Akkermansia muciniphila, have probiotic activity by modulating 

gut mucus thickness and enhancing intestinal barrier integrity [62]. Bacteria of the 

phylum Actinobacteriota produce antimicrobial substances active against pathogens 

[63]. Among the bacteria of the phylum Campylobacterota, which was represented 

by the only genus Campylobacter (Fig. 3), there are pathogenic forms associated 
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with rabbit proliferative enteropathy [64]. 
 

 

Fig. 2. The composition of caecal microbiome (at the bacterial phylum level) of Soviet chinchilla rabbits 

(Oryctolagus dominis) fed a complex feed additive based on the probiotic Bacillus subtilis 1-85 strain 

and trace elements (day 60, Next-Generation Sequencing of 16S rRNA gene amplicons; n = 5, 

M±SEM; the vivarium expeeriment, St. Petersburg, 2021). For a description of the groups, see the 

Materials and methods section. 
 

In the caecum of rabbits from group II, an increase in the number of 

bacteria of the genus Bacillus spp. by 2.82 times compared to the control (p  0.05) 

(see Fig. 3), which may indicate the survival and increase in the number of pro-

biotic microorganism introduced as part of a complex feed additive. This is an 

important finding, since introduced strains of microorganisms may have different 

ability to survive in the aggressive environment of the host intestine [65]. Previ-

ously, RAPD-PCR proved the survival of probiotic bacteria Bacillus clausii in the 

gastrointestinal tract for 12 days [66]. 

It is important to note that in the caecum of the intestines of rabbits, we 

have identified a significant number of genera, including uncultivated ones, be-

longing to the cellulolytic bacteria of the families Thermoanaerobacteraceae, Ru-

minococcaceae, Clostridiaceae, Eubacteriaceae, Lachnospiraceae, which is con-

sistent with the data obtained by C. Bäuerl et al. [67]. Cellulosolytic bacteria are 

the most relevant microorganisms of the phylum Firmicutes, contributing to the 

breakdown of fiber in plant foods. S. Combes et al. [68] found that bacteria of the 

genus Ruminococcus dominate in healthy rabbits, and when a disease occurs, the 

number of these microorganisms decreases. E. Cotozzolo et al. [5] also showed 

that the abundance of members of the families Ruminococcaceae and Lachnospi-

raceae serve as important indicators of intestinal health in rabbits. According to 

the authors, a higher abundance of Lachnospiraceae is characteristic of healthy 

animals, which is associated with the stimulation of caecotrophic behavior. Ceco-

trophy is an important feature of the order Lagomorpha, which makes it possible 

to increase the digestibility of low-nutrient plant feeds [69]. 

The fact is that in the process of digestion of rabbits, two types of feces 

are formed: solid, poor in nutrients, and soft, consisting of protein, vitamins, 

inorganic salts and containing a significant number of microorganisms. The latter 

are called cecotrophs and are eaten by Lagomorpha in the process of cecotrophy. 

Therefore, there is an assumption that cecotrophy is a phenomenon that ensures 

the formation of the correct composition of the intestinal microbiome. However, 

in our study, no significant difference was found in the content of genera of 
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cellulolytic microorganisms between the control and experimental groups (p > 0.05). 
 

 

Fig. 3. The composition of caecal microbiome (at the bacterial genera levels) of Soviet chinchilla rabbits 

(Oryctolagus dominis) fed a complex feed additive based on the probiotic Bacillus subtilis 1-85 strain 
and trace elements: 1 — f. Lachnospiraceae g. unclassified, 2 — g. Clostridia UCG-014, 3 — g. Oscil-

lospiraceae NK4A214, 4 — g. Ruminococcus, 5 — g. Monoglobus, 6 — g. Oscillospirales UCG-010, 7 — 

g. Clostridia vadinBB60, 8 — g. Bacteroides, 9 — g. Akkermansia, 10 — g. Rikenellaceae dgA-11 gut, 

11 — f. Bacilli RF39 g. unclassified, 12 — g. Lachnospiraceae NK4A136, 13 — g. Christensenellaceae 
R-7, 14 — g. Eubacterium coprostanoligenes, 15 — g. Oscillospiraceae V9D2013, 16 — f. Lachnospi-
raceae g. unclassified, 17 — g. Ruminococcaceae Incertae Sedis, 18 — f. Oscillospiraceae g. unclassified, 

19 — f. Eubacteriaceae g. unclassified, 20 — g. Eubacterium siraeum, 21 — f. Barnesiellaceae g. un-

classified, 22 — g. Alistipes, 23 — g. Rikenellaceae RC9 gut, 24 — g. Candidatus Saccharimonas, 25 — 

g. Subdoligranulum, 26 — g. Oscillospiraceae UCG-005, 27 — g. Tyzzerella, 28 — g. Campylobacter, 
29 — f. Ruminococcaceae g. unclassified, 30 — g. Ruminiclostridium, 31 — g. Vibrionimonas, 32 — g. Muri-
baculaceae, 33 — g. Desulfovibrio, 34 — g. Colidextribacter, 35 — f. Anaerovoracaceae g. unclassified, 

36 — g. Pelomonas, 37 — g. Papillibacter, 38 — f. Atopobiaceae g. unclassified, 39 — g. Staphylococcus, 
40 — f. Acidaminococcaceae g. unclassified, 41 — f. Peptococcaceae g. unclassified, 42 — g. Pseudo-

monas, 43 — g. Eubacterium nodatum, 44 — g. Anaerovoracaceae XIII AD3011, 45 — f. Sutterellaceae 
g. unclassified, 46 — g. Stenotrophomonas, 47 — g. Oscillospiraceae UCG-007, 48 — g. Ruminococca-
ceae CAG-352, 49 — g. Prevotella, 50 — g. Lachnospiraceae NK4B4, 51 — g. Izemoplasmatales, 52 — 

f. Eggerthellaceae g. unclassified, 53 — g. Ruminococcaceae, 54 — g. Defluviitaleaceae UCG-011, 55 — 

g. Ruminococcaceae UCG-001, 56 — g. Holdemania, 57 — g. Oscillibacter, 58 — f. Erysipelatoclostridi-

aceae g. unclassified, 59 — g. Escherichia-Shigella, 60 — g. Odoribacter,  61 — f. Xanthobacteraceae 
g. unclassified, 62 — g. Parabacteroides, 63 — g. Lachnospiraceae FCS020, 64 — g. Parasutterella (day 

60, Next-Generation Sequencing of 16S rRNA gene amplicons; n = 3, M±SEM; the vivarium ex-

peeriment, St. Petersburg, 2021). For a description of the groups, see the Materials and methods 

section. 
 

Nevertheless, the positive effect of the complex feed additive on the com-

position of the microbiome was manifested in a decrease in the number of a num-

ber of opportunistic and pathogenic microorganisms in the digestive system of 

rabbits. Thus, the species Staphylococcus sciuri [70] (0.075±0.006%) was present 

in the intestines of animals from the control group, while it was not present in the 

experimental group. Rabbit staphylococcosis is a dangerous disease that leads to 

pododermatitis, subcutaneous abscesses, mastitis, abscesses of internal organs, 

mainly lungs, liver, uterus. Arthritis, periodontitis, sinusitis and otitis media have 

also been described [71]. Despite the great importance of the species Staphylococ-
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cus aureus in causing staphylococcosis in rabbits, the clinical significance of Staph-

ylococcus sciuri seems to be increasing as the bacterium has been associated with 

various infections such as endocarditis, peritonitis, septic shock, urinary tract in-

fection, endophthalmitis, inflammatory diseases of the reproductive systems [72]. 

The absence of S. sciuri in the experimental group indicates the positive effect of 

the feed additive, which included a probiotic strain and a mixture of trace ele-

ments, which probably act in synergy. 
 

 

Fig. 4. Functional annotation of potential methabolic pathways in caecal microbiome  of Soviet chinchilla 

rabbits (Oryctolagus dominis) fed a complex feed additive based on the probiotic Bacillus subtilis 1-85 

strain and trace elements (day 60, Next-Generation Sequencing of 16S rRNA gene amplicons; n = 3, 

M±SEM; the vivarium expeerim, St. Petersburg, 2021). The data were obtained using the PICRUSt2 

software package (v.2.3.0) (https://github.com/picrust/picrust2). The scale reflects the intensity of 

potential metabolic pathways of the microbiome: blue is the lowest (minimum) intensity, red is the 

highest (maximum).For a description of the groups, see the Materials and methods section. 
 

As a result of the analysis carried out using the PICRUSt2 (v.2.3.0) soft-

ware package, we found 370 predicted metabolic pathways in the intestinal mi-

crobial community of rabbits of the studied groups. Statistically significant differ-

ences between the experimental groups (p  0.05) were revealed in 36 pathways 

(Fig. 4). In the intestinal microbiome of rabbits from group II, compared to group 

I, there was up to 4-fold activation (p  0.05) of 8 pathways related to protein 

metabolism (biosynthesis and conversion of amino acids, nitrogenous com-

pounds), 4 pathways related to carbohydrate metabolism (breakdown of various 

sugars), 3 to energy metabolism (methylcitrate cycle and glycolysis), 2 to the bio-

synthesis of alcohols, 1 to photorespiration, 1 to the assimilation of formaldehyde, 

1 to the degradation of myo-, chiro- and scillo-inositol, 1 to the synthesis of the 

cell wall and spore formation (teichic acid biosynthesis pathway). Interestingly, 

the dominant number of potential metabolic pathways (15 pathways) was associ-

ated with the degradation of aromatic compounds and xenobiotics, including the 

degradation of toxicants such as catechin, formaldehyde, 3-phenylpropanoate, and 

nylon-6 oligomer [73, 74]. An increase in the potential for degradation of xeno-

biotics in the intestines of rabbits from the experimental group could be associated 

with an increase in the number of bacteria Bacillus spp. Bacillus spp. have long 

been considered as potential biodestructors and bioremediators capable of decom-

posing various toxic substances due to the synthesis of various enzymes [75, 76]. 

An increase in the degradation pathway of myo-, chiro-, and scyllo-inositol 
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(PWY-7237) in the second experimental group compared to the control (p  0.05) 

could also be associated with an increase in the abundance of Bacillus spp. Previ-

ous studies have identified in Bacillus subtilis 1-85 a number of genes required for 

myo-inositol catabolism, including the iolABCDEFGHIJ and iolRS operons [77], 

as well as the iolT gene [78]. As for the enhancement of potential pathways in-

volved in protein metabolism in the experimental group, it is of interest to activate 

three pathways at once (HOMOSER-METSYN-PWY, MET-SAM-PWY, and 

PWY-5347) associated with the synthesis of L-methionine. This echoes the con-

clusions of foreign researchers [79], who suggested that methionine and threonine 

are produced by microorganisms of the caecum and enter the body of rabbits in 

the process of caecotrophy of soft feces. 

  It is worth noting that in growing rabbits, an excess of dietary protein 

can lead to a higher incidence of mucoid enteropathy [80, 81]. Current recom-

mendations for feeding rabbits tend to reduce the amount of protein in the diet 

and increase the fiber content in order to prevent digestive disorders [82]. Never-

theless, industrial rabbit breeding is interested in growing highly productive ani-

mals. According to G.G. Partridge et al. [83], there is a positive relationship be-

tween rabbit weight and protein requirements. Therefore, the possibility of reduc-

ing the protein content in the diet while maximizing the efficiency of synthesis 

and assimilation of amino acids in the digestive system as a result of the use of 

feed additives seems to be extremely relevant. 

Previously, a study [33] was conducted to identify differences in gut mi-

crobiota functionality in two commercial rabbit breeds, Elco and Ira, based on 

16S rRNA gene sequencing. An increase in the functional potential of the gut 

microbiome associated with bacterial chemotaxis, the conversion of pentose phos-

phate, fructose, mannose, and branched chain amino acids was revealed in Elco 

rabbits compared to Ira rabbits. The effect of feed additives on the metabolic 

potential of rabbits has not been studied before. However, similar work was carried 

out on cattle [32], pigs [84], and poultry [85]. On the example of Hyline Brown 

laying hens, it was shown [85] that a dietary probiotic based on Bacillus subtilis 
DSM 32324, Bacillus subtilis DSM 32325 and Bacillus amyloliquifaciens DSM 25840 

provided an increase in the activity of pathways associated with the metabolism of 

vitamin B6, retinol, phosphonates and phosphinates, tyrosine, biosynthesis of phe-

nylpropanoids, monobactams, pantothenates and CoA, RNA degradation. 

Thus, a complex feed additive which includes the strain Bacillus subtilis 1-

85 and a mixture of mineral components of Si, Fe, Cu contributed to a change in 

the blood levels of innate immune mediators of the Soviet chinchilla rabbits. The 

content of lysozyme and other blood bactericidal parameters, phagocytic activity, 

phagocytic index, phagocytic number in rabbits of test group II fed a complex feed 

additive were higher than in control group I (p  0.05). The NGS sequencing 

revealed higher values of the -biodiversity indices Chao1, Shannon and Simpson 

(p  0.05) in the test group vs. control. In the composition of the microbiome of 

the caecum of the intestines, 12 phyla of the kingdom Bacteria were found, among 

which Firmicutes dominated (80.2±6.2% in the control group, 78.2±7.4% in the 

test group). In the tes group, the abundance of Verrucomicrobiota, Actinobacteriota, 

Patescibacteria, Proteobacteria, and Desulfobacterota increased and the representa-

tion of Campylobacterota decreased. In test rabbits, the number of the genus Ba-

cillus increased by 2.82 times compared to the control group (p  0.05), which 

probably indicates colonization of the intestinal chyme by a strain of a probiotic 

microorganism introduced into the diet as part of a complex feed additive. Staph-
ylococcus sciuri was found in the intestines of control animals (0.075±0.006%). In 

the rabbit gut microbial community, we revealed 370 predicted metabolic path-

ways, 36 of which showed differences between the experimental groups (p  0.05). 
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In the intestinal microbiome of rabbits from the test group, compared to control, 

there was activation (p  0.05) of pathways related to the degradation of aromatic 

compounds and xenobiotics, to the protein, carbohydrate, energy metabolism, al-

cohol biosynthesis, photorespiration, formaldehyde assimilation, and degradation 

of myo-, chiro- and scillo-inositol, cell wall synthesis and spore formation. The 

dominant number of enhanced potential metabolic pathways is associated with the 

degradation of aromatic compounds and xenobiotics. It seems interesting to fur-

ther study other aspects of the beneficial effects of the introduced bacterial strain 

and the microelement complex on the host, in particular, the assessment of pro-

ductive indicators and the development of technologies for introducing the pre-

sented feed additive into the digestive tract. 
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