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A b s t r a c t  
 

The domestic rabbit (Oryctolagus cuniculus var. domestica L.) belongs to the few domesti-
cated species in which the wild ancestral species exists simultaneously with the domesticated one 
(M. Carneiro, 2014) that allows us to study the mechanisms underlying the processes of domestication. 
It should be noted that the genetic basis of domestication syndrome is still insufficiently studied 
(M.A. Zeder, 2006-2017). It is assumed that domestication is a unique form of symbiosis between 
humans and domesticated species that form a common habitat niche (M.A. Zeder, 2012). Research of 
symbiotic partners of such a niche allows us to accumulate information about the mechanisms of 
adaptation to it, including humans. In this regard, it is difficult to overestimate the importance of 
studying the domestic rabbit, because it has remained one of the main models in biomedical research 
for many decades (K.M. El-Bayomi, 2013). The unique physiological features of the rabbit explain its 
widespread use in the study of many human diseases. At the same time, we have not found any works 
that systematize current information on the fundamental biology of this domesticated species in com-
parison with its wild ancestral form. The purpose of this review is to summarize data on the population 
genetic structure (M. Carneiro, 2014; A.D. Stock, 1976), distribution of genomic elements (M. Car-
neiro, 2011), composition of microbiomes (M.S. Gómez-Conde, 2009), morphometric characteristics 
and physiological features (S.N. Bogolyubskii, 1959) of the domestic rabbit and ancestral subspecies of 
the European rabbit, including those that determine the value of O. cuniculus var. domestica not only 
as an economically valuable species, but also as a model object in various fields of biomedicine. The 
presented comparative analysis allows us to identify a number of phenotypic characteristics (J.L. Hen-
drikse, 2007; I. Brusini, 2018; P.S. Ungar, 2010), as well as a group of molecular genetic markers of 
genomic DNA, differentiating the domestic rabbit from the ancestral species (M. Sparwel, 2019). 
Distribution of alleles of different mobile genetic elements, microsatellites, separate structural genes 
involved in the domestication process of domestic rabbit, can improve the efficiency of genetic re-
sources management of not only this species but also other objects that are used in biomedical research, 
and for solving problems of selection work. 

 

Keywords: domestication syndrome, wild rabbits, domestic rabbits, DNA markers, endoge-
nous retroviruses, polylocus genotyping, microbiota 

 

The study of the genetic structure of domesticated species is a prerequisite 
for the development of methods for managing the genetic resources of economi-
cally valuable animals. Domestic rabbit Oryctolagus cuniculus var. domestica L. 
belongs to those rare domesticated species in which the wild ancestral species exists 
simultaneously with the domesticated one, which allows studying the mechanisms 
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underlying domestication. 
Rabbit breeding is currently actively developing, and, according to In-

dexBox, Inc. (Great Britain), the growth of world production of rabbit meat will 
maintain the current trend with the expected annual growth of the market about 
+2.3% (up to 1.8 million tons by 2025) (https://meatinfo.ru). At the same time, 
we did not find any works summarizing modern information on the fundamental 
biology of this domesticated species.  

This review aimed to compare the population genetic structure, distribution 
of genomic elements and phenotypic features of the domestic rabbit and its ancestral 
subspecies, the European rabbit, and also to summarize data on microbiome com-
position and physiological characteristics due to which the domestic rabbit is a 
model in various fields of biomedicine  

Domes t i c  ra bb i t  a s  an  ob je c t  o f  re s ear ch  and  u s e. The do-
mestic rabbit (Oryctolagus cuniculus var. domestica L.) has shared a common 
niche with humans for a long time. Domestication is a quantitative trait which 
varies from animals experiencing anthropogenic pressure to the most domesti-
cated and forming a common niche with humans [1]. Today, there is no con-
sensus on what domestication and domestication syndrome are, though this syn-
drome is common for taxonomically distant species [2-4]. According to a num-
ber of researchers [2], domestication is a unique symbiosis between humans and 
domesticated species that coexist in a single ecological niche.  

The new geological period in which human activity turned into a planetary 
transforming force, called the Anthropocene [5], affects the adaptation of animals 
to habitat conditions via interfering with their life cycles. In general, the domesti-
cation model indicates that the target of selection is not one species, but their 
community, that is, there is a coevolution of animals, humans, and other symbi-
onts, including those that are part of the microbiome in different species [1]. The 
study of the mechanisms of domestication makes a significant contribution to 
understanding appearance of new forms, artificial selection, methodology for man-
aging gene pools, breed formation and other microevolutionary processes.  

The European rabbit (Oryctolagus cuniculus L.) is the only recognized an-
cestor of the domestic rabbit, which, in its turn, is an important agricultural species 
with high-value dietary meat 90% of which can be utilized by the human, high 
productivity, early maturity, relatively simple use in fur farming, and also a unique 
biomedical model due to the peculiarities of physiology [6]. Rabbits as laboratory 
mammals are much closer genetically and physiologically to humans. In addition, 
high fertility and a short reproductive period make them the most convenient 
model for research as compared to other domesticated mammalian species.  

Due to the short life expectancy, relatively short gestation periods, multi-
ple births, low cost and availability of genomic and proteomic information, the 
domestic rabbit fills the gap between small laboratory animals, the mice and rats, 
and larger animals, the dogs and monkeys, in extrapolation of model experimental 
data to human. In some cases, this plays a crucial role, for example, in preclinical 
testing of drugs and diagnostic methods [7]. One of the visual contributions of 
rabbits to medicine is the discovery of statin, the most powerful lipid-lowering 
drug [8]. With the development of therapeutic methods, it became obvious that 
many human diseases cannot be properly investigated in small mouse-like rodents. 
Many clinical trials have been unsuccessful, perhaps due to use of these models in 
the experiments. Rabbits are models for studying human diseases and elucidating 
those specific issues that cannot be solved in rodents, which makes rabbit valuable 
in both biomedical and fundamental research [9]. An example is hereditary dis-
eases that are widespread in humans (aortic atherosclerosis, cataracts, hyperten-
sion, hypertrophic cardiomyopathy, epilepsy, osteoporosis, etc.). The production 
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of transgenic rabbits and those with knockout genes is a new impetus for the 
development of both therapeutic and diagnostic strategies in the future [10].  

It can be expected that a comparative analysis of the genome of the rabbit 
and other mammals will further increase its usefulness as a biological model. The 
study of epigenetic changes in regulatory genomic elements will contribute to the 
detection of gene networks underlying the adaptation of animals to environmental 
stress factors, and sequencing of rabbit genomes will make it possible to identify 
and compare critical regulatory elements of this process, structural genes and their 
interactions in rodents, lagomorphs and primates.  

The domestic rabbit is one of the youngest domestic species. It is char-
acterized by an exceptionally high phenotypic diversity. More than 200 breeds 
of rabbits are known [11], which are bred for both commercial and research 
purposes [12-15]. Commercial interests include the production of meat, fur, 
wool, and therapeutic proteins; in addition, rabbits are used as pets and com-
panions [16-18]. At present, breeding continues, including a significant contri-
bution of marker assistance selection (MAS) and genomic selection based on 
identification of SNP polymorphisms of structural genes and regulatory genomic 
elements controlling various metabolic pathways associated with meat and wool 
productivity, reproduction, and resistance to various diseases [19, 20]. To date, 
complete sequencing of the genome of the domestic rabbit has been performed 
(https://www.ncbi.nlm.nih.gov/assembly/GCF_000003625.3#/def, the reference 
genome deposited in NCBI GenBank), the whole genome sequences of domestic 
and wild rabbits have been compared, single nucleotide polymorphisms (SNPs) 
have been revealed, and genomic regions with polymorphisms associated with 
the variability of phenotypic characteristics have been identified and described 
[21, 22].  

Taxonomy of  the  domest ic  rabb i t. Rabbits and hares belong to 
class Mammalia Linnaeus, 1758 (mammals), the order Lagomorph Brandt, 1855 
(hare-like) (91 living species in total), divided into two families, Ochotonidae 
Thomas, 1897 (pikas) and Leporidae Fischer, 1817 (hares, rabbits ) [23], which 
evolved at the border of the Cretaceous and Paleogene periods about 53 million 
years ago and are in the same main group of mammals as rodents and primates 
[24]. The specific features of organs and body systems are the basis for dividing 
rabbits and hares into two very similar externally, but separate species. The kary-
otype (2n) in these two species is different, i.e. 44 chromosomes in rabbits and 48 
chromosomes in hares [25-28].  

The h is tory o f  the  or ig in  o f  the  domest ic  r abb i t. It is assumed 
that the domestication of rabbits is began about 12 thousand years ago [29]. The 
Romans were the first to documentarily record the wild ancestors of the domestic 
rabbit, involved in domestication from a geographically limited population of the 
Iberian Peninsula and southwestern France. Archaeological data show that rabbits 
were widely used in these areas during the Paleolithic, Mesolithic and early Neo-
lithic periods [30, 31]. 

There is historical evidence that rabbits were the first animals to be kept 
in captivity in large enclosures for meat production in the Iberian Peninsula during 
the Roman occupation in the 1st century BC [32]. Marcus Terentius Varro, Ro-
man encyclopedic scholar and writer of the 1st century BC, kept rabbits together 
with hares in leporaria, the cages for keeping wild animals [33] and fattened them 
before slaughter [34], but this form of keeping did not significantly affect the 
behavioral characteristics of animals [35].  

Historical records suggest that directed breeding of rabbits probably began 
around AD 600 in French monasteries by the decree of Pope Gregory I the Great 
(Gregorius PP. I), who argued that the carcasses of newborn rabbits should not 
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be implied as meat, so could be eaten during fasting [11, 32, 36]. Later, numerous 
errors in the citation of the late 6th century manuscript written in Latin were 
revealed. Thus, the idea that rabbit meat was popular during the fast is not docu-
mented [37].  

It is known that rabbits were deliberately brought to Europe in the mid-
dle of the 10th century, since even then their meat was considered a delicacy 
[36]. The first morphological changes in the skeleton, involving occipital bones, 
xiphoid processes of the sternum, acromion of the scapula, coincide with the 
early data on rabbits as domestic animals in the 18th century [36].  

Domestication of rabbits, like other species, was the result of a continuous 
dynamic process that reflects gradual interactions between humans and animals 
[38]. It is necessary to consider domestication and associated biological changes 
as a single process [3]. It includes the relationship between humans and domesti-
cated animals with spatial and temporal transformations of these relationships, 
including the intensity of the pressure of artificial selection, which entails both 
changes in the genetic structure and the emergence of new morphological forms. 
Rabbits were hunted in the II millennium BC, placed in Roman leporaria, trans-
ported to the Mediterranean islands, kept in artificial conditions, and reproduced 
upon cage keeping. As a result, it was only in the 18th century that rabbits acquired 
the first phenotypic traits of domesticated ones, distinguishing these individuals 
from wild ones, and were first used as domestic animals. None of the listed stages 
can be classified as a special “step” of domestication, but in aggregate they formed 
in rabbits a complex of traits corresponding to domestic animals [37].  

From the beginning of the 9th century, thanks to Phoenician traders in 
the Mediterranean (Fertile Crescent), the global distribution of rabbits as domestic 
animals bred for meat and skins began. Later (in the Middle Ages) rabbits were 
brought to the British and other islands of the northeastern Atlantic Ocean, as 
well as to Australia, Chili, New Zealand, North and South Africa.  

Modern rabbit breeds are characterized by a wide phenotypic diversity 
associated with complex molecular genetic mechanisms [11]. Domestic rabbits 
differ significantly from wild ancestors and have many morphological variations in 
body weight, constitution, quality and color of the hairline, ear length, skull struc-
ture, changes in the size of the brain, etc., as well as in behavioral traits such as 
reducing the level of fear and aggressiveness [39].  

Morpholog ica l and anatomical  d if ferences between domes-
t icated rabbit and wild ancestor. Domesticated forms of rabbits differ from 
their wild ancestor in the morphology of the occipital bones, the xiphoid process 
of the sternum, the acromion of the shoulder blades, vertebrae (the processes are 
more branched and thickened), the lower jaw, and the position of the auditory 
meatus in rabbits with one drooping ear (half-lop rabbits). The ratio for live weight 
of wild and domesticated rabbits is 1:2.17, for body length 1:1.41, and for skull 
volume 1:1.15. Thus, the size of the skull and, consequently, the brain, as shown 
by body measurements in wild and domestic individuals, increased insignificantly, 
which is explained by the small width of the skull relative to its length in all 
domestic rabbits. Domesticated species are characterized by the absence of pro-
nounced tubercles and roughness on the bones in the places of muscle attachment, 
which is due to a general weakening of the muscles [40].  

With an increase in body size in rabbits, changes in the cervical vertebrae 
occurs, that is, the third vertebra, due to the development of the transverse pro-
cesses, becomes similar to the fourth, which, in turn, approaches the fifth vertebra 
[40].  

 Morphogene t ic  processe s and morphologica l  d i f f erence s. 
The skull, given its complex structure already during embryonic development 
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(neu-ral crest, pharyngeal arch, dermatocranium, and endocranium), the most 
informa-tively characterizes morphological diversity [40, 41]. In evolutionary time 
scales, the total number of heterochronous events (i.e. occurring unevenly with a 
temporal discrepancy) which lead to changes in the size, shape and functions of 
organs is large in a dog, cat, domestic horse, sheep, llama, and rabbit [42]. Since 
morphological transformations during the transition from a wild ancestor to a 
domesticated form are mediated events, involve, in particular, some species-spe-
cific processes, and can be manifested with varying intensity, the established gen-
eral anatomical features characteristic of domestic animals should not be recog-
nized as a “domestication syndrome” [43]. The species-specific structure of the 
skull and the change in its proportions during growth is probably one of the most 
important factors providing morphological diversity [44]. 

Non-isometric (or allometric) growth forms the potential for morpholog-
ical variability [45], since even with minor changes in body size it leads to different 
proportions in animals [46]. In contrast, isometric growth means that two indi-
viduals of different sizes tend to be similar in body proportions. The difference in 
the skull sizes of rabbits domesticated in the Middle Ages [32] has not been quan-
titatively determined, but their skulls differ significantly phenotypically [11]. The 
height of the coronal suture indicates a positive allometry in all studied individuals, 
which is presumably associated with accelerated growth in the postnatal period. 
Hence, it follows that the domestication syndrome for a rabbit is apparently char-
acteristic only during embryogenesis [47]. 

Comparative morphometry of wild (Oryctolagus cuniculus L.) and domesticated 
(Oryctolagus cuniculus var. domestica L.) rabbits (M±SEM) [48] 

Species Live weight, kg Brain volume, ml Amygdala reduction, % 
Medial frontal cortex  
volume, % 

Domestic rabbit  4.12±0.25 9.55±0.35 10.1 12.1 
Wild ancestor  1.07±0.04 7.98±0.26 8.7 11.1 

 

The proportion of brain volume to the skull size in domestic animals com-
pared to their wild ancestors was found to decrease [48]. So, in spite of the large 
live weight of domestic rabbits as compared to wild ones (Table), they have a 
slightly larger absolute brain size (see Table), the contraction of the right and left 
amygdala in the domesticated rabbit is greater, the volume of the right and left 
medial frontal cortex increases. This may be one of the factors reducing fear and 
aggressiveness towards humans in domesticated species, since a decrease in the 
size of the amygdala with a relative increase in the medial prefrontal cortex in 
domestic animals, including rabbits, compared to wild individuals, entails changes 
of unconditioned reflex behavior [49, 50)]. For example, in rabbits adapted to life 
in captivity and to close contact with humans, the manifestation of the protective 
reflex is reduced and mediated by the absence of the need for the “fight or flight” 
response [51]. 

Data on the average size of the skull and dental arches indicate that the 
skull of wild rabbits is somewhat wider and shorter than that of domestic rabbits. 
Domestic rabbits have a relatively long skull with a nasal bone protruding forward 
above the incisors, while wild rabbits have a relatively short skull and nasal bone. 
Elongation of the roots of incisors and diseases such as periodontal disease are 
more often observed in domestic rabbits [52-54]. Radiographs reveal relatively 
high crowns in domestic rabbits as compared to wild animals, which is due to the 
different diets [55, 56] and, possibly, also depends on anthropogenic factors af-
fecting the animals [55]. Teeth with long crowns and short roots are compensated 
for by intense abrasion during food intake, typical of rodents, and are considered 
as an evolutionary adaptation to the high rigidity (abrasiveness) of plants due to 
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the increased content of silica characteristic of phytoliths in herbs [52, 57-59].  
In a domestic rabbit, there is a displacement of the points of muscle at-

tachment, for example, the position of the occipital tubercle. The antegonial notch 
of the mandible is located on a vertical line relative to the last molars in wild 
rabbits, while in domestic rabbits it is located behind. The diastema between the 
two anterior incisors is also affected by changes in the shape of the skull. The 
evolution of the skull and lower jaw in rabbits was regulated by ecological adapta-
tion [60], including locomotion (movement of animals in space due to their active 
actions) [61] and types of nutrition [62, 63]. Constant wear of teeth with long 
crowns and short roots is mainly associated with abrasive nutrition due to the 
increased amounts of lignin, cellulose, and hard silicate phytoliths in grasses and 
other plants [64]. The ramus of the lower jaw is higher relative to the position of 
the angular process, which is displaced dorsally, which leads to a decrease in the 
distance between the joints of the jaw and the muscles of the angular process (deep 
and superficial musculus masseter) in domestic rabbits compared to wild ones [65]. 
The part of the lower jaw that lies ventral-caudal to the notch of the lower jaw 
(reaches the end of the posterior dorsal point of the angular process) is more 
pronounced in domestic rabbits than in their wild ancestors. Wild rabbits differ 
from domestic rabbits by highly developed jaw muscles and increased bite force, 
which is provided by a shorter skull length and vertically located jaw muscles, 
while in an elongated skull the muscles are located at an angle and the bite force 
decreases [66]. Due to the consumption of large amounts of hay by rabbits [67], 
retrograde lengthening of the tooth root occurs, which leads to various patholog-
ical processes and a decrease in appetite [68, 69].  

Divers i ty of  the inte st inal microb io ta of w ild and domest i-
cated rabb it s. The development of the mammalian gut microbiota begins with 
the colonization of the sterile gastrointestinal tract of a newborn animal with 
bacteria through vertical transfer from mother to offspring [70]. Bifidobacteria 
play a key role in various biological processes, such as suppression of putrefactive 
and pathogenic microorganisms, as well as the capability of carbohydrate diges-
tion [71].  

Bifidobacterium longum and Bifidobacterium adolescentis are present in 95.5 
and 91.0% of all mammalian species, Bifidobacterium pseudolongum and Bifidobac-
terium bifidum in 85.0%. It was found that bifidobacterial biodiversity, including 
the abundance in the microbiome of species B. magnum, B. bifidum, B. boum, B. 
mongoliense, B. new_taxa_10, B. new_taxa_50, B. new_taxa_23, B. new_taxa_59, 
B. new_taxa_54 [72], is higher in domesticated species than in wild ones, which 
confirms the hypothesis that contact with humans, life in captivity, and pressure 
of artificial selection contribute to the acquisition of new bifidobacterial taxa by 
mammals.  

In wild rabbits, 58 different types of microbiome have been characterized 
[72], which differ from those in domesticated ones. The feeding habits of wild 
rabbits are largely determined by their area [73], the availability of forage re-
sources, pressure from predators and population density. Herbs with a high content 
of structural polysaccharides are the main food for them [74].  

Enzymatic profiles, abundance and diversity of gut bacterial community 
of wild and domestic rabbits have significant differences, e.g. the pH of the cecum 
content in wild rabbits is more acidic, the ammonia content is lower, and the level 
of volatile fatty acids is higher compared to those of domestic rabbits [75]. 

Valeric acid produced by the gut microbiome is found in 87% of domestic 
rabbits and only in 68% of wild rabbits. The presence of isobutyrate and isovaleric 
acid is characteristic only of wild rabbits, and is detected in only 25% of animals. 
Despite the fact that the molar fraction of acetates in wild rabbits is lower, the 
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proportion of butyrates is higher compared to domesticated rabbits [75].  
The amount of soluble fiber in the diet of domestic rabbits is known to 

influence the bacterial diversity [75]. Bacterial profiles differ not only between wild 
and domestic animals, but also between groups with a different type of diet, i.e. 
with low and high levels of soluble fiber. Differences in the abundance of bacteria 
in domestic rabbits depend on the proportion of soluble fiber in the diet, i.e. a 
large intake of easily digestible substances into the cecum promotes the reproduc-
tion of bacteria) [76, 77]. In wild individuals, dry matter assimilates by better than 
in domesticated rabbits (58 and 37 g of dry matter per 1 kg of live weight, respec-
tively, or by 55%) [78]. 

Gene t ic  mod if ica t ions in  the  course  o f  domest ica t ion. As 
noted above, the European rabbit (O. cuniculus) is the only recognized ancestor 
of domestic rabbits. This species is widespread in the Iberian Peninsula, where 
about 1.8 million years ago it diverged into two subspecies, the O. cuniculus 
algirus which lived in the southwestern part of the Iberian Peninsula, and O. 
cuniculus cuniculus which area included the northeast of the Iberian Peninsula 
and France [21].  

Despite the fact that secondary contact in the Pleistocene led to the 
genetic similarity of both subspecies, O. c. algirus and O. page. cuniculus retain 
pronounced distinctions [79]. There are significant differences in the polymor-
phism of chromosome X regions in the pericentromeric region and distal regions 
adjacent to the telomeres. It is assumed that the pericentromeric region of the 
X chromosome that can be involved in the determination of reproductive isola-
tion between the two subspecies [80].  

It is known that the level of intrabreed and species genetic polymorphism 
for some DNA markers in rabbits is 0.2% [9], whereas the modern rabbit differs 
from its wild ancestor by 60%. Rabbit breeds are relatively young, the coefficient 
of inbreeding of subpopulations relative to the entire population (correlation be-
tween randomly selected gametes within the subpopulation, FST) [81] is 17.9%. 
This suggests that rabbits which were the predecessors of the breeds constituted 
the closed gene pools, which contributed to the accumulation population genetic 
differences in breeds [21]. A retrospective analysis of population genetic processes 
shows [82] that the initial population of rabbits involved in domestication num-
bered less than 1200 individuals [9].  

The changes found in structural genes, e.g. GPC3 (https://www.gene-
cards.org/cgi-bin/carddisp.pl?gene=GPC3) and GPC4 (https://www.genecards.org/cgi-
bin/carddisp.pl? gene=GPC4), encoding proteins Glypican-3 and Glypican-4 in-
volved in the control of cell division, indicate the effect of artificial selection [83, 
84]. The gene networks involved in the control of cell division, including the GPC3 
and GPC4 genes, can be an indirect target of selection, since body size has his-
torically been the first selectable trait in rabbits [32].  

The domestication of the rabbit, as per the available data on the haplotypes 
of the mitochondrial DNA D-loop, apparently caused a noticeable loss of genetic 
diversity, as in most domesticated species. The bottleneck effect is a common 
feature of domestication leading to a decrease in genetic variability in mitochon-
drial DNA, which correlates with a decrease in selection efficiency [85]. There is 
a constant decrease in genetic variability at microsatellite loci, mitochondrial DNA 
and the gene encoding the transcription factor (Sex-Determining Region Y Pro-
tein, SRY) (https://www.ge-necards.org/cgi-bin/carddisp.pl?gene=SRY, 86), which 
is probably due to the small populations of rabbits historically bred in isolation 
[9]. The domestic rabbit is characterized by increased expression of genes sox6 
(transcriptional regulation factor SOX6) (https://www.genecards.org/cgi-
bin/carddisp.pl?gene=SOX6), as well as prom1 (Prominin 1) (https://www.ge-
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necards.org/cgi-bin/carddisp.pl?gene=PROM1&keywords=PROM1) encoding the 
CD133 antigen. These two genes are involved in modulation of brain development, 
and their expression levels were higher in domesticated species [87]. 

Some of the known genetic processes associated with domestication and 
phenotype occur in the same genes in different types of domestic animals. For 
example, a certain coat color in dogs [88], pigs [89], horses [90], and feathers in 
chickens [91] is associated with mutations in the gene encoding the agouti-mela-
nocortin 1 receptor (MC1R) [92]. In laboratory mouse strains, a mutation in the 
promoter region of ASIP (Agouti Signaling Protein) gene was found which is as-
sociated with a retroviral insert and leads to the appearance of a black-brown 
phenotype. In rabbits, it is believed that there are three ASIP alleles, including the 
at allele which determines the black-brown coat color [93]. 

In domestic rabbits, an increased expression is typical for Periplakin (PPL) 
(cytoskeleton-associated protein) [94], with a decreased expression for myosin 5C 
(MYO5C, a fibrillar protein, one of the main components of contractile fibers of 
muscle tissue) [95]. Despite this, changes in the sequences of cis elements that 
regulate the expression of these genes have not been identified [87, 96]. The data 
on linkage disequilibrium of allelic variants of a number of microsatellites indicate 
that the values of genetic variability parameters (heterozygosity, proportion of pol-
ymorphic loci, genetic distances) in the domestic rabbit are lower than in wild 
ones [9, 97]. At the same time, for a number of other genomic elements, increased 
polymorphism is observed. E.g., in some lines of the domestic rabbit, a large num-
ber of allelic variants for sperm proteins have been identified [98].  

The difference in the expression of some genes in domestic animals and 
their wild relatives is likely associated with genetic transformations of gene net-
works, changed predominantly under the influence of artificial selection. In addi-
tion, since the earliest genomic studies of domesticated species in comparison with 
closely related wild species, it has been found that artificial selection involves in 
reproduction animals with certain characteristics of genes associated with the func-
tions of the immune system [99]. 

Immunoglobulins (IgG) are a key component of the adaptive immune 
system, linking antigen recognition to its elimination through several effector func-
tions. IgG is the predominant serum immunoglobulin with a wide spectrum of 
functional activity, including binding to antigens on the cell surface and interac-
tion with the complement system [100, 101]. The assessment of the genetic diver-
sity of wild populations and domesticated breeds for IgG was previously carried 
out using serological analysis of their polymorphism using the antigen spectra [102, 
103], on the basis of which a high genetic diversity was proved in the populations 
of Iberian rabbits. 

In mammalian genomes, among the dispersed repeats, endogenous retro-
viruses are widely represented which are derivatives of exogenous viruses that have 
lost their infectious usefulness, but retained the ability to reproduce through own 
reverse transcriptase and to move to new genomic regions. Comparison of distri-
bution of endogenous retrovirus (ERV) in domestic rabbit and the ancestral Eu-
ropean subspecies, as a rule, indicates the closeness of their origin [21]. Retrovi-
ruses integrate a proviral copy of DNA into the host germ line and are thus in-
herited [104]. ERVs are identified in the host genomes by their similarity to the 
sequences of exogenous retroviruses of the same genus [105]. The presence and 
movement of ERVs in the host genome leads to a rearrangement of genomic 
sequences, which, in particular, promotes the formation of recombinants of en-
dogenous retroviruses, as well as the preservation of specific retroviral regions, for 
example, single long terminal repeats (Long Terminal Repeats, solo-LTR) [106]. 
The wide distribution of ERVs in mammalian genomes makes it possible to use 
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homologous sequences to reconstruct phylogenetic relationships, including for dif-
ferent groups of rabbits [107]. In particular, a comparative genomic analysis of 
single nucleotide substitutions (SNP) and the distribution of endogenous retrovi-
ruses (ERV) in two subspecies of the wild rabbit (French and Spanish, O. c. cu-
niculus and O. c. algirus) and in the domestic rabbit revealed a high diversity of 
ERV in the European rabbit which is due to numerous evolutionary events (do-
mestication, hybridization, and breed formation) [108]. Relatively greater similar-
ity in the ERV distribution was found between the French subspecies and the 
domestic rabbit compared to the Spanish subspecies. Overall, the wild species has 
a greater ERV diversity than the domestic rabbit. At the same time, certain ERV 
families predominantly reproduced in domesticated animals in contrast to the 
original subspecies. 

Molecular methods give new tools in animal husbandry, which make it 
possible to quickly and accurately identify animals, as well as assess their consol-
idation and population genetic features of formation; the uniqueness of gene pol-
ymorphism and ERV distribution can contribute to the development of methods 
for managing genetic resources [109].  

So, the domestic rabbit is widely used for various agricultural and biomed-
ical purposes. In addition, it is one of the rare examples of a domesticated species 
living concurrently with an ancestral wild species, which opens up unique oppor-
tunities for researching the domestication processes and the “domestication syn-
drome” common for species from remote taxa. Managing the genetic resources of 
this unique species depends on clarification of the phenotypic, population genetic 
and other biological parameters that distinguish the domestic rabbit from the an-
cestral European subspecies. The comparative analysis allowed identification of a 
number of phenotypic characteristics that differentiate the domestic rabbit from 
the ancestral species. We also highlighted a group of genomic DNA markers as a 
tool for animal identification and gene pool consolidation in order to control ge-
netic resources and to involve valuable donors in breeding based on the modern 
methods. The revealed patterns can be extended to other domestic animals, which 
is necessary both in biomedical research and in addressing the problems of food 
production and processing.  
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A b s t r a c t  
 

Monocytes and macrophages are the targets for many animal lentiviruses, including the eq-
uine infectious anemia virus (I.P. Savchenkova et al., 2017). The complexity of the pathogenesis and 
insufficient knowledge of retroviral infections necessitate the search for an adequate cellular model for 
their in vitro study. In this regard, obtaining macrophages via directed differentiation of embryonic 
stem cells (ESCs) in vitro, including those genetically transformed with equine gene, is of interest for 
veterinary medicine (I.P. Savchenkova et al., 2016). Mouse ESCs isolated from preimplantation em-
bryos (M.J. Evans et al., 1981; G.R. Martin, 1981) have unique properties compared to other cell 
types (T.C. Doetschman et al., 1985; I.P. Savchenkova et al., 1996; A.M. Wobus et al., 2003), namely 
an unlimited capacity to proliferate and form all types of cells of the embryo and adult organism in 
vitro. They can be a valuable source for in vitro production of all types of mammalian tissues and 
organs for experimental research, including for the study and modeling of early hematopoiesis in vitro. 
The review discusses issues related to the in vitro hematopoietic differentiation of ESCs (A.L. Olsen et 
al., 2006; I. Orlovskaya et al., 2008; J.A. Briggs et al., 2017). For this, various methodological ap-
proaches are used, which have advantages and disadvantages. Effects of cytokines, hematopoietic 
growth factors, and feeder layers, e.g. a monolayer of stromal cells, on differentiation in vitro of ESCs 
are under consideration. The attention extremely focuses on indirect method of differentiation by 
creating embryonic bodies (EBs) in vitro and simulating a microenvironment for differentiation. The 
microenvironment is shown to activate the hematopoietic cytodifferentiation pathways in mouse ESCs. 
It has been demonstrated that the conditions of culture and differentiation in vitro closest to those 
enabling hematopoiesis development in vivo, increases the efficiency of hematopoietic differentiation 
of ESCs. It is necessary to continue the search for a panel of factors that selectively direct the devel-
opment of ESCs in the mesoderm and prevent their differentiation into ectoderm and endoderm. 
Obtaining new data will improve existing and develop new methods for creating specialized homoge-
neous populations of blood cells and the immune system in vitro with desired properties. Methods are 
currently being developed that make it possible to obtain macrophages in culture from ESCs (A. 
Subramanian et al., 2009; L. Zhuang et al., 2012; M. Pittet et al., 2014). Data are presented, including 
the author’s own findings, on the role of the microenvironment in the differentiation of ESCs into 
macrophages in vitro. An indirect method of ESC differentiation through the creation of EBs in vitro 
and imitation of the microenvironment (addition of recombinant cytokines, the interleukin 3 and 
granulocyte macrophage colony-stimulating factor) can be considered as a more promising way to 
obtain macrophages in vitro. An understanding of the regulatory mechanisms that drive the innate 
immune system may contribute to more effective research on lentiviruses with tropism for these cells. 
Obtaining a homogeneous cell population of monocytes and macrophages from ESCs in culture  opens 
up new opportunities for studying the dependence of replication lentiviruses on the degree of cell 
differentiation. 

 

Keywords: mouse, embryonic stem cells, embryonic bodies, differentiation, hematopoietic 
niche, hematopoietic stem cells, growth factors, cytokines, mononuclear phagocyte system, lentivi-
ruses, macrophages, production, in vitro 
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The complexity of the pathogenesis and insufficient knowledge of retrovi-
ral infections necessitate the search for an adequate cellular model for their study 
in vitro. Monocytes and macrophages are targets for many animal lentiviruses, 
including equine infectious anemia virus [1]. For many years, macrophages for 
research were derived from monocytes isolated from animal peripheral blood, 
which required a significant blood amount. The use of several donors led to the 
need for multiple blood sampling, since diploid macrophages multiply in culture 
for a limited time. Attempts have been made to create immortal cultures of 
canine (DH82) [2] and horse (EML-3C, e-Cas) macrophages [3, 4] sensitive to 
infectious anemia, which have been deposited to in the American Type Culture 
Collection (ATCC®, https://www.lgcstandards-atcc.org/Products/Cells_and_Mi-
croorganisms/Cell_Lines.aspx?geo_country=ru). However, the continuous e-Cas 
line of horse macrophages turned out to be murine macrophages [5]. Therefore, 
generating macrophages via directed differentiation of mouse embryonic stem cells 
(ESCs) in vitro, including genetically transformed with horse genes, is of interest 
for veterinary medicine. 

Mammalian ESCs are a promising in cytodifferentiation research [6]. 
Mouse ESCs isolated from pre-implantation embryos in 1981 [7, 8] have unique 
properties [9-11] compared to other types of cells. In ESCs, a huge library of pre-
synthesized mRNA for genes of early embryogenesis and organogenesis has been 
identified. ESCs are capable to respond to all signals that regulate embryogenesis, 
and the timing of activated expression of the main developmental genes coincides 
in post-implantation embryos and in the culture of embryonic bodies (EB) [12]. 
This makes it possible to create in vitro model systems that repeat embryonic 
events in order to identify genes and molecular signals responsible for the fate of 
cell specialization and proliferation, which opens up tremendous opportunities for 
studying the functional programs of the mammalian genome. ESCs have unlimited 
ability to form in vitro all types of cells of the embryo and adult organism, includ-
ing trophoblast and germ cells [13]. They can be considered as a valuable source 
for in vitro production of all types of mammalian tissues and organs for experi-
mental analysis [14-16], including for the study and modeling of early hematopoi-
esis in culture [17-19].  

The first experiments which tried to achieve the development of hemato-
poiesis in murine ESCs included generation of hematopoietic stem cells (HSCs) 
[20] and determination of the role of different factors in their formation [21-23]. 
The experimental approaches used were empirical, and the knowledge about the 
hematopoietic system ontogenesis was not applied. Assessment of ESC differenti-
ation in HSC was based on morphological changes and the study of gene expres-
sion of hematopoietic markers [24, 25]. Cell cloning and in vitro analysis have 
rarely been used to assess production of HSCs and more specialized blood cells. 
The lack of knowledge about the cellular structure of the hematopoietic niche in 
mammals due to its complexity explains the inability to restore the microenviron-
ment in vitro to maintain and expand HSCs and their derivatives. 

Let’s recall that the concept of the hematopoietic niche was introduced 
more than three decades ago [26]. Since then, our understanding of niche biology 
has expanded significantly [27-29]. At present, it is generally accepted that the 
bone marrow stroma, i.e. its cellular and extracellular components, plays a key 
role in the regulation of HSC self-renewal and specialization. Experimental in-
duction of ESC differentiation into a hematopoietic line is based on the use of 
feeder layers from a monolayer of cells of various origins, including those produc-
ing hematopoietic factors, on indirect differentiation through the formation of EB 
in culture, on application of mixtures of growth factors, or on various combina-
tions of these protocols [30-32].  
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This paper reviews approaches to hematopoietic differentiation of embry-
onic stem cells vial in vitro simulation of a hematopoietic niche, and discusses the 
opportunities of obtaining macrophages from ESCs. 

Dif f e rent ia t ion o f  mouse  ESCs us ing  f eeder  laye r s. The func-
tion of niche cells is mediated by molecules associated with the cell membrane, 
soluble factors, and extracellular matrix molecules that are produced by these same 
cells. Attempts to restore a functional hematopoietic niche in vitro have not yet 
been crowned with success, but have led to the creation of cell lines supporting 
hematopoiesis. It has been shown that osteoblasts, endothelial and fibroblast-like 
cells are involved in the regulation of HSC self-renewal in the bone marrow [33-
35]. Some of these cell lines have been successfully used as inducers of hemato-
poietic differentiation of mouse ESCs [36, 37]. The use of supporting cell mono-
layers (feeders) will help identify molecules that are important for the differentia-
tion of ESCs. Currently, various stromal cells isolated from the embryonic liver, 
bone marrow, and the stromal-vascular fraction of subcutaneous adipose tissue are 
used as feeder layers. Such cultures, alone or in combination with growth factors, 
are methodologically successful for the induction of hematopoietic in vitro differ-
entiation of ESCs.  

OP9 stromal cell line derived from the bone marrow of mutant mice [23] 
was one of the first cell lines used to induce the differentiation of murine ESCs 
into hematopoietic cells. Due to a mutation in the M-CSF gene, cells do not 
produce a functional macrophage colony-stimulating factor (M-CSF). M-CSF is 
a cytokine involved in the proliferation, differentiation and maintenance of mon-
ocytes and macrophages. Cells with a defective M-CSF gene do not secrete it; 
therefore, their use as a feeder layer could prevent the differentiation of ESCs into 
macrophages. Later, it was demonstrated that M-CSF does not affect the ability 
of feeder cells to maintain hematopoietic differentiation of ESCs [24]. Cultivation 
of ESCs on feeder layers from OP9 cells led to the formation of HSCs in culture, 
from which erythrocytes, myeloid and lymphoid cells were then obtained [38]. 
Hematopoietic differentiation of ESCs using OP9 feeder was more effective when 
growth factors that support hematopoiesis were added to the nutrient medium. 
Thus, the culture of ESCs on a monolayer of OP9 cells in combination with 
thrombopoietin and interleukins 6 and 11 (IL-6 and IL-11), which maintain the 
megakaryocyte line in the bone marrow, led to in vitro formation of platelet-
producing megakaryocytes [39].  

There are reports of the successful use of bone marrow stromal cells of the 
MS-5 line as a feeder layer for the induction of ESC differentiation into megakar-
yocytes. The growth medium was supplemented with thrombopoietin (Tpo), fi-
broblast growth factor 2 (FGF-2), erythropoietin (Epo), hepatocyte growth factor 
(HGF), stem cell growth factor (SCF), a mixture of interleukins 3, 6, 11 (IL-3 , 
IL-6, IL-11) and granulocyte colony-stimulating growth factor (G-CSF) [40-42].  

It was also reported about the use of the stromal ST2 cell line derived from 
the bone marrow of mice to induce ESC differentiation [43]. At the first stage, 
ESCs were cultured in a semi-liquid methylcellulose medium (MT), then the cells 
were washed and cultured on a monolayer of ST2 cells in the presence of inter-
leukin 7 (IL-7), a factor that is known to direct the development of adult HSCs 
into lymphoid line. The authors showed that in this co-culture, ESCs are able to 
form immature precursors of lymphocytes which can further specialize in vitro 
into mature B and T lymphocytes.  

PA6 cells from the stromal-vascular fraction of subcutaneous fat were suc-
cessfully used as a feeder layer [44, 45[. Data on the study of multipotent mesen-
chymal stem cells as feeder layers for directed induction of ESC hematopoietic 
differentiation are of interest [46-48].  
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D i f f e r e n t i a t i o n  o f  ESCs b y  c r e a t i n g  e m b r y o n i c  b o d i e s  
w i t h  s u b s e q u e n t  m i c r o e n v i r o n m e n t i m i t a t i o n. ESC differentia-
tion depends not only on certain molecular stimuli produced by feeder layers and 
provided by mixtures of cytokines, but also on the specific physical conditions in 
which the cells are cultured. It has been described, including by us [49], that ESCs 
in culture strive to create three-dimensional structures that resemble the early 
development of embryos. In these structures, called embryonic bodies (EBs), var-
ious types of cells develop, including hemangioblast stem cells, precursors of HSCs 
(hemocytoblast), and blood vessel endothelial stem cells (angioblast). The main 
feature of murine ESCs in vitro differentiation is its staging. All differentiation of 
ESCs occurs through the formation of initially simple, then complex cystic EB [9, 
10]. In contrast to murine ESCs, most human ESC lines do not have the stage of 
formation of simple EBs in vitro due to the heterogeneity of colonies [50].  

Various methods used to obtain EBs include culture depletion, high cell 
concentration of inoculum, blocking cell adhesion in Petri dishes with ultra-low 
attachment [51, 52]; the use of suspended drip cultures [53-55]; the use of methyl-
cellulose (MT) or other semi-liquid media, or culturing in porous sponges [56, 
57]. At the first stage, in all of the above methods, ESCs are induced to differen-
tiate by changing the culture conditions via removal of the feeder layer and factors 
that prevent differentiation, for example LIF, the leukemia inhibitory factor. 
Changes in the concentration of cells for inoculation or density of the feeder layer, 
unusual methods of removing ESCs from the substrate, and suspension cultures 
are also used. In four days, all of the above manipulations lead to the formation 
of simple EBs, the three-dimensional spherical structures consisting of cells at the 
initial stages of differentiation. Endodermal cells make the outer layer of such 
bodies. They form a basal membrane resembling Reichart’s membrane, the com-
ponents of which are synthesized in normal embryogenesis by the cells of the 
parietal endoderm. The population of undifferentiated ESCs, which continue to 
divide, remains at the center of simple EBs. If cultivation in suspension lasts more 
than four days, the cystic EBs are formed from simple EBs. They are characterized 
by the presence of a cavity inside, which is filled with liquid, and the inner surface 
of the EB is lined with ectodermal cylindrical cells. If such aggregates are trans-
ferred to a surface that promotes adhesion, for example, coated with gelatin, then 
cystic EBs attach to the substrate, and the process of cell migration begins. Within 
9 days or more, many types of cells are formed that are determined to differentiate. 
In this case, the process of differentiation is chaotic [58]. The disadvantage of such 
differentiation is that different types of cells are present in EB, and it is difficult 
to produce many cells of one specialized type. Cells at the moment of migration 
from EB, when the latter are “sprawling” over the gelatinized surface, become 
sensitive to the effects of various inducers of cytodifferentiation. Therefore, at this 
stage, treatment with directed differentiation inductors is carried out [14[. Today, 
there are protocols for obtaining EB from ESCs with high efficiency [59-61]. 
Hematopoietic differentiation of ESCs through EB culture is considered an indi-
rect method of differentiation [62] and has an advantage over other methods [63-
65]. Interestingly, the frequency of the formation of hematopoietic precursors us-
ing different methods of EB formation is similar [63]. Studies have shown that 
cultivation of cells on microcarriers represented by polymers provides a significant 
increase in the efficiency of ESC differentiation [66, 67]. 

ESCs can be cultured as single cells, clusters (20 cells) and colonies (over 
200 cells). The number of ESCs can be controlled and ensure the formation of 
EBs of the desired size [68, 69]. EBs are cultured in media with or without the 
addition of ESC differentiation inducers to assess spontaneous ESC differentiation. 
The production of HSCs from murine EBs was more efficient when IL-6 was 
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added, alone or in combination with IL-3 and SCF, to the induction medium 
[70]. The addition of Epo during EB culturing in MT-based semi-liquid medium, 
significantly activated the differentiation of ESCs into erythrocytes as compared 
to that induced in a medium without Epo. The formation of myeloid lineage from 
EB was enhanced by IL-3 [71] and in combination with IL-1 and M-CSF or 
GM-CSF (granulocyte macrophage colony stimulating factor) [72].  

Thus, knowledge of the factors that are involved in the regulation of the 
stages of the hematopoietic system development in ontogenesis, including the fac-
tors regulating mesoderm induction and the subsequent formation of hemangio-
blast and HSC, plays a key role in the hematopoiesis induction of ESCs. Obtaining 
new data will improve the existing methods and provide development of new tech-
niques for creating specialized homogeneous populations of blood and immune 
cells in vitro, including those with desired properties. All types of blood and im-
mune cells were created from ESCs, i.e. erythrocytes, megakaryocytes, granulo-
cytes, mast cells, eosinophils, T- and B-lymphocytes, dendritic cells and macro-
phages [73-75], including human cells [76].  

O b t a i n i n g  m a c r o p h a g e s  f r o m  ESCs in vitro. Recently, the 
main ideas about the mononuclear system of phagocytes (MSF) have been chal-
lenged due to the accumulation of new experimental data [77, 78], which include 
the existence of a separate line of embryonic phagocytes, the ability to transdif-
ferentiate (the process of direct transformation) and fusion of MSF cells with other 
types of cells, evidence of local renewal of tissue macrophage populations in con-
trast to monocytes, and the discovery of dendritic cells as a separate line of mon-
onuclear phagocytes, specializing in antigen presentation to T cells, initiation and 
control of immunity. Previously, the MSF system was defined as a hematopoietic 
cell line derived from progenitor cells in the bone marrow. The concept of a 
cellular system, based on a single cellular origin, was attractive due to the fact that 
it combined many aspects of the study of innate immunity. Currently, there are 
two hypotheses, one of which assumes fragmentation of MSF into subsets with 
different specializations and states of activity, and the other postulates that the 
boundaries between mononuclear phagocytes and other myeloid cells, even other 
types of mesodermal cells, are blurred. Nevertheless, it is believed that MSF in-
cludes populations of monocytes, macrophages, and dendritic cells at different 
stages of differentiation and activation [79, 80]. Tissue macrophages, the highly 
specialized cells widely distributed in all tissues, are a key component of the im-
mune system. They are actively involved in tissue repair in ischemic organ damage, 
vascular injury and antigen presentation, and in different tissues can exhibit sig-
nificant heterogeneity in phenotype, homeostatic metabolism, and function. Ques-
tions about the origin and renewal of tissue macrophage subsets remain contro-
versial [79]. 

Understanding the regulatory mechanisms governing the innate immune 
system may make the study of lentiviruses that are macrophage-tropic more effec-
tive. Obtaining from ESCs culture a homogeneous cellular population represented 
by monocytes or macrophages opens up new opportunities for studying the de-
pendence of lentivirus replication on the level of cytodifferentiation. An analysis 
of the literature data showed that this research is underway [81]. A method for 
obtaining functional monocytes and macrophages from ESCs has been described, 
which includes spontaneous differentiation of ESCs into EB followed by directed 
differentiation to the myeloid line [82]. Recombinant cytokines IL-3 and M-CSF 
were added to the medium to obtain a homogeneous population of monocytes, 
from which macrophages were further formed. In their properties, i.e. phenotype 
and functional performance, they were similar to macrophages obtained from 
blood monocytes. Using this method, more than 1½107 monocytes from a 6-well 
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plate can be produced within 1-3 weeks, but then the efficiency decreases sharply. 
In addition, the dependence was revealed of the number of monocytes on the ESC 
line used for these purposes.  

To date, methods have been developed for obtaining macrophages in cul-
ture from both mouse [81, 83, 84] and human ESCs [85]. These include culturing 
ESCs on mouse stromal cells (e.g., OP9) and/or purifying progenitor cells from 
partially differentiated cultures at the stage of differentiation into monocytes. 
However, none of these protocols lends itself to scaling due to the fact that the 
conditions for producing macrophages in culture are not fully defined. 

Abcam Inc.’s website (http://www.abcam.com, Great Britain) published a 
step-by-step protocol for production of macrophages from mouse ESCs of the E14 
line according the paper of L. Zhuang et al. [84]. This method suggests using 15% 
conditioned medium (CM) collected from the cell culture of the murine fibrosar-
coma L929, which contains colony growth stimulating factor 1 (CGF-1), also 
known as M-CSF. The culture medium composition for ESCs differentiation into 
macrophages is not clear, namely adding LIF which allows ESCs cultivation, pre-
serving their embryonic phenotype undifferentiated. The idea of multiple collec-
tion of the medium from the culture of EB containing cells with the macrophage 
phenotype in suspension is original. The method allows production of 12½106-
24½106 macrophages from one Petri dish within 10-20 days by multiple accu-
mulation.  

In our research we also described the protocol for production of macro-
phages from mouse ESCs through differentiation [86, 87] with the use of cell line 
D3. Differentiation was carried out through EB formation in culture. The deple-
tion of ESCs culture and transfer to the suspension state led to EB formation on 
day 2 with high efficiency (99±0.02%). Culturing EBs for 12 days in suspension 
in a medium that contained 25% CM from mouse cells isolated from the bone 
marrow stroma promoted EBs hematopoietic differentiation. On day 12 of culture, 
EBs were collected and treated with enzymes to obtain individual cells. The pro-
portion of cells positively stained with antibodies (ABs) against antigens the ex-
pression of which is specific for hematopoietic cells CD34 (sialomucin) and CD45 
(total leukocyte antigen) was 37 and 5%, respectively. A semi-liquid MT medium 
additionally supplemented with 25% CM was used to confirm differentiation. On 
day 14, clones with different morphology appeared with the efficiency of 0.11% 
(11±0.4 per 10,000 cells). In three of the seven selected clones, cells stained pos-
itively with antibodies against F4/80 antigen the expression of which is specific for 
macrophages. When recombinant IL-3 and GM-CSF were added to the medium 
instead of CM, the proportion of cells positively stained with ABs against the 
CD34 and CD45 antigens was 43 and 25%, respectively. The efficiency for col-
onies with morphology similar to that of macrophages in MT medium with cy-
tokines increased threefold. Our results indicate the possibility of obtaining cells 
with a phenotype similar to macrophages from ESCs through indirect differen-
tiation of populations.  

Thus, mouse embryonic stem cells isolated from pre-implantation embryos 
have unique properties and are valuable for studying and modeling early hemato-
poiesis in culture. For this, various methodological approaches are used, which 
have their own advantages and disadvantages. Cytokines, hematopoietic growth 
factors and feeder layers, represented by a monolayer of stromal cells, play a key 
role in the induction of hematopoietic differentiation of mouse ESCs. An indirect 
method of ESC differentiation in vitro via embryonic bodies and imitation of 
microenvironment by adding recombinant cytokines is a more promising method 
for production of macrophages in culture. It can be concluded that the maximum 
approximation of the conditions of culturing and differentiation in vitro to those 
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during hematopoiesis in vivo increases the efficiency of hematopoietic differenti-
ation of ESCs. Despite the huge interest in the discussed issues and the increasing 
number of methods, the problem of low efficiency of ESC differentiation into 
hematopoietic lines, including macrophages, remains unresolved. It is necessary 
to continue the search for a panel of factors that selectively direct the development 
of ESCs to the mesoderm and prevent the formation of ectoderm and endoderm. 
It is necessary to learn how to govern this process in order to stimulate selective 
differentiation of the mesoderm into hemangioblast and then into hematopoietic 
stem cells, possibly by selecting an appropriate microenvironment that will regulate 
the expression of the desired genes involved in control of hematopoiesis.  
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A b s t r a c t  
 

The symbiotic microbiome of the gastrointestinal tract of animals plays a vital role in the 
digestion and assimilation of feed nutrients, the development of immunity, disease resistance, and the 
breakdown of toxins. Significant amounts of starch are introduced into the diet of horses specialized 
for riding, in some cases (for example, before participating in exhibitions). This can lead to serious 
dysbiotic disorders of the microbiome. Disorders of the microbial community of the intestine can 
adversely affect animal health that become the cause of metabolic disorders, such as acidosis, a decrease 
in the digestibility of diet components, primarily fiber, hoof diseases, etc. The digestive system of Equus 
ferus caballus has a number of unique features compared to other mammals. In this work, for the first 
time in Russia, the diversity of the equine intestinal microbiome composition was demonstrated using 
the 16S metagenomics method. The study aimed to evaluate the microbiomes of the contents of the 
rectum of horses of different ages, physiological status, diets, sexes and breeds using NGS sequencing. 
The experiment was carried out in the summer 2017 at the Malanichevs’ Farm (Grishkino settlement, 
Leningrad Province, Tosnensky District) with horses (Equus ferus caballus) specialized for riding and 
hippodrome trials. Samples of 10-50 g (in triplicate) were taken from the rectum of three stallions of 
the Hanoverian breed (3 years old), a mare (6 years old) and a stallion (7 years old) of the Trakehner 
breed. Five days before sampling, the mare was foaled. The diets of stallions and mares were different. 
The stallions’ diet included grass (20 kg), hay (9 kg), carrots (1 kg), oats (3 kg), table salt (29 g). The 
mares’ diet consisted of grass (26 kg), carrots (1 kg), rolled oats (2.5 kg), table salt (27 g). Total DNA 
from the samples was extracted using Genomic DNA Purification Kit (Fermentas Inc., Lithuania). 
Amplification for subsequent NGS sequencing was carried out on a Verity DNA amplifier (Life Tech-
nologies, Inc., USA) using eubacterial primers (IDT) 343F 343F (5-CTCCTACGGRRSGCAG-
CAG-3) and 806R (5-GGACTACNVGGGTWTCTAAT-3) flanking the V1V3 region of the 16S 
rRNA gene. Metagenomic sequencing was performed on a MiSeq instrument (Illumina, Inc., USA). 
The taxonomic affiliation of microorganisms to genus was determined using the RDP Classifier 
program (https://rdp.cme.msu.edu/classifier/classifier.jsp). In five different studied individuals of E. ferus 
caballus, fairly similar microbiomes of intestinal profiles were revealed, regardless of the type of nutri-
tion, physiological status, age, gender, and breed. High values of the Shannon and Simpson diversity 
indices testified to the species richness and biodiversity of the intestinal contents of horses. In the 
rectum, 25 phyla of microorganisms were found. The dominant phyla were Firmicutes (ranged from 
32±1.9 to 40±3.8 %) and Bacteroidetes (from 34±2.1 to 40±4.7 %). It is important to emphasize that 
we revealed in the microflora a significant number of microorganisms associated with feed digestion, 
especially those decomposing cellulose. So, the content of bacteria synthesizing cellulases reached 
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significant values, up to 23.8±1.30 % for Bacteroidales, up to 14.7±2.80 % for Lachnospiraceae, up to 
10.2±3.30 % for Ruminococcaceae, and up to 6.6±0.6 % for Clostridiaceae. A number of microorgan-
isms were identified that can be associated with various diseases, e.g. horse with colic, acidosis, lami-
nitis, etc. For example, in all samples of the rectum contents, we detected undesirable members of the 
order Lactobacillales, such as Streptococcus equinus and Str. bovis, which are associated with the oc-
currence of acidosis and laminitis in horses. The genus Treponema bacteria was revealed (from 2.2±0.22 
to 6.5±0.40 %) which are associated with the occurrence of periodontitis in horses. The enterobacteria 
of the genera Enterobacter, Serratia, and Escherichia were detected, among which gastroenteritis path-
ogens can be often found. Further study of the intestinal microbiota profiles may contribute to the 
improvement of diagnosis and treatment of equine diseases. 

 

Keywords: Equus ferus caballus, intestinal microbiome, Bacteroidales, Lachnospiraceae, Rumi-
nococcaceae, Clostridiaceae, Streptococcus equinus, Streptococcus bovis, Treponema, Enterobacter, Serratia, 
Escherichia, NGS sequencing, BIOTROF, molecular methods 

 

Gut microbiota (the gastrointestinal tract, GIT) plays a special role in 
herbivores, since the digestion of plant fibers with transformation to volatile fatty 
acids occurs with the participation of symbiont microorganisms [1]. The digestive 
system of the domestic horse (Equus ferus caballus) has a number of unique fea-
tures as compared to other mammals. Thus, it is believed that cattle show a slightly 
greater resistance to the consumption of toxic feed [2] due to the active detoxifi-
cation activity of the cicatricial normobiota before the feed is transferred to the 
small intestine. However, in horses that do not have a proventriculus, the intake 
of pathogens and toxins with food is one of the reasons for a dangerous disease, 
the symptom complex of colic leading to death [3, 4]. 

The large intestine of horses is well-formed, makes up approximately 64% 
of the gastrointestinal tract volume, and includes three sections, the cecum, the 
colon, and the rectum [5]. The cecum in horses (length about 1 m, volume of 30-
35 l) is considered an analogue of the rumen of ruminants, since 40-50% of all 
fiber and up to 40% of protein are digested here [6, 7] with the participation of a 
variety of symbiotic microflora: bacteria, archaea, micromycetes, protozoa, and 
bacteriophages [1]. Microorganisms have a variety of functional activities neces-
sary to facilitate feed digestion, e.g. hemicellulolytic and cellulolytic, amylolytic, 
proteolytic properties, and can utilize lactate [1]. The digestive system of E. ferus 
caballus, in comparison with that of wild relatives, is under severe anthropogenic 
pressure which has negative consequences for health. For example, an increased 
amount of dry matter in feed is an additional factor provoking colic symptoms, 
since, due to anatomical features, it significantly slows down chyme flow through 
the caecum [1]. Dysbiotic disorders of the microflora of the blind processes of the 
intestine, which takes an active part in digestion, together with unbalanced diets, 
increase the risk of colic symptom complex [1]. 

In special cases, e.g., before exhibitions, riding horses are fed high starch 
diets. By analogy with similar processes in cattle [8], this increases in the abun-
dance of amylolytic bacteria that produce lactic acid in the gastrointestinal tract, 
primarily in the large intestine, which, in turn, causes a decrease in pH and triggers 
cascade mechanisms [1]. The abundance of cellulolytic forms which are pH-sen-
sitive decreases, and the fiber assimilation processes in the cecum are disrupted, 
which becomes a provocative factor for the occurrence of colic [1]. 

This work is the Russia’s first to disclose the diversity of the horse intestinal 
microbiome by 16S metagenomic sequencing method. Metagenomic analysis re-
vealed a significant number of microorganisms associated with digestion of feed, 
primarily fiber, and a number of microorganisms related to occurrence of various 
diseases, e.g. colic, acidosis, and laminitis.  

This research aimed to reveal profiles of rectal microbiomes in horses with 
regard to their age, sex, breed and diet, using high throughput sequencing tech-
nology.  
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Material and methods. The experiment was carried out in the summer 2017 
at the Malanichevs’ Farm (Grishkino settlement, Leningrad Province, Tosnensky 
District) on horses (Equus ferus caballus) specialized for riding and racetrack trials. 

Samples of 10-50 g (in triplicate) from the rectum of three stallions of the 
Hanoverian breed (3 years old), a Trakehner mare (6 years old) and a Trakehner 
stallion (7 years old) were taken manually aseptically using sterile rubber gloves. 
Five days before sampling, the mare was foaled. 

The stallions’ and mare’s diets differed. Stallions were fed rations with 
grass (20 kg), hay (9 kg), carrots (1 kg), oats (3 kg), and table salt (29 g); 9.89 
energy feed units (EFU). The mare’s ration consisted of grass (26 kg), carrots (1 
kg), rolled oats (2.5 kg), and table salt (27 g); 9.87 EFU.  

Total DNA was extracted with Genomic DNA Purification Kit (Fermen-
tas, Inc., Lithuania) according to the attached instructions. Amplification for NGS 
sequencing was performed using a Verity DNA amplifier (Life Technologies, Inc., 
USA) with eubacterial primers (IDT) 343F (5-CTCCTACGGRRSGCAGCAG-3) 
and 806R (5-GGACTACNVGGGTWTCTAAT-3) flanking V1V3 region of the 
16S rRNA gene. The following amplification mode was used: 3 min at 95 С (1 
cycle); 30 s at 95 С, 30 s at 55 С, 30 s at 72 С (25 cycles); 5 min at 72 С (1 
cycle). 

Metagenomic sequencing (MiSeq, Illumina, Inc., USA) was performed 
with the MiSeq Reagent Kit v3 (Illumina, Inc., USA). The maximum length of 
the obtained sequences was 2½300 bp. Chimeric sequences were excluded from 
analysis using the USEARCH 7.0 program (http://drive5.com/usearch/). The ob-
tained 2½300 bp reads were processed using the bioinformatics platform CLC Bio 
GW 7.0 (Qiagen, the Netherlands). The processing included overlap, filtration by 
quality (quality value, QV > 15), and primer trimming. The taxonomic affiliation 
of microorganisms to genus was determined using the RDP Classifier program 
(https://rdp.cme.msu.edu/classi-fier/classifier.jsp).  

Mathematical and statistical processing was performed using the software 
packages Microsoft Office Excel 2003, PAST, R-Studio (Version 1.1.453) 
(PAST, 2011, https://rstudio.com) [9, 10]. The results were considered signifi-
cant at p < 0.05. Numerical data are presented as means (M) and standard errors 
of the mean (±SEM). The biodiversity indices of Chao1, Shannon (H), Simpson 
(D) were calculated as per [11].  

Results. Analysis of -biodiversity parameters calculated from the results 
of profiling microbial community of the horse intestine by NGS-sequencing did 
not revealed differences between animals (Table 1). The values of the Shannon 
and Simpson indices of species diversity turned out to be rather high compared to 
those established for cattle. Thus, for fattening gobies fed various diets, the Shan-
non index of rumen microbiota varied from 7.43±0.66 to 8.48±0.28, and the 
Simpson index from 0.975±0.002 to 0.985±0.001 [12]. It is known that the con-
ditions in the rumen are optimal for the development of a variety of microflora, 
while the food stays here for 24-48 hours, which contributes to favorable condi-
tions for microbiological processes and determines a high biodiversity level [13]. 
Nevertheless, the Chao1 index, which indicates the species richness of the micro-
biome, in the analysis of the horse intestinal microbiota was, on average, 5 times 
lower than in the study of cattle rumen [12]. 

The rectal microbiome of the examined specimens contained 25 phyla of 
microorganisms (Fig. 1). Firmicutes (from 32±1.9 to 40±3.8%) and Bacteroidetes 
(from 34±2.1 to 40±4.7%) were dominant, Verrucomicrobia, Proteobacteria, Spi-
rochaetes, Fibrobacteres were rather abundant, the rest of the phyla turned out to 
be minor. Earlier, other researchers noted the predominance of the phylum 
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Firmicutes in the feces of healthy horses together with a decrease in the number 
of the Bacteroidetes members [14]. At the same time, a decrease in the percentage 
of the phylum Firmicutes representatives with an increase in the percentage of the 
phylum Verrucomicrobia bacteria was associated with equine laminitis [15, 16]. A 
decrease in the proportion of phylum Firmicutes was also observed in horses with 
colitis and in those with symptoms of diarrhea. The work of P.K. Morrison et al. 
[17] demonstrated that in the feces of healthy horses, bacteria of the phylum Bac-
teroidetes predominated in percentage, while Firmicutes and Fibrobacteres were less 
represented.  

-Diversity of the rectal microflora of horses (Equus ferus caballus) depending of the 
age, sex, breed and diet as calculated from NGS-sequencing data (M±SEM, Grish-
kino settlement, Leningrad Province, Tosnensky District, 2017) 

Sample No. Chao1 index Shannon index (H)  Simpson index (D) 
1 255.6±18.235 7.5±0.68 0.99±0.063 
2 259.5±12.442 7.6±0.44 0.99±0.073 
3 341.8±16.329 7.9±0.42 0.99±0.047 
4 324.1±15.321 7.9±0.39 0.99±0.054 
5 224.3±12.637 7.3±0.53 0.99±0.068 
N o t е. 1 — Trakehner stallion (7 years old), 2 — Trakehner mare (6 years old), 3, 4, 5 — Hanoverian stallions (3 
years old). For animal diets, see Material and methods. 
 

 
Fig. 1. Predominance of bacterial phyla in the rectal contents of horses (Equus ferus caballus) depending 
of the age, sex, breed and diet: 1 — Trakehner stallion (7 years old), 2 — Trakehner mare (6 years 
old), 3, 4, 5 — Hanoverian stallions (3 years old) (Grishkino settlement, Leningrad Province, Tos-
nensky District, 2017). For animal diets, see Material and methods. 

 

In general, the microbial profiles we obtained for higher taxonomic rank 
found in the rectum of horses were characteristic of quite similar microbiomes, 
regardless of the type of nutrition, physiological status, age, sex and breed. An 
exception was the mare that had foaled 5 days before the examination, with the 
highest (40±3.8%, p  0.05) abundance of bacterial phylum Firmicutes compared 
to other individuals. It is interesting that the work of A. Schoster et al. [18] also 
revealed an increase in the abundance of the Firmicutes phylum representatives, in 
particular Streptocococcaceae, in the intestine of mares after foaling, with a de-
crease in the relative abundance of the phylum Proteobacteria when compared to 
fecal samples before the foal. 

In the rectum microbiome of the horses, a high diversity of taxa is notable 
(Fig. 2), i.e. the families Ruminococcaceae, Lachnospiraceae, Clostridiaceae, Fla-
vobacteriaceae, Prevotellaceae, Eubacteriaceae, the order Bacteroidales and the 
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phylum Fibrobacteres, among which there are cellulase-producing bacteria. The 
abundance of some taxa was significant, up to 23.8±1.30% for Bacteroidales, up 
to 14.7±2.80% for Lachnospiraceae, up to 10.2±3.30% for Ruminococcaceae, and 
up to 6.6±0.60% for Clostridiaceae. This is an important observation, since the 
digestion of non-starchy polysaccharides in the gut is an exclusively microbiolog-
ical process [19]. Representatives of the only genus Fibrobacter of the phylum 
Fibrobacteres, previously classified as the genus Bacteroides, the F. succinogenes 
and F. intestinalis [20] are known for their high efficiency in the hydrolysis of plant 
cellulose [21]. S.E. Salem et al. [22] observed a significant increase in the relative 
abundance of the phylum Fibrobacters upon using haylage in the diet of horses.  

It is interesting to 
find in the intestines of horses 
the members of phylum Eu-
ryarchaeota, including meth-
anogens [23, 24] that pro-
duce methane, halophilic 
bacteria that remain viable at 
extreme salt concentrations, 
and thermoanaerophiles that 
survive at temperatures of 
41-122 C [25]. We found a 
significantly higher abun-
dance of the phylum Euryar-
chaeota in horses aged 6-7 
years of (from 0.31±0.020 to 
0.44±0.020%) as compared 

to those in horses of 3 years of age (from 0.03±0.001 to 0.05±0.002%) (at p   0.05). 
Among the representatives of Firmicutes, the counts of bacteria from the 

order Lactobacillales were rather low in all samples, not exceeding 1.35±0.070% 
of the total abundance of microorganisms. At the same time, typical intestinal 
microorganisms of the Bifidobacteriaceae family [26] were almost completely ab-
sent in the rectal contents. 

On the one hand, the presence of lacto- and bifidobacteria in the intestine 
is an important marker of animal health. It is widely known that lactobacteria 
perform a number of significant functions. They protect the host organism from 
pathogens, exhibit immunomodulatory activity, and participate in the synthesis of 
vitamins and essential amino acids. Lacto- and bifidobacteria are also probiotics 
[18, 27, 28]. In our study, despite the low percentage of the genus Lactobacillus 
members (from 0.2±0.01 to 0.5±0.03%), their species diversity was quite wide, up 
to 25 species (Fig. 3).  

On the other hand, we revealed unwanted members of the order Lactoba-
cillales, such as Streptococcus equinus and Str. bovis, in all samples of the rectal 
contents (Fig. 4). The presence of Str. bovis in the horse digestive tract is associated 
with laminitis [29]. In horses [30], as in cattle [8], the counts of bacteria producing 
lactic acid increases in response to a significant proportion of starch in the diet, 
which often leads to lactic acidosis. This is accompanied by a decrease in the pH 
of the large intestine, a violation of the processes of fiber digestion and the im-
proper quantitative ratio of volatile fatty acids. In many cases, as a result of aci-
dosis in animals, hoof lesions, the laminitis can occur. As noted by C. Bergsten 
[31], in experimental models on horses and bulls, laminitis was easily provoked by 
an excessive amount of carbohydrates in the diet. It is assumed that high amounts 

 
Fig. 2. Predominance of taxa which can comprise cellulase-pro-
ducing bacteria in the rectal contents of horses (Equus ferus ca-
ballus) depending of the age, sex, breed and diet: 1 — Trakehner 
stallion (7 years old), 2 — Trakehner mare (6 years old), 3, 4, 
5 — Hanoverian stallions (3 years old) (Grishkino settlement, 
Leningrad Province, Tosnensky District, 2017). For animal di-
ets, see Material and methods. 
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of endotoxins and histamine secreted by pathogenic forms, primarily F. necrophorum, 
which increase in abundance under acidic pH conditions, lead to damage to the 
mucous membrane of the digestive tract [31]. Endotoxins are an extremely pow-
erful trigger for the prostaglandin cascade. This causes blood clots which clog up 
the small blood vessels (capillaries) of the laminar corium resulting in impaired 
circulation. Decreased oxygen and nutrient supply damages cells that form the 
keratinized laminae of the corium. 

 

 
Рис. 3. Predominance of Lactobacillus bacteria in the rectal contents of horses (Equus ferus caballus) 
depending of the age, sex, breed and diet: 1 — Trakehner stallion (7 years old), 2 — Trakehner mare 
(6 years old), 3, 4, 5 — Hanoverian stallions (3 years old) (Grishkino settlement, Leningrad Province, 
Tosnensky District, 2017). For animal diets, see Material and methods. 

 

The abundance of 
genus Bacillus bacteria, the 
microorganisms with broad 
antagonistic properties, in 
the rectal contents of the 
horses was also quite low and 
did not exceed 0.32±0.020%, 
despite the fact that these mi-
croorganisms, due to spore 
formation are more resistant 
to aggressive environment of 
the gastrointestinal tract than 
many other forms [32]. Their 
functional role is associated 
with the ability to colonize 
the digestive tract, which en-

sures interaction with the intestinal epithelium of the host organism [33]. Genes as-
sociated with the synthesis of antimicrobial compounds account for about at least 
4-5% of the total genome of Bacillus sp. strains [34]. On average, 87% of anti-
microbial bacterial metabolites of Bacillus sp. are organic acids, alcohols, ke-
tones, alkanes, aldehydes, alkenes and 13% of the total pool of antimicrobial 
compounds are other substances, e.g. ribosomal peptides (bacteriocins and en-
zymes), polyketides, nonribosomal peptides [35]. Most strains of bacilli also ex-
hibit broad enzymatic activity and are involved in the metabolism of various 
nutrient substrates [32]. 

 
Fig. 4.  Predominance of bacterial taxa related to animal pathol-
ogy in the rectal contents of horses (Equus ferus caballus) de-
pending of the age, sex, breed and diet: 1 — Trakehner stallion 
(7 years old), 2 — Trakehner mare (6 years old), 3, 4, 5 — 
Hanoverian stallions (3 years old) (Grishkino settlement, Len-
ingrad Province, Tosnensky District, 2017). For animal diets, 
see Material and methods. 
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The presence of Treponema bacteria in the rectal contents of the examined 
animals (from 2.2±0.22 to 6.5±0.40%) deserves attention. We identified 11 Trep-
onema species of which Treponema bryantii predominated. Treponema bacteria are 
associated with periodontitis in horses [36]. However, recent studies have reported 
the presence of 2-3% Treponema bacteria in healthy horses [14].  

Identification of relatively new phylum Synergistetes in the intestinal mi-
croflora of horses (see Fig. 3) is of special interest. Bacteria of this taxon are often 
detected in cysts and abscesses in humans [37, 38], and therefore they are classified 
as opportunistic pathogens [38, 39]. It is believed that some representatives of the 
phylum Synergistetes are also involved in occurrence of gastrointestinal infections 
(37) and, accordingly, may be associated with the colic symptom complex. Iden-
tification of enterobacteria from genera Enterobacter, Serratia and Escherichia in 
the gastrointestinal microbiomes of the studied animals also worth attention, since 
among these bacteria causative agents of gastroenteritis often occur. In addition, 
we detected bacteria of the genus Clostridium. A significantly higher level of the 
genus Clostridium was found in horses aged 6-7 years (from 4.1±0.25 to 
4.3±0.29%) compared to animals aged 3 years (from 3.1±0.18 to 3.3± 0.13%) (at 
p  0.05). In particular, we revealed Clostridium histolyticum, the causative agent 
of necrotic infections [40]. 

It should be emphasized that we have found a number of microorganisms 
in the horse gut microbiome that could accompany the onset of the colic symptom 
complex [3, 4], the main cause of horse mortality. Horses, especially those spe-
cialized for horse riding and racetrack competitions, have a very high risk of lam-
initis due to the significant load on the hooves [15, 16]. Maintaining a healthy gut 
microbiome and preventing dysbiosis and acidosis as the main causes of laminitis 
are effective in prevention of laminitis. When developing preventive measures to 
regulate the intestinal microbiome, one should bear in mind that the modern con-
cept of pathogen control implies optimization of microecological niches based on 
the principles of self-regulation and ecologization [41]. Natural feed additives, 
such as bacterial strains with probiotic properties [42-44] and vegetable essential 
oils [45-47], can effectively maintain the balance of the normobiota of a horse 
digestive system.  

Our findings on the equine microbiomes can be helpful to develop bi-
omarkers as predictors of response to treatment with drugs, probiotics, and to 
changed diet composition.  

Thus, high-throughput sequencing of rectal contents revealed rather sim-
ilar intestinal microbiomes in five Equus ferus caballus individuals of different 
ages, sexes, and breeds, and fed different diets. Both normal microbiota and 
pathogenic microorganisms detected in the rectal contents show high biodiver-
sity. It is worth to indicate a significant abundance of microorganisms associated 
with digestion of feed, primarily non-starchy polysaccharides, in the microbi-
omes. This is of interest and will be further investigated. In addition, it can be 
assumed that the gut microbiome of horses is associated with their overall health 
status and wellbeing.  
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A b s t r a c t  
 

Today, the use of antibiotics in veterinary medicine, as well as growth stimulants in animal 
husbandry, is considered the main reason for the development of bacterial resistance to antibiotics. 
Plant-based water extracts can provide simple new approaches to control pathogenic bacteria. Active 
search for natural alternative sources of antimicrobials, including wild plants, are almost unlimited 
source of phytochemicals. Plant-based water extracts can also provide simple new approaches to con-
trolling pathogenic bacteria. Some authors suggest that an increase in broiler growth after adding active 
components of plants may be associated with an improvement in the microbial composition of the 
intestine and metabolic function. Other plant substances can improve the profile of unsaturated fatty 
acids and amino acids in meat. Thus, in order to get a more complete picture of the potential use of 
plant extracts for the prevention or control of bacterial infections, the most significant studies concern 
the evaluation of the activity of plant extracts in relation to the quality of products and the intestinal 
microbiome of farm animals and poultry. The aim of our experiment was to study the effect of Quercus 
cortex extract on biochemical composition of broiler chicken meat and intestinal microbiomes. The 
studies were carried out with Smena 8 broiler chickens (the Common Use Center for the scientific 
equipment of the BST RAS, in 2019). In the experiment, 120 broiler chickens aged 7-day were ran-
domly assigned to 4 groups (n = 30 each, in 4 repetitions). The control broilers were fed the Basic 
Diet (BD); group I — BD + Quercus cortex extract 1 (1 ml/kg lw); group II — BD + Quercus cortex 
extract 2 (2 ml/kg lw); group III — BD + Quercus cortex extract 3 (3 ml/kg lw). Analysis of chemical 
composition of broiler chicken meat showed that the additional inclusion of oak bark extract at a dose 
of 1 ml/kg of live weight in the diet of the studied poultry helps to improve the quality of meat due to 
a 27.3 % (р  0.01) increase in moisture, crude protein and ash, while reducing the level of crude fat. 
The dietary oak bark extract contributed to an increase in the amount of essential amino acids, for 
lysine by 1.63-3.43 % (p ≤ 0,01, for leucine-isoleucine by 2.20-5.00 % (p  0.05), for methionine by 
0.55-1.93 % (p  0.05), for valine by 1.06-1.95 % (p  0.05), for phenylalanine (group I and II) by 
0.45 % and 1.14 %, respectively (p ≤ 0.05), for threonine (group I and II) by 1.07 % (p ≤ 0.05) and 
1.82 % (p  0.01). Levels of non-essential amino acids in the pectoral muscles of broiler chickens 
compared to control also changed, with the maximum observed for a dosage of 2 ml/kg lw of oak bark 
extract. The content of unsaturated fatty acids in groups I and III increased compared to the control 
(for palmitoleic acid by 1.00 and 0.70 %, respectively, p  0.05). Different dosages of dietary Quercus 
cortex extract have a significant effect on microbiota of the blind intestine. Changes affect phyla Fir-
micutes and Bacteroidetes, involved in metabolic energy resorption and degradation of proteins and 
polysaccharides. The abundance of phylum Bacteroidetes increased 3.96-fold and 2.10-fold in groups I 
and III compared to the control (p  0.05), while in group II these bacteria were not found. The 
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number of members of Firmicutes phylum decreased 3.60-fold and 1.47-fold (in groups I and III vs. 
the control, p  0.05) while increased 1.26 times in group II vs. the control, p  0.05 ) Thus, broilers 
fed 1-3 ml/kg dietary Quercus cortex extract were superior to other birds in terms of amino acid and 
unsaturated fatty acid levels in carcass due intensification of digestion in intestine, which improves 
consumer quality of meat. 

 

Keywords: microbiome, broiler chickens, oak bark extract, fatty acids, amino acids 
 
 

Today, the use of antibiotics as drugs in veterinary medicine and stimulants 
in animal husbandry is considered the main reason for emerging bacterial re-
sistance to antibiotics. The World Health Organization (WHO) has compiled a list 
of antibiotic-resistant priority pathogenic microorganisms requiring new infection 
control strategies [1]. This stimulates an active search for natural alternatives to 
antimicrobial drugs [2]. Wild plants are a virtually unlimited source of phytochem-
icals [3]. Assessment of the therapeutic potential of plant extracts against poultry 
bacteria revealed sensitivity of Salmonella enteritidis (63.64%) [4], Pseudomonas 
aeruginosa (81.81%) and Escherichia coli (27.27%) to leaf extracts from Mangifera 
indica L. cv. Julie, Euadenia eminens Hook f. and the bark of Euadenia trifoliata 
(Vahl) Oliv. [5, 6]. Aqueous extracts of plant origin can provide new simple ap-
proaches to combat pathogenic bacteria [7]. 

An increase in growth rates in broilers fed active plant components may 
be associated with an improved intestine microbiome composition and, thence, 
better metabolic function [8, 9]. Also, plant substances are known which improve 
the profiles of unsaturated fatty acids [10, 11] and amino acids [12, 13] in meat.  

Addressing the problems of bacterial infections of farm animals and poul-
try necessitates more complete elucidation of the potential effects of plant extract 
on intestinal microbiomes and the quality of the food products. This information 
is expected to be helpful in the development of more efficient and simple appli-
cation of natural therapeutic agents against bacteria, which additionally will in-
crease livestock and poultry productivity in general.  

Currently, studies of various plant extracts indicate the broad prospects 
[14-16]. However, papers concerning such effects in oak bark are relatively few 
[17-19], although oak bark is known to possess antibacterial properties and anti-
quorum effects [20]. Previously, we showed that Quercus cortex extract combined 
with a probiotic [21] and an enzyme preparation [22] and depending on its com-
position [23] has a positive effect on the immunity and productivity of broilers.  

Here, we present data characterizing the effect of Quercus cortex extract 
on the productive performance, amino acid and fatty acid profiles of meat, and 
on the structure and abundance of the cecum microbiocenosis in broiler chickens. 
We are not aware of such studies in the available literature.  

The aim of the work was a metagenomic analysis of the intestinal micro-
biota of broiler chickens fed various doses of dietary Quercus cortex extract to link 
the microbiome profiles with the broiler productivity and meat quality parameters.  

Materials and methods. The work was performed in an experimental bio-
logical clinic (vivarium) (Federal Research Center of Biological Systems and Agro-
technologies RAS, 2019). One hundred and twenty 7-day-old broiler chickens of 
Smena 8 cross were assigned to four treatments in a 35-day experiment: 30 broilers 
were fed basal diet (BD) throughout the experiment (control group), 30 broilers 
were fed BD + Quercus cortex, 1 ml/kg live weight (group I), 30 broilers were fed 
BD + oak bark extract (Quercus cortex), 2 ml/kg live weight (group II), and 30 
broilers were fed BD + Quercus cortex), 3 ml/kg live weight (group III). Poultry 
housing and manipulations during the experiments complied with the requirements 
of the instructions and recommendations of the Russian regulations (Order of the 
Ministry of Health of the USSR ¹ 755 of 08/12/1977), as well as “The Guide 
for Care and Use of Laboratory Animals (National Academy Press, Washington, 
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DC, 1996)”. Сarcass quality parameters were assessed at the end of the experiment 
in accordance with the state standard GOST 31962-2013. 

For extract preparation, oak bark was crushed, and heated with distilled 
water (1:1) in a water bath for 30 min, then the bark fragments were separated and 
crude extract was filtered (ash-free filters “white ribbon”, d = 70 mm, Reakon Plus 
LLC, Russia). 

 The microbial biodiversity in bird cecum was assessed on day 42. The 
collected samples of cecum contents were incubated at 37 С for 30 min in 300 
μl of sterile lysis buffer (20 mM EDTA, 1400 mM NaCl, 100 mM Tris-HCl, pH 
7.5; 50 μl of a 100 mg/ml stock solution of lysozyme). Proteinase K (Thermo 
Fisher Scientific, Inc., USA, 10 μl of a 10 mg/ml solution) and SDS (the final 
concentration of 1.0%) were added, and the mixture was incubated for 30 min at 
60 С. DNA was purified with a mixture of phenol and chloroform (1:1), precip-
itated by sodium acetate (3 M, up to 10% by volume) with three volumes of 
absolute ethanol at 20 С for 4 hours. After extractions with mixtures of phenol: 
chloroform:isoamyl alcohol (25:24:1) and chloroform:isoamyl alcohol (24:1) DNA 
was precipitated from the aqueous phase with 1 M ammonium acetate (up to 10% 
by volume) and 3 volumes of anhydrous ethanol overnight at 20 С. The DNA 
precipitate was separated by centrifugation (12000 rpm, 10 min), washed twice 
with 80% ethanol, dried and dissolved in TE buffer (1 ml of 1 M Tris-HCl, pH 
8.0, 200 μl of 0.5 M EDTA, pH 8.0, Н2О to 100 ml; Evrogen, Russia). The purity 
during DNA extraction was assessed by the negative control (100 μl of autoclaved 
deionized water). The purity of the obtained DNA preparations was controlled 
electrophoretically in 1.5% agarose gel with photometry (NanoDrop 8000, Thermo 
Fisher Scientific, Inc., USA). The DNA concentration was measured fluoromet-
rically (Qubit 2.0 instrument with high sensitivity for dsDNA measurement, Life 
Technologies, USA).   

DNA libraries for sequencing were constructed as per the Illumina, Inc. 
(USA) protocol with primers S-D-Bact-0341-b-S-17 and S-D-Bact-0785-a-A-
21 to the variable region V3-V4 of the 16S rRNA gene [24]. NGS sequencing 
was performed using a MiSeq platform (Illumina, Inc., USA) with MiSeq Re-
agent Kit V3 PE600 (Illumina, Inc., USA) (the Center for Shared Use of 
Scientific Equipment “Persistence of Microorganisms”, Institute of Cellular 
and Intracellular Symbiosis, UB RAS). The operational taxonomic units 
(OTU) were classified using an interactive VAMPS tool and the RDP database 
(http://rdp.cme.msu.edu). Some OTUs were aligned using the BLAST algorithm 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) and the databases of nucleotide se-
quence nr/nt (National Center for Biotechnological Information, NCBI, 
https://www.ncbi.nlm.nih.gov/) and aligned sequences of ribosomal RNA 
genes SILVA (https://www.arb-silva.de).  

Chemical analysis of meat samples included assay of fat fraction according 
to GOST 23042-86, of ash according to GOST 15113-77, of protein by the 
Kjeldahl method according to GOST 23327-78 with preliminary mineralization, 
of amine nitrogen content by formol titration, and moisture mass fraction accord-
ing to GOST 15113.8-77.  

To assess meat biological value, the content of nonessential and essential 
amino acids was determined in a bulk sample and in the longissimus muscle by 
capillary electrophoresis (Kapel-105 M system, Lumex, Russia; GOST R 55569-
2013) in accordance with the manufacturer’s protocol. Sample preparation in-
cluded tissue homogenization, drying at 60-70 С, grinding, acid or alkaline 
(only for tryptophan) hydrolysis at 110 С for 14-16 hours. After acid hydrolysis, 
the samples were filtered (upon alkaline hydrolysis no filtration required). The 
hydrolysates were evaporated in warm air stream. The dry residue was diluted in 
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distilled water and clarified by centrifugation. The supernatant was used for anal-
ysis by capillary electrophoresis.  

The fatty acid composition of muscle tissue lipids was assayed by gas chro-
matography method (Kristall Lux 4000 chromatograph, OOO NPF Meta-chro-
mium, Russia; GOST R 55483-2013). The analytical standard was a mixture of 
fatty acid esters Supelco® 37 Component FAME Mix (Sigma-Aldrich, USA).  

The data were statistically processed with the Statistica 10.0 program 
(StatSoft, Inc., USA). Results are presented as arithmetic mean (M) and standard 
error of the mean (±SEM). Differences were considered statistically significant at 
p  0.05 [25]. For bioinformatic processing of sequencing results, the USEARCH 
v8.0.1623_win32 software package (https://www.drive5.com/usearch/down-
load.html) was used. The procedure included the fusion of paired reads in opera-
tional taxonomic units, read filtering by quality and length (300 bp minimum size), 
removal of chimeras, doubletones and singletones, and clustering of reads in OTUs 
at a similarity level of 97% [26].  

 Results. Dietary biological additives directly affect quality of poultry 
meat, which ultimately can allow production of muscle tissue with high nutri-
tional and/or biological value, and, if necessary, fatty tissue production [27, 
28. In broiler growing and when assessing chicken meat for sale, the quality of 
both carcasses as a whole and their parts is accounted, for which the energy 
value is determined and the economic effect of the feed additives is calculated 
(Table 1). 

1. Carcass quality parameters of Smena 8 broiler chicken fed plant extract Quercus 
cortex (vivarium, Federal Research Centre of Biological Systems and Agrotech-
nologies RAS, Orenburg, 2019) 

Parameter Control  Group I  Group II  Group III  
Slaughter weight, g 2448.5±104.4 2597.3±204.9* 2257.6±100.7** 2176.5±78.5* 
Semi-eviscerated weight, g 2053.0±101.9 2188.7±184.9 1899.2±99.5 1856.5±73.3* 
Semi-eviscerated percentage 83.8±2.30 84.3±3.10 84.1±2.60 85.3±4.60* 
Eviscerated weight, г 1595.5±98.8 1725.3±165.3* 1490.0±77.3 1444.0±71.1* 
Dressing out percentage  65.2±1.61 67.4±1.18* 66.0±1.08 66.4±1.15 
Meat quality index 2.39 2.36 2.27 2.31 
Meat to bone index  2.10 2.08 2.23 2.49 
N o t е. For description of groups, see Materials and methods. 
*, ** Differences between the treatment and control are statistically significant at р  0.05 and р  0.01, respectively. 

 

Upon good development of muscle tissue, the yield of edible parts of car-
casses will be higher, as a result, the meat quality index (the ratio of fat and total 
protein content) and the meat to bone index (the ratio of muscle and bone weight) 
will change. In all test groups, the index of meat qualities was inferior to that in 
the control, but at the same time in group I it was higher than in group II and 
group III. The meat to bone index was maximum in group III (15.7% was higher 
than in the control), while in group I it was 0.95% lower than in the control. In 
general, the dietary oak bark extract contributed to an increase in the total meat 
yield compared to the control group, which is consistent with data of Jamroz et 
al. [29]. 

The maximum moisture level was noted in group I (1.01% higher than 
the control). The crude fat in group I significantly decreased compared to the 
control (by 27.3%, p  0.01), while in group II it significantly increased (1.54 
times, p  0.01) compared to the control. The crude protein levels in test groups 
varied from 18.78 to 19.90% with the maximum values also in test group I as 
compared to the control and other test groups (p  0.05). For ash content, distri-
bution was similar with unreliable growth in group I (by 0.03% compared to the 
control). 
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One of the important chicken broiler meat quality criteria is its biological 
value determined by the amino acid and fatty acid composition. A decrease or a 
sharp increase in the accumulation of amino acids may indicate a negative effect 
of the introduced drug or biologically active substance, which, in turn, will affect 
the organoleptic properties of products which will no longer meet the requirements 
of GOST.  

2. Amino acid content (%) in pectoral muscles of Smena 8 broiler chicken fed plant 
extract Quercus cortex (vivarium, Federal Research Centre of Biological Systems 
and Agrotechnologies RAS, Orenburg, 2019) 

Amino acid Control  Group I  Group II  Group III  
E s s e n t i a l  a m i n o  a c i d s  

Lysine 9.67±0.31 11,30±0,28* 13,10±0,18** 11,1±0,09* 
Phenylalanine 3.58±0.21 4,03±0,19* 4,72±0,25* 3,83±0,17 
Leucine Isoleucine 10.7±0.21 14,10±0,15* 15,70±0,60* 12,9±0,11* 
Methionine 2.51±0.19 3,06±0,14* 4,44±0,21** 3,48±0,15* 
Valine 3.46±0.15 4,55±0,31* 5,41±0,32* 4,52±0,21* 
Threonine 3.97±0.24 5,04±0,33* 5,79±0,32** 4,96±0,26 

Total  33.9±4.60 42,10±3,70 49,20±4,70 40,80±6,20 
N o n e s s e n t i a l  a m i n o  a c i d s  

Arginine 4.98±0.19 6,83±0,24* 7,41±0,36* 7,16±0,41* 
Tyrosine 3.87±0.40 5,77±0,32* 6,17±0,31* 5,26±0,24* 
Giscidin 2.45±0.31 3,27±0,21 3,68±0,25* 2,89±0,12 
Proline 2.63±0.16 3,30±0,23 3,75±0,32* 3,23±0,16 
Serine 2.96±0.18 4,10±0,21** 5,24±0,24** 4,48±0,24* 
Alanin 5.94±0.41 8,35±0,36* 9,68±0,34* 8,11±0,51* 
Glycine 3.82±0.21 4,97±0,29 5,70±0,37* 4,82±0,32 

Total 26.7±3.80 36,60±4,50 41,60±7,50 35,95±4,90 
N o t е. For description of groups, see Materials and methods. 
*, ** Differences between the treatment and control are statistically significant at р  0.05 and р  0.01, respectively. 

  

The accumulation of essential acids in the pectoral muscles of broilers 
in the test groups increased. So, for lysine, the indicators in the experimental 
groups exceeded the control ones, by 1.63% (p  0.05) in group I, by 3.43% 
(p  0.01) in group II, and by 1.43% (p  0.01) in group III (Table 2). A similar 
pattern was observed for leucine-isoleucine, methionine and valine, on average, 
by 2.20-5.00% (p  0.05), 0.55-1.93% (p  0.05), and 1.06-1.95% (p  0.05), 
respectively, compared to control. The phenylalanine level significantly exceeded 
the control, by 0.45% (p  0.05) in group I, and by 1.14% (p  0.05) in group 
II. The threonine accumulation in group I and group II significantly exceeded 
the control, by 1.07% (p  0.05) and 1.82% (p  0.01), respectively. In group II 
(see Table 2) there was a significant (p  0.05) increase in the content of all 
nonessential amino acids compared to control, by 2.43% for arginine, by 2.30% 
for tyrosine, by 1.23% for histidine, by 1.12% for proline, by 2.28% for serine, 
by 3.74% for alanine, and by 1.88% for glycine. In group I and group III, the 
amount of the following amino acids significantly increased (p  0.05) compared to 
control, by 1.85 and 2.18%, respectively, for arginine, by 1.90 and 1.39% for tyro-
sine, by 1.14 and 1.52% for serine, and by 2.41 and 2.17% for alanine (p  0.05). 

Thus, dietary oak bark extract as a rule contributed to an increase in the 
amount of both essential and nonessential amino acids in the pectoral muscles, 
with the maximum positive effect in the group with a dosage oak bark extract of 
2 ml/kg live weight.  

In the thigh muscles, the concentration of essential amino acids did not 
differ significantly from the control. Thus, in group II, only the content of lysine 
and leucine-isoleucine was significantly lower than the control (by 1.84 and 2.16%, 
respectively, p  0.05). In group III, only lysine accumulation significantly decreased 
compared to the control (by 1.66%, p  0.05), all other changes were unreliable. 
The patterns for nonessential amino acids were similar, a 1.65% decrease in lysine 
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(p  0.05) in group I, a 2.13% decrease in lysine (p  0.01) and an 0.65% decrease 
in glycine (p  0.05) in group II as compared to the control. As to pectoral mus-
cles, it should be noted that the amino acid levels in the test groups did not exceed 
the maximum permissible concentration, remaining within the normal range. 

Unsaturated fatty acids, which play an important role in metabolism in 
animals and humans, are of a special biological value [30]. In our experiment (Fig. 
1), in poultry fed dietary oak bark extract at 1 ml/kg of live weight the accumula-
tion of arachidic acid significantly increased (by 0.60% at p  0.01) compared to 
the control, and the dose of 2 ml/kg increased the concentrations of stearic and 
arachidic acids by 1.39 and 1.00%, respectively (p  0.05) compared to the control.  

  

 

Fig. 1. Fatty acid profiles of pectoral muscles of Smena 8 broiler chicken fed plant extract Quercus 
cortex (vivarium, Federal Research Centre of Biological Systems and Agrotechnologies RAS, Oren-
burg, 2019): А — saturated fatty acids, B — unsaturated fatty acids; a — control, b — group I, c — 
group II, d — group III; 1 — palmitic, 2 — stearic, 3 — arachidic, 4 — gondoic, 5 — linoleic, 6 — 
oleic, 7 — palmitoleic, 8 — linolenic. Asterisks (*, **) mark statistically significant differences vs. the 
control at р  0.05 and р  0.01, respectively.  
 

In the unsaturated fatty acid profiles of the pectoral muscles, the pal-
mitoleic acid levels significantly went up, by 1.0 and 0.7% (p  0.05), respec-
tively, in groups I and III compared to the control. In group II, we noted only 
a significant decrease in linoleic acid, by 4.6% (p  0.05). 

The fatty acid composition also changed in the thigh muscles of broiler 
chickens (Fig. 2). 

 

 

Рис. 2. Fatty acid profiles of thigh muscles of Smena 8 broiler chicken fed plant extract Quercus cortex 
(vivarium, Federal Research Centre of Biological Systems and Agrotechnologies RAS, Orenburg, 
2019): А — saturated fatty acids, B — unsaturated fatty acids; a — control, b — group I, c — group 
II, d — group III; 1 — palmitic, 2 — stearic, 3 — arachidic, 4 — gondoic, 5 — linoleic, 6 — oleic, 7 — 
palmitoleic, 8 — linolenic. Asterisks (*, ** and ***) mark statistically significant differences vs. the 
control at р  0.05, р  0.01 and р  0.001, respectively. 

 

Changes in concentration of saturated fatty acids, such as palmitin and 
stearic, were insignificant and unreliable. The level of arachidic acid in group I 
significantly declined, by 0.3% compared to the control (p  0.05). A significant 
increase in the amount of gondoic acid upon all treatments should also be men-
tioned (by 0.5-1.5%, p  0.01). S.T. Ahmed et al. [31[ noted similar pattern when 

  

 

   
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used pomegranate processing by-products as feed additives. 
Profiling chicken cecum microbiota by metagenomic sequencing (Table 

3) allows us to classify a total of 425 OTUs in the control. Comparison with the 
SILVA database showed that these OTUs belonged to 19 phyla, 34 classes, 71 
orders, 146 families, 247 genera and 297 species.  

For group I, we identified 277 OTUs. Comparison with the SILVA data-
base showed that these OTUs belonged to 21 phyla, 38 classes, 74 orders, 145 
families, 230 genera and 284 species. In group II, bacteria accounted for 99.8%, 
and remaining 0.2% of microorganisms were unclassified. Here, 389 OTUs were 
found, of which 2 OTUs were removed as contaminants. Comparison with the 
SILVA database assigned the remaining 387 OTUs to 19 phyla, 30 classes, 64 
orders, 130 families, 227 genera and 310 species. In group III, 406 OTUs were 
classified, which belong to 19 phyla, 34 classes, 70 orders, 142 families, 240 genera 
and 294 species.  

These results showed that with an increase in the dose of oak bark extract, 
the phylum Bacteroidetes first increased in abundance (group I), then were not 
detected (group II) and increased аgain (group III) (see Table 3). Of the members 
of the phylum Bacteroidetes, the Rikenellaceae was dominant in group I and group 
III. Note that other studies [32, 33] note an opposite effect for Ruminococcaceae 
and Lachnospiraceae. In groups I and III, the Clostridia class was less abundant. 
Previous studies have also indicated the positive effect of tannin-containing sub-
stances, which inhibit the development of microorganisms of the Clostridia class 
[34, 35].  

3. Taxonomic profile (%) of cecum microbiome of Smena 8 broiler chicken fed plant 
extract Quercus cortex (M±SEM, vivarium, Federal Research Centre of Biolog-
ical Systems and Agrotechnologies RAS, Orenburg, 2019)  

Phylum  Class Family   Genus  
C o n t r o l  (n = 5) 

Bacteroidetes (16.7±0.75) Bacteroidia  (16.7±0.75) Rikenellaceae (14.6±0.61) Alistipes (14.6±0.61) 
Bacteroidaceae (2.1±0.08) Bacteroides (2.1±0.08) 

Firmicutes (73.8±2.68) Bacilli (2.68±0.13) Lactobacillaceae (2.67±0.12) Lactobacillus (2.67±0.12) 
Clostridia (71.0±2.5) Ruminococcaceae (11.1±0.47) – 

Clostridiaceae (20.8±0.84) Clostridium (17.5±0.59) 
Faecalibacterium 
(3.1±0.23) 

Lachnospiraceae (3.88±0.14) Blautia (2.19±0.05) 
Другие (35.2±0.11) – 

Proteobacteria (3.22±0.13) Deltaproteobacteria (2.32±0.09) Desulfovibrionaceae (2.32±0.09) – 
G r o u p  I  (n = 5) 

Bacteroidetes (66.2±3.20*) Bacteroidia  (66.2±3.20*) Rikenellaceae (56.2±2.44*) Alistipes (56.2±2.44*) 
Bacteroidaceae (9.95±0.56*) Bacteroides (9.95±0.56*) 

Firmicutes (20.5±0.92*) Clostridia (19.9±0.88*) Ruminococcaceae (8.85±0.51) – 
Clostridiaceae (2.85±0.12*) Faecalibacterium 

(2.85±0.12) 
Lachnospiraceae (2.19±0.16) – 

Actinobacteria (2.1±0.14) Actinobacteria (2.1±0.14) Micrococcaceae (2.1±0.14) Rothia  (2.1±0.14) 
Proteobacteria (2.59±0.36) Gammaproteobacteria  (2.59±0.36) – – 

G r o u p  II  (n = 5) 
Firmicutes (93.7±3.78*) Clostridia (75.1±2.69) Ruminococcaceae (24.5±0.87*) Subdoligranulum 

(2.64±0.09) 
Ruminococcus 
(8.24±0.35) 

Clostridiaceae (22.7±0.94) Faecalibacterium 
(13.4±0.53*) 
Clostridium (7.17±0.28) 
Butyricicoccus 
(2.17±0.10) 

Lachnospiraceae (24.4±0.76*) Blautia (3.77±0.14) 
Coprococcus (2.56±0.21) 
Fusicatenibacter 
(7.65±0.36) 

Bacilli (18.6±0.77*) Lactobacillaceae (17.7±0.72*) Lactobacillus 
(17.7±0.72*) 
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Continued Table 3 

G r o u p  III  (n = 5) 
Proteobacteria (2.09±0.24) Gammaproteobacteria  (2.01±0.24) – – 
Firmicutes (49.9±2.47)* Clostridia (46.8±2.41) Ruminococcaceae (18.6±0.83) Subdoligranulum 

(4.59±0.17) 
Ruminococcus 
(2.28±0.31) 

Clostridiaceae (20.4±0.98) Clostridium 
(2.39±0.21*) 
Faecalibacterium 
(17±0.72*) 

Lachnospiraceae (2.85±0.18) – 
Bacilli (2.2±0.27) Lactobacillaceae (2.2±0.27) Lactobacillus 

(2.09±0.23) 
Bacteroidetes (35.2±1.21*) Bacteroidia (35.1±1.21*) Rikenellaceae (30.7±1.12) Alistipes (30.7±1.12) 

Bacteroidaceae (4.36±0.08) Bacteroides (4.36±0.08) 
N o t е. For description of groups, see Materials and methods. Dashes indicate that the marked taxa have not been 
classified. Microorganisms assigned to other unidentified taxa were not counted. 
* Differences between the treatment and control are statistically significant at р  0.05.  

 

Phylum Firmicutes, with the classes Clostridia and Bacilli, dominated in 
group II while the phylum Bacteroidetes was absent. Similar effects were observed 
when supplementing broiler feed with grape extract [36]. Therefrom, it can be con-
cluded that the dietary Quercus cortex directly affects microbial profiles of the 
broiler chicken cecum with regard to taxa Firmicutes, Bacteroidetes, Bacilli, and 
Clostridia, which can change metabolic processes in the body, in particular energy 
resorption or degradation of proteins and polysaccharides. 

There were reports that the increase in broiler weight correlated with 
changes in the gut microbiota composition, especially with the abundance of Bac-
teroidetes and Firmicutes members [37]. With an increase in growth rates, a sharp 
increase in the abundance of Bacteroidetes representatives and a decrease in the 
proportion of Firmicutes were observed. This is due to the fact that the bacteria of 
the phylum Bacteroidetes are mainly able to stimulate digestion in the intestine, since 
they play a central role in the hydrolysis of complex molecules to simpler ones [38]. 
It is also important that bacteria of the genus Alistipes (family Rikenellaceae) are 
resistant to bile and necessary for the intestine, as they are capable of producing 
fibrinolysin, digesting gelatin, and fermenting carbohydrates to form acetic acid [39]. 
The genus Odoribacter (family Porphyromonadaceae) can ferment water carbohy-
drates to form short-chain fatty acids, which is important for the growth of both 
microorganisms and epithelial cells of the host organism [40]. Consequently, the 
improvement in the growth performance of broilers may be associated with an in-
crease in the relative proportion of Bacteroidetes phylum bacteria in the cecum mi-
crobiota. Note also that the bacteria of the phylum Firmicutes, in turn, are important 
for feed digestion [41].  

Our results of taxonomic analysis based on sequencing of the 16S rRNA 
gene are consistent with the data of a number of studies. Thus, high-throughput 
sequencing showed that phyla Firmicutes [42] and Bacteroidetes [43] predominate 
in the cecum of broiler chickens. However, it has also been reported that the 
predominance of the phylum Proteobacteria is possible [44]. Such variability in 
the dominance of representatives of different phyla can be associated with both 
the peculiarities of the sequencing methodology (different studies can use differ-
ent primers, which, despite their universality, are more specific to certain se-
quences of the 16S rRNA gene in microorganisms), and with external factors 
(changes in climatic conditions, diet, age and breed of the studied poultry). It is 
worth noting that the Proteobacteria taxon includes representatives of the oppor-
tunistic group of intestinal bacteria. In our study, there was a decrease in the 
counts of Proteobacteria representatives, by 19.56% in group I and by 35.09% in 



690 

group III as compared to the control. Though these differences are not statisti-
cally significant, the trend we revealed may be of significant interest.  

It is assumed that phenolic compounds contained in plant extracts, in-
cluding oak bark extract, can damage the cell membrane of bacteria by interacting 
with membrane proteins, or be involved in interaction with cellular enzymes, 
which directly or indirectly causes metabolic dysfunction and death of bacteria 
[45]. Phenolic compounds are also able to inhibit the Quorum Sensing signal 
receptors and reduce toxin secretion [46]. Nevertheless, the control of pathogenic 
intestinal microflora with plant extracts, according to a number of reports, may 
differ from the direct action of antibacterial drugs and involve other mechanisms. 
Thus, it was shown that a dietary extract containing capsaicin, carvacrol and cin-
namaldehyde significantly increases the number of Lactobacillus spp. [47]. In rats, 
this was associated with the stimulation of Lactobacillus growth and the production 
of lactic acid in the presence of carvacrol [48].  

Discussing the increase in threonine content, it should be noted that, as 
reported [49], endogenous losses of some amino acids, if assessed by their amount 
in excrement, increases under the influence of tannic acid found in plant extracts. 
This was the case for methionine, histidine and lysine, while excretion was the 
smallest for threonine, cysteine and valine. Tannins are also suggested to influence 
the reabsorption of amino acids from the intestinal lumen. There are reports of 
adverse in vitro and in vivo effects of pure tannins and plant extracts on intestinal 
absorption and transport of amino acids such as proline, methionine, alanine, and 
phenyalanine [50].  

The increase in the content of polyunsaturated fatty acids revealed by us 
is consistent with the results of Koreleski et al. [51]. They showed that the use of 
sage extract increases the content of araquinonic acid in the pectoral muscles of 
chickens. In addition, these same authors have described the different effects of 
sage and rudbeckia extracts. Thus, a dose of 560 mg added to poultry feed con-
tributed to a change in the fatty acid profile. The addition of sage extract to the 
diet reduced the accumulation of polyunsaturated fatty acids in the pectoral mus-
cles compared to control.  

 It is known that some medicinal plants have a positive effect on the pro-
ductive and economic indicators in growing poultry, in particular on lipid metab-
olism in the liver and the antioxidant status of the body [52]. It was reported [53] 
that in the groups that received supplements containing polyphenols, the protein 
content in poultry pectoral muscles increased. Metabolites of phenolic com-
pounds, the tannins and other substances, including those contained in Quercus 
cortex extract, possess antioxidant properties [54] which can affect the profile of 
fatty acids in muscle tissue. The low lipid content in poultry meat and the relatively 
high content of polyunsaturated fatty acids are recognized as one of the main 
beneficial properties of this valuable food product [55]. 

However, it should be noted that some bioactive substances contained in 
plant extracts and performing protective functions in plant tissues can have an 
ambiguous effect on the animal body [56], in particular on such essential processes 
as protein and fat metabolism. It is important to remember that in the composition 
of diets, trace elements interact with each other [57]. The property of tannins to 
bind to enzymes is known, and differences in the chemical structure of these 
polyphenols can affect such interactions [58, 59] and, as a consequence, metabolic 
processes which also change in different periods of poultry growth. Nevertheless, 
at a certain dose, tannins have a positive effect on productivity [60, 61].  

So, our studies have shown that when using oak bark extract as a feed 
additive, the content of amino acids and unsaturated fatty acids in broiler meat 
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increases compared to the control poetry not fed the additive. At 1 ml/kg live 
weight, oak bark extract reduces the carcass fat content. The extract also has a 
positive effect on the cecum microbiota, increasing the abundance of microorgan-
isms from the phyla Bacteroidetes and Firmicutes, which are necessary for the nor-
mal digestion of feed in the intestines of poultry. Thence, the use of oak bark 
extract in feeding broiler chickens at a dosage of 1-3 ml/kg live weight improve 
digestion processes in the intestine and promotes an increase in the content of 
amino acids and unsaturated fatty acids in the carcass meat, which, in turn, im-
proves the consumer properties of the meat products.  
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A b s t r a c t  
 

Reindeer (Rangifer tarandus) is a large Holarctic herbivore animal, the habitat of which, 
including its existence at low temperatures and poor diets, has led to the evolutionary development of 
their unique rumen microbiota, which is necessary for the efficient assimilation of the Arctic flora. In 
winter, lichens rich in secondary metabolites which can influence the representatives of the microbial 
consortium of the digestive tract, make up a large proportion of reindeer fodder plants. The toxic 
effects of certain lichen metabolites (e.g., usnic acid) on a number of microorganisms (Clostridiales, 
Enterococcus, Staphylococcus aureus, Escherichia coli, etc.) as well as ruminants (elk) were previously 
reported. However, little is known about the effect of lichen consumption on the reindeer rumen 
microbiome. Using molecular analysis, we were the first to study the seasonal patterns of the formation 
of the microbial communities of the rumen of the reindeer Rangifer tarandus, living in the Russian 
Arctic. The purpose of the study was to compare the composition of the bacterial community of the 
reindeer rumen in the summer-autumn and winter-spring periods using the method of NGS-sequenc-
ing. In the analysis of microbial communities, biodiversity, taxonomic structure, and the relationship 
of these indicators with the characteristics of reindeer nutrition in connection with seasonal changes 
were evaluated. Samples of the rumen content were collected in the summer-autumn and winter-spring 
periods in 2017-2018 from 20 Nenets reindeer (calves 4-8 months old and adult animals 3-6 years old, 
n≥= 3 per each age group) in the Nenets Autonomous District (AD). Seasonal differences, in contrast 
to gender and age, turned out to be the main factor influencing the reindeer rumen bacterial commu-
nity, which, most likely, is due to differences in the composition of the pasture diet. In the summer-
autumn period, a significant increase in the -biodiversity of the rumen microbiome was noted com-
pared to the winter-spring time for the number of OTUs, Chao1 and Shannon indices. A comparison 
of the -diversity of the reindeer rumen microbiota composition has demonstrated the presence of 
pronounced cluster formation for samples collected in different seasons of the year. Despite the fact 
that in the winter period the diet of reindeer was mainly represented by lichens which are not typical 
food for other ruminants (such as cattle, sheep, etc.), it was interesting to note that, on the whole, the 
obtained microbiome profiles correspond to modern ideas about the ruminant rumen microbiota. Nev-
ertheless, during different seasonal periods, significant changes in the representation of a number of 
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taxa were noted, the clearest of which were detected for microorganisms associated with feed polysac-
charide fermentation. So, in the winter-spring season, a significant increase in microorganisms that 
decompose polysaccharides of lichens, including hemicellulose (Butyrivibrio, Ruminococcus), and li-
chenin (Succiniclasticum, Paraprevotellaceae, and Prevotella). In the summer-autumn period, a signif-
icant increase in the proportion of cellulolytic bacteria (Clostridium, Blautia, Clostridiales, Christensen-
ellaceae Mogibacteriaceae, and Prevotellaceae) is noted. In addition, it has been shown that in the 
summer period a whole spectrum of microorganisms that belong to bacterial pathogens, including 
Erysipelotrichaceae, Coriobacteriaceae, Mycoplasmataceae, and Rickettsiales, proliferate in the reindeer 
rumen. On the whole, the results obtained allow us to conclude that the reindeer rumen microbiome 
is quite clearly associated with nutritional characteristics during various seasonal periods, which deter-
mine adaptation to environmental conditions.  
 

Keywords: Rangifer tarandus, reindeer, rumen, microbiome, seasonal changes, NGS, Russian 
Arctic 
 

Scarcity of the diet, especially during the long cold season, aggravated by 
the severity of the weather conditions poses a serious challenge for reindeer phys-
iology. The shortage of available feed determines one of the causes of death of 
reindeer in winter [1, 2]. The reindeer forage composition varies considerably by 
seasons. In the summer-autumn period, the diet can be based on up to 300 plant 
species, including cereals, sedges, leaves of willows, dwarf birches. In this period, 
lichens account for no more than 15%. In the winter-spring time, the share of 
lichens in the diet of reindeer increases to 75%, and the remaining 25-30% are 
the remains of green plants, mosses, twig feed and various impurities [2]. Lichens 
are extremely poor in nutrients, nitrogenous and mineral compounds, which leads 
to a slowdown in the growth and development of youngsters, depletion of animals, 
especially those who have been ill in the summer, pregnant cows and bulls [3, 4]. 
In addition, lichens produce secondary metabolites, the organic compounds with 
bactericidal activity, in particular usnic acid [5, 6]. Some researchers have noted 
its toxic effects on animals. Thus, it was reported about the death of 300 elks who 
ate lichens in the absence of alternative food [7]. It is also known that usnic acid 
in high concentration is toxic to sheep [8]. However, it was found that reindeer 
can consume lichens without negative consequences [9] due to the ability of an-
aerobic microorganisms of the rumen to detoxify secondary phenolic metabolites 
of lichens [10]. Moreover, usnic acid and its metabolites are not found in the 
contents of the rumen, urine, and excrement of reindeer [10]. These facts give rise 
to interest in in-depth insight into physiological characterization of nutrition of 
these ruminants, and above all of their unique ruminal microbiota, necessary for 
the efficient utilization of the Arctic flora. 

Previous characterization of various ruminants have revealed that the com-
position of the rumen microbiome can depend on many factors, including the 
genotype of animals [11], age [12], habitat [13], season of the year [4, 14], diet 
and feeding regime [15], health status, use of antimicrobial compounds [16], day-
light regime [17], stress [18)] and environmental conditions [19]. Therefore, no 
doubt, the study of the reindeer adaptability should be based on an assessment of 
the conditions of their habitat, nutrition, and other factors. 

Little is known about changes in the composition of the rumen microbi-
ome of reindeer in winter associated with an increase in the lichen consumption. 
The report of M.A. Olsen et al. (20), based on classical microbiological methods, 
demonstrated a decrease in the total number of microorganisms in the rumen of 
Rangifer tarandus platyrhynchus in winter compared to summer by an order of mag-
nitude. Similar results on a decrease in the number of viable zoospores of chytridi-
omycetes in winter have been described for other ruminant species [21, 22].  

Molecular genetic prefiling of the microbiome of the gastrointestinal tract 
come into conflict with the data obtained with culture methods. Thus, a significant 
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change was reported in the abundance of some microorganisms in the rumen of a 
reindeer depending on the season [23]. It was shown that the proportion of cellu-
lolytic bacteria Butyrivibrio fibrisolvens increased in winter (22% in summer and 
30% in winter), while amylolytic bacteria Streptococcus bovis decreased (17% in 
summer and 4% in winter). Other authors, on the contrary, did not reveal signif-
icant changes in the rumen biota in Rangifer tarandus platyrhynchus of the Svalbard 
archipelago with regard to the number of methanogens, bacteria, and protozoa 
due to the change in the composition of vegetation of natural pastures in autumn 
and spring [24]. Similar results were obtained by A. Salgado-Flores et al. [25] who 
assessed the differences in the microbiota of the rumen and cecum of reindeer 
Rangifer tarandus tarandus inhabiting the territory of Norway when feeding lichens 
and pelleted fodder. The authors established the absence of a significant effect of 
the diet on the number of the main groups of microorganisms (bacteria, fungi, 
archaea), but nevertheless showed the presence of significant differences in the 
composition of the bacterial and archaeal communities both in the rumen and in 
the cecum. In particular, in the rumen of animals that received a lichen diet, a 
significant decrease was noted in the proportion of some bacteria of the genus 
Ruminococcus of the order Bacteroidales, participating in the decomposition of 
plant fiber.  

Here, we first applied molecular analysis to investigate the seasonal fea-
tures of bacterial rumen communities in Rangifer tarandus reindeer from the Rus-
sian Arctic. The results characterize the confinement of microbiota changes to the 
structure of the forage and their relationship with age and sex differences. For the 
first time, it has been shown that seasonal changes are among the key factors in 
the formation of the rumen microbiome in reindeer, which is probably related to 
the peculiarities of the animal feed base.  

Our objective was to compare the bacterial community composition in the 
rumen of reindeer from the regions of the Russian Arctic zone in the summer-
autumn and winter-spring periods using the NGS sequencing method.  

Materials and methods. Specimens of the rumen content were sampled 
from 20 Nenets reindeer (Rangifer tarandus), including 4-8-month old calves 
and 3-6-year old adults, in summer-autumn season and winter-spring season of 
2017 and 2018 (n = 3 for each age) in Nenets Autonomous Okrug (AO), 
Nelmin-Nos settlement (tundra climate zone). Simultaneously, samples were 
collected of pasture vegetation which comprised basal reindeer diet correspond-
ing to the seasonal period. A botanical description of the vegetation samples was 
carried out according to the “Definition of forage plants for reindeer” [26], the 
ratio of different types of vegetation in the diet and its nutritional value were 
measured [27]. 

To profile the reindeer rumen bacterial community composition by NGS 
(Next generation sequencing) method, total DNA was extracte from the samples 
using Genomic DNA Purification Kit (Fermentas, Inc., Lithuania) as per the man-
ufacturer’s recommendations. The final concentration of total DNA preparation was 
measured on a Qubit fluorometer (Invitrogen, Inc., USA) with Qubit dsDNA BR 
Assay Kit (Invitrogen, Inc., USA) according to the manufacturer’s description.  

NGS sequencing was performed on the next generation sequencing plat-
form MiSeq (Illumina, Inc., USA) with primers to the V3-V4 region of 16S rRNA 
gene, the forward primer 5´-TCGTCGGCAGCGTCAGATGTGTATAAGAGA-
CAGCCTACGGGNGGCWGCAG-3´, the reverse primer 5´-GTCTCGTGGG-
CTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3´.  
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 The DNA libraries were constructed using Nextera® XT IndexKit (Illu-
mina, Inc., USA). Agencourt AMPure XP kit (Illumina, Inc., USA) was used for 
purification of PCR products, and MiSeq® ReagentKit v2 (500 cycle) (Illumina, 
Inc, USA) was used for sequencing. 

Processing of the reads (Q30 quality filtration, primer trimming) were per-
formed using Illumina bioinformatics platform (Illumina, Inc, USA). The quality 
of reads and the taxonomic composition of bacteria were assessed using QIIME2 
v.2019.10 software (https://docs.qiime2.org) with the Green-Genes database ver-
sion 13.5 (https://greengenes.secondgenome.com).  

 To compare bacterial communities, indices of - and -diversity were 
calculated. To assess -diversity, the species richness indices (the number of Op-
erational Taxonomic Units, OTUs, the Chao1 abundance index) and the Shannon 
diversity index were calculated using QIIME2 software [28] with default parame-
ters. Additionally, the number of common and unique OTUs was determined for 
the samples, grouped according to the season, with the use of the VennDiagram 
package [29] in the R software (https://bioinfogp.cnb.csic.es/tools/venny/in-
dex.html). -Diversity was assessed with the R software using the nonmetric 
multidimensional scaling (NMDS) algorithm [30] with the Bray-Curtis dis-
tance metric from the ‘vegan’ package (RDocumentation. Package ‘vegan’, 
2019, https://cran.r-project.org/web/packages/vegan/vegan.pdf). 

Heatmaps characterizing differences in the composition of the rumen mi-
crobiome in the winter and summer seasons were constructed using the ‘pheatmap’ 
Version 1.0.12 package for the R software (https://cran.r-project.org/web/pack-
ages/pheatmap/pheatmap.pdf). When constructing heatmaps, the numerical 
matrix was centered and scaled by rows and hierarchical clustering was per-
formed using the Ward’s method based on the matrix of the squared Euclidean 
distances.  

The results of NGS se-
quencing of the bacterial com-
munity of the reindeer rumen 
were deposited in the NCBI 
(National Center for Biotech-
nology Information) on the Bio-
Project service at the Sequence 
Read Archive (SRA) under num-
ber PRJNA576999. 

Statistical analysis was 
carried out using Microsoft Ex-
cel 2010 software. The average 
values of indicators (M) and their 
standard errors (±SEM) are given. 
The significance of differences 
was assessed using the Student’s 
t-test. 

Results. Figure 1 shows 
the location in the Nenets Au-
tonomous District where rein-
deer rumen content samples were 
collected. Table 1 presents the 
averaged composition and nu-

tritional value of the summer-autumn and winter-spring pasture ration of reindeer. 

Fig. 1. Region of sampling the rumen contents of the Nenets 
reindeer (Rangifer tarandus) (Nenets Autonomous Okrug, 
2017-2018). 
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1. Seasonal averaged composition and nutritional value of the pasture ration of the 
Nenets reindeer (Rangifer tarandus) (M±SEM, Nenets Autonomous Okrug, 
2017-2018) 

Parameter Summer-autumn Winter-spring 
N u t r i t i o n a l  v a l u e  

Soluble carbohydrates (sugars), g/kg 66.86±3.50 40.22±1.82 
Mass fraction of dry matter, % 82.04±1.46 79.15±3.01 
Crude fat, g/kg 15.46±0.54 10.62±0.26 
Crude protein, g/kg 64.03±3.50 40.69±1.40 
Crude ash, g/kg 23.95±1.80 30.95±1.12 
Crude fiber, g/kg 160.55±8.60 168.45±7.40 

I n g r e d i e n t s   
Lichens (Cladonia)  10 75 
Silver birch (Betula pendula Roth)  20 5 
Boreal willow (Sаlix borеalis Fries)  15 – 
Bog bilberry (Vaccinium uliginosum L.)  5 5 
Dwarf birch (Bеtula nаna L.)  20 – 
Perennial herbage 30 15 
N o t е. Dashes indicate the absent of the plant in the sample.  
 

Table 2 describes the rumen content samples we involved in NGS se-
quencing.  

2. Samples of Nenets reindeer (Rangifer tarandus) rumen content used in NGS se-
quencing (Nenets Autonomous Okrug, 2017-2018)  

No. Number of reads Season  Age Sex 
7SNAM 86227 Summer-autumn Adult Bull 
12SNAF 84970 Summer-autumn Adult Cow 
8SNAM 81850 Summer-autumn Adult Bull 
16SNCM 77574 Summer-autumn Calf  Bull 
15SNCM 76548 Summer-autumn Calf Bull 
14SNAF 57229 Summer-autumn Adult Cow 
10SNAF 56651 Summer-autumn Adult Cow 
13SNCM 54770 Summer-autumn Calf Bull 
9SNAM 44070 Summer-autumn Adult Bull 
11SNAF 41268 Summer-autumn Adult Cow 
16WNAF 31759 Winter-spring Adult Cow 
15WNAF 29221 Winter-spring Adult Cow 
20WNAM 28141 Winter-spring Adult Bull 
18WNCM 26760 Winter-spring Calf  Bull 
19WNCM 26538 Winter-spring Calf  Bull 
22WNAM 25629 Winter-spring Adult Bull 
14WNAF 24944 Winter-spring Adult Cow 
17WNCM 20437 Winter-spring Calf Bull 
13WNAF 17683 Winter-spring Adult Cow 
21WNAM 14443 Winter-spring Adult Bull 

 

Reindeer are the only animals that can effectively use the scarce plant 
resources of vast areas of the tundra, forest-tundra, and northern taiga [31]. One 
of the features of the diet of these animals is the high proportion of lichens. The 
scarcity of the northern diet forces the reindeer, even in summer, to actively eat 
various types of lichens [1, 2], containing large amounts of toxic metabolites, for 
example, usnic acid [9]. Moreover, in the winter diet of reindeer lichens can reach 
75% [2]. Mushrooms and algae are very different chemically and structurally from 
vascular plants. In plants, the cell walls consist mainly of cellulose (34-68%), 
hemicellulose (34-60%), and lignin (5-17%) [32], while in lichens hemicellulose 
and lichenin are the main component [3]. 

In ruminants the ruminal bacteria constitute the largest fraction which is 
diverse in taxonomic composition and spectrum of produced enzymes necessary 
for decomposition of plant polysaccharides [33-35]. In this work, we for the first 
time studied the seasonal changes in the structure of the bacterial community of 
the reindeer rumen. The high-throughput sequencing method was chosen, the 
use of which previously allowed a number of authors [11, 36] to significantly 
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expand, compared to classical culture methods, the knowledge about rumen mi-
crobiomes of ruminants, including reindeer. 

The NGS library we have constructed contained 906712 sequences. The 
average number of analyzed sequences (reads) in one sample was 45336, the 
minimum was 14443, and the maximum was 86227. The sequenced fragments 
were de novo clustered into operational taxonomic OTUs (OTUs) with a 97% 
identity threshold.  

3. Characterization of -biodiversity of Nenets reindeer (Rangifer tarandus) rumen 
bacterial community based on NGS sequencing (M±SEM, Nenets Autonomous 
Okrug, 2017-2018) 

Parameter Value for groups  p-value 
F a c t o r  o f  s e a s o n a l  d i f f e r e n c e s   

Comparison group  Winter-spring Summer-autumn  
Shannon index 7.68±0.09 8.26±0.06 0.0000523 
OTUs 423.90±25.03 535.00±24.14 0.0075542 
Chao1 index 435.71±25.87 548.82±25.09 0.0084612 

F a c t o r  o f  a g e  d i f f e r e n c e s  
Comparison group  Calves Adults   
Shannon index 8.03±0.10 7.95±0.11 0.7685305 
OTUs 497.67±7.87 471.64±30.19 0.5885066 
Chao1 index 511.16±8.07 484.17±31.08 0.5963144 

F a c t o r  o f  s e x  d i f f e r e n c e s   
Comparison group  Bulls Cows   
Shannon index 8.01±0.10 7.93±0.15 0.4976555 
OTUs 482.33±24.90 475.13±39.74 0.8484414 
Chao1 index 495.60±25.85 487.26±40.60 0.8311257 
N o t е. For description of the groups, see Material and methods.  

 

Table 3 shows the values of the -biodiversity parameters (OTUs, Chao1 
and Shannon indices). The data indicate that statistically significant differences in 
the -biodiversity parameters of the reindeer rumen bacterial community occur 
between the groups of samples collected in different seasons. Thus, the biodiversity 
coefficients for the samples collected in the summer-spring period were signifi-
cantly higher than those for the samples in the winter-spring period according to 
the Chao1 (p = 0.0084612) and Shannon (p = 0.0000523) indices and the OTUs 
number (p = 0.0075542). We did not reveal any significant differences in the -
biodiversity depending on sex and age of the reindeer. 

These biodiversity parameters 
indicate not only a significant expan-
sion of the qualitative composition of 
species (OTUs) in the summer-autumn 
period, but also an increase in their rel-
ative abundance (or evenness) reflected 
by the Shannon index which accounts 
for both the species richness and the 
uniformity of OTUs distribution [28]. 
The increased value of Chao1 index, 
which, in addition to the species rich-
ness, gives more weight to rare species, 
also indicates an increase in the biodi-
versity of the microbial community of 
the reindeer rumen in the summer-au-

tumn period compared to winter-spring time.  
Since the indices of -biodiversity indicate the greatest influence of sea-

sonal factor on the reindeer rumen microbial community, we calculated the num-
ber of common and unique OTUs using the VennDiagram statistical package to 

 

Fig. 2. Comparison of -biodiversity of Nenets rein-
deer (Rangifer tarandus) rumen microbiomes in 
summer-autumn and winter-spring seasons by Venn 
graph analysis method (Nenets Autonomous Okrug, 
2017-2018). 
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visualize the differences (Fig. 2). The results showed that each season had its own 
unique set of OTUs. The total number of unique OTUs that were found in the 
rumen microbiome at least once was 1280. The unique OTUs identified in the 
summer period accounted for 1713, while in winter their number was 1573. 

Seasonal changes in -bio-
diversity of the rumen microbiome 
were visualized by the NMDS 
method (algorithm of non-metric 
multidimensional scaling) as a two-
dimensional graph in Figure 3. 
Comparison of β-diversity of the 
composition of the rumen micro-
biota of reindeer from different -
subgroups demonstrated the pres-
ence of a pronounced joint cluster-
ing of samples by seasons of the 
year. A significant shift along the 
first axis of nMDS1 observed for 
samples from the summer-autumn 
and winter-spring subgroups con-
firms the uniqueness of the com-
position of the reindeer microbi-

ome in different seasons. 
These results are consistent with the studies which reported the pres-

ence of specific microbial taxa in the digestive tract, which can vary in animals 
of the same species or genotype [37]. Such intra- and interspecific variations 
in the microbiota composition can serve as indicators of ecological processes 
that form a microbial community associated with the host. Given this, the fact 
of changes in the indicators of biodiversity in the rumen microbiota of the 
individuals involved in our study confirms the existing opinion that the micro-
bial community can reflect the physiological state of animals. In our opinion, 
the detected changes in the rumen microbiota in reindeer are logical, since 
nutrition is one of the most significant factors affecting the composition of the 
rumen microbiome [11, 33].  

The histogram (Fig. 4) shows the composition of rumen bacterial com-
munity of the reindeer at the phylum level. In general, the rumen microbiome 
comprised 20 bacterial phyla.  

At the phylum level, the Firmicutes (29.98-52.67%) and Bacteroidetes 
(33.55-51.87%) dominated with no significant differences between seasons. Bac-
teria of the phyla Proteobacteria (0.20-1.64%), Verrucomicrobia (1.67-5.21%), TM7 
(0.69-4.67%), Spirochaetes (1.20-6.88%), Actinobacteria (0.40-3.50%), Planctomy-
cetes (0.27-3.50%) and SR1 (0.14-6.09%) were less abundant. The bacteria from 
the remaining phyla (Cyanobacteria, Nitrospirae, Chloroflexi, Synergistetes, Fibro-
bacteres, Fusobacteria, Elusimicrobia, Tenericutes, OD1, Synergistetes, and two uni-
dentified phyla) accounted for less than 1% of the total bacterial community. 

At the family level, Ruminococcaceae (5.87-16.17%) and Prevotellaceae 
(12.02-29.16%) prevailed in most samples. Other dominant taxa with a high rela-
tive abundance included unclassified bacteria of the order Bacteroidales (9.76-
16.00%) and families Clostridiales (4.31-15.83%), Lachnospiraceae (4.17-14.29%), 
and Veillonellaceae (1.67-14.88%). 

 

Fig. 3.  Comparison of -biodiversity of Nenets reindeer 
(Rangifer tarandus) rumen microbiomes in summer-au-
tumn and winter-spring seasons by Non-Metric Multi-
dimensional Scaling method (NMDS) (Nenets Auton-
omous Okrug, 2017-2018). 
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Fig. 4. Seasonal abundance of bacterial phyla in Nenets reindeer (Rangifer tarandus) rumen microbi-
omes: SCM, SAM, SAF — summer-autumn samples from male calves, adult bulls and adult cows; 
WCM, WAM, WAF — winter-spring samples from male calves, adult bulls and adult cows (Nenets 
Autonomous Okrug, 2017-2018). 
 

At the genus level, Prevotella (8.83-27.04%), Succiniclasticum (0.27-
12.22%), unidentified bacteria of the genera from the families Veillonellaceae 
(0.21-2.71%), Lachnospiraceae (2.12-8.14%), Ruminococcaceae (5.02-14.14%) and 
from the orders Clostridiales (2.42-7.71%) and Bacteroidales (9.64-17.00%) occu-
pied a dominant position. 

Note, minor counts of microorganisms that traditionally belong to causative 
agents of various diseases of mammals, including members of the families Fusobac-
teriaceae and Mycoplasmataceae were present in some individuals.  

Despite the fact that the winter ration of reindeer was mainly the lichens, 
which are not typical feed for other ruminants (cattle, sheep, etc.), it is important 
to note that, in general, the obtained profiles of the microbiomes correspond to 
the modern understanding of rumen microbiota in ruminants. Our data serve as a 
direct confirmation of the results of G. Henderson et al. [11], who studied rumen 
microbiomes of different ruminants of 32 species and subspecies and showed the 
presence of a core community which remained stable in all studied species and 
subspecies. In the core community, these researchers detected bacteria of the gen-
era Prevotella, Butyrivibrio, and Ruminococcus among the representatives of the 
phyla Firmicutes and Bacteroidetes. According to their data, the number of other 
microorganisms (e.g., bacteria of the families Lachnospiraceae, Ruminococcaceae, 
Bacteroidales, and Clostridiales) varied depending on the diet and the environment, 
thereby determining the uniqueness of each species of ruminant, while the differ-
ences between groups which determine specificity of adaptation to environmental 
conditions were manifested at the level of minor taxa.  

It is worth noting the important physiological role of microorganisms of 
the phyla Firmicutes and Bacteroidetes in the life of ruminants. Many microorgan-
isms that are part of these taxa (for example, of the families Lachnospiraceae, 
Ruminococcaceae, Clostridiaceae, Bacteroidaceae, etc.) are active producers of en-
zymes (cellulases, hemicellulases, xylanases, glycoside hydrolases, etc.) that the 
host’s body is not able to produce on its own. Microbial enzymes allow the body 
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of ruminants to assimilate a wide range of plant polysaccharides, providing the 
body of animals with volatile fatty acids (VFA), such as acetate, propionate, bu-
tyrate, and other nutritive compounds [33, 34].  

The proportion of phyla Firmicutes and Bacteroidetes in the rumen was 
reported to depend on the habitat and type of feed [13]. Thus, many bacteria of 
the phylum Firmicutes (genera Ruminococcus, Clostridium, Butirivibrio, etc.) ac-
tively produce cellulolytic enzymes, which allows them to break down plant fi-
ber, while representatives of Bacteroidetes synthesize mainly amylolytic enzymes 
and promote the utilization of easily fermented carbohydrates [34]. Therefore, a 
change in the profile of microorganisms of these groups can also lead to a change 
in the spectrum of metabolites produced by them, thereby influencing the host 
organism.  

Our research revealed that the change of seasons caused significant differ-
ences in the abundance of microorganisms in the phyla Firmicutes and Bacteroidetes, 
as well as in a number of representatives of other taxa. Figures 5 and 6 show heat 
maps reflecting prevalence of microorganisms the abundance of which in the rein-
deer rumen significantly differed in the winter-spring and summer-autumn periods.  

Figure 5 shows that in the summer-autumn period as compared to win-
ter-spring time, the proportion between SR1 phyla (0.33±0.11% vs. 3.09±0.52%, 
r = 0.00004, p < 0.05) and Planctomycetes (0.01±0.006% vs. 0.24±0.15%, r = 0.02, 
p < 0.05) were significantly less.  

 

 

Fig. 5. Heatmap of seasonal difference in the abundance of bacterial phyla in Nenets reindeer (Rangifer 
tarandus) rumen microbiomes: S — summer, W — winter, A — adult, С — calf, M — male, F — 
female; k — kingdom, p — phylum (Nenets Autonomous Okrug, 2017-2018). 

 

In the winter-spring period, abundance of a number of phyla significantly 
decreased, including Actinobacteria (0.26±0.08% vs. 0.03±0.01%, r = 0.004), Chlor-
oflexi (0.95±0.15% vs. 0.43±0.06%, r = 0.004), Tenericutes (3.10±0.08% vs. 
0.05±0.02%, r = 0.006), Verrucomicrobia (0.27±0.06% vs. 0.09±0.03%, r = 0.01), 
unidentified phyla (1.96±0.32% vs.1.01±0.24%, r = 0.02); for all r p < 0.05. A 
lower proportion of phyla Actinobacteria, Verrucomicrobia, and Chloroflexi in the 
rumen in winter appeared to be a regularity; according to some research, these 
microorganisms are associated with soil and plant ecosystems [38]. 

Moreover, in general, NGS sequencing did no revealed significant sea-
sonal differences in total proportion of the phyla Firmicutes and Bacteroidetes dom-
inating in the reindeer rumen. However, as can be seen from Figure 6, at a lower 
taxonomic level, the abundance of some members of these taxa in the winter 
significantly increased. Interestingly, significant differences occurred primarily for 
microorganisms associated with fermentation of plant polysaccharides. Thus, in 
the winter there was a significant increase in the number of bacteria of the genera 
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Succiniclasticum (from 1.59±0.26% in the summer-autumn period to 9.55±0.68% 
in the winter-spring period, r = 0.000000001), Paraprevotellaceae (from 1.08±0.14% 
to 2.41±0.20%, r = 0.00002), Coprococcus (from 0.08±0.03% to 1.18±0, 21%, 
r = 0.00004), Butyrivibrio (from 0.77±0.10% to 3.58±0.55%, r = 0.00007), 
Prevotella (from 14.13±1.13% to 20.10±0.91%, r = 0.0005), and Ruminococcus 
(from 0.28±0.01% to 0.97±0.253%, r = 0.01); for all r p <0.05. 

 

 

Fig. 6. Heatmap of seasonal difference in the abundance of bacterial genera in Nenets reindeer (Rangifer 
tarandus) rumen microbiomes: S — summer, W — winter, A — adult, С — calf, M — male, F — female; 
g — genus, f — family, o — order, k — kingdom, p — phylum (Nenets Autonomous Okrug, 2017-
2018). 

 

On the contrary, other microorganisms from the phyla Firmicutes and 
Bacteroides became significantly more abundant in the winter period. Such reg-
ularities were observed for the genera Clostridium (from 0.98±0.13% to 
0.41±0.07%, r = 0.001), Blautia (from 1.20±0.15% to 0.18±0.04%, r = 0.000006), 
unidentified genera from the Clostridiales order (from 5.71±0.43% to 2.81±0.21%, 
r = 0.000006), from the families Christensenellaceae (from 2.39±0.213% to 
1.11±0.17%, r = 0.00001), Mogibacteriaceae (from 2.23±0.41% to 0.89±0.19%, 
r = 0.007) and Prevotellaceae (from 3.29±0.50% to 1.99±0.17%, r = 0.02); for all 
r p <0.05. 

Our findings confirm the opinion of G. Henderson et al. [11] that the 
differences in the rumen microbiome of ruminants, which determine characteris-
tics of animal adaptation to environmental conditions, are apparent at the level of 
minor taxa.  

The findings draw us to the conclusion about a fairly clear association of 
the reindeer rumen microbiome with nutritional habits in different seasons. Con-
sidering that lichens consist mainly of structural carbohydrates [3, 32], such as 
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hemicellulose, it seems natural that bacteria of the genera Butyrivibrio and Rumi-
nococcus capable of hydrolyzing this polysaccharide predominate in the rumen in 
the winter-spring period. It is known that the role of other ruminal bacteria, 
namely the members of genera Prevotella and Paraprevotella of phylum Bacteroide-
tes, is associated with the degradation of starchy polysaccharides due to production 
of amylases [39]. An increase in the number of these bacteria in winter may be an 
expected consequence of the high content of lichen starch, the lichenin in the 
reindeer diet. In this regard, the discovered increase in the abundance of Prevotel-
lus in the rumen of the Chinese sika deer, whose diet included a large amount of 
oak leaves containing a significant amount of secondary plant metabolites with 
antimicrobial action is also of interest [40].  

Note that the abundance of another ruminal prevotellas from an uniden-
tified genus of the family Prevotellaceae, on the contrary, was higher in the sum-
mer-autumn period (see Fig. 6). This can be explained by the high genome vari-
ability of the microorganisms of this family, as a result of which different genera 
and species of Prevotellaceae show the ability to synthesize a wide range of en-
zymes that hydrolyze plant polysaccharides. Thus, an increase in the bacterial 
abundance of Prevotellus that we identified in the summer-autumn period is pos-
sible due to its ability to form cellulases that break down plant fiber the proportion 
of which in the reindeer diet increases in summer. 

The genera Clostridium and Blautia also belong to the cellulose-decom-
posing ruminal bacteria, which explains their significantly higher level in the rein-
deer rumen in summer and autumn and indicates an increase in the potential of 
the microbial community for the fermentation of plant polysaccharides. In addi-
tion, a significant antimicrobial effect of lichen usnic acid was previously reported 
in a number of clostridial strains [5]. Note that the findings of T.H. Aagnes et al. 
[3] come into some contradiction with our data, since these authors reported an 
increase in the abundance of Clostridia in winter, which, obviously, can also be 
explained by the specific metabolic characteristics of various species of the genus 
Clostridium.  

F. Li et al. [41] when analyzing the rumen microbiome in 709 cattle, 
revealed that the presence of a complex of bacteria, including unidentified bacteria 
of the order Clostridiales, families Christensenellaceae, Mogibacteriaceae, directly 
and positively correlates with the amount of acetate, while the genus Succiniclas-
ticum abundance correlate with the propionate level. The data obtained by F. Li 
and colleagues indicate a certain metabolic relationship between these microor-
ganisms. Thus, it is known that the formation of acetate in the rumen is associated 
with degradation of plant cellulose, while the formation of propionate is associated 
with the starch metabolism [34]. Thus, our results explain the increase in the 
abundance of bacteria synthesizing acetate in summer when plants are the main 
component of the reindeer diet, and those producing propionate in winter when 
the animals predominantly eat lichens.  

In addition, we revealed a slight decrease in the proportion of the phylum 
Cyanobacteria (from 0.07±0.02% to 0%, r = 0.00004, p < 0.05) in the winter-
spring period. In our study, as already noted, the presence of cyanobacteria in the 
rumen of reindeer inhabiting the territory of the Nenets Autonomous Okrug, both 
in the summer-autumn and winter-spring periods, was generally minor. Neverthe-
less, other works [26, 42] mention a sufficiently high number of cyanobacteria in 
reindeer rumen microbial communities. This seems quite expectable, since cyano-
bacteria are symbionts of lichens which constitute up 10-15% of reindeer grazing 
diet in summer and up to 75% in winter [43].  
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The patterns that we identified for the set of opportunistic microorgan-
isms deserve special attention. NGS analysis showed that many microorganisms 
that are causative agents of infections preferably reproduce in reindeer rumen 
in summer and autumn. In winter and spring their abundance significantly 
decreases,  from 1.12±0.17% to 0.50±0.06% (r = 0.003) for Erysipelotrichaceae, 
from 0.26±0.08% to 0.02±0.01% (r = 0.005) for Coriobacteriaceae, from 0.22±0.06% 
to 0.04±0.02% (r = 0.02) for Mycoplasmataceae, and from 0.39±0.11% to 
0.10±0.02% (r = 0.017) for Rickettsiales; for all r p <0.05.  

These results are to some extent confirmed by the study [44], in which the 
Coriobacteriaceae family was found to be the most sensitive indicators responding 
to changes in the rumen microbiome of ruminants. A significantly higher abun-
dance of Mycoplasmataceae family comprising bacterial pathogens, that we re-
vealed during the summer-autumn period, also corresponds to the available data 
on the higher incidence of reindeer in the summer season [45].  

For cattle, a positive correlation was revealed between the abundance of 
Erysiopelotrichaceae family gram-positive bacteria and the feeding habits [46]. Like 
species of genus Lactobacillus, most members of Erysiopelotrichaceae ferment a 
wide variety of sugars to form mainly lactic acid, resulting in increased rumen 
acidity. It is known that an increase in the amount of lactic acid in the rumen 
leads to impaired digestion of fiber and the development of lactic acidosis. 
J.E. Nocek et al. [47] showed that higher lactic acid level in the rumen of cattle 
can lead to Fusobacterium necrophorum infection and necrobacteriosis as a result 
of the pathogen penetration into the blood through damaged rumen epithelium. 
Given that necrobacteriosis in reindeer herds is seasonal, i.e. occurs in the sum-
mer, the increased abundance of Erysipelothrihaceae family that we have identified 
in the summer seems logical and noteworthy.  

To summarize, the survey of Nenets reindeer (Rangifer tarandus) in the 
Russian Arctic showed a significantly higher -biodiversity level in the sum-
mer-autumn period compared to the winter-spring period as per the number of 
OTUs (р = 0.0075542) and the values of Chao1 (p = 0.0084612) and Shannon 
(p = 0.0000523) indices. We did not find statistically significant differences in 
the biodiversity of the rumen bacterial community with regard to sex and age 
of the reindeer. Regardless of the season, the phyla Firmicutes and Bacteroidetes 
dominate in the rumen content, the phyla Proteobacteria, Actinobacteria, Ver-
rucomicrobia, TM7, Spirochaete, Planctomycetes, and SR1 are less abundant, 
and other detected taxa are minor. Nevertheless, we revealed significant 
changes in the composition of certain taxonomic groups of bacteria depending 
on the season. In the winter-spring period, the number of ruminal bacteria 
involved in decomposition of lichen polysaccharides increase, including those 
decomposing hemicellulose (Butyrivibrio, r = 0.00007; Ruminococcus, r = 0.01) 
and lichenin (Succiniclasticum, r = 0.000000001; Paraprevotellaceae, r = 0.00002; 
Prevotella, r = 0.0005). During summer and autumn, the abundance of micro-
organisms associated with the decomposition of plant fiber increases, including 
members of genera Clostridium (r = 0.001), Blautia (r = 0.000006), unidentified 
genera from the order Clostridiales (r = 0.000006) and from the families Chris-
tensenellaceae (r = 0.00001), Mogibacteriaceae (r = 0.007), and Prevotellaceae 
(r = 0.02). The abundance of some infectious pathogens in the reindeer rumen is 
higher in summer, including bacteria of the families Erysipelotrichaceae (r = 0.003), 
Coriobacteriaceae (r = 0.005), Mycoplasmataceae (r = 0.02), and Rickettsiales 
(r = 0.017). For all r values, p < 0.05.  

Thus, the obtained microbiome profiles of the reindeer rumen are gener-
ally consistent with modern concepts of the rumen microbiota in ruminants. In 
the summer-autumn period, there is a significant increase in the indices of -
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biodiversity of the rumen microbiome as comparison to the winter-spring period. 
Comparison of the -diversity of the reindeer rumen microbiota shows a pro-
nounced clustering of the samples by seasons. In the winter-spring season, a sig-
nificant increase occurs in the abundance of microorganisms that decompose li-
chen polysaccharides, including hemicellulose (Butyrivibrio, Ruminococcus) and 
lichenin (Succiniclasticum, Paraprevotellaceae, Prevotella). In the summer-autumn 
period, there is a significant increase in the proportion of cellulolytic bacteria 
Clostridium, Blautia, Clostridiales, Christensenellaceae, Mogibacteriaceae, and 
Prevotellaceae. In addition, the summer period is preferable for the development 
of infectious agents (Erysipelotrichaceae, Coriobacteriaceae, Mycoplasmataceae, 
and Rickettsiales). In general, these findings allow us to conclude that there is a 
fairly clear association of the reindeer rumen microbiome with nutritional habits 
in different seasonal periods. The differences in the rumen microbiome of rumi-
nants, which determine adaptation to environmental conditions, are apparent at 
the level of minor taxa. The data we obtained can be used to develop means 
facilitating the reindeer adaptation to the ecological conditions of the territory, as 
well as means for the prevention and treatment of diseases, one way or another 
associated with seasonal changes in the rumen microbiome. 

 
R E F E R E N C E S  

 
1. Morgavi D.P., Kelly W.J., Janssen P.H., Attwood G.T. Rumen microbial (meta)genomics and its 

application to ruminant production. Animal, 2013, 7(1): 184-201 (doi: 10.1017/S1751731112000419). 
2. Mathiesen S.D., Mackie R.I., Aschfalk A., Ringø E., Sundset M.A. Microbial ecology of the 

digestive tract in reindeer: seasonal changes. In: Biology of growing animals. Vol. 2 Microbial ecology 
in growing animals. W.H. Holzapfel, P.J. Naughton, S.G. Pierzynowski, R. Zabielski, E. Salek 
(eds.). Elsevier Ltd., Edinburgh, 2005: 75-102 (doi: 10.1016/S1877-1823(09)70037-2). 

3. Aagnes T.H., Sørmo W., Mathiesen S.D. Ruminal microbial digestion in free living, in captive 
lichen-fed and in starved reindeer (Rangifer tarandus tarandus) in winter. Applied and Environ-
mental Microbiology, 1995, 61(2): 583-591.  

4. Orpin C.G., Mathiesen S.D., Greenwood Y., Blix A.S. Seasonal changes in the ruminal micro-
flora of the high-arctic Svalbard reindeer (Rangifer tarandus platyrhynchus). Applied and Environ-
mental Microbiology, 1985, 50(1): 144-151. 

5. Sundset M.A., Kohn A., Mathiesen S.D., Praesteng K.E. Eubacterium rangiferina, a novel usnic 
acid-resistant bacterium from the reindeer rumen. Naturwissenschaften, 2008, 95(8): 741-749 (doi: 
10.1007/s00114-008-0381-0). 

6. Kartsev V., Lichitsky B., Geronikaki A., Petrou A., Smiljkovic M., Kostic M., Radanovic O., 
Soković M. Design, synthesis and antimicrobial activity of usnic acid derivatives. Med. Chem. 
Commun., 2018, 9(5): 870-882 (doi: 10.1039/C8MD00076J). 

7. Roach J.A.G., Musser S.M., Morehouse K., Woo J.Y.J. Determination of usnic acid in lichen 
toxic to elk by liquid chromatography with ultraviolet and tandem mass spectrometry determina-
tion. J. Agric. Food. Chem., 2006, 54(7): 2484-2490 (doi: 10.1021/jf052767m). 

8. Dailey R.N, Montgomery D.L., Ingram J.T., Siemion R., Vasquez M., Raisbeck M.F. Toxicity 
of lichen secondary metabolite (+)-Usnic acid in domestic sheep. Veterinary Pathology, 2008, 
45(1): 19-25 (doi: 10.1354/vp.45-1-19). 

9. Palo R.T. Usnic acid, a secondary metabolite of lichens and its effect on in vitro digestibility in 
reindeer. Rangifer, 1993, 13(1): 39-43 (doi: 10.7557/2.13.1.1071). 

10. Sundset M.A., Barboza P.S., Green T.K., Folkow L.P., Blix A.S., Mathiesen S.D. Microbial 
degradation of usnic acid in the reindeer rumen. Naturwissenschaften, 2010, 97: 273-278 (doi: 
10.1007/s00114-009-0639-1). 

11. Henderson G., Cox F., Ganesh S., Jonker A., Young W., Global Rumen Census Collaborators, 
Janssen P.H. Rumen microbial community composition varies with diet and host, but a core 
microbiome is found across a wide geographical range. Scientific Reports, 2015, 5: 14567 (doi: 
10.1038/srep14567). 

12. Fonty G., Joblin K., Chavarot M., Roux R., Naylor G., Michallon F. Establishment and devel-
opment of ruminal hydrogenotrophs in methanogen-free lambs. Applied and Environmental Mi-
crobiology, 2007, 73(20): 6391-6403 (doi: 10.1128/AEM.00181-07). 

13. Sundset M.A., Præsteng K.E., Cann I.K.O., Mathiesen S.D., Mackie R.I. Novel rumen bacterial 
diversity in two geographically separated sub-species of reindeer. Microb. Ecol., 2007, 54(3): 424-
438 (doi: 10.1007/s00248-007-9254-x). 



710 

14. Crater A.R., Barboza P.S., Forster R. Regulation of rumen fermentation during seasonal fluctu-
ations in food intake of muskoxen. Comparative Biochemistry and Physiology. Part A, Molecular & 
Integrative Physiology, 2007, 146(2): 233-241 (doi: 10.1016/j.cbpa.2006.10.019). 

15. Rustomo B., AlZahal O., Odongo N., Duffield T.F., McBride B.W. Effects of rumen acid load 
from feed and forage particle size on ruminal pH and dry matter intake in the lactating dairy cow. 
Journal of Dairy Science, 2006, 89(12): 4758-4768 (doi: 10.3168/jds.S0022-0302(06)72525-5). 

16. Kleen J.L., Hooijer G.A., Rehage J., Noordhuizen J.P. Subacute ruminal acidosis (SARA): a 
review. Journal of Veterinary Medicine Series A, 2003, 50(8): 406-414 (doi: 10.1046/j.1439-
0442.2003.00569.x). 

17. McEwan N.R., Abecia L., Regensbogenova M., Adam C.L., Findlay P.A., Newbold C.J. Rumen 
microbial population dynamics in response to photoperiod. Letters in Applied Microbiology, 2005, 
41(1): 97-101 (doi: 10.1111/j.1472-765X.2005.01707.x) 

18. Uyeno Y., Sekiguchi Y., Tajima K., Takenaka A., Kurihara M., Kamagata Y. An rRNA-based 
analysis for evaluating the effect of heat stress on the rumen microbial composition of Holstein 
heifers. Anaerobe, 2010, 16(1): 27-33 (doi: 10.1016/j.anaerobe.2009.04.006). 

19. Romero-Pérez G.A., Ominski K.H., McAllister T.A., Krause D.O. Effect of environmental fac-
tors and influence of rumen and hindgut biogeography on bacterial communities in steers. Applied 
and Environmental Microbiology, 2011, 77(1): 258-268 (doi: 10.1128/AEM.01289-09). 

20. Olsen M.A., Aagnes T.H., Mathiesen S.D. The effect of timothy silage on the bacterial population 
in rumen fluid of reindeer (Rangifer tarandus tarandus) from natural summer and winter pasture. 
FEMS Microbiology Ecology, 1997, 24(2): 127-136 (doi: 10.1111/j.1574-6941.1997.tb00429.x). 

21. Wang T.Y., Chen H.L., Lu M.J., Chen Y.C., Sung H.M., Mao C.T., Cho H.Y., Ke H.M., 
Hwa T.Y., Ruan S.K., Hung K.Y., Chen C.K., Li J.Y., Wu Y.C., Chen Y.H., Chou S.P., 
Tsai Y.W., Chu T.C., Shih C.A., Li W.H., Shih M.C. Functional characterization of cellulases 
identified from the cow rumen fungus Neocallimastix patriciarum W5 by transcriptomic and se-
cretomic analyses. Biotechnol. Biofuels, 2011, 4: 24 (doi: 10.1186/1754-6834-4-24).  

22. Fonty G., Joblin K.N. Rumen anaerobic fungi: their role and interactions with other rumen 
microorganisms in relation to fiber digestion. In: Physiological aspects of digestion and metabolism 
in ruminants. Academic Press, Toronto, ON, 1990: 665-680. 

23. Sundset M.A., Edwards J.E., Cheng Y.F., Senosiain R.S., Fraile M.N., Northwood K.S., 
Præsteng K.E., Glad T., Mathiesen S.D., Wright A.D.G. Molecular diversity of the rumen mi-
crobiome of Norwegian reindeer on natural summer pasture. Microb. Ecol., 2009, 57(2): 335-348 
(doi: 10.1007/s00248-008-9414-7). 

24. Sundset M.A., Edwards J.E., Cheng Y.F., Senosiain R.S., Fraile M.N., Northwood K.S., 
Praesteng K.E., Glad T., Mathiesen S.D., Wright A.D. Rumen microbial diversity in Svalbard 
reindeer, with particular emphasis on methanogenic archaea. FEMS Microbiology Ecology, 2009, 
70(3): 553-562 (doi: 10.1111/j.1574-6941.2009.00750.x). 

25. Salgado-Flores A., Hagen L.H., Ishaq S.L., Zamanzadeh M., Wright A.D.G., Pope P.B., 
Sundset M.A. Rumen and cecum microbiomes in reindeer (Rangifer tarandus tarandus) are 
changed in response to a lichen diet and may affect enteric methane emissions. PLoS ONE, 2016, 
11(5): e0155213 (doi: 10.1371/journal.pone.0155213). 

26. Polezhaev A.N., Berkutenko A.N. Opredelitel' kormovykh rastenii severnogo olenya: Magadanskaya 
oblast' [Keys to forage plants for reindeer: Magadan region]. Magadan, 1981 (in Russ.). 

27. Motovilov K.Ya., Bulatov A.P, Poznyakovskii P.M., Lantseva N.N., Mikolaichik I.N. Ekspertiza 
kormov i kormovykh dobavok [Expertise of feed and feed additives]. Novosibirsk, 2004 (in Russ.). 

28. Caporaso J.G., Kuczynski J., Stombaugh J., Bittinger K., Bushman F.D., Costello E.K., 
Fierer N., Pesa A.G., Goodrich J.K., Gordon J.I., Huttley G.A., Kelley S.T., Knights D., 
Koenig J.E., Ley R.E., Lozupone C.A., McDonald D., Muegge B.D., Pirrung M., Reeder J., 
Sevinsky J.R., Turnbaugh P.J., Walters W.A., Widmann J., Yatsunenko T., Zaneveld J., Knight R. 
QIIME allows analysis of high-throughput community sequencing data. Nature Methods, 2010, 7: 
335-336 (doi: 10.1038/nmeth.f.303). 

29. Oliveros J.C. Venny. An interactive tool for comparing lists with Venn’s diagrams. 2007. Accessed: 
http://bioinfogp.cnb.csic.es/tools/venny/index.html. No date. 

30. Warton D.I., Wright T.W., Wang Y. Distance-based multivariate analyses confound location and 
dispersion effects. Methods in Ecology and Evolution, 2012, 3(1): 89-101 (doi: 10.1111/j.2041-
210X.2011.00127.x). 

31. Morgavi D.P., Kelly W.J., Janssen P.H., Attwood G.T. Rumen microbial (meta)genomics and its 
application to ruminant production. Animal, 2013, 7(1): 184-201 (doi: 10.1017/S1751731112000419). 

32. Person S.J., White R.G., Luick J.R. Determination of nutritive value of reindeer-caribou range, 
In: Proceedings of the 2nd International Reindeer and Caribou Symposium. E. Reimers, E. Gaare, 
S. Skjenneberg (eds.). Direktoratet for vilt og ferskvannsfisk, Trondheim, Norway, 1980: 224-239. 

33. Church D.C. Ruminant animal: digestive physiology and nutrition. Prentice Hall, New Jersey, 1993.  
34. Hungate R.E. The rumen and its microbes. Academic Press, NY, 1966. 
35. Hackmann T.J., Spain J.N. Invited review: ruminant ecology and evolution: perspectives useful 

to ruminant livestock research and production. Journal of Dairy Science, 2010, 93(4): 1320-1334 



 

711 

(doi: 10.3168/jds.2009-2071). 
36. Peng S., Yin J., Liu X., Jia B., Chang Z., Lu H., Jiang N., Chen Q. First insights into the 

microbial diversity in the omasum and reticulum of bovine using Illumina sequencing. J. Appl. 
Genetics, 2015, 56(3): 393-401 (doi: 10.1007/s13353-014-0258-1). 

37. Smith C.C.R., Snowberg L.K., Gregory C.J., Knight R., Bolnick D.I. Dietary input of microbes 
and host genetic variation shape among-population differences in stickleback gut microbiota. 
ISME J., 2015, 9(11): 2515-2526 (doi: 10.1038/ismej.2015.64). 

38. Fiere N. Embracing the unknown: disentangling the complexities of the soil microbiome. Nature 
Reviews Microbiology, 2017, 15: 579-590 (doi: 10.1038/nrmicro.2017.87). 

39. Shen J., Zheng L., Chen X., Han X., Cao Y., Yao J. Metagenomic analyses of microbial and 
carbohydrate-active enzymes in the rumen of dairy goats fed different rumen degradable starch. 
Frontiers in Microbiology, 2020, 11: 1003 (doi: 10.3389/fmicb.2020.01003). 

40. Li Z.P., Liu H.L., Guang Y.L., Bao K., Wang K.Y., Xu C., Yang Y.F., Yang H.F., Wright A.D.G. 
Molecular diversity of rumen bacterial communities from tannin-rich and fiber-rich forage fed 
domestic Sika deer (Cervus nippon) in China. BMC Microbiol., 2013, 13: 151 (doi: 10.1186/1471-
2180-13-151). 

41. Li F., Li C., Chen Y., Liu J. Host genetics influence the rumen microbiota and heritable rumen 
microbial features associate with feed efficiency in cattle. Microbiome, 2019, 7: 92 (doi: 
10.1186/s40168-019-0699-1). 

42. Zielińska S., Kidawa D., Stempniewicz L., Łoś M., Łoś J.M. New insights into the microbiota of 
the Svalbard Reindeer Rangifer tarandus platyrhynchus. Frontiers in Microbiology, 2016, 7: 170 
(doi: 10.3389/fmicb.2016.00170). 

43. Mathiesen S.D, Haga Ø.E, Kaino T., Tyler N.J.C. Diet composition, rumen papillation and 
maintenance of carcass mass in female Norwegian reindeer (Rangifer tarandus tarandus) in winter. 
Journal of Zoology, 2000, 251(1): 129-138 (doi: 10.1111/j.1469-7998.2000.tb00598.x). 

44. Zhou M., Peng Y., Chen Y., Klinger C., Masahito O., Liu J., Guan L. Assessment of microbiome 
changes after rumen transfaunation: implications on improving feed efficiency in beef cattle. Mi-
crobiome, 2018, 6: 62 (doi: 10.1186/s40168-018-0447-y). 

45. Kazanovskii E.S., Karabanov V.P., Klebenson K.A. Bolezni severnykh olenei [Diseases in reindeer]. 
Syktyvkar, 2011 (in Russ.). 

46. Morita H., Shiratori C., Murakami M., Takami H., Toh H., Kato Y., Nakajima F., Takagi M., 
Akita H., Masaoka T., Hattori M. Sharpea azabuensis gen. nov., sp. nov., a Gram-positive, strictly 
anaerobic bacterium isolated from the faeces of thoroughbred horses. International Journal of 
Systematic and Evolutionary Microbiology, 2008, 58(12): 2682-2686 (doi: 10.1099/ijs.0.65543-0). 

47. Nocek J.E. Bovine acidosis: implications on laminitis. Journal of Dairy Science, 1997, 80: 1005-
1028 (doi: 10.3168/jds.S0022-0302(97)76026-0). 



714 

AGRICULTURAL BIOLOGY, ISSN 2412-0324 (English ed. Online) 

2020, V. 55, ¹ 4, pp. 714-725 
(SEL’SKOKHOZYAISTVENNAYA BIOLOGIYA) ISSN 0131-6397 (Russian ed. Print) 

ISSN 2313-4836 (Russian ed. Online) 
 

Physiology, biochemistry, nutrition  
 
UDC 636.2:591.132:57.01 doi: 10.15389/agrobiology.2020.4.714eng 

doi: 10.15389/agrobiology.2020.4.714rus 
 

Blessed memory of our Teacher  
Vasily V. Tsyupko is devoted 

 

FOOD PARTICLE SIZE AS AN INDICATOR  
OF ITS STRUCTURAL COMPOSITION AND A KEY ASPECT  

OF THE DEVELOPMENT OF THE NUTRITION THEORY PARADIGM 
 

N.V. VASILEVSKY, T.A. YELETSKAYA 
 

Institute of Animal Science of National academy of agrarian sciences of Ukraine, 3, 7-i Gvardeiskoi Armii st., Kharkov, 
61120 Ukraine, e-mail vasilevskii.n@mail.ru ( corresponding author), eletskatat@yandex.ru 
ORCID: 
Vasilevskiy N.V. orcid.org/0000-0002-7437-2910 Yeletskaya T.A. orcid.org/0000-0001-8980-6972  
The authors declare no conflict of interests 
Received October 8, 2019 

 

A b s t r a c t  
 

The using of modern feed-preparation machines and new technologies for the preparation 
and feeding of rations in animal husbandry has exacerbated the problem of the ratio in food of relatively 
large particles that capable to support the necessary motility of the digestive tract and relatively small 
ones, which provide high consumption of dry matter and its digestibility. In the presented work, we 
were the first to obtain data about the relationship between the particle size of the diet, the contents 
of the gastrointestinal tract and the feces of cattle. Based on the determination of the average particle 
size and dry matter content, a method for assessing the structure of feed has been proposed. The 
concepts of the informational component of food and the definition of rationed feeding have been 
introduced into the paradigm of nutrition theory. The aim of the work was to study the impact of the 
particle size of the diet on the particle size of the contents of the gastrointestinal tract and feces of 
cattle; to assess the relationship of these indicators with the digestibility of the main groups of nutrients; 
to develop a methodological approach to rationing the diet structure; to supplement the theory of 
rationed feeding with the necessary concepts. The studies were carried out at the Institute of Animal 
Science of National academy of agrarian sciences of Ukraine in 2017-2019 on two heifers (Bos taurus 
taurus) of the Ukrainian red-and-white breed with a live weight of 350 kg fitted with a duodenal 
lockable cannula of the beginning of the duodenum and a large-diameter rumen cannula. The animals 
were fed twice a day (at 8 a.m. and 5 p.m.) in equal shares. Chyme flux was measured during 9 h after 
morning feeding. The intake of chyme into the duodenum was measured within 14 days (n = 6). The 
measurements were interrupted for 1-2 days to give the animals rest. Samples of the contents of the 
rumen were collected through a cannula with a 100 mm diameter from the middle part of the rumen 
mat in triplicate with a 3 h interval between morning and evening feeding. The experiments were 
designed according to the balance test methodology with simultaneous assessment of the duodenal 
chyme flux and sampling of the rumen contents, duodenal chyme and feces. The main diet consisted 
of hay, silage, concentrates and provided the maintenance of the basal metabolism. The other rations 
were obtained by replacing one or two components of the main ration with additional amounts of the 
remaining components in an amount that was equal to the dry matter value of the interchangeable 
feed. The average particle size of the feed particles was determined by the arithmetic weighted average 
method by manual parsing and dry sieving, and the selected biological samples by the wet sieving 
method. The metabolic energy of the rations was calculated. It was found that the average particle size 
of rumen, chyme and feces decreased with an increase in the average particle size of the diet. The 
average particle size of the rumen (8.68±0.49 mm, n = 31) was an order of magnitude higher than the 
average particle size of the duodenal chyme and feces, that indicates the most intense crushing of feed 
in the proventriculus. The average particle size of feces (1.09±0.06 mm, n = 19, 0.1 > p > 0.05) 
exceeded the average particle size of the duodenal chyme (0.99±0.05 mm, n = 31), that is indicative 
of the predominant digestion of the small fraction in the intestine and the formation of feces from the 
large fraction of the chyme. The value of feed structure in our studies was 0.12-0.92 kgʺm/day vs. 
0.033-0.062 kgʺm/day for the contents of the rumen, 0.0031-0.0057 kgʺm/day for duodenal chyme, 
and 0.0019-0.0028 kgʺm/day for feces. A relationship between the structure of the diet, the 
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availability of crude protein for digestion in the intestine and the size of feces particles was revealed, 
that theoretically suggests the possibility of assessing the state of digestive processes which based on 
the granulometric parameters of feces. The obtained data allow us to discuss the factors, affecting feed 
(and food) digestion and assimilation, which cannot be evaluated in a classical balance experiment by 
the difference in feed consumption and excretion. It has been proposed to collectively denote these 
factors as an information component which should be incorporated to express the concept of complex 
feed (food) structure. The information component is represented in part by various biologically active 
substances that are ingredients of the feed itself and/or products of the gastrointestinal microorganisms. 
Another part comprises physical factors, such as the physical parameters of food (temperature, humid-
ity, particle size and stiffness), and non-feed factors (frequency and regularity of feeding, phased feed-
ing, sound, light and other wave effects). We suggest the definition for rationed nutrition as a process 
of matter and information exchange between the external environment and the body, which ensures 
welfare and productive life. 

 

Keywords: average particle size of food, structure of food, informational component of food, 
normalized feeding, theory of nutrition 

 

A fully mixed ration technology is now widely used in the practice of 
feeding cattle [1, 2]. Possessing a number of indisputable advantages, this tech-
nology includes several important aspects the ignoring of which can negatively 
affect the health and productivity performance of animals. First of all, this con-
cerns the uniformity of mixing and the degree of crushing of high fiber coarse feed 
[3]. Poorly chopped parts of feed do not allow the necessary mixing uniformity to 
be achieved which is required to exclude the selective eating of individual compo-
nents of the mixture by animals [4]. Excessive grinding leads to weaker response 
of the receptors to feed and, as a result, to a decrease in the rate of digestion and 
movement of masses along the digestive tract, up to digestive disorders [5-7]. The 
concept of food structure is used to assess the ability of the daily ration to maintain 
the necessary stimulation of the motility of the digestive tract. The effect of struc-
ture on the intensity of digestion can be characterized by the degree of feed crush-
ing expressed through the average particle size of the feed; frequency and duration 
of rumination and chewing; the density of the scar mat; the degree of digestion of 
dry matter; the content of neutral-detergent, acid-detergent or crude fiber [8)]. 
Some researchers use dimensionless indicators, e.g. percentages of or proportions 
to the reference feed [9]. 

This work for the first time shows data reflecting the relationship between 
the sizes of particles in the diet, in the gastrointestinal tract contents and in feces of 
cattle. A method for assessing the structure of feed is proposed which is based on 
the average particle size and dry matter content determination. These data allow us 
formulate a concept of the informational component of food and the definition of 
rationed feeding to be introduced into the paradigm of nutrition theory.  

The objectives of the research were to reveal the effect of the particle size 
of the diet on the particle size in the contents of the gastrointestinal tract and 
feces in cattle, to assess the relationship of these indicators with the digestibility 
of the main groups of nutrients, to develop a methodological approach to the 
regulation of the structure of the diet, and to incorporate new definitions and 
concepts into the theory of rationed feeding.  

Materials and methods. Two Ukrainian red-and-white heifers (Bos taurus 
taurus), 350 kg live weight, with a duodenal lockable cannula in the superior part 
of duodenum and a large-diameter ruminal cannula were involved in feeding trials 
(the Institute of Animal Science of the Ukrainian Academy of Agrarian Sciences, 
2017-2019). The design of the cannulas ensured collection of chyme coming from 
the abomasum into the duodenum, its quantitation and return to the digestive 
system [10]. The animals were fed twice a day (at 8.00 and 17.00) in equal por-
tions. Chyme flux was measured for 9 hours after morning feeding. The obtained 
values of the chyme volume for 9 hours were extrapolated to the daily interval, 
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which made it possible to calculate the digestibility of nutrients in the complex 
stomach after chemical analysis of the selected chyme samples and feed. 

The adaptation of the digestion to the tested diet took 14 days. Then, 
within 14 days, the intake of chyme into the duodenum was measured (n = 6). 
Between measurements, the animals were allowed for 1-2-day rest. Rumen con-
tents were sampled through a 100 mm cannula from the middle part of the rumen 
mat in 3 replicates with a 3-hour interval between morning and evening feeding. 
The experiments were carried out according to the methodology of balance exper-
iments with a simultaneous assessment of the duodenal chyme flow and collection 
of rumen contents, duodenal chyme and feces.  

Composition of feed, the gastrointestinal tract contents and feces was as-
sessed using common analytical methods [11]. The main diet consisted of hay, 
silage, concentrates and provided the maintenance of the basal metabolism. The 
rest of the rations were obtained by replacing one or two components of the main 
ration with an additional amount of the remaining components equal to the dry 
matter content of the interchangeable feeds. The designed scheme met the re-
quirements of data statistical processing by the dispersion method to quantify the 
influence of individual dietary ingredients on the structure of chyme and feces, 
and on the digestibility of the main groups of nutrients.  

For feed, the average size of particles was determined by the arithmetic 
weighted average method after manual particle separation and dry sieving, for the 
collected biological samples the wet sieving method was used [12]. 

Dietary metabolizable energy (ME) we calculated as  
ME = 14.46  0.0007 ½ CP + 0.0168 ½ CF  0.0192 ½ CF*  0,00028 ½ NFE, 

where CP, CF, CF*, and NFE are crude proteins, crude fat, crude fiver and ni-
trogen-free extract (NFE), g/kg dietary dry matter (DM). The availability (b) of 
nutrients in the small intestine was calculated as  

b = C/A ½ 100 %, 
where C is the amount of nutrient entered the small intestine per day, A is the 
amount of nutrient consumed with food per day [13].  

Statistical calculations, construction of graphs and diagrams were performed 
using the licensed software package Office Standard 2010 32-bit Russian (license 
GGWA-A) (https://www.microsoft.com/ru-ru/download/office.aspx) by analysis of 
variance methods. The arithmetic mean values (M) and standard errors of the mean 
(±SEM) were calculated. The significance of differences was assessed using the 
paired Student’s t-test and the conjugate series approach (direct difference). 

 Results. Tables 1 and 2 present the characterization of the six calculated 
diets that were fed to the heifers. 

 

The average particle size of the rumen content, duodenal chyme, and 
feces decreased as the average particle size of the diet increased (Fig. 1). An 
inverse relationship was found between the size of feed particles and the particle 
of the digestive tract content. The slope of the linear regression turned out to be 
close for chyme and feces (0.0044 and 0.0048 mm/mm, respectively), for the 
rumen contents of the degree of the food particles size influence was an order 

1. Composition (kg natural feed per day) of the diets fed to Ukrainian red-and-white 
heifers (Bos taurus taurus) (Institute of Animal Science of UAAS, Kharkov, 
2017-2019) 

Feed 
Diet No. 

1 2 3 4 5 6 
Silage 16.00 20.00 24.40 19.74   
Hay  2.00 3.00   8.39 4.14 
Concentrates 2.00   2.96  4.04 
N o t е. Dashes mean the absence of the ingredient in the diet. 
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of magnitude higher (0.0479). The average particle size of the fеces was slightly 
higher than that of the duodenal chyme, 1.09±0.06 and 0.99±0.05 mm, respec-
tively. Statistical processing of the entire array of particles showed a difference 
at the level of tendency in their sizes in chyme and feces (0.1 > p > 0.05). The 
conjugate series approach to the same data analysis revealed a significant 
difference (p < 0.05). Most likely, in the small and large intestines, digestion 
preferentially occurs, the relatively small fraction of chyme particles disappears, 
and the feces in the rectum are formed from the remaining larger fraction. 

2. Characterization of the diets fed to Ukrainian red-and-white heifers (Bos taurus 
taurus) (Institute of Animal Science of UAAS, Kharkov, 2017-2019)  

Diet No. 
Dry  
matter, g 

Crude fiber, 
g 

Crude protein Metabolizable energy Basal metabolic 
energy supply, 
MJ/kg 

amount, g 
concentration, 
% 

total MJ
concentration, 
MJ/kg  

1 7685 1690 593 7.71 77.76 10.12 0.80 
2 7894 2137 523 6.62 85.17 10.79 0.87 
3 6666 1698 444 6.66 69.80 10.47 0.71 
4 7899 1492 649 8.21 82.62 10.46 0.85 
5 6797 2083 444 6.53 67.61 9.95 0.69 
6 6775 1190 614 9.06 66.22 9.77 0.68 

 

 

Fig. 1. Size of particle in the rumen content (1), chyme (2) and feces (3) of Ukrainian red-and-white 
heifers (Bos taurus taurus) depending on the dietary particle size (M±SEM, Institute of Animal Science 
of UAAS, Kharkov, 2017-2019). The linear regressions: for rumen y = 0.0479x + 11.624, R2 = 0.6311; 
for chyme y = 0.0044x + 1.2185, R2 = 0,806; for feces y = 0,0047x + 1,3979, R2 = 0,5951. For 
description of diets and design of the trial, see Materials and methods.  

 

3. Particle size and structural orderliness of feed, gastrointestinal tract content and 
feces of Ukrainian red-and-white heifers (Bos taurus taurus) (M±SEM, Institute 
of Animal Science of UAAS, Kharkov, 2017-2019)  

Sample Diet No. 
1 2 3 4 5 6 

P a r t i c l e  s i z e, mm 
Feed 41.48 57.13 22.43 15.65 135.14 67.43 
Rumen 9.05±0.32 10.26±0.67 12.61±0.36 9.69±0.75 5.60±0.55 6.28±0.62 
Chyme 1.19±0.16 0.95±0.05 0.99±0.12 1.16±0.04 0.60±0.03 0.94±0.10 
Feces 1.15±0.04 1.13±0.02 1.58±0.22 1.10±0.07 0.77±0.08 1.08±0.09 

S t r u c t u r a l  o r d e r l i n e s s, kgʺm/day 
Feed 0.319 0.451 0.150 0.120 0.919 0.457 
Rumen 0.051 0.060 0.062 0.061 0.033 0.039 
Chyme 0.0043 0.0036 0.0032 0.0057 0.0031 0.0052 
Feces 0.0031 0.0025 0.0033 0.0030 0.0019 0.0029 

 

Despite the fact that the average size of feed particles has a significant 
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effect on the activation of receptors in the digestive tract, it cannot serve as an 
adequate measure of feed structural orderliness, since the duration and degree of 
exposure also depend on the number of particles. In this regard, to assess the 
structural orderliness, we used an indicator calculated as the product of the average 
particle size (m) by the total amount of dry matter (kg) in the daily diet, the 
contents of the gastrointestinal tract, or feces (Table 3). 

 

 

Fig. 2. Crude protein digestive availability in intestines (1) and concentration (2) depending on the 
structural orderliness of feed fed to Ukrainian red-and-white heifers (Bos taurus taurus) 
(M±SEM, Institute of Animal Science of UAAS, Kharkov, 2017-2019). The linear regressions 
for crude protein digestive availability y = 314.53x + 63.298, R2 = 0.74, for crude protein concen-
tration y = 1.101x + 7.9101, R2 = 0,0946. For description of diets and design of the trial, see 
Materials and methods. 

 

As structural orderliness increases in feed, it decreases in the rumen con-
tent and feces, with the degree of determination R2 = 0.61 and R2 = 0.86, 
respectively. Regression analysis of indicators of the feed structural orderliness, 
on the one hand, and feed digestibility in the rumen, as well as visible digesti-
bility throughout the gastrointestinal tract, on the other, showed the lack of 
association for all major groups of nutrients, with the exception of crude protein 
(negative association, R2 = 0.73 and R2 = 0.74). Moreover, this did not become 
a consequence of some fluctuations in the content of crude protein in the diet 
(see Table 2), since changes in the structural orderliness of the diets and the 
amount of crude protein in feed did not interrelate (R2 = 0.20). The intake of 
crude protein in the duodenum was higher than its amount taken with feed due 
to intensive microbial synthesis from endogenous nitrogen sources. A higher 
structural orderliness with a high degree of determination (R2 = 0.74) led to an 
increase in the availability of crude protein for digestion in the intestine calcu-
lated as intake into the duodenum as a percentage of that consumed with the 
diet) (Fig. 2). The increase in the intake of crude protein in the intestine led to 
a slight decrease in its apparent digestibility throughout the gastrointestinal tract. 
Consequently, in the studied range of averaged feed particle sizes, a higher struc-
tural orderliness did not cause significant changes in the digestibility of the main 
groups of nutrients, with some improvement in the conditions for the synthesis 
of microbial crude protein in the rumen.  

The availability of crude protein for intestinal digestion is an indicator 
of the intensity of microbial processes in the rumen. Its increase can also indi-
rectly indicate the acceleration of fractional outflow from the rumen. That is, 
the structure of the diet, on the one hand, has a decisive effect on the structure 
and size of feces particles, on the other, on the availability of crude protein for 
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digestion in the intestine. Given this, we examined the relationship between the 
particle size of feces and the availability of crude protein for digestion in the 
intestine. The obtained value of the coefficient of determination (R2 = 0.37) 
indicated a moderate degree of interdependence on the Cheddock scale between 
these indicators.  

The obtained results do not allow us to identify the optimal range of the 
structural orderliness of the diet from the viewpoint of digestion conditions, since 
the energy consumption per unit of metabolic mass in the operated animals cannot 
reach the values typical for young fattening cattle, and even more so for lactating 
cows. The proposed methodological approach for assessing the structure of the 
diet makes it possible to correlate the indicators characterizing the digestive pro-
cesses and the structural properties of feed. Research on highly productive animals 
is necessary to develop standardization of feed structure and rations for cattle. The 
main difficulty here is that the size and shape of particles cannot be considered 
within the framework of the theory of balanced nutrition as a food component, 
which, as a result of digestion and absorption, is assimilated by the body and 
consumed in the process of vital activity. Nevertheless, the effect of this factor on 
the digestion process does not raise doubts, and some modern rationing systems 
involve structural characteristics of feed and cattle diets [9, 14].  

Studying the digestibility of nutrients from feed mixtures that are identical 
in chemical composition, but differ in the degree of grinding of roughage [15], we 
found a significant effect of the structural factor (particle size and their ability to 
resist mechanical grinding during chewing) on digestion in ruminants. However, 
the structural parameters of feed cannot be assessed in the classical balance exper-
iment by the difference in consumption and excretion with feces and urine. The 
“apparently disappeared” structure is not absorbed into the internal environment 
of the body along with digested components determining structural charateris-
tics, nevertheless, the “undigested structure” excreted in the feces has an effect 
on the digestive processes. Therefore, the concept of structural orderliness does 
not correspond to the main position of the theory of balanced nutrition, accord-
ing to which the nutritional value of food is determined only by its digestible 
components.  

Pokrovsky [16, 17] notes that nutrition is a complex process, the main 
goal of which is to ensure the growth and development of the child’s body, max-
imum performance and well-being in adulthood, longevity and health in the el-
derly and in senile period. Nutrition is a source of aesthetic pleasure and an im-
portant healing factor [16, 17]. According to the author, it should not only com-
pensate for the body’s expenses to maintain vital functions (and in farm animals 
also productivity), but also provide an emotional and therapeutic component.  

Ugolev et al. [18, 19] showed the participation of the gastrointestinal tract 
in the formation of the individual hormonal profile of the organism in a proportion 
reaching up to 50% of the total amount of hormones. This means that food, 
through the formation of a hormonal pattern, is involved in the regulation of gene 
expression, which means that it affects how a specific phenotypic image of an 
organism will be formed. In other words, in matters of nutrition, one should not 
be limited to only considering the role of nutrients in providing endogenous met-
abolic processes of the body with exogenous substrates; it is also necessary to 
recognize the regulatory function of food expressed at the neurohumoral level.  

Within the framework of the existing paradigm of nutrition theory, it 
is impossible to explain the effect of phase feeding, which is sometimes used 
when fattening young cattle. The essence of the method is to periodically 
change the rate of feed delivery by 10-20%, alternately up and down from 



720 

100% of the need. This technique significantly increases live weight gain in 
comparison with a constant 100% ration delivery [20, 21].  

Another example of the contradiction between the feeding practice and 
the theory of balanced (adequate) nutrition is the exchange of calcium in the body. 
It is known that the assimilation of this element is critically dependent on the 
availability of vitamin D [22, 23]. The synthesis of vitamin D, in turn, occurs 
when the body is exposed to ultraviolet radiation [24, 25]. That is, sunlight or 
other ultra-violet source should be counted as a “nutritive” element.  

The current period in the development of nutrition science is characterized 
by a significant accumulation of facts that do not fit into the framework of the 
generally accepted concept, i.e. the classical theory of balanced nutrition. In our 
opinion, this information has reached a critical mass and prerequisites have been 
created for the formation of different views on the theory of nutrition and, ac-
cordingly, approaches to normalized feeding of animals. A.M. Ugolev [26] gives 
the most detailed criticism of the theory of balanced nutrition. Nevertheless, until 
now, there is no universally recognized alternative to the theory of balanced nu-
trition and, with the exception of some works [27]; most experts in animal nutri-
tion rely on the paradigm of digestion and nutrient assimilation in the framework 
of the balanced nutrition theory. This is expressed, first of all, in the fact that in 
all modern systems of rationed feeding of farm animals the rationing is considered 
as compensation of the body expenses for maintaining vital activity and ensuring 
productivity.  

The flow of substances vital for the body and coming from digested food 
components, in addition to traditional plastic and energy components, contains 
substances with zero and even negative energy value, the metabolization of which 
is associated with additional energy costs. Moreover, food has the ability to influ-
ence the body not only through nutrients, but also through other factors of a 
chemical and physical nature. Such an effect leads not only to changes in the 
digestion and assimilation of the components of the food itself, but also affects 
other vital functions of the body, up to a change in the hormonal profile and 
regulation of genome replication [18, 19, 26]. 

We guess that the described problems can be easily addressed if we recog-
nize the existence of information flows directed both into the internal environment 
of the organism and from it. In this case, a special role in digestion is played by 
the exchange of signals with the enteric environment, which is partially separated 
from the “truly external”. In our opinion, the paradigm of nutritional theory 
should be expanded with a number of concepts that characterize such information 
exchange.  

Obviously, through complex management of factors that are practically 
not taken into account at present, it is possible to influence with the desired effect 
the physiological and biochemical processes in the body. Such factors include not 
only chemical (biologically active substances, phytohormones, neuropeptides, 
some amino acids, fatty acids, etc.) and physical (temperature, humidity, particle 
size and stiffness) parameters of the food itself, but also the frequency of feeding, 
phased feeding, sound and light effects. In aggregate, we propose to call them the 
informational component of food, without the rationing of which it is impossible 
to improve feeding of animals, especially highly productive ones. 

From the practical problems, it is possible to limit the scope of the general 
theory of nutrition to the concept of rationed feeding. In this case, instead of the 
postulates of theories of balanced nutrition and adequate nutrition [26], we offer 
the following definition, which introduces the necessary and sufficient fundamen-
tal concepts. Normalized nutrition is a process of material and information 
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exchange between the external environment and the body, which ensures the full-
fledged productive life of the latter. The concept of “material and information 
exchange” means that this process involves both the actual nutrients of the feed 
and its undigested residues removed from the body, as well as information signals 
from chemical agents and physical factors associated with food (some amino acids, 
hormones and hormone-like substances, biologically active substances; food struc-
ture, regularity and volume of serving portions), and from factors of non-food 
nature (insolation, temperature and humidity, acoustic accompaniment of the 
feeding process).  

Information exchange is accompanied by a change in the informational 
state of the organism. The term “stress” is used to assess the informational state. 
There are three stages in the development of stress: mobilization of the body’s 
adaptive capabilities (anxiety stage), balanced expenditure of adaptation reserves 
(resistance stage), and exhaustion stage [28]. Exhaustion is not understood as the 
expenditure of metabolic resources, but a kind of “fatigue” of the nervous or, 
rather, the neurohumoral system. Currently, it is customary to assess stress by the 
effect of a stress factor on the activation of the hypothalamic-pituitary-adrenal 
axis (HPA axis) [29]. In various animal species, including ruminants, increased 
activity of the HPA axis is usually observed in connection with acute stress and is 
aimed at mobilizing the body’s resources to overcome the effects of the stress 
factor. Corticoliberin, a peptide hormone secreted by neuroendocrine cells of the 
hypothalamus, at the level of the central nervous system, is involved in the regu-
lation of feed intake, as well as in behavioral responses to stress [30, 31]. At the 
same time, under repeated or long-term exposure to stressors in ruminants, the 
regulation of the HPA axis is not entirely understood and can be carried out by 
both the adrenal glands [32] and the pituitary gland [33]. Currently, primary at-
tention is focused on studying the effect of nutrition on the HPA axis reactivity in 
ruminants in order to optimize the number of animals in the production group, 
the space for their feeding and rest [34, 35]. In our opinion, these studies are of 
particular interest in connection with the development of a methodology for as-
sessing the current state of the body. 

A significant part of the information flow from the body is directed to the 
lumen of the gastrointestinal tract and interacts with the microflora that lives there, 
which, in turn, interacts with the macroorganism, producing certain signaling sub-
stances (and quite possibly through other communication channels).  

A full-fledged vital activity means the expenditure of energy and metab-
olites obtained from food to maintain vital functions, physical and intellectual 
activity, to increase body weight, growth and development, to reproduce (in 
agricultural animals, also to ensure productivity in breeding goals) for a suffi-
ciently long time without harm to the body. 

 In the existing norms for human nutrition and feeding of agricultural 
animals, there is practically no study on rationing the information flow accom-
panying feeding and digestion. Basically, the information component is partially 
standardized by medical and veterinary regulations, sanitary standards and re-
quirements for working conditions and human life, as well as zootechnical re-
quirements for the conditions of rearing farm animals. The present approach to 
rationing can be characterized as deterministic in the sense that, according to 
it, for the obtaining a certain amount of production, an animal a priori requires 
certain conditions of rearing, the amount of energy and plastic substances. In 
this case, neither the individual, nor the adaptive capabilities of the organism 
are taken into account. Obviously, the primary task in the development of ra-
tioned feeding systems should not be the creation of averaged norms of need, 
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but the development of methods for assessing and predicting the state of the 
animal’s body as the controlled object [36]. 

Thus, the classical theory of balanced (adequate) nutrition requires cor-
rection to incorporate in its paradigm the concepts of the informational compo-
nent of food and the circulation of information between the environment and the 
body. Structural orderliness of the evaluated object (e.g., food, chyme, or feces) 
can be expressed as the product of the average particle size and the dry matter 
content. The average particle size of the diet in the range studied by us and feed 
structure are inversely related to the average size and structure of the contents of 
the gastrointestinal tract and feces. No relationship has been established between 
the mean particle size of the diet, the structure of food and rumen content, on 
the one hand, and the duration of chewing or the number of rumen contractions, 
on the other. An increase in structure did not have a significant effect on the 
digestibility of the main groups of nutrients in the feed, with some improvement 
in the conditions for the synthesis of microbial crude protein in the rumen. 
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A b s t r a c t  
 

The efficiency of different vegetable oils in poultry nutrition is still a matter of interest for 
the theory and practice; numerous studies in broilers have evidenced that different oils can significantly 
affect the productive performance and metabolism. However, the mechanism of the influence of dif-
ferent oils on the exocrine pancreatic function is understudied. In our study on fistulated chicken the 
innovative data are presented for the analysis of the effects of different dietary lipid sources on the 
secretion and enzymatic activities of pancreatic juice. The study was performed in 2019 on three laying 
hens (Gallus gallus L., cross Hisex White) with chronic fistulae of main pancreatic duct inserted by the 
method of Ts.Zh. Batoev (2001). The physiological trials were performed by the method of periods (7-
10 days per period): during the control period the basic feed (commercial compound feed for layers 
PK-1) was supplemented with sunflower oil; during period 1 with soybean oil; during period 2 rapeseed 
oil; during period 3 flaxseed oil. The pancreatic juice and blood were sampled throughout these periods. 
The secretion rate of pancreatic juice and enzymatic activities in it (amylase, lipase, total proteases 
TP, alkaline phosphatase AP) were determined by standard methods. The activities of amylase, lipase, 
alanine (ALT) and aspartate (AST) transaminases in blood serum were determined on analyzer 
ChemWell 2900 (T) (Awareness Technology, USA) with corresponding reagent kits by Human 
GmbH, Germany; the activities of TP and AP and other biochemical indices in blood serum were 
determined on semi-automatic analyzer Sinnowa BS-3000P (SINNOWA Medical Science & Tech-
nology Co., China) with BAPNA as the substrate (TP) and corresponding reagent kits by DIAKON-
VET, Russia (AP and all other indices). It was found that the activity of lipase in pancreatic juice 
can adjust to the dietary oil used. The significantly highest lipase activity was found with unrefined 
sunflower oil (21345±652.8 μmol∕l1∕min1, p < 0.05), together with the increases in the activity 
of amylase (9254±440.3 mg∕ml1∕min1, p < 0.05). The increases in lipolytic activity in the first 
few postprandial minutes (corresponding to complex-reflex phase of regulation of the pancreatic 
secretion) with sunflower and flaxseed oils evidenced that these oils are the most palatable for 
chicken while the increase in the activity of lipase in neurohumoral phase of regulation with rapeseed 
and soybean oils evidenced their higher nutritive value. The strong negative correlation (r = 0.87, 
p < 0.05) was also found between the activities of TP and AP in the pancreatic juice. The phospha-
tase-protease index, AP/TP ratio, is proposed as a significant physiological indicator of the adapta-
tion of the digestive tract in poultry to the changes in diet composition. The most affected by oil 
type blood indices were the activities of TP, lipase, ALT, AST, and concentration of triglycerides. 
The dynamics of lipase activity in blood serum was similar to that in the pancreatic juice; the AP/TP 
ratio in serum was partially close to the values of this ratio in the pancreatic juice. The changes 
found in the exocrine pancreatic function in response to different dietary oils evidenced that the 
studies on the digestion should be continued for further optimization of the composition of com-
mercial diets for poultry.   

 

Keywords: exocrine pancreatic function, chickens, digestive enzymes in blood, sunflower 
oil, soybean oil, rapeseed oil, flaxseed oil 
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Issues of adaptation of the digestive glands of animals to different diets 
still remain discussible and relevant both for fundamental research and for the 
practice of poultry rearing. Experiments on birds established that gastric secretion 
and exocrine pancreatic function adapt to the chemical composition of food [1, 
2]. In poultry farming, the use of vegetable oils in feeding is of considerable inter-
est. Experiments on broilers [3, 4] indicate the advantage of soybean, camelina, 
and flaxseed oils compared to sunflower oils. Replacing sunflower oil with other 
oils, ensure an increase in live weight, a decrease in feed costs per unit of produc-
tion, better meat quality and higher profitability. There is a viewpoint [5] that 
dietary sunflower oil improves poultry development and feed conversion compared 
to olive oil. 

Compound feeds with rapeseed oil are not inferior in efficiency to those 
with sunflower oil [6]. According to some research, the positive effect of dietary 
rapeseed oil is expressed in an increase in the content of polyunsaturated fatty 
acids in the meat of broiler chickens [7]. Rapeseed oil is superior to palm oil as a 
source of lipids due to higher concentration of digestible fatty acids. In the meat 
of chickens fed with rapeseed oil, oleic acid predominated [8].  

It is known [9] that digestion and absorption of various fats differ depend-
ing on a lipid composition. A correlation was shown between the lipid profile of 
blood serum and the composition of fatty acids supplied in diet and metabolized 
in the body. This allowed the authors to suggest that the lipid composition of the 
diet can modulate digestion and absorption in the gastrointestinal canal [9].  

A comparative study on sheep have shown that dietary rapeseed and flax-
seed oils affect the activity of pancreatic enzymes. The secretion of bile and pan-
creatic juice tended to increase in sheep fed rapeseed and flaxseed oil (69.5 and 
68.5 ml/h, respectively) as compared to control (59.8 ml/h); lipase and trypsin 
activity was also higher compared to the control diet, 175 and 21.6 U/l and 179 
and 23.2 U/l, respectively, vs. 128 and 13.1 U/l, respectively [10].  

 Thus, data on the effect of different vegetable oils on poultry productivity 
are controversial, and no information is available on the mechanisms of action of 
these nutrients on the digestive system. 

This paper is the first to show for the first time that dietary unrefined 
sunflower oil, as compared to soybean, rapeseed or flaxseed oil, significantly in-
creases the lipolytic and amylolytic activity of pancreatic juice, changes the phos-
phatase-protease index and blood plasma biochemical profile which is consistent 
with indicators of the secretory function of the pancreas.   

The work aimed to examine effects of various vegetable oils on the secre-
tory function of the pancreas and blood biochemical parameters in laying hens. 

Materials and methods. Three 28-46-week old Hisex White chickens (Gal-
lus gallus domesticus L.) were fistulated according to the method of C.Zh. Batoev 
and S.Ts. Batoeva [2, 11]. A 4-5 cm segment was cut out of the duodenum, into 
which the main pancreatic duct was transplanted with the implantation of two L-
shaped fistulas. An external anastomosis was formed, allowing the return of pan-
creatic juice to the duodenum in the periods between feed trials. Chickens’ feeding 
and keeping were in compliance with requirements for the cross [12] (the vivarium 
of FSC VNITIP RAS, 2019). Physiological experiment began in the morning on 
an empty stomach of birds after 14-16 hours of fasting. The chickens were placed 
in a special facility, in which they were kept for 3 hours. A microtube for collecting 
pancreatic juice was attached to the fistula from an isolated section via a special 
rubber adapter. In the first 30 minutes, the juice was collected after starvation, 
then the birds were given 30 g of compound feed and collection of the juice 
continued in every 30 minutes. The treatments were as follows: basal diet according 
to the norms for the cross (BD, compound feed PK-1, Russia) [12] + 2.6% soybean 
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oil (experiment 1), BD + 2.6% rapeseed oil (experiment 2) and BD+ 2.6% linseed 
oil (experiment 3); BD + 2.6% sunflower oil (control). Feeding trials were de-
signed in periods (7-10-day control period, 2-3-day transition period, 7-10-day 
test period). Each series of experiments was repeated thrice the least. 

Amylase activity was determined by modified Smith-Roe assay for high 
amylolytic activity [2], proteolytic activity was quantified by hydrolysis of Ham-
merstein Grade Casein with colorimetry ( = 450 nm) [2], lipase activity was 
measured using a semi-automatic biochemical analyzer Sinnowa BS3000P 
(SINNOWA Medical Science & Technology Co., Ltd, China) with a kit of diag-
nostic reagents for blood lipase quantification in animals (DIAKON-VET, Russia).  

Blood (2-3 ml) was sampled from hen’s axillary vein after fasting for 
14 hours using sodium citrate as an anticoagulant and centrifuged at 5000 rpm for 
5 min.  

In the blood plasma, the activity of digestive enzymes trypsin, amylase 
and lipase was measured. N-benzoyl-DL-arginine-p-nitroanilide (BAPNA, 
ACROS ORGANICS, Switzerland) was a substrate for trypsin, the activity was 
determined with a Sinnowa BS3000P semi-automatic biochemical analyzer 
(China) by kinetic method [13]. To determine the activity of blood amylase and 
lipase, an automated biochemical analyzer Chem well 2900 (T) (USA) was used 
with the requisite reagent kit (Human GmbH, Germany).  

JMP Trial 14.1.0 software (https://www.jmp.com/en_us/home.html) was 
used for statistical processing, the mean values (M), standard deviations (±SD), 
and Pearson’s (r) correlation coefficients were calculated. The significance of the 
differences was confirmed by the Student’s t-test, the differences were deemed 
statistically significant at p < 0.05.  

Results. In-deep insight of the exocrine function of the pancreas is associ-
ated with the experimental surgery methods developed by academician I.P. Pavlov 
[14]. In 1904 I.P. Pavlov was awarded the Nobel Prize for his “work on the phys-
iology of digestion” which proposed a surgery method to isolate part of the stom-
ach (ventricle) retaining the same innervation as the main stomach. This technique 
allows physiological phenomena to be studied on objects that are in a state of 
physiological norm. Another discovery of I.P. Pavlova is chronic experiments with 
surgically prepared animals with chronic fistulas or gastric pouches to abandon 
acute experiments by the end of which, as a rule, the animals died. 

The feeding trials we performed 
used chickens with a chronic fistula of the 
pancreatic duct [2], from which we ob-
tained secretions during feeding test for 
180 min, and the rest of the time, connect-
ing the cannulas with a rubber adapter, 
send secretions to the intestine (Fig. 1). 
This method, in our opinion, is best suited 
for studying the effect of different vegetable 
oils on digestion. The pancreas is very sen-
sitive to the diet composition, thence per-
forming tests on a healthy organism allows 
researchers to more accurately trace adap-
tation to a new dietary ingredient and the 
most completely disclose its mechanisms. 

Nowadays, one of the challenge of poultry farming is the need to replace 
some ingredients of the diet with cheaper components, however, little is known 

Fig. 1. Hisex White hens (Gallus gallus domes-
ticus L.)  with a chronic fistula of the pancreatic 
duct: feeding trial of the effects of vegetable oils 
on digestion (the vivarium of FSC VNITIP 
RAS, 2019). 



 

729 

about their effect on the poultry body, and for some potential additives the problem 
is not studied at all. Along with protein sources [15], these components include 
vegetable oils. 

We compared the effects of sunflower, soybean, rapeseed and unrefined 
linseed oils on the exocrine function of the chicken pancreas. The results show that 
the exocrine function of the laying hens adapts to each of the added vegetable oils 
(Table 1).  

1. Exocrine pancreatic function of Hisex White laying hens (Gallus gallus domesticus L.) fed 
basal diet (BD) supplemented with various vegetable oils (M±SD, n = 9, the vivarium of 
FSC VNITIP RAS, 2019) 

Parameter Control Test 1 Test 2 Test 3 
Amount of pancreatic juice for  
180 min of experiment, ml 3.5±0.13 3.8±0.13 3.5±0.14 3.4±0.16 
Activity per 1 ml of pancreatic juice: 

amylase, mg/(m∕min) 9254±440.3 6531±381.4* 6014±467.7* 7685±376.8* 
lipase, μmol/(l∕min) 21345±652.8 12347±594.8* 9048±486.4* 17264±1000.2* 
proteases, mg/(ml∕min) 391±16.0 400±14.2 401±18.4 415±23.5 

Total activity for 180 min: 
amylase, mg/(m∕min) 34878±2347.3 26210±1882.9* 23652±2424.2* 25847±1221.4* 
lipase, μmol/(l∕min) 78435±6174.7 49959±2787.3* 32370±2956.5* 58148±2882.9* 
proteases, mg/(ml∕min) 
trypsin, U/l 

1475±79.8 
5709±233.6 

1528±62.8 
5840±204.4 

1386±49.3 
5855±268.6 

1354±69.8 
6059±343.1 

alkaline phosphatase, U/l 5707±321.5 12159±566.0* 3961±188.1* 10791±423.6* 
Index ALP/proteases  1.0 2.1 0.7 1.8 
N o t е. Control — BD + 2.6 % sunflower oil, test 1 — BD + 2.6% soybean oil, test 2 — BD + 2.6% rapeseed oil, 
test 3 — BD + 2.6% linseed oil; ALP — alkaline phosphatase. 
* Differences between the control and test periods are statistically significant at p < 0.05. 

 

The obtained results (see Table 1) showed that different dietary vegetable 
oils do not change significantly the amount of pancreatic juice in the laying hens. 
The lipolytic activity is the greatest in the control period when using sunflower oil. 
Replacement of sunflower oil with soybean oil leads to a 42.2% decrease (p < 0.05) 
in the lipase activity. Rapeseed oil reduces the lipase activity by 57.6% compared 
to control (p < 0.05), linseed oil by 19.1% (p <0.05). Consequently, the lipase 
activity is adapted to the dietary vegetable oil used. The amylase activity also 
changes depending on the type of oil, with the highest level for sunflower oil. 
Soybean oil decreases amylolytic activity per 1 ml of pancreatic juice by 31.6% 
compared to control (p < 0.05), rapeseed oil by 35.1% (p < 0.05), linseed oil by 
17.0% (p < 0.05). Note synchronous changes of amylolytic and lipolytic activity 
when a certain oil is added to the feed. The lowest amylase and lipase activities 
occur in response to rapeseed oil, then soybean, linseed and sunflower oil are 
ranked with a sequential increase. There is no unambiguous answer to the ques-
tion why rapeseed oil has such a low stimulation towards pancreatic enzymes, 
but, apparently, this is due to the presence of a large number of unsaturated fatty 
acids (Table 2), and mainly oleic acid. For rapeseed oil, the quantitative ratio 
of the unsaturated + polyunsaturated fatty acids to saturated fatty acids is 11:1, 
whereas it is 8:1 for sunflower oil, 5:1 for soybean oil, and 9:1 for linseed oil 
(see Table 2). 

2. Fatty acid composition of vegetable oils used in the feeding trial (the vivarium of 
FSC VNITIP RAS, 2019) 

Fatty acid Sunflower   Soybean  Rapeseed  Flaxseed 
Oil 0.01 0.01 0.01 0.01 
Caprylic 0.02    
Capric   0.01  
Lauric   0.01  
Tridecanoic  0.02   
Myristic 0.06 0.06 0.05 0.03 
Pentadecane 0.03 0.03 0.04 0.04 
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Continued Table 2 

Palmitic 6.24 11.14 4.73 5.68 
Palmitoleic 0.08 0.09 0.10 0.02 
Heptadecanoic (margarine) 0.03 0.07 0.04 0.05 
Margarolevaya 0.02 0.05 0.05 0.03 
Stearic 3.70 3.90 2.13 4.14 
Oleinovaya 31.06 29.41 66.50 14.44 
Elaidinic 0.61 1.03   
Linoleic 56.81 47.79 17.62 16.99 
-Linolenic 0.04 5.08 6.57 58.14 
Arachinic 0.26 0.45 0.62 0.15 
Eicosenic (gondoinic) 0.20 0.34 1.00 0.06 
Eicozoic  0.03 0.08 0.03 
Arachidonic    0.04 
Behenic 0.65 0.38 0.29 0.08 
Tetracosan (lignocerol) 0.20 0.13 0.09 0.07 
Nervonic   0.06  
Total saturated fatty acids 11.18 16.21 8.10 10.28 
Total unsaturated fatty acids 31.97 30.92 67.71 14.55 
Polyunsaturated fatty acids:     

total 56.85 52.87 24.19 75.17 
-3 0.04 5.08 6.57 58.14 
-6 56.81 47.79 17.62 17.03 

N o t е. The assay was carried out according to GOST 30418 “Vegetable oils. Method for determination of fatty 
acid composition” at the Testing laboratory center VNIIPP (Rzhavki, Moscow Province). The values for acid peaks 
are indicated as a percentage of the total peak area of all fatty acids. Dashes indicate the absence of the corresponding 
fatty acid. 

 

The tests have shown that the proteolytic activity of the pancreatic juice 
does not change significantly upon replacing dietary vegetable oils. The activity of 
alkaline phosphatase adapts to various oils, as a result, the phosphatase-protease 
ratio (ALP/protease index) increases 2.1-fold when replacing sunflower oil with 
soybean oil, and 1.8-fold for linseed oil. For rapeseed oil, the index is almost as 
much as for the control period, comprising 0.7. The ALP/protease index was cal-
culated because in our previous work we revealed strong inverse correlation be-
tween these indicators (r = 0.87; p < 0.05) [16]. 

Chemical composition of 
oils was consistent with that re-
ported, where it is indicated that 
rapeseed oil has the highest oleic 
acid content among fatty acids [17]. 
It is known [18] that the -6 to -
3 acid ratio affects fat deposition in 
broilers. The optimal -6 to -3 
ratio of 3:1 is typical for rapeseed 
oil, sunflower oil has a very high 
ratio of 1420:1, the ratio for soy-
bean oil is 9:1, while linseed oil, on 
the contrary, contains a 5-fold ex-
cess of -3 acids over to -6 acids.  

For a better insight into 
the effects of vegetable oils on ex-
ocrine pancreatic function, the dy-
namics of lipase activity should be 
evaluated after feed intake (Fig. 2). 
The tests showed that the basal ac-
tivity was the lowest for rapeseed 
oil. That is, the oil obtained from 

cold-pressed rapeseed does not have a strong stimulating effect on the exocrine 
pancreatic function. The feed containing rapeseed oil increases the enzyme secretion 

 
Fig. 2. Dynamics of changing lipase activity in pancreatic 
juice of Hisex White laying hens (Gallus gallus domesticus 
L.) fed basal diet (BD) supplemented with various vege-
table oils: 1 — sunflower oil, 2 — linseed oil, 3 — soybean 
oil, 4 — rapeseed  oil; basal level corresponds to the value 
at the 30th minute (prior to feeding) (M±SD, n = 9,  the 
vivarium of FSC VNITIP RAS, 2019).   
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1.4-fold during the postprandial phase for 60 minutes, and then the activity re-
mains approximately at the same level until the end of the test (180 minutes). The 
curve showing the dynamics of lipase activity when soybean oil is used in feed 
looks similar. It is possible that such a response of the exocrine pancreatic function 
is due to oil emulsions formed in the alimentary canal, since in ducks, for example, 
the type of fat and emulsifiers has a positive effect on lipid metabolism [19]. 

In contrast to these graphs, linseed oil caused a sharp increase in lipase 
activity during the complex reflex phase of pancreatic regulation. The activity of 
the enzyme during the first 60 minutes after feeding increases 2.5 times, decreasing 
further 1.2 times in the neurochemical phase as compared to the maximum level. 
The observed effect, apparently, is due to the fact that linseed oil has a bitter taste 
and smells like fish oil (fish meal). This causes a reflex response of the feeding 
center in the brain to impulses generated by receptors in the oral cavity, which 
contributes to increased appetite. In 60 minutes after feeding, when the contents 
of the stomach enter the intestine in small portions, a more detailed discrimination 
of the quality of nutrients occurs, and the duodenum reacts by releasing hormones 
(secretin, cholecystokinin) more restrainedly than the oral cavity receptors.    

The curve of lipase release in response to the consumption of sunflower 
oil has a sharp rise in the first 30 min of the postprandial phase, when the enzyme 
activity increases 1.9 times compared to the basal level (p < 0.05). Then a decline 
in lipase activity is observed, which is apparently due to the presence of a lipase 
inhibitor in sunflower oil [20] and no stimulating effect in the neurochemical 
regulation of pancreatic secretion.  

Blood biochemistry reflects the metabolic state of an animal [21]; therefore, 
it is unlikely that changes in the exocrine pancreatic function of laying hens would 
not affect the blood biochemical parameters (Table 3). 

3. Biochemical parameters Биохимические показатели крови у кур-несушек (Gal-
lus gallus domesticus L.) породы Hisex White при добавлении в базовый рацион 
разных растительных масел (M±SD, n = 10; виварий ФНЦ ВНИТИП РАН, 
2019 год) 

Parameter 
Basal diet + 2.6% oil 

sunflower   soybean  rapeseed  linseed 
Trypsin, U/l 89±11.3 164±20.3* 167±11.5* 84±7.0 
Amylase, U/l 336±51.3 319±29.5 341±30.1 394±27.6 
Lipase, U/l 43±2.3 25±1.1* 22±1.4* 37±2.0 
ALT, U/l 18±5.3 8±0.9* 7±0.9* 5±0.9* 
AST, U/l 129±6.0 153±7.2* 140±9.2 145±14.1 
De Ritis ratio 7.2 19.1 20.0 29.0 
Total protein, g/l 35±1.3 40±1.9 39±1.3 34±0.7 
Triglycerides, mmol/l 2.3±0.30 5.3±0.64* 4.9±0.36* 2.8±0.17 
Cholesterol, mmol/l 1.9±0.16 2.4±0.21 2.2±0.22 2.2±0.16 
Alkaline phosphatase, U/l 2056±253.5 3040±439.5 2514±638.5 2701±178.1 
Index ALP/trypsin 23.1 18.5 15.0 32.1 
N o t е. ALT — alanine aminotransferase, AST — aspartate aminotransferase, ALP — alkaline phosphatase.  
* Differences between the control and test periods are statistically significant at p < 0.05. 

 

The blood trypsin activity was maximum for soybean and rapeseed oils, 
exceeding the control level (for sunflower oil) by 84.3 and 87.6%, respectively 
(p < 0.05) and corresponded to the control in the case of linseed oil treatment. It 
should be noted that the trypsin activity when using soybean and rapeseed oil is at 
the upper limit of the physiological norm for laying hens [13], which may be caused 
by anti-nutritional factors (trypsin inhibitor) in these oils [20]. We did not note 
significant differences in the blood amylase activity of the hens. The blood lipase 
activity was is the highest upon treatment with sunflower oil, which is consistent 
with the state of exocrine pancreatic function responding to the sunflower oil con-
sumption. The activity of lipase decreased by 41.9% (p < 0.05) for soybean oil, by 
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48.8% (p < 0.05) for rapeseed oil, and by 14.0% (p < 0.05) for linseed oil. That is, 
the change in the blood lipase activity follows the dynamics of the enzyme activity 
in pancreatic juice. Conjugated modulation of the activity of duodenal lipase and 
blood lipase was observed when bile acids were added to broiler diet [22], which is 
consistent with our findings. The activity of aminotransferases also indicates the 
dependance on the dietary lipid component (see Table 3). The most critical increase 
in the de Ritis ratio value calculated as the aspartate transaminase (AST) levels 
divided by alanine transaminase (ALT) levels occurs when BD was supplemented 
with linseed oil. 

The activity of blood alkaline phosphatase in the hens did not differ signif-
icantly in different test periods, although there was a tendency to an increase in the 
indicator when using soybean oil. An increase in the activity of alkaline phosphatase 
occurs as a result of general systemic response which is accompanied by violation 
of oxidative phosphorylation in organs and tissues and changed permeability of cell 
membranes [23].  

Soybean and rapeseed oils markedly increase the concentration of blood 
triglycerides, which indicates a high availability of these fats. So, soybean oil in-
creases the amount of blood lipids by 130.0%, and rapeseed oil by 113.0% com-
pared to sunflower oil. In poultry, the lymphatic system is practically undeveloped; 
therefore, fat absorption occurs through the portal vein of the liver. It is charac-
teristic that during the absorption and transport of fat, there is no change in its 
fatty acid composition. Therefore, there is a great similarity between the fat that 
is fed and deposited in the body. Triglycerides can also be synthesized from glucose 
during the absorption of carbohydrates. Thus, the final body fat in birds will consist 
of feed fats, endogenous fats from glucose, and fats obtained as a result of beta-
oxidation of higher fatty acids when unsaturated acids are reduced to saturated 
ones [24].  

The alkaline phosphatase/protease (trypsin) index (see Table 3) is con-
sistent with the indicators characterizing the exocrine function of the pancreas 
(see Table 1) in that the lowest index was observed when using rapeseed oil. Data 
on the relationship between the activity of alkaline phosphatase in the intestine 
and blood were obtained by changing the components in the diet of broiler chick-
ens [25]. Our tests have shown that the most efficient assimilation of feed protein 
occurs with the addition of rapeseed oil due to optimization of the function of 
digestive glands, the pancreas and liver. The results presented by us also confirm 
the “loaded” metabolism of the liver and pancreas when using linseed oil, in this 
case, the ALP/trypsin index increased to 32.1. Thence, the ratio of alkaline phos-
phatase to proteases is of diagnostic value and can serve as an indicator of the 
physiological state of the alimentary canal.  

Thus, our findings have shown that various lipid components of the diet 
affect the metabolism of laying hens through changes in the function of the pan-
creas and the state of the gastrointestinal tract. The scholar literature reports on 
the effect of fats on glucose and lipid metabolism in pigs [26], on changes in the 
intestinal microbiota when replacing fats in the diet of sheep [27], on improving 
digestion, ruminal fermentation and rumen fatty acid profile in dairy cows under 
the influence of linseed oil [28]. It has been found that vegetable oils rich in 
polyunsaturated fatty acids improve productive and reproductive performance of 
dairy cows [29], rapeseed oil has a positive effect in diseases of the pancreas due 
to reduction of inflammation and oxidative stress [30]. There is evidence of an 
increase in pancreas and bile secretion with an increase in lipolytic and trypsin 
activity in sheep fed rapeseed and linseed oils [10]. However, we did not find 
information on the effect of different vegetable oils on the pancreas secretory 
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function of the in birds. The results we obtained on surgically prepared hens give 
the first insight into the mechanism of action of various lipid feed additives on the 
secretion of pancreatic juice and its enzymatic activity. The experiments revealed 
that the index of alkaline phosphatase/protease reliably reflects the physiological 
state of the digestive tract during bird adaptation to feed ingredient. In addition, 
the tests allowed us juxtapose pancreatic secretion with the blood biochemical 
parameters for each vegetable oil added to the diet. As a result, we have established 
that the change in blood lipase activity occurs similarly to the enzyme activity in 
pancreatic juice.  

Our data complement the information that aromatic compounds of rape-
seed oil affect the taste of food [31]. In general, the results of the study are con-
sistent with the notion that the quality of livestock products depends on the veg-
etable oil used in the diets. Thus, sunflower oil improves the fatty acid profile of 
milk and its oxidative stability in dairy cows [32], and in aquaculture, the addition 
of soy and linseed with different ω6-ω3 fatty acid ratios affects growth parameters, 
tissue composition, biosynthesis of fatty acids and expression of lipid genes in 
Atlantic salmon (Salmo salar) [33]. In laying hens, the size and quality of eggs 
and blood biochemical parameters depended on the used dietary oil, the fish oil, 
coconut and soybean oils [34], which is associated with the digestive function of 
the pancreas.   

So, the study allows us to draw the following conclusions. In laying hens, 
the lipase activity is adapted to the dietary vegetable oil, and for unrefined sun-
flower oil, the activity is the highest. Amylase activity also changes with the use of 
different oils, and the highest level is also observed for sunflower oil. Analysis of 
the dynamics of pancreatic lipase activity in the postprandial period indicates that 
sunflower and linseed oils are leading in taste, since in the first 60 minutes after 
feed intake (the period corresponding to the complex reflex phase of pancreatic 
secretion regulation), enzymatic activity increases 1.9-2.5-fold compared to the 
basal level. Rapeseed and soybean oils markedly increase the activity of lipase in 
the neuro-humoral phase, which indicates their high nutritional value. The activity 
of trypsin, lipase, aminotransferases and the concentration of triglycerides are the 
most labile blood biochemical parameters when replacing vegetable oil in the 
diet. The activity of blood lipase upon a change in the feed lipid component 
follows the activity in the pancreatic juice, and the alkaline phosphatase/protease 
index partially follows the indicator values in the pancreatic juice. The relation-
ship between the activity of proteases and alkaline phosphatase in pancreatic 
juice and blood has been established, which makes it possible to propose a phos-
phatase-protease index calculated from blood parameters as an estimate of the 
intestine physiological function in response to changes in the ingredient compo-
sition of the diet. The revealed changes in the secretory function of the pancreas 
upon the addition of various dietary vegetable oils prompt us to conduct further 
in-depth studies of digestion processes to determine the optimal ingredients in 
poultry feeding. 
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A b s t r a c t  
 

Natural fortification of plant and animal derived foodstuffs with essential nutrients (bioforti-
fication) is regarded by modern nutritional science as an effective alternative for the synthetic food 
additives. Biofortified eggs are usually enriched with one or two target micronutrients via layer diets. 
However, the nutrition of the large part of the World’s population (both adult and infant) is charac-
terized by the simultaneous deficiencies of different micronutrients: vitamins, carotenoids, minerals, 
and polyunsaturated fatty acids (PUFAs). The combined enrichment of foodstuffs with balanced set of 
the essential nutrients can compensate for these deficiencies and control the secondary deficiencies of 
the nutrients which can become deficient due to the changes in the diets of the patients. In the study 
presented the combined biofortification of table chicken eggs with four deficient micronutrients with 
different chemical and physiological properties was examined. The trial was performed in 2019 on 
four treatments of cage-housed Leghorn laying hens (Gallus gallus L., cross SP 789, 30 birds per 
treatment) during 60 days of the productive period. The concentrations of ω-6 and ω-3 PUFAs (from 
flaxseed oil and cake) in the diet for control treatment 1 were 2.18 and 1.97 %, respectively, ω-6/ω-3 
ratio 1.11:1; the diet was also supplemented with vitamin E (150 ppm, as concentrated D--tocoph-
erol) and selenium (0.5 ppm as 1:1 mixture of organic (Sel-Pleх®) and inorganic (sodium selenite) 
forms); the background concentration of carotenoids in this diet was 7.5 ppm. Treatments 2, 3, and 4 
were fed the same diet additionally supplemented with 10; 14 and 18 ppm of carotenoids (as extract 
of the marigold, Tagetes erecta), respectively. The supplementation with carotenoids of diets containing 
the constant combination of other three target micronutrients (that we have studied in our previous 
trials) did not significantly affect the egg production (45.1-46.9 eggs per hen during 60 days of the 
trial), feed conversion ratios (1.58-1.63 kg of feed per 10 eggs and 2.43-2.50 kg of feed per 1 kg of eggs 
laid), and egg weight and morphology (average egg weight 65.0-65.2 g, yolk weight 18.1-18.3 g, albu-
men weight 39.3-39.7 g, eggshell weight 7.0-7.1 g) in layers. The eggs simultaneously fortified with the 
four micronutrients can be the valuable source of lutein, selenium, PUFAs, and vitamin E in human 
diet; these eggs could be also used as a component of multi-ingredient functional foodstuffs. The 
concentration of carotenoids in eggs increased with the increase in their concentration in layer diets. 
The increase in the concentration of the carotenoids in yolk enhanced the intensity of yolk coloration 
1.66-1.84-fold, improving the market appearance and consumer attractibility of the eggs. The concen-
tration of the four target micronutrients (per 100 g of edible part of the eggs) in the eggs from the 
treatment fed the highest dietary level of carotenoids were 0.7 mg for carotenoids, 62 μg for selenium, 
10 mg for vitamin E, 417 mg for ω-3 PUFAs (with ω-6/ω-3 ratio 3.1:1), 3.96; 1.62; 4.37 and 2.42 
times higher, respectively, in compare to “standard” (non-fortified) eggs. The daily consumption of 
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one fortified egg will provide a consumer with 7.5 and 12 % of recommended daily consumption of 
ω-6 and ω-3 PUFAs, respectively, as well as 9; 39; 51 and 8 % of recommended daily consumption 
of vitamin A, vitamin E, selenium, and easily digestible carotenoids (primarily, lutein), respectively. 

 

Keywords: biofortification, lutein, chickens, eggs, vitamin E, selenium, ω-3 PUFA 
 

Micronutrients deficiency in diets reduces the adaptive potential of a per-
son, increasing risks of many diseases and negatively affecting performance. A 
simultaneous shortage of several micronutrients, e.g. vitamins, carotenoids, min-
erals and a deficiency of polyunsaturated fatty acids (PUFA) are characteristic of 
most of the adult and child population, therefore, it is advisable to simultaneously 
enrich food with a complex of micronutrients [1]. In addition, complex enrich-
ment allows undesirable consequences occurred upon biofortification with one 
nutrient to be avoided. For example, the excessive intake of PUFA enhances lipid 
peroxidation both in the fortified foodstuff itself and in a person consuming such 
products, as a result, the body’s need for vitamin E increases [2]. Simultaneous 
enrichment with PUFA and -tocopherol or carotenoids with antioxidant prop-
erties (tomato paste) solves this problem [3, 4]. To enrich eggs with selenium, both 
organic and inorganic forms of this microelement are used [5, 6]. Flaxseed [7], 
marine microalgae [8], and fish oil [9] are the sources of PUFA. 

Recommendations to limit the eggs eaten per day, as they are supposedly 
rich in cholesterol are no longer so strict. In particular, it was found that low (less 
than 2 eggs per week), moderate and even high egg consumption (4-7 eggs per 
week) is not associated with an increased risk of cardiovascular diseases in patients 
with or without diabetes, and with the development of metabolic syndrome [10-
13], although position of some is more cautious [14]. Two eggs for 3 weeks eaten 
by healthy young people for breakfast did not adversely affect biomarkers of the 
risk of cardiovascular diseases, i.e. the ratio of low to high density lipoproteins, 
the blood levels of glucose and triglycerides. This created a subjectively stronger 
satiety for a longer period during the day compared to the persons who ate fast 
carbohydrates (oatmeal) for breakfast [15]. Consequently, hen eggs the value of 
which can be increased by enriching hens’ feed with micronutrients (biofortifica-
tion) become an even more attractive for these purposes. An important advantage 
of biofortification is that chickens are capable of a bio-transformation of enriching 
additives (vitamins, minerals) into their natural forms.  

The main sources of lutein in human nutrition are colored vegetables and 
fruits, as well as chicken egg yolk, from which lutein is absorbed much better than 
from purified lutein or lutein from plant sources [12]. In the human body, lutein is 
in the eye macula and in brain [16]. Lutein is the main dietary carotenoid that 
prevents macular degeneration during aging, improves cognitive functions, cardio-
vascular health, reduces the risk of cancer [17, 18] and has anti-inflammatory effects 
[19]. To enrich poultry products with carotenoids, they often use either dietary nat-
ural powders from dried tomatoes [20] and/or red pepper [21], herbal additives, for 
example, calendula flower extract [4], microalgae spirulina [22], or plant-derived 
carotene-containing preparations [12, 23, 24]. 

 The available scholar papers show that in biofortification, chicken feed is 
mainly enriched with one [8, 9, 20, 24] or two micronutrients [4, 5]. Our pre-
vious studies have shown the effectiveness of complex enrichment of edible eggs 
with three nutrients, the ω-3 PUFA, vitamin E, and selenium [10]. This com-
munication is the first to present data on the simultaneous enrichment of chicken 
eggs with four deficient micronutrients, which, moreover, have a different chem-
ical nature and differ in physiological properties. We did not find such examples 
in the available publications. 
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The work aimed to simultaneously biofortify edible eggs with carotenoids, 
ω-3 polyunsaturated fatty acids, vitamin E and selenium by enriching the mixed 
feed of laying hens and to evaluate the effect of such additives on the productive 
performance of birds as an indicator characterizing their general physiological sta-
tus and the proposed biotechnology efficiency.  

Materials and methods. The cross SP 789 hens (Gallus gallus domesticus L.) 
of the productive flock aged 300 days (vivarium of the Selection and Genetic Center 
Zagorskoe Experimental Breeding Farm VNITIP, Moscow Province, Sergiev Posad, 
2019) were assigned to four treatments, n = 30 each. For all treatments the basal 
diet (BD) was used contained (per 1 ton of mixed feed) 57.61% wheat, 9.82% ex-
truded semi-defatted soybeans, 12.12% sunflower meal, 5.0% flaxseed cake, 3.0% 
flaxseed oil, and 1.5% fatty acids; the ω-6 and ω-3 PUFA content was 2.18 and 
1.97%, respectively, at the ratio of 1.11:1; the concentration of vitamin E was 150 
g, of selenium 0.5 g. Dietary selenium-containing yeast Sel-Plex® (Alltech, USA), 
with selenium in the form of selenomethionine (50%) and selenocystine (25%), and 
sodium selenite were used at the ratio of 1:1. Fatty acids, the processed wastes of 
the fat and oil industry (OOO AVK-CHEM, Russia) which was a source of vitamin 
E, contained 90% fats, at least 11.3 mg/g -tocopherol, and 280 g/g natural ca-
rotenoids. The diets for all treatments were supplemented with 100 g/t Fidbest W 
(xylanase and -glucanase preparation) and 100 g/t Fidbest R (3-phytase prepara-
tion) (OOO Sibbiopharm, Russia). In the control (group I), the BD was not sup-
plemented with carotenoids (their natural level was 7.5 g/t feed). For three treat-
ments, the BD was supplemented with 500, 700 and 900 g of marigold flower extract 
(Tagetes erecta) (Biofon yellow, Biokol Agro, Russia; 20 g/kg, 85% lutein and 15% 
zeaxanthin) as a source of carotenoids ensuring 10, 14 and 18 g of carotenoids per 
1 ton of mixed feed in test groups II, III, and IV, respectively. 

Poultry up to 360 days of age (from June 19 to August 18, 2019) were kept 
in cage batteries (FACCO, Italy) 3 birds in a cage with cage floor area of 450 cm2 
per bird. 

The measured indicators were 1) the poultry viability as total percentage 
of live birds, 2) a bird live weight quantified by individual weighing of the entire 
flock at 300 and 360 days of age; 3) egg production per initial and average laying 
hen as calculated from the daily number of laid eggs per group; 4) the weight of 
eggs per group estimated by individually weighing of all eggs laid for 3 days in a 
row after 30 and 60 days from the beginning of the experiment; 5) the egg mass 
yield per initial and average layer calculated from the number of laid eggs and the 
average weight of one egg in each group; 6) daily feed consumption calculated as 
the fed feed minus feed residues at the end of each week; 7) feed costs per 10 eggs 
and per 1 kg egg mass calculated based on the feed consumption, egg production 
and egg mass yield; 8) the weight of the albumen, yolk, and eggshell assessed by 
separate individual weighing of the constituent parts of the egg 30 and 60 days 
after the beginning of the experiment; 9) the albumen:yolk ratio calculated from 
the weight of egg albumen and yolk; 10) the intensity of the color of the egg 
yolk assessed individually according to the BASF color scale 30 and 60 days after 
the beginning of the experiment. The concentrations of carotenoids, vitamins A, 
E and B2, ω-3 and ω-6 PUFAs were determined in the yolk, vitamin B2 in 
albumen, and selenium in melange. 

When determining the sum of carotenoids and fat-soluble vitamins in 
the egg yolk, a unified sample preparation was applied, including saponifying 
the samples with a 50% potassium hydroxide solution followed by extraction 
with diethyl ether according to Biological control during incubation of poultry 
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eggs: methodological instructions (Sergiev Posad, 2014). The mass fraction of A 
and E vitamins was determined by normal-phase high performance liquid chro-
matography (chromatographic system Knauer advanced scientific instruments, 
Knauer Engineering GmbH Industrieanlagen & Co., Germany) in accordance 
with the P 4.1.1672-03 Guideline for quality control and safety of biologically 
active food additives (Moscow, 2003). The total amount of carotenoids was meas-
ured colorimetrically (photometer KFK-3-01, ZOMZ, Russia) with potassium di-
chromate to construct a calibration curve at OD450 (blue filter). The wavelengths 
of 292 and 450 nm can be used for the quantitation of vitamin A and carotene, 
since in this region their absorption spectra practically do not overlap [25]. The 
components were separated in a Luna 5 µm Silica(2) 100 A New Column 150½4.6 
mm (Phenomenex, United States), eluted with a hexane:isopropyl alcohol mixture 
(98:2). Vitamins A and E concentrations were estimated at 292 and 324 nm, with 
Retinol Sigma cat. No. R 7632 (Sigma-Aldrich, USA) and (+/)--Tocopherol 
Fluka cat. No. 95240 (Fluka, Germany) as standards.  

Water-soluble vitamin B2 (riboflavin) in the egg yolk and albumen was 
determined fluorographically using a Fluorat-02-3M liquid analyzer (NPFNP Lu-
mex, RF). Sample preparation included alcohol extraction (from albumen with 
96% ethanol, from yolk with 55% ethanol) followed by filtration through a me-
dium-pore paper filter (“yellow strip”). The intensity of fluorescence in ultraviolet 
rays was measured, the concentration of riboflavin was calculated vs. a standard 
solution of vitamin B2. 

The selenium concentration in the melange was determined by atomic 
absorption spectrometry with electrothermal atomization (a Duo 240 FS/240Z 
spectrometer, Varian, USA). The samples were decomposed using a Milestone 
START D microwave sample preparation system (Milestone Systems, Italy) with 
1% nickel nitrate Ni(NO3)2 solution as a modifier. The calibration graph was 
constructed based on the dilutions of a standard sample Se (IV) GSO No. 7779-
2000 (1 mg/cm3, EAA Ecoanalytika, Russia). 

The mass fraction of crude fat was measured by the Randall method using 
an extractor VELP Ser148 (VELP, Italy), the fatty acid composition was deter-
mined by capillary gas-liquid chromatography (a Kristall-2000M gas chromato-
graph, ZAO SBK Khromatek, Russia). The extracted lipids were transesterified by 
an acid catalyst (hydrogen chloride) in the presence of an excess of methyl alcohol. 
Methyl esters of fatty acids were separated (a Stabilwax®-DA capillary column, 
Restek, United States; length 60 m, inner diameter 0.32 mm, phase thickness 
0.5 μm) and recorded (a Kristall 2000M flame ionization detector, CJSC SBK 
Khromatek, Russia). The CRM47885 kit (Sigma-Aldrich, USA) served as a stand-
ard for fatty acids. The mass fraction of an individual fatty acid from the total fatty 
acids was calculated by the internal normalization method. 

The data were processed by the methods of variation statistics with 
Microsoft Excel software. The tables and the figure show the means (M) and 
their standard errors (±SEM). The statistical significance of differences be-
tween groups was assessed by Student’s t-test at p < 0.05. 

Results. The test showed a 100% viability in all groups over a 60-day period 
(Table 1). We did not note significant differences between the groups in the hen 
live weight at 360 days of age and the average weight of eggs over the experiment. 
According to Czech scientists [26], the addition of lutein extract (90%) to the diet 
of hens at a dose of 250 mg/kg significantly increased the weight of eggs, the 
thickness and strength of the shell. 
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1. Productivity performance of cross SP 789 laying hens (Gallus gallus domesticus L.) 
fed diets enriched with biofortification nutrients (M±SEM, vivarium of the Selec-
tion and Genetic Center Zagorskoe Experimental Breeding Farm VNITIP, Mos-
cow Province, Sergiev Posad, 2019)  

Parameter 
Group 

I (control,  
n = 30) 

II (n = 30) III (n = 30) IV (n = 30) 

Viability, % 100 100 100 100 
Live weight, g: 

300 days 1579±24 1577±23 1579±13 1574±24 
360 days 1650±33 1722±29 1701±28 1674±23 

Eggs per initial and average hen  45,1±4,2 45,8±3,8 46,3±5,1 46,9±4,9 
Egg laying intensity, % 75,2±6,8 76,3±5,3 77,2±6,6 78,2±7,1 
Average egg weight, g 65,0±0,5 65,1±0,6 65,2±0,4 65,1±0,4 
Egg mass outcome per hen, kg 2,93±0,32 2,98±0,27 3,02±0,45 3,05±0,38 
Feed consumption:  

per head/day, g 122,2±11,3 122,2±12,2 122,8±10,9 123,5±11,5 
per 10 eggs, kg 1,63±0,12 1,60±0,11 1,59±0,09 1,58±0,11 
per 1 kg of egg mass laid, kg 2,50±0,31 2,46±0,28 2,44±0,26 2,43±0,34 

N o t е. For diets supplemented with carotenoids, ω-3 polyunsaturated fatty acids, vitamin E, and Se according to 
the treatments, see Materials and methods. 

 

Group IV surpassed the other groups in the egg yield per hen by 1.3-4.0% 
and in egg mass yield per hen by 1.2-4.3%. Note that these indicators were min-
imal in control (group I). It was reported [27, 28] that the inclusion of calendula 
flower extract or corn gluten as a dietary source of carotenoids provided a 7-14% 
increase in egg production of laying hens. According to other report [29), neither 
the type of lutein source (flour from marigold flowers and a hydrolyzed extract of 
this flour in which lutein esters were saponified), nor its dose in the diet (10, 20, 
30 and 40 g t) did not significantly affect egg productivity and the main markers 
of egg quality. 

Feed intake per hen per day was the lowest in the control and in group 
II, with a 0.65-1.05% decline compared to groups III and IV, and maximal in 
group IV. In addition, higher egg production and egg mass yield in this group 
resulted in a decrease in feed consumption by 0.63-3.07% per 10 eggs and by 0.41-
2.80% per 1 kg of egg mass laid compared to other groups. Feed consumption was 
the highest in the control.  

Table 2 shows that, over a 60-day experiment, the groups did not differ 
reliably in the weight (absolute and relative) of yolk, albumen and eggshell, cal-
cium content in the eggshell, the contents of vitamins A, E, B2 in yolk, the content 
of B2 in the albumen, and in the albumen-to-yolk proportion. The concentrations 
of selenium, ω-3 PUFA and the ratio ω-6/ω-3 between the groups differed insig-
nificantly. The observed tendency towards an increase in the vitamin E level in 
the yolk with an increase in the dose of dietary carotenoids, though does not reach 
statistical significance, may indicate their certain synergy.  

2. Egg morphological and biochemical indicators of cross SP 789 laying hens (Gallus 
gallus domesticus L.) fed diets enriched with biofortification nutrients (M±SEM, 
vivarium of the Selection and Genetic Center Zagorskoe Experimental Breeding 
Farm VNITIP, Moscow Province, Sergiev Posad, 2019) 

Показатель 
Group 

I (control,  
n = 30) 

II (n = 30) III (n = 30) IV (n = 30) 

Weight: 
yolk, g 18.1±0.2 18.2±0.2 18.2±0.2 18.3±0.1 
yolk, % 28.0 28.2 28.0 28.3 
albumen, g 39.5±0.3 39.3±0.4 39.7±0.3 39.3±0.2 
albumen, % 61.0 60.9 61.2 60.8 
eggshell, g 7.1±0.1 7.0±0.1 7.0±0.1 7.0±0.2 
eggshell, % 11.0 10.9 10.8 10.9 
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Continued Table 2 

Intensity of yolk color, points 3.8±0.1 6.3±0.2* 6.7±0.2* 7.0±0.3* 
Albumen to yolk ratio 2.2 2.2 2.2 2.1 
Concentration: 

calcium in eggshell, % 36.6±3.3 36.6±2.4 36.1±3.8 36.4±2.9 
in yolk, g/g:     

carotenoids 5.6±1.1 13.0±2.6* 14.4±2.9* 21.9±4.4* 
vitamin А 4.2±0.3 4.1±0.4 4.5±0.2 4.6±0.5 
vitamin Е 283±21 290±17 306±23 315±29 
vitamin В2 5.6±0.4 6.5±0.7 5.8±0.2 5.8±0.4 

vitamin В2 in albumen, g/g 3.9±0.4 4.3±0.3 4.3±0.6 4.3±0.4 
Concentration per 100 g edible part of the egg: 

carotenoids, g 177±35 424±85 454±91 701±140 
selenium, g 62±0.7 61±0.7 62±0.9 62±1.1 
vitamin Е, mg  8.9±0.9 9.5±1.2 9.6±0.8 10.1±1.4 
ω-6 PUFA, mg 1093±52 1075±75 1140±67 1298±111 
ω-3 PUFA, mg 347±19 393±31 412±43 417±28 

ω-6 PUFA/ω-3 PUFA 3.1:1 2.7:1 2.8:1 3.1:1 
N o t е. PUFA — polyunsaturated fatty acids. For diets supplemented with carotenoids, ω-3 polyunsaturated fatty 
acids, vitamin E, and Se according to the treatments, see Materials and methods.  
* Differences between treatment groups and control are statistically significant at p < 0.05. 

 

Our findings do not agree with other investigations (26) which noted a 
significant increase in the yolk vitamin A level and a decrease in the vitamin E 
level in layers fed dietary extract of lutein powder (250 g/t), which may be due 
to a smaller amount of the dietary extract (10-18 g/t) in our trials. We also note 
that in a later work by the same researchers [30], when the marigold flower 
extract was used, the vitamin E concentration remained at the control level. 

The biochemical indicators of eggs in the best group IV are noteworthy, 
e.g. 0.7 mg of carotenoids per 100 g edible egg part, 62 μg selenium, 10 mg 
vitamin Е, 417 mg ω-3 PUFA with the ω-6/ω-3 ratio of 3.1:1. So the increase 
is 3.96-fold (p < 0.05), 1.62-fold (p < 0.001), 4.37-fold (p < 0.01), and 2.42-
fold (p < 0.001), respectively, as compared to unfortified eggs [10].  

We assessed the color intensity and quantified carotenoids in the yolk as 
dependent on the fed diet (Fig.). The saturation curve for the first parameter 
gradually rose to a maximum, which was 3.9 times higher than in the control 
group (p < 0.05). Similarly, with an increase in the dose of dietary carotenoids, 
their concentration in the yolk significantly increased. A dose of carotenoids of 
about 20 g/t feed ensured their maximum concentration in the yolk. The poultry 
feed enrichment with carotenoids was accompanied by an increase in their 
amount in the yolk to values typical for eggs of poultry fed diets with an increased 
level of these micronutrients [29, 31, 32].  

  

 

Egg yolk color intensity (1) and the concentra-
tion of carotenoids (2) depending on the dose of 
dietary carotenoids fed to cross SP 789 laying 
hens (Gallus gallus domesticus L.) for bioforti-
fication. The points correspond to groups I-IV 
(from left to right) according to the level of 
dietary carotenoids (see Materials and meth-
ods). An asterisk (*) marks values that statisti-
cally significantly (p < 0.05) differ from the 
control (M±SEM, vivarium of the Selection 
and Genetic Center Zagorskoe Experimental 
Breeding Farm VNITIP, Moscow Province, 
Sergiev Posad, 2019). 

 

We evaluated the egg indicators reached upon biofortification as a per-
centage of the recommended [33] or adequate level of a nutrient consumption 
[34] for humans (Table 3). Due to complex biofortification, one egg per day will 
provide 7.5% ω-6 PUFA, 12.0% ω-3 PUFA (at a 3.1:1 proportion), 39% vitamin 
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E and 51% Se of their recommended or adequate consumption. Thus, the resulting 
eggs meet the criteria for micronutrient-fortified food. As for carotenoids, their 
level increased 4 times, reaching 8% of the adequate daily intake. E.R. Kelly et al. 
[35] found that the increase in blood lutein levels in volunteers due to 0.9 mg of 
lutein in eggs was the same as for 5 mg of this carotenoid from a dietary supplement. 
Given that lutein from egg yolk is absorbed much better than from plant sources 
[12], we can assume that the nutritional value of the product we suggested has 
increased significantly. 

 3. Micronutrient value of eggs of cross SP 789 laying hens (Gallus gallus domes-
ticus L.) fed dietary carotenoids for biofortification (M±SEM, vivarium of the Se-
lection and Genetic Center Zagorskoe Experimental Breeding Farm VNITIP, 
Moscow Province, Sergiev Posad, 2019) 

Micronutrient 
Recommended consumption 
(adequate consumption)  

Concentration per fortified  
egg (group IV) 

Compensation of daily 
reguirements, % 

Carotenoids (5 mg) 0.4 mg 8 
Selenium 55-70 g 35.7 g 51 
Vitamin Е  15 mg 5.8 mg 39 
Vitamin А 900 мg 84 g 9 
ω-6 PUFA (10 g) 0.748 g 7.5 
ω-3 PUFA (2 g) 0.240 g 12 
N o t е. PUFA — polyunsaturated fatty acids. For diets supplemented with carotenoids, ω-3 polyunsaturated fatty 
acids, vitamin E, and Se according to the treatments, see Materials and methods. 

 

However, remember that the consumption of two eggs, on the one hand, 
will overcome a 15% recommended intake for carotenoids and vitamin A, which 
is the lower limit for classification of the eggs as an enriched product. On the 
other hand, the consumption of selenium, although in a less dangerous organic 
form, will reach 100% of the physiological requirement. Selenium is also found in 
other food products. Therefore, it seems advisable to somewhat decline Se level 
in the diet of laying hens given that the upper permissible consumption limit for 
an adult person is 150 μg per day [33]. 

Yolks with a maximum level of selenium, PUFA, vitamin E and lutein 
will increase the micronutrient value of this component, not only when eaten 
directly. Eggs enriched with micronutrients can be a good raw material for pro-
ducing melange, a component of functional food products. Experiments on ani-
mals have shown that carotenoids are well absorbed from the enriched eggs [36]. 
High preservation of carotenoids in an omelet of eggs enriched by feeding chickens 
with corn grain rich in carotenoids (about 85% of carotenoids in a raw egg) [37] 
shows that heat treated eggs can serve as a source of these micronutrients in the 
diet of the population. PUFAs are also still stable in boiled eggs [38]. Consump-
tion of eggs enriched with PUFA (6 pcs per week) for 8 weeks led to an increase 
in the amount of docosahexaenoic acid in the membranes of erythrocytes in 
healthy volunteers [39]. The use of whole boiled eggs has proven to be effective 
to increase the absorption of - and γ-tocopherol from fresh salad in healthy 
young adults [40]. The property of the phospholipids of chicken egg yolk to act 
as a “vehicle” for carotenoids was used to create a component based on yolks, 
pumpkin, and carrots for enriching curd products and dairy drinks with carote-
noids [41]. 

So, our work has led us to conclude that the simultaneous supplementation 
with dietary carotenoids, ω-3 polyunsaturated fatty acids (PUFA), selenium and 
vitamin E provides a significant increase in their levels in chicken eggs. Due to 
higher level of carotenoids in the yolk, its color becomes more intense, which 
improves consumer qualities. Dietary carotenoids, upon constant profiles of other 
three micronutrients tested previously, did not significantly affect productivity 
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performance of hens, with 45.1-46.9 eggs over 60 days, feed conversion rate (1.58-
1.63 kg per 10 eggs and 2.43-2.50 kg per 1 kg egg mass), and the egg, yolk, 
albumen and eggshell weight (65.0-65.2 g, 18.1-18.3 g, 39.3-39.7 g, and 7.0-7.1 g, 
respectively). However, there was a 2.40-3.96-fold increase in the concentration 
of carotenoids. In the best group, the concentration of carotenoids reached 0.7 
mg per 100 g of edible part, selenium reached 62 μg, vitamin E reached 10 mg, 
and ω-3 PUFA reached 417 mg (at 3.1:1 proportion of ω-6/ω-3). These are 3.96 
times higher (p < 0.05), 1.62 times higher (p < 0.001), 4.37 times higher (p 
<0.01), and 2.42 times higher (p < 0.001), respectively, then in unfortified eggs. 
One egg per day will provide a person with additional intake of 7.5 and 12% ω-3 
and ω-6 PUFAs, 9% of vitamin A, 39% of vitamin E, 51% of selenium and 8% 
of easily assimilated carotenoids (mainly lutein) regarding the recommended doses. 
Eggs enriched with a complex of four micronutrients are both valuable natural 
food product, providing with lutein, selenium, PUFA and vitamin E, and an in-
gredient of other functional foodstuffs, which facilitates assimilation of other die-
tary components. 
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A b s t r a c t  
 

Intensive livestock technologies do not fit well with the physiology of domestic species and 
put farm animals at risk of various health problems and disorders, which most negatively affects highly 
productive animals with intensive metabolism. Feed antioxidants might be a solution to improve pro-
ductive health, adaptive capabilities and stress resistance of livestock. The outcome of adaptogen ap-
plication depends on thorough elucidation of mechanisms of their action on physiological and bio-
chemical processes in the body compromised by stress. Our study imitated social stress (modeled stress, 
MS) as the most common in intensive livestock to compare two dietary antioxidant additives of different 
origin and chemical composition. Thirty-six hybrid boars F2 (Large White ½ Landrace) ½ Duroc aged 
103 days (35 kg live weight) were assigned for four treatments (9 animals per each): 1 — control 
without MS, 2 — control with MS, 3 — MS + proteinate Se (PSe) (B-TRAXIM Selenium-11, 
PANCOSMA CANADA, Inc.; 0.2 mg a.i. per 1 kg feed), and 4 — MS + dihydroquercetin (DHQ) 
Ekostimul-2 drug (ООО Ametic, Russia; 32 mg a.i. per 1 kg feed). To simulate social stress, boars 
were moved every 14 days within the group to change the neighbors. Blood for assay was sampled 
three times over the trial from five boars of each group. With age, the blood cortisol level was revealed 
first to decrease by 36.8. 22.5, 41.3 and 52.8 % from the initial values in groups 1, 2, 3 and 4, respec-
tively, though by the end of the final feeding there was a 46.4; 37.4; 8.1 and 60.4 % increase in the 
parameter. The cortisol concentration was the highest in group 3 (MS + PSe) during intensive growth 
(282 nmol/l vs. 211 and 214 nmol/l for groups 1 and 2). In groups 1, 2 (MS), and 3 (MS + PSe), 
the cortisol concentration reached 309, 294 and 305 nmol/l by the end of feeding. Blood cortisol level 
was the lowest in group 4 (+ DHQ), 134 nmol/l (p = 0.07 compared to group 2) at intensive growth 
and 215 nmol/l at final fattening, corresponding with thiobarbituric acid reactive substances (TBARS) 
levels which were also 6.7 and 12.3 % lower, respectively. Lactate dehydrogenase (LDH) activity and 
creatine phosphokinase (CPK) activity also altered. In group 1, LDH activity decreased from 459.4 to 
377.5 IU/l over the trial. The same pattern was characteristic of group 4 (MS + DHQ). In group 2 
(MS) and group 3 (MS + PSe), LDH activity declined to 317.0 and 289.3 IU/l by the end of feeding, 
which was 16.0 (p < 0.01) and 23.4 % (p < 0.01) less than in group 1. In group 4, the index, being 
constantly decreasing over the trial as in group 1, remained 15.0, 7.0 (p = 0.06 compared to control 
group 2 with MS) and 2.7 % lower than in groups 1, 2 and 3. The MS lowered the blood glucose 
concentration by 13.8 % (p < 0.05) compared to control 1 during the final fattening period. In 
group 3, this indicator as influenced by MS was also 7.4 % lower (p < 0.05), but due to PSe, a 7.4 % 
increase occurred compared to control group 2. Dietary DHQ led to the leveling of negative effects 
of MS, which, together with low cortisol indices in this group, stabilized the blood glucose concentration 
at the control level without MS in group 1. The DHQ was found to also contribute to a 25 % (p < 0.01) 
increase in blood triglycerides during final fattening compared to group 1 without stress. Pigs also 
differed in pathogenetic resistance. MS mobilized the cellular immunity through an increase in phag-
ocytic activity PA (p < 0.05), phagocytic index PI (p < 0.001), and phagocytic number PN (p < 0.05) in 
control group 2 at the end of the test. PSe and DHQ normalized these indicators compared to control 
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(group 2) practically to the control values without MS (p < 0.01 for PI; p < 0.01 and p < 0.05 for PN, 
respectively). Thus, in animals fed adaptogens, the resistance indices at the end of the experiment 
corresponded to those in the control group 1, which indicates higher stress resistance, and DHQ 
additionally promoted humoral immunity as compared to the control group 1 (p < 0.05), which con-
firms the ability the adaptogens to enhance the body resistance to stress. Interestingly, despite the 
absence of statistically significant differences between most of the studied biochemical parameters 
(p > 0.05) which indicate a balanced animal diet, changes were noted that characterize the effect of 
the adaptogens under MS. In groups 2-4, blood phosphorus concentration was higher than in control 
group 1, 4.42 (p = 0.07), 4.52 (p = 0.1) and 4.64 mmol/l (p < 0.05) vs. 3.94 mmol/l. Thereof, the Ca/P 
ratio changed significantly during fattening. In group 2 (MS), group 3 (MS + PSe) and group 4 
(MS + DHQ), the values 1.01 (p < 0.05), 0.99 (p < 0.05) and 0.89 (p < 0.001) vs. 1.15 in group 1 
without stress. Blood morphology in pigs also changed as influenced by MS and the adaptogens. 
The counts of blood leukocytes in groups 2, 3 and 4 was 12.5; 5.4 and 6.1 % higher than in group 1 
in the middle of fattening period, and 32.5 (p < 0.05), 40.1 (p < 0.05) and 21.7 % (p = 0.07) higher 
at the final fattening. A decrease in the number of erythrocytes and an increase in the hemoglobin 
amount in blood were characteristic of all groups. In general, by the end of feeding animals subjected 
to MS these two indicators were 6.6, 14.3, 9.7 % and 1.09, 6.09, 4.27 % higher than in group 1. An 
increase in blood erythrocytes (p < 0.05), hemoglobin (p < 0.05) and hematocrit (p < 0.01) in animals 
fed selenium vs. control group 2 indicates a decisive role of Se adaptogen as antioxidant during fatten-
ing. The observed changes were associated both with the action of cortisol generated by physiological 
stress, and with an increase in nonspecific resistance of boars due to the adaptogens. Importantly, the 
average daily weight gain in boars was close to that genetically conditioned for the genotype F2 (Large 
White ½ Landrace) ½ Duroc. As a result, over the entire period of the trial, groups 1, 2, 3, and 4 
showed an average increase of 1047, 1035, 1003 and 1042 g, respectively, of which the weight gain was 
the greatest in control 1 (without stress) and in group 4 fed DHQ at MS. Thus, our findings give 
grounds for further studying effects of these feed adaptogens for their proper use in intensive indus-
trial pig breeding. 

 

Keywords: stress, pigs, adaptogens, antioxidants, dihydroquercetin, selenium, cortisol, lactate 
dehydrogenase, hematological indicators, creatine phosphokinase, TBA-active products, nonspecific 
resistance 

 

Intensive rearing of livestock commonly used nowadays antagonize the 
evolutionary physiology of farm animals [1]. The current priorities of animal 
breeding are genetically determined high productivity performance. However, the 
realization of such productive potential imposes extra physiological loads on an 
animal, aggravates effects of stress factors and significantly affects homeostasis that 
worsens quality of final products [2]. 

Stress triggers a cascade of non-specific adaptive (normal) responses of the 
body to the effects of various unfavorable factors (stressors) violating homeostasis, 
which includes special state of the nervous system as a whole. Hans Sely (1907-
1982) was the first to introduce the concept of stress as a non-specific response of 
the body to any change [3]. In animal husbandry, depending on the cause, stress 
is classified as social (technological), ecological, dietary, and immunological [4]. 
In particular, social (or technological) stress in pigs occurs when animals are kept 
in pens with unfamiliar neighbors, upon isolation, weaning, transportation, veter-
inary measures, etc. Sensitivity to social stress is always individual and is often 
associated with genetic factors, which has been confirmed in many research works 
[5]. Social stress can be acute (immediately after regrouping) or chronic, when 
animals are kept in group pens or in isolation, and after a repeated regrouping [6]. 
The frequency of social interactions and aggressive behavior of animals increase 
with increasing housing density [7, 8], and the growth rate is positively correlated 
with the area of the pen per animal [9]. It is also known that the response to social 
stress depends on gender, and it is higher in males than in females [10, 11]. The 
weaning and transfer to growing and finishing are critical periods in the technology 
of raising pigs. The deprivation of maternal presence and milk, transfer to a new 
house, regrouping, change of feed and service personnel cause technological stress 
in piglets, as a result, morbidity increases, and the growth rate slows down. This 
decreases natural resistance and of humoral immunity, allowing conditionally 
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pathogenic microflora to become active, which leads to indigestion or respiratory 
pathology [12]. With chronic exposure to various stressful situations, free radical 
oxidation is activated with the depletion of antioxidant defense. In the body, syn-
dromes of stress maladjustment, ketosis, hepatodystophia appear, and autoimmune 
processes occur [13].  

Dietary antioxidants ensure stabilization of the level of free radicals, re-
duce the impact of environmental stress factors and increase the adaptive capacity 
of the body [14]. Bioflavonoid dihydroquercetin and the essential trace element 
selenium are substances with antioxidant activity. Dihydroquercetin from Daurian 
larch (Larix dahurica Turez) has a wide range of biological properties. It regulates 
metabolic processes, positively influences functions of organs and body systems 
(in particular, the cardiovascular system), is involved in the protection of healthy 
cells of the body from pathological changes by neutralizing radical activity. Sele-
nium also belongs to strong antioxidants, prevents cardiovascular diseases, has an 
immunomodulatory effect on cellular and humoral immunity. Se is found in many 
functionally active proteins, the selenoproteins which, in particular, include glu-
tathione peroxidases and thyrodoxin reductases. In addition, it prevents alimentary 
muscular dystrophy in animals.  

Recent years have seen a rapid rise in a renewed interest of plant raw 
materials, since many plants, including vegetables and spices, contain antioxidants 
[15, 16], in particular, flavonoids and phenolic components [17, 18]. Flavonoids 
are secondary plant metabolites with a spectrum of pharmacological and biological 
properties [19, 20]. Dihydroquercetin (C15H12O7) (DHQ) is the dominant com-
ponent of the bioflavonoid complex of Diquertin. Dietary dihydroquercetin 
blocked lipid peroxidation during pig growing and fattening [21]. Ecostimul-2 
(Russia), a DHQ-based feed additive fed to piglets for post-weaning period (50 mg 
per head per day) significantly weakened the impact of environmental stress factors 
and increased animal adaptiveness ensuring average daily weight gain of 496 g after 
weaning, that is, 20.6% higher than in the control individuals [22]. DHQ as a 
dietary additive blocked free radical lipid oxidation, enhanced antioxidant defense 
and improved liver functions during growing and fattening. In another experiment, 
quercetin weakened oxidative stress and decreased intestinal inflammation, with 
the decrease in levels of blood endotoxin, reactive oxygen species (ROS) and 
malondialdehyde (MDA) in the intestine, and the increase in height of villi of the 
jejunum [23]. There is a report that series of new 3-monoacylated dihydroquerce-
tin derivatives with enhanced antioxidant properties have been synthesized [24].  

Therefore, better reproductive health and stress resistance are currently 
critical parts of pig commercial rearing. This requires more detail understanding 
mechanisms of the effect of alimentary antioxidants on the body’s physiology and 
biochemistry.  

This work presents a complex evaluation of metabolic, hormonal, antioxi-
dant and immune status in pigs under simulation of one of the most common tech-
nological stresses, the social stress, upon correction with antioxidant drugs to com-
pare their capability of leveling the impact of the stressor. 

The investigation aimed to compare the physiological and biochemical 
parameters characterizing productive and adaptive status in pigs that received 
antioxidant drugs based on dihydroquercetin and selenium under model techno-
logical stress.  

 Materials and methods. Thirty six cross-breed boars (Sus scrofa domesticus) 
F2 (Large White ½ Landrace) ½ Duroc (35 kg live weight, 103 day old) after the 
growing period were assigned for four treatments (9 animals per each): 1 — con-
trol without MS, 2 — control with MS, 3 — MS + proteinate Se (PSe) (B-
TRAXIM Selenium-11, PANCOSMA CANADA, Inc.; 0.2 mg a.i. per 1 kg feed), 
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and 4 — MS + dihydroquercetin (DHQ) Ekostimul-2 drug (ООО Ametic, Rus-
sia; 32 mg a.i. per 1 kg feed). The basal diet (BD) included compound feeds SK-
5 and SK-6 (Agrovitex LLC, Russia), balanced for nutrients and energy according 
to modern standards [25]. Doses of additives (as per active ingredients, a.i.) were 
0.2 mg PSe and 32 mg DHQ per 1 kg feed according to the design of trials.  

To simulate social stress, animals were moved from one pen to another 
within the group at the beginning of the experiment, and then every 14 days. After 
each relocation, animals were in the pen that were not previously neighbors.  

Blood for assay was sampled from jugular vein of five boars of each group 
by puncture before the start of the experiment, before final fattening and before 
slaughter to analyze blood biochemical indicators (an automatic biochemical 
analyzer Chem Well (Awareness Technology, USA), morpho-hematological pa-
rameters (an ABC VET hematological analyzer, HORIBA ABX Diagnostics Inc., 
France), cortisol levels (by enzyme immunoassay), thiobarbituric acid reactive 
substances, TBARS (with a diagnostic kit, OOO Agat-Med, Russia), the total 
amount of water-soluble antioxidants (WA) (a device Tsvet-Yauza-01-AA, OAO 
NPO Khimavtomatika, Russia), activity of lactate dehydrogenase (LDH) and 
creatine phosphokinase (CPK) (a biochemical analyzer Bio Chem FC-360, HTI, 
USA). To assessed immune status, blood serum bactericidal activity (BSBA, a 
nonspecific resistance indicator) was assessed photonephelometrically, blood se-
rum lysozyme activity (BSLA) by the Mutovin’s method; phagocytic activity 
(PA) was assessed based on blood cell ingesting and digesting ability. 

Obtained data were processed biometrically by the analysis of variance 
(ANOVA) method using STATISTICA 10 software (StatSoft, Inc., USA). The 
arithmetic means (M), the mean square error (±SEM) and the level of signifi-
cance (p; differences were considered statistically significant at p < 0.05) were 
calculated. Comparison was performed with control group I (without MS) and 
group II (with MS).  

 Results. Social stress (overstrain associated with social adaptation to inter-
action in the community) very often occurs when raising pigs. In our tests, in ani-
mals of the control group I, which were kept without changing the pen, there were 
rare cases of aggressive behavior. MS in groups II (control), III and IV induced by 
animal relocation caused more restless and aggressive behavior. Animals from groups 
II, III and IV were more active when moving, often interacted with each other. The 
frequency of aggressive behavior directly depended on the percentage of restless 
animals in the group (Fig.). 

 

 

Incidence of aggressive behavior (%) and the propor-
tion of restless animals (%) in pigs (Sus scrofa domes-
ticus) F2 (Large White ½ Landrace) ½ Duroc under 
modeling social stress. Outer circle corresponds to the 
number of cases of aggressive behavior (absolute value 
for the observation period and percentage of the total 
number of cases); inner circle is the number of rest-
less animals (absolute value for the observation period 
and the percentage of the total number of cases) (ex-
perimental animal yard of Ernst Federal Science 
Center for Animal Husbandry, 2019, N = 36, n = 9). 
 

The effect of MS was recorded by 
acts of aggressive behavior, which was espe-
cially clearly manifested in the first 2-3 days 
after relocation. Each time this period was 

characterized by the building of a hierarchical structure, a decrease in feed consump-
tion, bites and increased injuries, anxiety, especially in groups II and III. So, aggressive 
behavior was least frequent in group 1 (39 cases) vs. 65, 67 and 56 cases (or 29, 29, 
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and 25% of their total number during the experiment) in groups 2, 3 and 4, respec-
tively. In the group experienced MS, but fed dietary DHQ, the aggressive behavior 
diminished while anxiety was at the same level. 

Importantly, the pig productivity (average daily weight gain) was close to 
genetically limited for the genotype F2 (Large White ½ Landrace) ½ Duroc. As a 
result, over the experiment, there was an average increase of 1047, 1035, 1003 and 
1042 g in groups 1, 2, 3 and 4, respectively, that is, it was greatest in control group 
1 (without stress) and in group 4 (MS + DHQ). 

We revealed significant differences in protein, nitrogen, carbohydrate, lipid 
and mineral metabolism in relationship with growth rate, MS and effects of dietary 
PSe and DHQ both between the groups of pigs and feeding periods. The blood 
levels of total protein and its fractions characterize the intensity and the type of 
protein metabolism and is closely related to growth, the influence of environmen-
tal factors and the diet [26]. In pigs of all groups, before fattening, the total blood 
protein ranged from 65.8 to 73.1 g/l, being within the physiological norm of 55-
82 g/l. The same was observed for albumins (A) and globulins (G), 36.7-38.7 and 
29.1-43.4 g/l, respectively, given a physiological norm of 19-43 and 26-57 g/l. The 
A/G ratio was higher than the average reference value, which indicated intense 
anabolism (Table 1). During the tests, the pattern of the change in total blood 
protein and its fractions in all groups was similar, that is, A/G ratio increased 
during intensive growth due to the albumin fraction and decreased by the end of 
fattening due to the globulin fraction. As a result, the A/G ratio increased over 
observation, which we consider positive. However, there were differences between 
the groups. So, in group 2 influenced by MS, the total protein level was 3.5% 
lower (p < 0.05) than in group 1 due to the albumin fraction and with an equal 
concentration of globulins, which could indicate the increased use of plastic sub-
stances for the energy needs of the body. During final fattening, the total blood 
protein in this group remained at the control level. The effect of adaptogens on 
protein metabolism was positive and differed depending on their biological activity. 
PSe and DHQ suppressed catabolism and enhanced anabolic processes during 
intensive growth of pigs experienced MS, as a result, total blood protein and its 
fractions remained the same as in the control group 1. At final fattening, the best 
characteristics of protein metabolism was in group 4 receiving DHQ. That is, the 
blood albumin level was 44.4 g/l at A/G = 1.78, with 41.9 g/l at A/G = 1.78, 
44.4 g/l at A/G = 1.70, 42.4 g/l at A/G = 1.55, and 41.8 g/l at A/G = 1.64 for 
groups  1, 2 and 3, respectively, that is, the A/G value was the smallest in control 
group 2 under MS without correction (Table 1). 

1. Metabolic parameters in pigs (Sus scrofa domesticus) F2 (Large White ½ Land-
race) ½ Duroc (n = 5, M±SEM, experimental animal yard of Ernst Federal Sci-
ence Center for Animal Husbandry, 2019) 

Parameter  
Group 

1 (control, BD) 
modeling technological stress  

2 (control, BD) 3 (BD + PSe) 4 (BD + DHQ) 
P r i o r  t o  g r o w i n g  (35 kg living weight) 

Total protein, g/l 65.82±1.29 70.28±6.23 73.19±6.43 71.73±2.95 
Albumins (A), g/l 36.72±1.60 38.79±1.48 38.73±0.94 37.37±2.17 
Globulins (G), g/l 29.10±0.74 34.49±6.22 43.47±6.98 34.37±3.71 
A/G 1.27±0.08 1.36±0.22 1.24±0.18 1.15±0.19 
Cholesterol, mmol/l 3.02±0.13 3.08±0.06 3.13±0.14 3.07±0.08 
Phospholipids, mmol/l 0.30±0.05 0.36±0.08 0.35±0.05 0.35±0.12 
Total bilirubin, mol/l  4.46±1.30 5.64±1.03 3.03±0.69 5.07±0.70 
AAT, IU/l 49.48±5.47 52.22±2.85 43.48±2.53 39.55±1.91 
AST, IU/l 52.81±1.82 55.43±5.43 54.00±2.22 48.29±2.98 

P r i o r  t o  f a t t e n i n g  (70 kg living weight) 
Total protein, g/l 78.36±0.59 75.64±1.12* 77.55±3.05 78.21±1.82 
Albumins (A), g/l 47.04±0.73 44.06±1.20* 47.23±1.25 45.43±1.43 
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Continued Table 1 

Globulins (G), g/l 31.32±0.55 31.58±1.98 30.32±2.46 32.79±1.98 
A/G 1.50±0.05 1.42±0.13 1.59±0.12 1.40±0.11 
Urea, mmol/l 5.73±0.47 5.88±0.58 8.59±1.25 6.81±1.07 
Cholesterol, mmol/l 2.66±0.12 2.66±0.19 2.58±0.13 2.71±0.07 
Phospholipids, mmol/l 0.46±0.10 0.44±0.14 0.55±0.53 0.56±0.13 
AAT, IU/l 50.79±5.07 53.88±2.85 49.96±3.57 51.38±1.51 
AST, IU/l 40.62±2.34 38.90±4.03 36.63±1.15 32.89±2.63* 

P r i o r  t o  s l a u g h t e r i n g  (100 kg living weight) 
Total protein, g/l 66.96±2.49 70.06±1.25 68.26±0.75 70.34±0.97 
Albumins (A), g/l 41.98±1.46 42.44±1.58 41.83±2.68 44.44±1.63 
Globulins (G), g/l 24.98±1.48 27.62±1.05 26.43±2.19 25.90±12.12 
A/G 1.70±0.12 1.55±0.10 1.64±0.22 1.78±0.24 
Urea, mmol/l 7.36±0.19 5.74±0.46** 6.64±0.56 6.73±0.86 
Cholesterol, mmol/l 2.41±0.09 2.37±0.24 2.41±0.13 2.17±0.33 
Phospholipids, mmol/l 0.69±0.13 0.75±0.16 0.64±0.16 0.59±0.20 
AAT, IU/l 42.29±5.75 47.04±4.40 42.11±4.56 40.98±3.76 
AST, IU/l 16.24±1.25 17.54±1.32 20.64±4.33 21.89±6.39 
N o t е. BD — basal diet, АAT — alanine aminotransferase, AST — aspartat aminotransferase. For design of trials 
and description of treatments, see Materials and methods. 
*, ** Differences between the treatment and the control group 1 are statistically significant at р < 0.05 and р < 0.01, 
respectively. 

 

In the trials, the blood urea concentration in all groups corresponded 
to physiological limits (3.5-9.2 mmol/l). During intensive growth, its value in 
animals from control groups was the same. At final fattening, the blood urea 
increased in control group 1 (by 28.4%), but not in control group 2 (5.88 vs. 
5.74 mmol/l, respectively). It should be emphasized that the urea concentra-
tion in the groups subjected to MS was lower than the control values without 
MS, and in the control group 2, we recorded its significant decrease (p < 0.01). 
Elevation of blood urea levels in a body with a normal urea cycle in the liver 
could be associated with a decrease in the intensity of protein renewal in tissues 
and anabolic processes. The effect of adaptogens we observed was as follows. 
The blood urea in pigs from group 3 (MS + PSe) and group 4 (MS + DHQ) 
was 49.9 and 18.8% higher, respectively, than in control 1 (without MS), and 
46.0 and 15.5% higher, than in group 2 (MS). At final fattening, this indicator 
decreased by 22.8 and 1.2%, respectively, due to adaptogens, as a result, it 
equaled and amounted to 6.64 and 6.73 mmol/l, while in the control groups 1 
and 2, the values were 7.36 and 5.74 mmol/l (see Table 1). We did not find 
statistically significant differences with group 2 (control with MS) when ana-
lyzing obtained data. 

Lipids, namely cholesterol, phospholipids and triglycerides, as consti-
tutive parts of cell membranes, are vital factors in the body life, especially 
under physiological stress. The blood cholesterol level in pigs of all groups was 
practically equal and fluctuated within 2.17-3.13 mmol l. Nevertheless, there 
was a regularity in its 10.1, 13.1, 13.1 and 29.4% decrease by the end of fat-
teningn for groups 1, 2, 3 and 4, respectively, but without statistically signifi-
cant differences with the control groups, which indicates the stability of this 
parameter under MS. The blood phospholipids varied in the level within 0.30-
0.75 mmol/l and increased by the end of fattening. Note that the phospholipids 
increased during intensive growth in groups with adaptogens (0.55 and 0.56 
mmol/l, respectively, vs. 0.46 and 0.44 mmol l in groups 1 and 2). In contrast, 
by the end of fattening, the increase was more significant in the control groups 
(up to 0.69 and 0.75 mmol/l, respectively, vs. 0.64 and 0.59 mmol/l in the 
groups with adaptogens) (see Table 1). In general, analysis of blood lipids dur-
ing the trials revealed the effect of MS on energy metabolism and its correction 
due to the adaptogens. Note that the DHQ was more effective.  

The activity of blood ALT and AST in all groups during trials was within 
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physiological limits (for ALT and AST, 22-98 and 19-96 IU/l, respectively), var-
ying within 39.55-53.88 and 16.2-55.43 IU/l, respectively. There was a slight in-
crease in ALT activity during intensive growth with a decrease by the end of fat-
tening. The change in AST activity was more significant and had a different char-
acter. A constant decrease occurred over the experiment, with 69.3, 68.3, 52.6 and 
44.7% final decrease as per groups, respectively, which could indicate suppression 
of protein metabolism and the use of amino acids for energy purposes (see Table 
1). DHQ smoothed the change in group 4 under MS, which was also expressed 
in a more noticeable (p < 0.05) decrease in values during the first period of grow-
ing, but at the end of the trials in the groups with adaptogens, this indicator was 
more stable, while in the control groups it was below the physiological norm  

MS and the adaptogens used for its biocorrection influenced some of the 
processes of mineral metabolism. In phosphorus-calcium metabolism, phospha-
tases are essential which cleave ether bounds to remove the phosphoric acid 
residues from its organic ethers [27, 28]. Alkaline phosphatase is found in almost 
all body tissues [28]. In pigs of all groups, the activity of blood alkaline phos-
phatase varied within 222.0-516.1 IU/l at a physiological norm of 130-501 IU/l. 
Its highest and practically equal activity between the groups was observed in pigs 
receiving adaptogens, and the lowest in control 2. The observed characteristic pat-
tern was a decrease in the enzyme activity by the end of fattening, which was ap-
proximately the same in all groups, by 48.4, 45.1, 42.4 and 50.2%, of the initial 
values) (Table 2).  

2. Mineral metabolism in pigs (Sus scrofa domesticus) F2 (Large White ½ Land-
race) ½ Duroc (n = 5, M±SEM, experimental animal yard of Ernst Federal Sci-
ence Center for Animal Husbandry, 2019) 

Indicator  
Group 

1 (control, BD) 
modeling technological stress 

2 (control, BD) 3 (BD + PSe) 4 (BD + DHQ) 
P r i o r  t o  g r o w i n g  (35 kg living weight) 

Alkaline phosphatase, IU/l  447.35±64.31 403.93±26.35 446.27±11.27 516.11±80.53 
Ca, mmol/l 3.36±0.13 3.28±0.09 3.32±0.16 3.45±0.45 
P, mmol/l 3.03±0.21 3.20±0.20 3.02±0.12 2.99±0.23 
Са/Р 1.46±0.12 1.35±0.11 1.43±0.09 1.52±0.12 
Mg, mmol/l 1.68±0.06 1.63±0.04 1.66±0.03 1.65±0.09 
Fe, mmol/l 25.27±0.86 21.51±2.55 24.02±2.23 22.23±2.06 
Chlorides, mmol/l 96.04±1.58 95.51±3.24 94.97±2.30 95.89±3.12 

P r i o r  t o  f a t t e n i n g  (70 kg living weight) 
Alkaline phosphatase, IU/l  406.90±17.70 389.77±11.86 446.27±11.27b 445.46±43.20 
Ca, mmol/l 3.49±0.03 3.45±0.08 3.43±0.11 3.18±0.17 
P, mmol/l 3.94±0.17 4.42±0.20 4.52±0.30 4.64±0.28* 
Са/Р 1.15±0.04 1.01±0.03* 0.99±0.07* 0.89±0.04***a 
Mg, mmol/l 0.99±0.03 1.16±0.07* 1.09±0.03* 1.17±0.11 
Fe, μmol/l 25.10±1.74 28.49±1.92 31.38±3.58 25.91±1.54 
Chlorides, mmol/l 119.22±3.35 117.47±2.62 119.39±1.82 119.32±7.64 

P r i o r  t o  s l a u g h t e r i n g  (100 kg living weight) 
Alkaline phosphatase, IU/l  230.95±31.73 222.06±29.27 257.38±37.69 255.09±23.90 
Ca, mmol/l 2.96±0.06 2.95±0.09 2.91±0.08 2.93±0.03 
P, mmol/l 3.06±0.16 3.09±0.19 3.11±0.18 3.26±0.14 
Са/Р 1.26±0.07 1.26±0.10 1.23±0.09 1.17±0.05 
Mg, mmol/l 0.84±0.03 0.81±0.02 0.85±0.05 0.86±0.06 
Fe, μmol/l 25.27±1.60 28.55±0.81 24.92±2.81 28.38±2.72 
Chlorides, mmol/l 111.38±2.60 109.21±2.34 106.03±1.64 105.87±2.84 
N o t е. BD — basal diet. For design of trials and description of treatments, see Materials and methods. 
*, **, *** Differences between the treatment and the control group 1 are statistically significant at р < 0.05, р < 0.01 
and р < 0.001, respectively. 
a, b Differences between the treatment and the control group 2 are statistically significant at р < 0.05 and р < 0.01, 
respectively. 

 

The blood calcium level in all groups was similar during the trials and 
varied over periods within 2.91-3.49 mmol/l, being within the physiological limits 
(2.0-3.6 mmol/l). Nevertheless, its amount slightly increased during intensive 
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growth (except for group 4) and decreased up to 2.91-2.96 mmol/l in all groups 
by the end of fattening. The P concentration changed in a similar way, did not 
exceed the physiological limits of 2.3-4.9 mmol/l, though depended on effects of 
MS and adaptogens. In blood phosphorus, there was a 17.2, 38.1, 49.6 and 55.1% 
increase during intensive growth, and a 22.4, 30.1, 31.2 and 29.8% decrease by 
the end of fattening compared to the period of intensive growth. As a result, the 
blood phosphorus concentration was practically equal between groups, 3.06, 3.09, 
3.11 and 3.26 mmol/l (see Table 2). Changes in phosphorus levels significantly 
influenced the Ca/P ratio. During intensive growth, the Ca/P value decreased by 
21.3 and 25.2% in the controls, and by 30.8 and 41.5% with adaptogens. By the 
end of fattening, the Ca/P value was almost equal in all groups, 1.26, 1.26, 1.23 
and 1.17, respectively. We explain the variability of blood phosphorus at different 
stages of growing and fattening by its participation in energy metabolism. In par-
ticular, with MS during intensive growth in groups 2-4, the blood phosphorus 
concentration was higher than in control group 1, 4.42 (p = 0.07), 4.52 (p = 0.1) 
and 4.64 mmol/l (p <0.05) vs. 3.94 mmol/l. In this regard, the Ca/P ratio in the 
middle of the growing and fattening periods changed significantly. In control 
group 2 and groups with PSe and DHQ, its value was lower, 1.01 (p < 0.05), 
0.99 (p < 0.05) and 0.89 (p < 0.001) vs. 1.15 in the control group 1. 

The physiological level of magnesium in pigs is 0.9-1.7 mmol/l. In our 
trials, blood magnesium did not differ between groups, decreasing during intensive 
growth towards the end of final fattening. At the beginning and end of the exper-
iment, this indicator was within the reference values (see Table 2). In the groups 
with MS its values in the middle of the fattening period were higher than the 
control values (p < 0.05).  

Blood Fe of 25.10-25.27 μmol/l was stable in the control group 1 through-
out the trials. In the control group 2 under MS, it increased from 21.5 to 
28.49 μmol/l during intensive growth, and remained unchanged until the end of 
fattening. In groups 3 and 4, blood Fe also increased during intensive growth, but 
then it decreased in group 3 to the initial value by the end of fattening, while 
continued to rise in group 4 (with DHQ) to the value in the control group 3; in 
groups 3 and 4, the Fe concentration was 28.5 and 28.4 µmol/l, respectively (see 
Table 2). Changes in blood chlorides throughout the trials were similar in all 
groups, with a 22.9-25.7% increase during intense growth and a 6.4-7.0% decrease 
by the end of fattening in the control groups and an 11.21-11.3% decrease in 
groups with adaptogens (see Table 2).  

Cortisol is a stress hormone that protects the body from sudden fluctua-
tions in physiological balance [29]. Cortisol enhances proteolysis, followed by syn-
thesis of carbohydrates from protein breakdown products [30]. The body’s antiox-
idant defense is designed to maintain the balance of BAC (biologically active com-
pounds — lipids, peptides, vitamins, and other compounds) in the organs and 
tissues to protect from ROS [31].  

The blood levels of cortisol, TBARS and water-soluble antioxidants (WA) 
did not significantly differ under the influence of MS and adaptogens over all 
periods. though there were some changes. In all groups, the blood cortisol level 
during intensive growth decreased with age by 36.8, 22.5, 41.3 and 52.8% from 
the initial values, and increased by 46.4, 37.4, 8.1 and 60.4%, respectively, at the 
end of fattening. The smallest values of 134 nmol/l (p = 0.07 vs. group 2) during 
intensive growth and of 215 nmol/l during final fattening were in group 4. The 
highest value was characteristic of the group with PSe during intensive growth, 
282 nmol/l vs. 211 and 214 nmol/l in control groups 1 and 2. At the end of 
fattening in groups 1-3, the blood cortisol concentration became equal, 309, 294 
and 305 nmol/l. Thus, before the final fattening, in stressed pigs fed DHQ the 
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blood cortisol level was minimal compared to other groups and 37.3 and 47.5% 
lower than in group 2 (MS) and group 3 (MS + PSe). This corresponds with 
TBARS levels which were also 6.7 and 12.3% lower, respectively (Table 3).  

3. Blood cortisol concentration and antioxidant status in pigs (Sus scrofa domesticus) 
F2 (Large White ½ Landrace) ½ Duroc (n = 5, M±SEM, experimental animal 
yard of Ernst Federal Science Center for Animal Husbandry, 2019) 

Indicator 
Group 

1 (control, BD) 
modeling technological stress 

2 (control, BD) 3 (BD + PSe) 4 (BD + DHQ) 
P r i o r  t o  g r o w i n g  (35 kg living weight) 

Cortisol, nmol/l 334±116 276±54 480±48 284±73 
TBARS, mol/l 4.18±0.29 3.67±0.48 4.10±0.80 4.45±0.50 
Total WA, mg/g 26.12±0.67 24.26±1.10 26.06±0.97 25.40±1.11 

P r i o r  t o  f a t t e n i n g  (70 kg living weight) 
Cortisol, nmol/l 211±65 214±34 282±45 134±26 
TBARS, mol/l 3.08±0.21 3.14±0.14 3.34±0.45 2.93±0.54 
Total WA, mg/g 12.20±0.64 11.28±0.88 12.20±0.90 11.76±1.00 

P r i o r  t o  s l a u g h t e r i n g  (100 kg living weight) 
Cortisol, nmol/l 309±107 294±111 305±61 215±53 
TBARS, mol/l 3.22±0.35 3.41±0.34 3.08±0.25 3.47±0.50 
Total WA, mg/g 12.54±0.48 12.04±0.69 13.30±1.30 12.32±0.96 
N o t е. BD — basal diet. TBARS — thiobarbituric acid reactive substances, WA — water-soluble antioxidants (total). 
For design of trials and description of treatments, see Materials and methods. 

 

TBARS values [31] were in line with the level of total water-soluble blood 
antioxidants. These indices during the entire trial had similar values in all groups 
with a noticeable decrease under the action of MS during intensive growth and 
before slaughter, and an upward trend in pigs received adaptogens (see Table 3). 

4. Activity of blood enzymes in pigs (Sus scrofa domesticus) F2 (Large White ½ Land-
race) ½ Duroc in a relationship with metabolism of carbohydrates and lipids (n = 5, 
M±SEM, experimental animal yard of Ernst Federal Science Center for Animal 
Husbandry, 2019) 

Indicator 
Group 

1 (control, BD) 
modeling technological stress 

2 (control, BD) 3 (BD + PSe) 4 (BD + DHQ) 
P r i o r  t o  g r o w i n g  (35 kg living weight) 

Triglycerides, mmol/l 0.35±0.07 0.32±0.06 0.37±0.04 0.36±0.03 
Glucose, mmol/l 9.17±1.27 8.47±0.45 7.07±0.69 6.49±0.50 
LDH, IU/l 459.4±171.4 378.5±39.8 375.9±34.3 390.9±24.0 
CPK, IU/l 2769.2±1698.6 1996.0±715.5 2656.5±856.5 2927.5±1315.2 
Creatinine, mol/l 76.3±5.7 92.5±13.0 82.6±9.0 86.4±11.3 

P r i o r  t o  f a t t e n i n g  (70 kg living weight) 
Triglycerides, mmol/l 0.32±0.04 0.32±0.03 0.34±0.09 0.25±0.02a 
Glucose, mmol/l 8.41±0.80 7.65±0.56 7.81±0.48 7.32±0.44 
LDH, IU/l 407.5±22.4 450.9±28.4 423.9±25.1 379.2±24.3 
CPK, IU/l 878.9±260.9 1649.5±779.4 1591.4±654.0 1018.7±429.2 
Creatinine, mol/l 124.2±8.8 108.2±6.8 122.0±10.9 122.0±8.3 

P r i o r  t o  s l a u g h t e r i n g  (100 kg living weight) 
Triglycerides, mmol/l 0.28±0.03 0.28±0.01 0.32±0.04 0.35±0.05** 
Glucose, mmol/l 6.87±0.70 5.92±0.32* 6.36±0.56* 6.48±0.68 
LDH, IU/l 377.5±44.3 317.0±23.8** 289.3±34.5** 367.4±33.6 
CPK, IU/l 2484.0±916.6 1796.9±643.8 1368±573.5 3229.5±1261.6 
Creatinine, mol/l 112.9±11.9 101.4±9.1 103.4±4.5 107.8±10.7 
N o t е. BD — basal diet. LDH — lactate dehydrogenase, CPK — creatine phosphokinase. For design of trials and 
description of treatments, see Materials and methods. 
*, ** Differences between the treatment and the control group 1 are statistically significant at р < 0.05 and р < 0.01, 
respectively. 
a Differences between the treatment and the control group 2 are statistically significant at р < 0.05. 

 

Creatinine, a product of protein metabolism is formed in muscle tissue 
from creatine [32]. The blood creatinine level in pigs over the trials was within the 
physiological norm (78-148 μmol/l) with an increase during intensive growth and 
a decrease by the end of fattening. However, there were differences between the 
groups. During intensive growth, the creatinine level increased by 17.0% in the 
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control group 2 under MS, and by 62.8% in the control group 1. In groups 3 and 
4 with adaptogens, the increase level was intermediate between groups 1 and 2, by 
47.7 and 41.2%, respectively. As a result, in groups 1, 3 and 4 the indicator was 
124.2, 122.0 and 122.0 vs. 108.2 µmol/l in group 2 (Table 4), which is associated, 
among other things, with the action of adaptogens under MS. Before slaughter, 
the creatinine pattern was the same with its lowest value in group 2.  

Glucose metabolism at the cellular level largely depends on the hormonal 
status of the body. In particular, glucocorticoids (cortisol and others), promoting 
synthesis of carbohydrates from nitrogen-free amino acid residues, inhibit the ox-
idation of glucose, which leads to an increase in its blood level [30]. Thyroid 
hormones increase the absorption of glucose from the intestine, which also leads 
to its accumulation in the blood [33]. The hormones of the anterior lobe of the 
hypophysis, the somatotropin, corticotropin, and thyrotropin also exhibit a hyper-
glycemic effect [34]. In our trials, the blood concentration of glucose across groups 
and over periods ranged within 5.92-9.17 mmol/l. A pattern appeared in a decrease 
in this indicator by the end of the trials. Blood glucose was more stable in group 
4 (+ DHQ). At final fattening, the adaptogens stabilized the blood glucose level. 
MS reduced the glucose concentration by 13.8% (p < 0.05) compared to the con-
trol without MS. In group 3, MS reduced this indicator by 7.4% (p < 0.05), but 
under the influence of PSe it increased compared to group 2 by the same 7.4%. 
Dietary DHQ allowed animals to escape negative effects of MS, which, given low 
cortisol indices in this group, stabilized the blood glucose concentration at the 
control level without MS (see Table 4).  

Lactate dehydrogenase (LDH) is zinc-containing intracellular enzyme re-
sponsible for energy metabolism through the catalysis of lactic acid oxidation to 
pyruvate. LDH is found in almost all cells of the body and is most active in skeletal 
muscles, heart muscle, kidneys, liver, and erythrocytes [35]. Before the start of the 
trials, the blood LDH activity in pigs was 375.9- 390.9 IU l in groups 2-4, and 
459.4 IU/l in the control group 1. Further, in group I, it constantly decreased, to 
407.5 IU/l before final fattening and to 377.5 IU/l before slaughter. In groups 2 
and 3, the activity of LDH under MS before the final fattening increased by 19.1 
and 12.8%, then decreased to 317.0 and 289.3 IU/l, which was 16.0% (p < 0.01) 
and 23.4% (p < 0.01) less than in group 1. In group 4, this indicator steadily 
decreased over the trials, as in group 1, remaining 15.0, 7.0 (p = 0.06 vs. group 2) 
and 2.7% lower than in groups 1, 2 and 3, respectively (see Table 4). Blood LDH 
activity and its dynamics characterize physiological load on the body in the ex-
periment and the effect of antioxidants on the energy metabolism in the muscles. 
It should be noted that due to DHQ, the LDH activity was the same as in animals 
that did not undergo MS, that is, it did not change significantly under the influ-
ence of a stress factor. 

Creatine phosphate is a phosphagen that prevents the rapid depletion of 
ATP pool by supplying an easily usable macroergic phosphate required for ATP 
resynthesis from ADP. In the process of regeneration of ATP during muscle re-
laxation, creatine phosphate transfers a high-energy phosphate to ADP. The prod-
ucts of this reaction are ATP and creatine. Phosphorylation of creatine is catalyzed 
by creatine phosphokinase (CPK), an enzyme specific for muscles [36]. In all 
groups at the beginning of the trials, the CPK activity was within 1996-2927 
IU/l. With intensive growth, the indicator decreased across groups by 78.3, 17.4, 
40.1 and 65.3%. At the end of fattening (before slaughter), the CPK activity 
increased by 282.9, 8.9 and 316.9% in groups 1, 2 and 4, while decreased in 
group 3 by 14.1%. These results reflect the change in energy expenditure in the 
form of macroergs in different periods of the trials and the effect of antioxidants 
(see Table 4).  
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Blood triglycerides varied in all groups in range of 0.66-0.95 mmol/l and 
increased by the end of the final fattening. The smallest increase in concentration 
(by 27.1%) occurred in group 1, the largest (by 42.4%) in group 2. Under the 
effect of adaptogens, the increase was 30.1 and 30.9%, which was close to the 
indicators in group 1 (control without MS). The use of DHQ promoted a 25% 
increase (p < 0.01) in triglyceride amount as compared to the control group with-
out stress.  

5. Nonspecific immunity indicators in pigs (Sus scrofa domesticus) F2 (Large 
White ½ Landrace) ½ Duroc in a relationship with metabolism of carbohydrates and 
lipids (n = 5, M±SEM, experimental animal yard of Ernst Federal Science Center 
for Animal Husbandry, 2019) 

Indicator  
Group 

1 (control, BD) 
modeling technological stress 

2 (control, BD) 3 (BD + PSe) 4 (BD + DHQ) 
P r i o r  t o  g r o w i n g  (35 kg living weight) 

Lysis, % 41.16±1.29 40.40±0.85 40.41±1.53 40.68±2.00 
Lysozyme:     
g/ml blood serum 0.75±0.03 0.75±0.03 0.72±0.03 0.71±0.05 
specific activity units (u/mg protein 3.36±0.18 3.21±0.04 3.15±0.15 3.08±0.13 

BSBA, % 52.38±0.95 54.29±1.65 44.76±5.04 50.48±5.30 
PA, % 40.33±1.86 39.0±2.31 43.33±2.60 49.67±4.67 
PI 2.85±0.10 2.72±0.05 2.73±0.16 2.47±0.18 
PN 1.15±0.03 1.06±0.08 1.19±0.13 1.23±0.17 

P r i o r  t o  s l a u g h t e r i n g  (100 kg living weight) 
Lysis, % 22.82±2.48 27.81±6.21 30.10±2.86 42.04±4.84* 
Lysozyme:     
g/ml blood serum 0.44±0.04 0.52±0.09 0.57±0.05 0.79±0.10* 
specific activity units (u/mg protein 2.19±0.28 2.40±0.45 2.56±0.17 3.25±0.32 

BSBA, % 52.69±1.08 52.69±1.08 54.84±1.86 52.69±2.15 
PA, % 48.68±1.46 54.67±2.33 48.88±1.05 49.89±3.62 
PI 2.36±0.04 2.92±0.04*** 2.50±0.07b 2.38±0.07b 
PN 1.15±0.05 1.60±0.08** 1.22±0.01b 1.19±0.12a 
N o t е. BD — basal diet. BSBA — blood serum bactericidal activity, PA — phagocytic activity, PI — phagocytic 
index, PN — phagocytic number PN. For design of trials and description of treatments, see Materials and methods. 
*, **, *** Differences between the treatment and the control group 1 are statistically significant at р < 0,05, 
р < 0.01 and р < 0.001, respectively. 
a, b Differences between the treatment and the control group 2 are statistically significant at р < 0.05 and 
р < 0.01, respectively. 

 

Unfavorable environmental factors directly affect the pathogenetic re-
sistance, involving bactericidal and lysozyme activity of blood serum and the phag-
ocytic activity of the blood [37]. Before the start of the experiment, these indica-
tors in all animals had similar values. Before slaughter, in the control groups, the 
BSLA value decreased and the phagocytic activity significantly increased with a 
relatively stable BSBA. In the groups receiving adaptogens, the indicators of re-
sistance also changed, but differed significantly from those in groups 1 and 2. By 
the end of fattening in pigs receiving PSe, with a decrease in lysis and lysozyme 
concentration in the blood serum, there was an increase in BSBA (from 44.76 to 
54.84%) and FA (from 43.3 to 48.3%), whereas in group 2 BSBA decreased (from 
54.29 to 52.69%) and FA increased (from 39.0 to 54.6%). Dietary DHQ increased 
lysis from 40.68 to 42.04%, the lysozyme concentration from 0.71 to 0.79 μg/ml 
and BSBA from 50.48 to 52.69% with relatively stable FA values. These data 
indicated the mobilization of the body’s resources when exposed to simulated stress. 
MS promoted mobilization of cellular immunity, expressed in an increase in phag-
ocytic activity PA (p < 0.05), phagocytic index PI (p < 0.001), and phagocytic 
number PN (p < 0.05) in the control group 2 at the end of the trials. PSe and DHQ 
normalized these parameters as compared to the control group 2 practically to values 
without MS (PI at p < 0.01, PN at p < 0.01 and p < 0.05 in the first and the second 
case, respectively. Thus, in animals fed adaptogens, the resistance indices at the end 
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of the trials corresponded to those in the control group I, which additionally indi-
cates an increase in resistance to stress (Table 5). DHQ additionally contributed to 
an increase in humoral immunity compared to group 1 (p < 0.05).  

6. Morpho-hematological indicators in pigs (Sus scrofa domesticus) F2 (Large 
White ½ Landrace) ½ Duroc in a relationship with metabolism of carbohydrates and 
lipids (n = 5, M±SEM, experimental animal yard of Ernst Federal Science Center 
for Animal Husbandry, 2019) 

Indicator 
Group  

1 (control, BD) 
modeling technological stress 

2 (control, BD) 3 (BD + PSe) 4 (BD + DHQ) 
P r i o r  t o  g r o w i n g  (35 kg living weight) 

Leukocytes, ½109/l 15.32±1.70 16.12±1.28 13.27±1.09 14.89±2.00 
Erythrocytes, ½1012/l 11.30±0.17 11.07±0.37 11.58±0.70 11.05±0.32 
Hemoglobin, g/l 130.96±2.86 127.00±3.00 126.44±6.52 131.10±3.58 
Hematocrit, % 63.02±1.14 60.99±1.74 61.04±3.31 62.43±1.85 
Color index, points  3.43 3.46 3.29 3.57 

P r i o r  t o  f a t t e n i n g  (70 kg living weight) 
Leukocytes, ½109/l 13.57±1.10 15.27±1.01 14.31±0.71 14.41±0.76 
Erythrocytes, ½1012/l 10.51±0.23 10.57±0.31 11.29±0.05**a 10.55±0.32 
Hemoglobin, g/l 133.13±3.05 130.06±5.79 136.12±2.72 135.78±4.50 
Hematocrit, % 61.94±1.19 60.23±2.73 62.81±1.17 62.47±2.46 
Color index, points  3.80 3.71 3.64 3.87 

P r i o r  t o  s l a u g h t e r i n g  (100 kg living weight) 
Leukocytes, ½109/l 9.04±0.74 11.98±1.16* 12.67±1.45* 11.01±0.78 
Erythrocytes, ½1012/l 9.02±0.69 9.62±0.29 10.31±0.15a 9.90±0.30 
Hemoglobin, g/l 118.24±8.06 121.14±2.15 131.30±3.44a 106.98±26.7 
Hematocrit, % 52.82±3.81 53.91±0.88 58.91±1.45b 57.09±1.89 
Color index, points  3.94 3.78 3.82 3.24 
N o t е. BD — basal diet. For design of trials and description of treatments, see Materials and methods.  
*, ** Differences between the treatment and the control group 1 are statistically significant at р < 0.05 and 
р < 0.01, respectively. 
a, b Differences between the treatment and the control group 2 are statistically significant at р < 0.05 and 
р < 0.01, respectively. 

 

Morpho-hematological traits showed characteristic differences between 
groups over trials, both in the values and dynamics. As compared to group 1, the 
number of leukocytes under MS in groups 2, 3 and 4 was 12.5, 5.4, 6.1% higher 
during intensive growth, and 32.5 (p < 0.05), 40.1 (p < 0.05), 21.7% (p = 0.07) 
higher at the final fattening. Their counts decreased in all groups except for group 
3 where a slight increase occurred during intensive growth. The observed changes 
are caused both by the effect of cortisol under physiological stress and an increase 
in nonspecific resistance due to adaptogens (see Table 5). The level of erythro-
cytes, the hemoglobin and hematocrit values during intensive growth differed little. 
A decrease in the number of erythrocytes and an increase in the level of hemo-
globin were characteristic of all groups of pigs. In general, by the end of fattening, 
these two indicators were 6.6, 14.3, 9.7%, and 1.09, 6.09, 4.27% higher, respec-
tively, under MS than in group 1 (Table 6). Also note higher levels of erythrocytes 
(p < 0.05), hemoglobin (p <0.05) and hematocrit (p <0.01) in the group fed dietary 
selenium as compared to the control group 2 subjected to MS without adaptogens, 
which indicates a significant antioxidant role of Se in fattening. 

Thus, the stress in the trials generated a long-term effect characteristic of 
distress. The leading factor was the struggle for leadership, which led to overexci-
tation of animals and, as a result, to injuries, loss of appetite, variation in periods 
of rest and feed intake, and to some changes in the physiological and biochemical 
status. The consequences of this type of stress can be observed up to 15-20 days 
after the onset [2, 9]. In our tests, regrouping occurred every 14 days, during which 
animals experienced all stages of stress response. However, it was more pro-
nounced in the first 2-3 days after the regrouping. Physiological and biochemical 
parameters of pigs were assessed on day 42, that is, after 3-fold stress cycle, and 
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before slaughter on day 70 after two final cycles. It should be noted that regroup-
ing, due to increased motor activity, can also have a positive effect on muscle 
tissue formation in pigs and, therefore, on the meat quality.  

The absence of significant (p < 0.05) differences in a number of bio-
chemical, morpho-hematological and other indicators of boars can be explained 
by the fact that their productivity realized in our experiment, i.e. the average 
daily live weight gain, was close to that genetically conditioned for the genotype 
F2 (Large White ½ Landrace) ½ Duroc due to a balanced ration and an optimal 
microclimate. Under these conditions, only simulated social stress remained a 
factor influencing animals.  

The absence of a significant difference, together with blood cortisol, 
TBARS and WA levels close to the control, in general, indicate the adaptation of 
boars to the cyclic long-term MS. However, the same groups differed in the blood 
glucose levels, LDH and CPK activity and dynamics, which indicates a better 
stress resistance of stressed animals when fed adaptogens. Note that when PSe was 
used as an adaptogen, these stress indicators turned out to be the highest, and in 
the group receiving DHQ, they were the lowest compared to both control groups. 
Similar results were obtained on broilers by Pirgoziev et al. [38] who found that 
dietary DHQ at different doses and/or under unfavorable conditions (for example, 
under heat stress) had positive effects, including an increase in the general anti-
oxidant status [39].  

Leveling stresses, in particular, stress of transportation, due to the dietary 
selenium additives was studied in pigs by Liu et al. [40]. Dietary selenium (0.24-
1 mg/kg) and vitamin E (17-100 mg/kg) decreased hyperthermia in growing pigs 
[40]. Other studies dealt with the effect of dietary selenium on antioxidant status 
and meat quality [41-43]. In our study, we observed a positive effect of PSe on 
innate immunity, i.e. an increase in the blood bactericidal activity, and on hema-
tological parameters, including an increase in the level of erythrocytes (p < 0.05), 
hemoglobin (p <0.05) and hematocrit (p < 0.01) compared to the animals stressed 
but not fed adaptogens. 

Our study is mainly focused on the effect of DHQ on biochemical, anti-
oxidant and hormonal status of boars under MS. It should be mentioned that this 
issue has been little studied. Therefore, special attention should be paid to the 
works that reveal the physiological mechanisms of quercetin activity. Thus, it has 
been shown that the bioavailability of quercetin is due to the chemical form of 
flavonoids and dietary factors [44, 45]. Conjugated quercetin is the main metabo-
lite in blood 24 hours after the intake of this supplement. The highest concentra-
tions of quercetin and its metabolites were found in the liver and kidneys (5.87 
and 2.51 nmol/g tissue, respectively), the organs responsible for the excretion of 
metabolic products, while the lowest in the brain, heart and spleen [46]. The blood 
level of quercetin in pigs after 3 days of consumption of high doses (up to 500 
mg/kg) did not exceed 1.25 mmol/l [46, 47]. Also, no differences were found 
between long-term and repeated use compared to single application [48]. Of the 
dietary factors, the bioavailability of quercetin was influenced by the dietary fat 
content [45]. It was found that the combination of vitamin E with quercetin leads 
to the best positive effect [49]. Quercetin did not affect the activity of glutathione 
peroxidase, glutathione reductase, and glutamate-cysteine ligase in the mucous 
membrane of small intestine and liver of piglets after weaning, while the activity 
of hepatic glutathione transferase significantly increased on day 5 after weaning 
when quercetin was fed at 100, 300 и 900 mg/kg live weight [50]. Quercetin en-
hanced the protection of pig intestinal erythrocytes from oxidative stress [51]. It 
was found that when contaminated feed with mycotoxins, quercetin, alone or in 
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combination with vitamins and selenium, contributed to the partial restoration of 
the oxidative status [52], which is consistent with the data obtained and described 
above. In pigs, quercetin reduced the effect of transportation stress through a de-
crease in the amount of serum endotoxin, ROS, and malondialdehyde in the in-
testine, an increase in the size of the villi of the jejunum with a simultaneous 
decrease in the expression of inflammatory cytokines [53]. An increase in the 
adaptive capabilities of technologically stressed animals due to an antioxidant was 
noted, which is also consistent with the results of our studies.  

Thus, dietary adaptogens, the Se proteinate (PSe) and especially dihy-
droquercetin (DHQ) prevent negative effect of modeling technological stress (MS) 
on metabolism in boars, including lipid peroxidation, stimulate anabolic processes, 
and positively affect clinical health and nonspecific resistance. The smallest con-
centration of cortisol, a hormone involved in the development of stress response, 
134 nmol/l during intensive growth and 215 nmol/l during final fattening, was in 
pigs fed DHQ, the highest in pigs fed PSe during intensive growth (282 vs. 211 
and 214 nmol/l in the control groups). The TBARS level which characterizes lipid 
peroxidation was the smallest (2.93 nmol/l) in boars fed DHQ during intensive 
growth and the highest (3.47 nmol/l) in the same group during final fattening. In 
boars fed DHQ, there was an increase in humoral immunity, that is, an increase 
in the levels of lysozyme (by 51.9%, p < 0.05) and lysis (by 19.22%, p < 0.05) com-
pared to the control group 1 without MS. As a result, in different periods, the average 
daily weight gain of boars was 921-1103 g (+ PSe) and 950-1152 g (+ DHQ). In 
general, over the trials, the average gain was the greatest in the control (without 
stress) and in the stressed boars fed DHQ. Taken together, our findings indicate 
the promise of using PSe and DHQ in intensive pig rearing to level negative con-
sequences of technological stresses and give grounds for further studying effects of 
these feed adaptogens for their proper use in intensive industrial pig breeding. 
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A b s t r a c t  
 

In ruminant husbandry, ergotropics, fungal cultures, modifiers, antioxidants, enzymes, and 
other feed additives with various biological properties help practitioners to create optimal conditions 
for ruminal microorganisms to grow and to digest various feed substrates of the diet. This paper first 
compares functional effects of bioactive natural substances (dihydroquercetin, organic iodine, micellar 
calcium, spirulina, and shungite) on the rumen digestion in Romanov sheep. The work aimed to 
investigate the peculiarities of the influence of natural feed additives different in their biological 
properties on fermentative and microbiological processes in the rumen of sheep. Dietary trials were 
performed in the conditions of the physiological yard, the Ernst Federal Science Center for Animal 
Husbandry, with Romanov sheep (Ovis aries). In 2014, 12 animals aged 4-5 months were assigned to 
four dietary treatments: a basal diet without supplementation (BD, the control animals), BD + shungite 
(0.3 % dry matter), BD + shungite (0.9 % dry matter), and BD + shungite (1.5 % dry matter). In 
2018-2019, six fistulated sheep aged 2 years were fed according to two schemes. The first scheme of 
dietary treatment was as follows: BD for equalization, BD (control), dihydroquercetin (DHQ) 
(100 mgʺhead-1ʺday-1) + organic iodine (OI) (1.05 mgʺhead-1ʺday-1), BD for equalization, and 
DHQ (100 mgʺhead-1ʺday-1), each period lasted 14 days. In the second scheme, calcium carbonate 
micellate (M-Ca) injected into the rumen through a fistula (50 µlʺhead-1ʺday-1) was used instead of 
DHQ + OI, and spirulina (1.25 gʺhead-1ʺday-1, the dry powder mixed with 23.75 g filler) instead of 
DHQ. In all tests, at the end of each period, 3 hours after feeding, rumen contents were sampled to 
assess pH, redox potential (ORP), oxidization, total amount of volatile fatty acids (VFA), concentration 
of ammonia nitrogen, amylolytic activity, the biomass of ruminal protozoa and bacteria, and the 
microbial profiles. It was found that DHQ and spirulina have the most pronounced effect on ruminal 
pH, with a 12.7 and 9.5 % increase in the chyme pH, respectively. All dosages of shungite and M-Ca 
provide higher production of volatile fatty acids (VFA), the 20.6; 27.2 (р < 0.05), 22.8 and 6.6 % of the 
controls. DHQ + OI, DHQ and spirulina, in contrast, depress VFA production to 93.5, 81.2 and 81.8 % 
levels of the controls. The dietary additives, except for DHQ + OI, decrease the chyme level of 
ammonia, which was the greatest for DHQ and M-Ca, by 24.1 % at p < 0.01 and 26.3 %, respectively. 
Shungite also depresses the chyme ammonia concentration by 18.7 (p < 0.05), 14.9 (p < 0.05) and 
9.4 % compared to the control. Dietary DHQ + OI, on the contrary, increases this indicator by 
16.5 %. Dietary spirulina, M-Ca and DHQ + OI resulted in the 6.1, 1.7 and 1.1 % increase in the 
chyme amylolytic activity, respectively, the dietary shungite causes its significant decrease, by 16.8-
19.9 %, while the influence of DHQ is the least with a 7.3 % decrease. It was shown that the rumen 
fermentation affects counts and species composition of the microbiota. The greatest increase in the 
chyme microbial biomass results from dietary shungite and depends on the mineral dosage. Dietary 
shungite increases the overall number of microorganisms 2 times (p < 0.01), by 47.4 % (p < 0.05) and 
25.2 %, respectively, mainly due to infusoria, and changes the percentage ratio between infusoria and 
bacteria. DHQ + OI, DHQ and M-Ca also lead to an increase in the chyme microbial biomass but to a 
much lesser extent as compared to the shungite, i.e. to 14.6, 2.2 and 1.8 % of the control, respectively. 
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Dietary spirulina depresses the total number of microorganisms by 14.3 %. The study traces a positive 
relationship between the effects of the studied natural feed additives on the rumen microbiocenosis and 
the ammonia/VFA ratio of, which can characterize the rate of feed conversion to microbial protein. 

 

Keywords: feed additives, shungite, dihydrouridine, organic iodine, spirulina, Romanov 
sheep, rumen, fermentation, chyme, amylase, volatile fatty acids, ammonia, microbiota 

 

The rumen plays a primary role in the digestive system of ruminants. In 
this part of a compound stomach, due to microbiological fermentation, up to 80% 
of the needs for energy, 30-50% in protein, to a large extent in macro- and 
microelements and vitamins are satisfied, and up to 70% of crude fiber is digested. 
There is a relationship between the chemical composition and nutritional value of 
the forage substrate, the number of rumen microorganisms, and productivity 
performance [1, 2]. Substrates rich in nitrogen, protein, fat, nitrogen-free 
extractive substances significantly stimulate growth and reproduction of 
microorganisms. The acetic fermentation and pH values of 6.6-6.9 are optimal for 
the reproduction of rumen microorganisms. conditions include propionic 
fermentation and pH of 6.2-6.5 are less favorable. In the latter case, the greatest 
additional load to neutralize pH of remen content lies on the salivary glands [3, 
4]. In practice, ergotropics, mushroom cultures, modifiers, antioxidants, enzymes, 
and other feed additives with various biological properties are used to provide 
optimal environment for vital activity of rumen microorganisms and digestion [5-
7]. Natural biologically active substances are preferred as an alternative to 
antibiotics [8-10]. 

 Dihydroquercetin (DHQ) from Dahurian larch (Larix dahurica Turez), 
can regulate metabolic processes, positively affects the functions of internal organs, 
is involved cell protection from pathologies. DHQ is widely used in medicine, 
food industry, etc. [11]. At the request of the European Commission (EC), a 
group of dietary and nutritional scientists have demonstrated the safety of using 
Dahurian larch extract rich in dihydroquercetin (taxifolin) as a food ingredient 
in accordance with Regulation (EC) No 258/97 of the European Parliament and 
of the Council of 27 January 1997 concerning novel foods and novel food 
ingredients. Dihydroquercetin was used in the form of a feed additive Ecostimul 
2 (JSC Ametis, Russia), containing up to 88% dihydroquercetin and about 10% 
of associated bioflavonoids [12]. 

An organic iodine (OI)-based feed additive (FA) Prost (LLC InBioTech, 
Russia) is a mixture of complete proteins of milk serum, which contain 2.5% of 
covalently bound I. Due to the covalent bond with proteins, bioiodine is highly 
stable, e.g. it can withstand heating up to 300 С, is resistant to light and upon 
long-term storage. Iodine is a component of thyroid hormones in the form of 
iodinated derivatives of L-tyrosine residues. The physiological effect of thyroid 
hormones is associated with regulation of the rate of cell respiration, a direct effect 
on the absorption of oxygen by mitochondria and other cellular compartments, an 
increase in oxidative reactions and basic metabolism. Thyroid hormones have a 
significant effect on the activity of enzymes and the gene apparatus of cells, on 
morphogenesis and reproductive function [13, 14]. Feeding organic iodine to small 
ruminants contributed to a significant increase in live weight and average daily 
gain, which may due to high concentration of thyroxine [13]. Iodine organification 
occurs in the thyroid gland, in the mammary and salivary glands, in other tissues 
and organs. About 90% of the iodine contained in animal diets is accumulated in 
the thyroid gland as iodides. The latter are oxidized to iodine with the participation 
of hydrogen peroxide, which is catalyzed by thyroid peroxidase. Preliminary 
studies have shown that the combined feeding of antioxidants with organic iodine 
promoted, on the one hand, an increase in the activity of glutathione peroxidase, 
correcting the imbalance of the oxidative and antioxidant systems, and on the 
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other hand, the regulation of thyroid function [14, 15].  
Calcium carbonate micellate (M-Ca) is a complex suspension containing 

calcium carbonate as the main component and serving as one of the regulators of 
its metabolism in the body. When M-Ca colloidal solution enters the 
gastrointestinal tract, it is neutralized with hydrochloric acid with the formation 
of calcium ions (remember, only its ionized form contributes to the replenishment 
of calcium deficiency), as well as reactive oxygen species (ROS). ROS are 
produced in small amounts in the aquatic environment, their concentration does 
not go beyond the physiological norm. ROS promote production of free electrons. 
The presence of M-Ca in water initiates electronic activation, which corrects 
disorders caused by various pathological factors. This normalizes oxidative 
phosphorylation and improves cellular antioxidant status [16, 17]. As a result, 
previously weakened functions of organs and tissues are restored, including those 
responsible for bone remodeling and regeneration of damaged bones, destructive 
processes in bone tissue slow down, the level of osteoclastogenesis regulators 
changes towards their balance, epithelial tissue regeneration is stimulated, and the 
peripheral microcirculation is improved [18-20].  

Microalgae Spirulina (Spirulina plаtensis) contains absolutely all substances 
that are necessary for humans and animals for normal life [21, 22] and also has a 
wide spectrum of biological activity, e.g. stimulates metabolism, strengthens the 
skeleton, normalizes the condition of the skin, hair and mucous membranes, 
neutralizes toxins, improves digestion, ultimately contributing to an increase in 
the productivity and resistance of animals to various diseases [23, 24]. This product 
has been shown to serve as a valuable feed for many animal species. Feeding 
spirulina improves the quantitative and qualitative composition of lactic bacteria 
in the intestine, maintains higher levels of blood hemoglobin and erythrocytes, 
increases growth rate and animal fertility, and betters the quality of food products. 
Researcher associate the positive effect of spirulina with a rich set of biologically 
active substances and a unique protein composition [25, 26].  

Shungite is a natural mineral, unusual in origin, the structure of its carbon 
and the structure of the rocks themselves [27, 28]. The shungite carbon which 
constitutes 30% of the mineral is a multilayer globule about 10 nm in size. This 
structure is very active in oxidation-reduction reactions, and possesses sorption 
and catalytic properties. Oxides of macro- and microelements (more than 20 in 
total) make up 70% of the mineral and are mainly silicon compounds. The mineral 
part of shungite has adsorption, binding, buffering and ion-exchange properties. 
Silicon oxides contribute to an increase in the absorption of macro- and 
microelements, affect natural resistance of animals, the metabolism of vitamins 
and biologically active substances. Fullerenes in the composition of shungite 
increase the resistance of cell membranes to damaging factors, have antioxidant 
and radioprotective properties due to the suppression of excess formation of free 
radicals, and have a positive effect on the energy systems of the body [29, 30]. 
The antioxidant properties of fullerenes are due to inactivation of reactive oxygen 
species, in particular, hydroxyl radicals (via their binding to double bonds which 
are abundant in fullerenes), and also to accumulation in mitochondria and a 
decrease in the transmembrane potential [31]. The study of the biological effects 
of shungite and its derivatives in biomedicine and veterinary medicine remains 
relevant [32, 33]. Studies on farm animals and poultry have established a high 
efficiency of shungite, which does not have cumulative, allergenic, embryotoxic, 
teratogenic effects, does not irritate mucous membranes and has no negative 
effects on the functional activity of the liver [32, 34]. 
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Thus, numerous positive effects of the described feed factors are known 
and have found practical application. However, the current understanding of how 
they act on the enzymatic and microbiological systems of the rumen is limited. 

This study is the first to disclose effect of these natural feed components 
on the sheep rumen enzymes and microbiota that improve feed conversion and 
ensure metabolic and clinical health of animals. 

The work aimed to assess the impact of bioactive feed additives with 
different properties on sheep digestion and rumen microbiota.  

Materials and methods. Dietary trials were performed in the conditions of 
the physiological yard, the Ernst Federal Science Center for Animal Husbandry, 
with Romanov sheep (Ovis aries). In 2014, 12 animals aged 4-5 months were 
assigned to four dietary treatments: a basal diet without supplementation (BD, the 
control animals), BD + shungite (0.3 % dry matter), BD + shungite (0.9 % dry 
matter), and BD + shungite (1.5 % dry matter). BD consisted of 2 kg of feed 
mixture and 0.35 kg of concentrates, with a total nutritional value of 9 MJ OE 
(0.9 ECE), natural shungite (Zazhoginskoe deposit, Republic of Kareliya, LLC 
NPK Carbon-shungite, Russia) dosage was 0.3, 0.9 and 1.5% BD dry matter. 

In 2018-2019, six fistulated sheep aged 2 years were fed according to 
two schemes. The first scheme of dietary treatment was as follows: BD for 
equalization, BD (control), BD + dihydroquercetin (DHQ) (100 mgʺhead-1ʺday-

1) + organic iodine (OI) (1.05 mgʺhead-1ʺday-1), BD for equalization, and 
BD + DHQ (100 mgʺhead-1ʺday-1), each period lasted 14 days. In the second 
scheme, calcium carbonate micellate (M-Ca) injected into the rumen through 
a fistula (50 µlʺhead-1ʺday-1) was used instead of DHQ + OI, and spirulina 
(1.25 gʺhead-1ʺday-1) instead of DHQ. BD consisted of 1.5 kg of hay and 0.4 kg 
of concentrates (total nutritional value 13.2 MJ OE = 1.32 ECU) containing 180 
g of protein, 40 g of fat, 380 g of fiber. Bioactive substrates (10 gʺhead-1ʺday-1) 
were applied as mixtures. The mixture for BD + DHQ + OI contained filler (dry 
crushed seedlings) and feed additives Ecostimul-2 (DHQ 80%, JSC Ametis, 
Russia) + Prost (iodine 7 mg/g, LLC InBioTech, Russia), for BD + DHQ, the 
mixture contained filler (dry crushed seedlings) and feed additive Ecostimul-2. М-
Са was applied as a stock solution (ZAO Petrokhim, Russia), spirulina (ООО 
Biosolar MSU, Russia) was added as dry powder mixed with 23.75 g filler.  

In all tests, at the end of each period, 3 hours after feeding, rumen contents 
were sampled to assess pH (a device Akvilon 420, AO Akvilon, Russia), redox 
potential (ORP) (an ORP meter ORP-2069, YIERYI, Chine), oxidization by 
reaction with thiobarbituric acid, total amount of volatile fatty acids (VFA) by 
steam distillation in a Markham apparatus, concentration of ammonia nitrogen by 
Conway microdiffusion technique, amylolytic activity photometrically (a 
spectrophotometer KFK-3-01, ZOMZ, Russia), the biomass of ruminal protozoa 
and bacteria by differential centrifugation (J2-21, Beckman Coulter GmbH, 
Germany), and the microbial profiles in surface and submerged cultures using 
10-fold dilution series (growth and differential media, FBUN SSC PMB, 
Obolensk, Russia; HiMedia Laboratories Pvt. Ltd, India) to estimate microbial 
counts (CFU/g).  

Biometric processing was performed by analysis of variance (ANOVA) 
method (STATISTICA 10, StatSoft, Inc., USA). The arithmetic mean values (M), 
standard error of the mean (±SEM) were calculated, and Student’s t-test was used 
to assess significance levels (p). 

Results. The intensity and peculiarities of rumen digestion in ruminants, 
and, consequently, the efficiency of feed use, are closely related to the composition 
of the aquatic fraction of the chyme, which is determined by pH and ORP and 
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depends on the structure and nutritional value of the diet, the quality of drinking 
water, and the intensity of secretion in the salivary glands, as well as by the state 
of microbiocenosis. With an increase in the ORP of water, its bioenergetic, 
metabolic and immunostimulating properties improve, which favors the 
development of microorganisms [16, 17]. 

Dietary DHQ, fed separately and together with organic iodine, had a 
significant effect on the physicochemical properties of rumen chyme, enzymatic 
and microbiological processes in sheep. In the control period, the pH of the chyme 
was 5.69±0.135 at an oxidation rate of 0.146±0.049 U eq. DHQ + OI fed during 
the first test period increased pH value of the chyme to 5.85±0.078 together with 
a significant 2.8-fold increase in its oxidation (p < 0.01). Under the effect of DHQ, 
the pH of the chyme reached 6.41±0.053 with a 1.80- and 5.08-fold decrease in 
oxidation compared to the control and the first test period (p < 0.05) (Table 1).  

ORP values of the chyme showed that dietary OI intensifies oxidation 
while DHQ, on the contrary, intensified the reduction processes (see Table 1). 
This is consistent with the data on the oxidation and pH of the chyme and 
illustrates characteristic oxidizing properties of iodine and the reducing 
properties of dihydroquercetin as an antioxidant.  

1. Biochemical and microbiological indicators of rumen chyme in Romanov sheep 
(Ovis aries) fed dietary dihydroquercetin (DHQ) and organic iodine (OI) (n = 6, 
M±SEM, experimental animal yard of Ernst Federal Science Center for Animal 
Husbandry, 2018-2019) 

Indicator 
Period 

control (BD) 1 (BD + DHQ + ОI) 2 (BD + DHQ) 
рН 5.69±0.135 5.85±0.078 6.41±0.053**/ºº 
Oxidation, U eq.  0.15±0.049 0.41±0.032** 0.08±0.003ºº 
ORP, mV 272±15.9 +107±10.27*** 404±7.78***/ººº 
VFA, mmol/100 ml 11.84±0.325 11.07±0.226 9.61±0.613* 
Ammonia, mg% 17.42±2.777 20.31±1.171 13.23±1.892ºº 
Ammonia/VFA  1.47 1.83 1.37 
Amylolytic activity, U/ml  17.52±0.249 17.72±0.324 16.25±0.621 
Microorganisms, g/100 ml:    

total 0.89±0.059 1.02±0.064 0.91±0.040 
including    

infusoria, g/100 ml 0.36±0.040 0.45±0.031 0.26±0.024*/ºº 
infusoria, % 40.3 43.6 28.6 
bacteria, g/100 ml 0.53±0.024 0.57±0.053 0.65±0.033* 
bacteria, % 59.7 56.4 71.4 

N o t е. BD — basal diet. ORP — redox potential, VFA — volatile fatty acids. For design of trials and description 
of treatments, see Materials and methods. 
*, **, *** Differences between the treatment and the control are statistically significant at р < 0.05, р < 0.01 and 
р < 0,001, respectively. 
º, ºº, ººº Differences between the treatment 2 and the treatment 1 are statistically significant at р < 0.05, р < 0.01 
and р < 0.001, respectively. 

 

The amylolytic activity of chyme is determined by microorganisms, for 
which an acidic environment (pH of 5.4-6.2) is most favorable. In our studies, the 
pH of the chyme in the control and upon adding DHQ + OI were close, which 
determined a similar amylolytic activity (see Table 1). An increase in the pH of 
the chyme when using only DHQ led to a decrease in amylolytic activity to 
16.25±0.621 U/ml. The more acidic environment of the chyme is also favorable 
for the vital activity of microorganisms fermenting sugars to lactic, acetic, 
propionic and butyric acids, which are almost completely absorbed in the 
proventriculus. In this regard, the amount of volatile fatty acids (VFA) in the 
chyme of sheep in the control and under DHQ + OI was similar, 11.84±0.325 
and 11.07±0.226 mmol/100 ml, respectively. The dietary antioxidant DHQ used 
separately increased pH of the chyme, which could affect microbial profile and 
fermentation, resulting in an 18.83% decrease of the chyme VFA level (p < 0.05) 
(see Table 1).  
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Significant differences between treatment occurred in the chyme levels of 
ammonia, infusoria and bacteria, which was associated with the specific properties 
of the used bioactive substances, DHQ and OI. The chyme ammonia 
concentration increased by 16.6% during period 1 and decreased by 24.1% (p < 
0.01) during period 2 compared to the control, which may be due to the intensity 
of its use in microbiological protein synthesis. This is also confirmed by changes 
in microbial profile of the chyme. The total number of microorganisms in the 
control period was 0.89±0.059 g/100 ml, with a 14.6% increase during period 1 
and a 2.2% increase during period 2. The species composition also changed. E.g., 
the ratio of infusoria to bacteria counts was 40.3:59.7 % in the control period, 
43.6:56.4% during period 1, and 28.6:71.4% during period 2. That is, the number 
of infusoria increased by 25.0% and bacteria by 7.5% during period 1, in contrast 
to period 2, when the abundance of infusoria decreased by 27.8% (p < 0.05), and 
bacteria increased by 22.6% (p < 0.05) (see Table 1) as compared to the control.   

DHQ with OI also significantly influenced the composition of the rumen 
microbiota. Under their combined action, the number of lactic bacteria in the 
rumen content increased 10 times, under the action of DHQ 11.5 times. In period 
1 the abundance lactic bacteria increased 10 times compared to the control (Table 
2). Mesophilic aerobic and facultatively anaerobic microorganisms are a significant 
part of gut microbiota. Dihydroquercetin, together with iodine and separately, had 
a specific effect on the quantity of mesophilic aerobic and facultative anaerobic 
microorganisms (QMAFAnM), Escherichia coli, Candida fungi, molds and yeasts 
in the sheep proventriculus. QMAFAnM increased 4-fold during period 1 and 21-
fold during period 2 as compared to the control. Candida fungi, molds and yeasts 
decreased 3.6 times and increased 1.8 times, for periods 1 and 2, respectively. As 
compared to the control. When comparing period 2 with period 1, these 
microorganisms were 6.4 times more abundant (see Table 2.). Note that Bacillus 
spp. was found while Clostridia and lactose-negative E. coli were not detected in 
all periods (see Table 2).  

2. Members of rumen microbiocenosis (КОЕ/мл) in Romanov sheep (Ovis aries) fed 
dietary dihydroquercetin (DHQ) and organic iodine (OI) (n = 6, M±SEM, 
experimental animal yard of Ernst Federal Science Center for Animal Husbandry, 
2018-2019)  

Indicator 
Period 

control (BD) 1 (BD + DHQ + ОI) 2 (BD + DHQ) 
Lactic bacteria 5.6½103±2.90½103 5.6½104±2.20½104 6.4½104±2.70½103 

Spore forming microorganisms:    
  Bacillus spp.  Revealed  Revealed Revealed 
  Clostridia Not found  Not found  Not found  
QMAFAnM 1.2½103±1.10½102 4.9½103±1.12½103 2.6½104±8.75½103 
Escherichia coli:     
  lactose-positive 6.8½103±5.98½103 0.8½101±0.74½101 5.3½102±1.42½102 
  lactose-negative Not found  Not found  Not found  
Genus Candida, molds and yeasts  2.7½102±5.98½101 7.5½101±0.74½101 4.8½102±1.42½102 
N o t е. BD — basal diet. QMAFAnM — mesophilic aerobic and facultative anaerobic microorganisms. For design 
of trials and description of treatments, see Materials and methods. 

 

The differences between DHQ + OI and DHQ in the eliminating effect 
are most likely associated with the antiseptic properties of iodine and, then, with 
the DHQ selectiveness towards various microbial strains. Dihydroquercetin has 
strong bactericidal properties that inhibit putrefactive processes, which gives reason 
to consider it a natural analogue of antibiotics [9]. 

M-Ca and dietary spirulina also showed positive trends. The acid-base 
balance, enzymatic activity and chyme microbiota changed. Under the influence 
of M-Ca and spirulina, the chyme pH increased by 3.6 and 9.5%, respectively, 
with a 2.4 and 19.5% decrease in its oxidation combined with a decrease in the 
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reduction potential (Table 3). M-Ca in the chyme favored VFA production and 
amylolytic activity, with a 6.6% and 1.7% increase, respectively, and decrease the 
ammonia concertation by 26.3% and the ammonia/VFA index to 1.46, which 
indicates a better use of ammonia by the microbiota.  

3. Biochemical and microbiological indicators of rumen chyme in Romanov sheep 
(Ovis aries) upon application of calcium carbonate micellate (M-Ca) and dietary 
spirulina (n = 6, M±SEM, experimental animal yard of Ernst Federal Science 
Center for Animal Husbandry, 2018-2019) 

Indicator  
Period 

control (BD) 1 (BD + М-Са) 2 (BD + spirulina) 
рН 6.31±0.107 6.54±0.137 6.91±0.111 
Oxidation, U eq.  0.41±0.050 0.40±0.018 0.33±0.009 
ORP, mV 282±10.7 237±13.1 261±14.9 
VFA, mmol/100 ml 8.59±0.489 9.16±0.355 7.03±0.197 
Ammonia, mg% 18.19±0.552 13.40±1.047 17.57±1.608 
Ammonia/VFA  2.11 1.46 2.49 
Amylolytic activity, U/ml  16.70±0.448 16.99±0.160 17.72±0.483 
Microorganisms, g/100 ml:    

total 1.12±0.083 1.14±0.147 0.96±0.113 
including    

infusoria, g/100 ml 0.58±0.053 0.58±0.096 0.47±0.060 
infusoria, % 51.3 50.9 48.2 
bacteria, g/100 ml 0.55±0.064 0.56±0.096 0. 50±0.055 
bacteria, % 48.7 49.1 51.8 

N o t е. BD — basal diet. ORP — redox potential, VFA — volatile fatty acids. For design of trials and description 
of treatments, see Materials and methods. 

 

Dietary spirulina decreased the VFA concentration by 18.2%, with a slight 
increase in amylolytic activity and a decrease in the ammonia level compared to 
the control period, which affected the state of the microbiota (see Table 3). The 
total number of microorganisms in the chyme decreased compared to the control 
period by 14.3%, including infusoria by 19.0%, bacteria by 9.1%. This effect of 
spirulina on rumen digestion is possibly associated with insufficient energy in the 
diet. Thus, in dairy Black-and-White cows, the dietary premix containing 2 g of 
spirulina when added at a dose of 20 g per head per day improved physiological 
and microbiological processes in the rumen [26]. In this, there was a 32.95% vs. 
9.4% increase in VFA production, and 37.7% vs. 11.29% increase in infusoria 
counts at the beginning and by the end of the trial, respectively. The QMAFanM 
increased by 5.2%, abundance of lactobacillus by 6.9% compared to the control, 
which indicates the probiotic properties of spirulina. 

4. Biochemical and microbiological indicators of rumen chyme in Romanov sheep 
(Ovis aries) fed dietary shungite (n = 3, experimental animal yard of Ernst 
Federal Science Center for Animal Husbandry, 2014) 

Показатель 
Группа 

контроль 
опыт (шунгит, % сухого вещества) 

0,3 0,9 1,5 
рН 5.7±0.39 5.7±0.06 5.9±0.09 5.9±0.33 
VFA, mmol/100 ml 9.2±0.43 11.1±0.95 11.7±0.36* 11.3±0.97 
Ammonia, mg% 24.7±0.46 20.1±0.96* 21.6±0.53* 22.6±1.38 
Ammonia/VFA  2.67 1.81 1.85 1.99 
Amylolytic activity, U/ml  22.6±1.38 18.6±0.41 18.8±0.40 18.1±1.40 
Microorganisms, g/100 ml:     

total 1.35±0.100 2.70±0.280** 1.99±0.540* 1.69±0.170 
including     

infusoria, g/100 ml 0.93±0.090 2.03±0.110** 1.57±0.500** 0.92±0.040 
infusoria, % 68.8 75.2 78.9 54.4 
bacteria, g/100 ml 0.42±0.060 0.67±0.190 0.42±0.080 0.77±0.170 
bacteria, % 31.2 24.8 21.1 45.6 

N o t е. BD — basal diet. VFA — volatile fatty acids. For design of trials and description of treatments, see Materials 
and methods. 
*, ** Differences between the treatment and the control are statistically significant at р < 0.05 and р < 0.01, 
respectively.  
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The effectiveness of bioactive feed additives depends not only on their 
functional properties, but also on the dosage. We examined the effect of dietary 
shungite (0.3, 0.9 and 1.5% of dry matter) on enzymatic and microbiological 
processes in sheep rumen. The dose of 0.3% did not affect pH of the chyme. When 
the dose increased 3 and 5 times, a slight increase in pH occurred, by 3.5% 
compared to the control period (Table 4). Dietary shungite increased the VFA 
level in chyme by 20.6, 27.2 (p < 0.05) and 22.8% and reduced the ammonia 
concentration by 18.6 (p < 0.05), 12.6 (p < 0.05) and 8.5% compared to the 
control group. As a result, the ammonia/VFA index decreased significantly for the 
doses of shungite to 1.81, 1.85 and 1.99, respectively, while in the control group 
it was 2.67. All dosages of shungite had equal effect on the amylolytic activity of 
chyme, which decreased by 16.8-19.9%. Changes in chyme fermentation, as 
influenced by shungite, were adequately reflected in the microbiota.  

Rumen acidity is known to be one of the most variable factors that can 
affect microbiota and VFA production. Bacteria capable of digesting fiber are most 
active in the pH range of 6.2-6.8. For bacteria that hydrolyze starch, a more acidic 
environment with a pH of 5.4-6.2 is favorable. The number of protozoa can be 
significantly reduced at pH 5.5. Dietary Shungite had a positive effect on the 
abundance of rumen microbiota. The greatest 2-fold increase occurred at a dosage 
of 0.3% (p < 0.01). With increasing dosage, the effect decreased. Thus, 0.9 and 1.5% 
shungite increased the number of rumen microorganisms only by 47.4 (p < 0.05) 
and 25.2%, respectively. There was also a dose-dependent effect of shungite on 
the microbiota composition. The total microbial mass increased mainly due to 
infusoria. In sheep fed 0.3 and 0.9% shungite, the infusoria increased significantly, 
more than 2-fold (p < 0.01) and by 68.8% (p < 0.01), respectively. The infusoria 
to bacteria proportion was 75.2% vs. 24.8% for 0.3% shungite, 78.9% vs. 21.1% 
for 0.9% shungite, and 54.4% vs. 45.6% for 1.5% shungite. 

The productivity performance in ruminants depends on the rumen 
digestion of a diet the structure and nutritional value of which varies significantly. 
This directly affects the fermentation processes and the formation of 
microbiocenosis. The key factor that favors rumen digestion is an optimal 
environment for the reproduction of microorganisms, which is characteristic of 
the acetic fermentation (pH 6.6-6.9). Among the studied feed additives of natural 
origin, DHQ and spirulina turned out to be the most effective. When they added, 
the pH of the chyme increased by 12.6 and 9.5%, respectively, while other feed 
additives were less effective.  

Other studies have examined the digestive effects of low rumen pH, 
including the profiles of available VFAs [35]. The sensitivity of cows to subacute 
acidosis was studied at a highly concentrated diet, consisting of 35% coarse and 
65% concentrated feed [34], as well as on fistulated animals using various feed 
additives [36]. The acidity in the rumen was studied using a transducer implanted 
into the reticulum. As a result, a wide range of pH was established, from 5.05 to 
6.98, which indicates adaptation and tolerance of cows to acidosis. 

M.A.M. Abdullah et al. [37] evaluated the effect of acacia pods when 
added to sheep feed at 1.5 and 3.0%. These changes in the diets did not affect the 
rumen pH, but the protozoa abundance in the rumen decreased. Production and 
absorption of VFAs has been reported to be directly related to the pH of the 
chyme. The low chyme pH slowed down lipolysis and hydrolysis of fatty acids, 
which was associated with a decrease in the amount of bacterial DNA [38, 39]. 
As to VFA production in out feed trials, shungite at all dosages and M-Ca were 
the most effective and increased the chyme VFA levels by 20.6, 27.2 (p < 0.05), 
22.8 and 6.6%, respectively. The effect of DHQ + OI, DHQ and spirulina on the 
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VFA production was negative, with a decrease to 93.5, 81.2 and 81.8% of the 
control level. All the studied feed additives, except for DHQ + OI, led to a 
decrease in the chyme ammonia, with the largest decrease of 24.1% (p < 0.05) 
and 26.3% under the influence of DHQ and M-Ca. Shungite also reduced the 
chyme ammonia concentration to 81.3, 87.45 and 91.5% for 0.3, 0.9 and 1.5% 
shungite, respectively, compared to the control period.  

Ghaffari et al. [40] reported similar results when replacing alfalfa hay in 
the diet of sheep with by-products. The concentration of ammonia decreased with 
an increase in the portion of pistachio husks which replaced hay. However, no 
differences in rumen pH were observed in the sheep [40]. Waste from the pro-
cessing of the date palm crop (9, 18, and 27% DM) decreased the ammonium 
nitrogen concentration in the rumen and enhanced synthesis of microbial protein, 
but the diet composition did not affect the rumen pH [41]. In our trials, dietary 
DHQ + OI increased the ammonia level in the chyme by 16.5% compared to the 
control period, which may be associated with an increase in oxidative processes 
and a decrease in the VFA production under the influence of iodine.  

The effects of the studied feed additives on the chyme amylolytic activity 
also differed. An increase by 6.1, 1.7 and 1.1% occurred upon the use of spirulina, 
M-Ca and DHQ + OI, respectively. Under the influence of shungite, the amylo-
lytic activity significantly decreased, by 17.7, 16.8 and 19.9% of the control activity 
at a dosage of 0.3, 0.9 and 1.5%, respectively. Under the action of DHQ, the 
decrease was minimal, by 7.3%.  

Enzymatic processes and their changes directly affected the microbiota. 
Shungite caused the greatest increase in the chyme microbial mass, but the effect 
was dose-depended. Dietary shungite increased the total number of microorgan-
isms increased 2 times (p <0.01), by 47.4% (p < 0.05) and 25.2% compared to 
the control, mainly due to infusoria, as a result, the infusoria to bacteria ratio 
changed. With an increase in dietary shungite dosage, the total number of mi-
croorganisms decreased and the percentage ratio of infusoria and bacteria 
changed. DHQ + OI, DHQ and M-Ca influenced the increase in microbial 
mass in the chyme to a much lesser extent than shungite, the indicators increased 
by 14.6, 2.2 and 1.8%, respectively, compared to the control period. Under the 
influence of spirulina, the total number of microorganisms decreased by 14.3% 
due to both infusoria and bacteria.  

In analyzing effects of the studied feed additive, their positive relationship 
with the ammonia/VFA index was traced, which characterizes the feed conversion 
rate into microbial protein. The amount of glucogenic fermentation products and 
the formation of microbial protein largely depend on the rate of fermentation. 
Slow fermentation of substrates reduces the formation of these products, increases 
the proportion of propionic acid, and decreases the levels of acetic and butyric 
acids [42, 43).  

There are also publications about modulation of rumen microflora in sheep 
and young cattle by biologically active substances [44-47]. The use of dietary phy-
tobiotics and mineral components promoted enzymatic and microbial processes 
in the rumen. Among the feed products, seaweeds which are used as prebiotics to 
increase the productivity and productive health of animals deserve special atten-
tion. Dietary algae can improve the intestinal ecology in animals [48].  

So, a comparative study of feed additives of natural origin, the dihy-
droquercetin, organic iodine, calcium carbonate micellate, spirulina and shungite 
showed their specific effect on enzymatic and microbiological processes in the 
rumen of sheep. Dihydroquercetin increases pH and reduction potential in the 
rumen, stimulates bacterial growth. Organic iodine increases pH and oxidative 
potential of the chyme and promotes bacterial growth. M-Ca increases pH and 
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decreased the reduction potential of the chyme. Spirulina raises the chyme pH 
values. The 0.3 and 0.9% shungite more effectively promotes production of volatile 
fatty acids and chyme biomass compared to 1.5% shungite. Our findings can be 
used in feeding sheep in order to modulate functionality of diets. As in choosing 
feed additives, one should consider their effect on metabolic processes and animal 
immunity, dihydroquercetin and shungite seem to be the most promising.  
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A b s t r a c t  
 

Mitochondria are the only cellular compartments which generate and transform energy in 
the cell. These organelles are among the first to respond to changes in extra- and intracellular condi-
tions (e.g., ionic homeostasis, dehydration level, temperature). Exposition to ultra-low temperatures, 
due to lipid peroxidation, causes ATP synthase complex disorders and destruction of genetic material 
(E.A. Novocherkina et al., 2016). Highly dispersed silica nanoparticles (HDSns) can be proposed as 
cytoprotectors. An amorphous form of silicon dioxide, or highly dispersed silica, which exhibits its 
biological activity through high adsorption capacity, reduces the concentration of ions and biopolymers 
upon cell dehydration during cryopreservation (T.T. Turov et al., 2011). This paper deals with the first 
report of the increase in cryoresistance and maturation rate of Bos taurus oocytes due to exposure to 
0,001% HDSns during vitrification and in vitro culture, which ensures higher functional activity of 
mitochondria and preserves structural properties of chromatin of native and devitrified (DV) oocytes. 
The study aimed to identify the impact of HDSns on functional activity of mitochondria and chromatin 
state of cow’s native and devitrified oocytes during in vitro culture. In the experiments, we used cu-
mulus—oocyte complexes (COCs) of Holsteinized cows. The oocytes with homogeneous cytoplasm 
surrounded by five or more layers of cumulus cells were subjected to vitrification. COCs intended 
for vitrification were exposed in three solutions of cryoprotective agents (CPAs) based on T-199 
medium with 10 % fetal bovine serum (FBS, HyClone, UK), the CPA-1 containing 0.7 M dime-
thyl sulfoxide (DMSO) + 0.9 M ethylene glycol (EG) (for 30 s), CPA-2 (1.4 M DMSO + 1.8 M 
EG (for 30 s), and CPA-3 (2.8 M DMSO + 3.6 M EG + 0.65 M trehalose) (for 20 s). The straws 
with oocytes were directly plunged into liquid nitrogen. During thawing, the oocytes were washed 
with T-199 medium containing 0.25 M (for 3 min), 0.19 M (for 3 min), and 0.125 M (for 3 min) 
trehalose, and finally with T-199 medium. In the test group of oocytes, highly dispersed silica nano-
particles (HDSns, 4-17 nm, mass concentration 0.001 %) synthesized by high-temperature hydrolysis 
were added to the CPAs, devitrification solutions and washing solutions. In the control group, native 
and devitrified oocytes were cultured for 24 hours in maturation medium consisted of the T-199 with 
106 granulosa cells/ml supplemented with 10 % fetal bovine serum and 50 ng/ml bovine prolactin (38.5 
C, 90 % humidity, and 5 % CO2 atmosphere). In the test group, the maturation medium for native 
and devitrified oocytes was supplemented with HDSns at a final concentration of 0.001 %. Mitochon-
drial activity was measured by fluorescence intensity (FI) of MitoTracker Orange CMTMRos (Thermo 
Fisher Scientific, UK) in µA. In studding HDSns effects on the nuclear maturation, oocytes were 
exposed for 5-10 min to 0.9 % sodium citrate solution and mechanically denuded from cumulus cells 
with a needle.  Then the cells were placed on a glass slide and fixed with methanol/acetic acid solution 
(3:1). The dry-air samples were stained with azure-eosin by Romanowsky-Giemsa method. In DV 
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oocytes exposed to HDSns, the FI of MitoTracker Orange CMTMRos probe increased from 
77±6.3 μA to 169±12.8 μA (p < 0.05). The functional activity of mitochondria in DV oocytes which 
were treated with HDSns increased from 169±12.8 μA to 181±7.7 μA (p < 0.05) during the period 
from diplotene to the metaphase I stages, and subsequently decreased to 141±11.2 μA at metaphase II 
stage, what is probably associated with the completion of nuclear and cytoplasmic maturation of 
oocytes. When assessing the chromatin state of oocytes in the HDSns-treated group, we revealed 
a decrease in the number of oocytes with chromatin degeneration at diplotene and metaphase II 
stages compared to those in the HDSns -untreated DV oocytes (40 % vs. 21 %, and 59 % vs. 38 %, 
p < 0.01), that is probably associated with the DNA reparation processes. In general, our findings 
reveal a positive effect of HDSns on the functional activity of mitochondria and the chromatin 
state in DV female gametes of Bos taurus. The obtained results expand views and available infor-
mation on the functioning of cell compartments at ultra-low temperatures and the mechanisms of 
HDSns action on female gametes. 

 

Keywords: oocyte, vitrification, highly dispersed silica nanoparticles, functional activity of 
mitochondria, MitoTracker Orange CMTMRos, chromatin, Bos taurus 

 

Improvement of cryoprotective media for vitrification of oocytes through 
the introduction of various compounds necessary to maintain viability after the 
thawing procedure continues to be an urgent problem in cryopreservation tech-
nology. Recently, biologically active substances with a nanoscale structure synthe-
sized from various compounds of trace elements and minerals, for example, hy-
droxyapatite (HA), silicon dioxide (SiO2), aluminum oxide (Al2O3), and titanium 
dioxide (TiO2) [1, 2] have been widely used for modernization of combined cry-
oprotective media. Cryoprotective agents containing nanoparticles improve freez-
ing by increasing the thermal conductivity of vitrification solutions and reducing 
the consequences of recrystallization processes during thawing compared to that 
when the standard cryoprotective agents such as ethylene glycol and dimethyl 
sulfoxide [1, 2] are used. 

 

Highly dispersed (pyrogenic) silica (HDS) is an amorphous form of sil-
icon dioxide with a range of spherical particle size 4-17 nm (90% of the range) 
[3]. Due to the pronounced adsorption activity resulted from a large specific 
surface area (Ssp. = 200 m2/g), HDS nanoparticles are able to reduce the con-
centration of polymers and ions during cell dehydration [3, 4], and can bind 
extracellular water [5]. The large size of the finely dispersed silica aggregates 
and the low density of particles in these agglomerates ensure the binding of a 
significant amount of extracellular water, which is not subject to changes in 
interactions with cells during freezing/thawing [5].  

Under oxidative stress conditions during freezing, there are a denaturing 
effect of free radicals on ion-transporting proteins, impaired DNA synthesis and 
thermotropic mitochondrial defects, which ultimately leads to the cell death [6]. 
Mitochondria provide cell with the ATP necessary for the completion of meiotic 
maturation. The features of their functioning determine the gamete quality [7, 8]. 
Anomalies in the chromatin transformation of the cell nucleus under temperature-
dependent oxidative stress are mainly caused by the disruption of the biosynthesis 
of nuclear proteins and their connection with DNA, the destruction of nucleotides, 
and single- and double-stranded DNA breaks [9].  

This paper for the first time shows that when nanoparticles of highly dis-
persed silica at a concentration of 0.001% are used in the technology of vitrifica-
tion and extracorporeal maturation of devitrified (DV) bovine oocytes, the mito-
chondrial potential of DV oocytes increases and the level of degenerated cells 
drops.  

The work aimed to identify the nature of the effect of highly dispersed 
silica nanoparticles on the functional activity of mitochondria and chromatin sta-
tus in native and devitrified bovine oocytes during extracorporeal maturation.  

 Materials and methods. The ovaries of Holsteinized cows (Bos taurus) after 
ovariectomy were delivered from the slaughterhouse to the laboratory in a 0.9% 
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NaCl solution with penicillin (100 IU/ml), streptomycin (100 μg/ml) and 
amphotericin B (0.25 ng/ml) at 30-35 С. Cumulus—oocyte complexes (COCs) 
were aspirated from follicles with a diameter of 3-8 mm. 

Oocytes with homogeneous cytoplasm surrounded by five or more layers 
of cumulus cells were subjected to vitrification. COCs intended for vitrification 
were treated with three solutions of cryoprotective agents (CPA) based on T-199 
medium supplemented with 10% fetal bovine serum (FBS, HyClone, UK). The 
CPA solutions for vitrification of oocytes in control (without treatment with 
HDSns) contained 0.7 M dimethyl sulfoxide (DMSO) and 0.9 M ethylene glycol 
(EG) for CPA-1, 1.4 M DMSO and 1.8 M EG for CPA-2, and 2.8 M DMSO, 
3.6 M EG and 0.65 M trehalose (Trehalose) for CPA-3. All reagents, with the 
exception of those specifically indicated in the text, are manufactured by Sigma-
Aldrich (USA), plastic laboratory glassware is manufactured by BD Falcon™ (Bec-
ton Dickinson and Co., BD Biosciences, USA). HDSns (4-17 nm, mass concen-
tration 0.001%) were synthesized at the Chuiko Institute of Surface Chemistry of 
NAS of Ukraine by high-temperature hydrolysis. HDSns were used in the form 
of a stable suspension consisting mainly of submicron aggregates. The choice of 
concentration was based on the data provided by the developers [10]. 

COCs were exposed to CPA-1 for 30 s, then to CPA-2 for 30 s, and to 
CPA-3 for 20 s. Thereafter, the straws with oocytes were plunged into Dewar 
flask with liquid nitrogen. COCs were removed from the liquid nitrogen not 
earlier than after 1 h and thawed by placing sequentially into a 0.25 M trehalose 
solution prepared in T-199 medium supplemented with 10% FBS for 3 min at 
37 С, then into 0.19 M trehalose solution for 3 min at 37 С, and finally into 
0.125 M trehalose solution for 3 min at 37 С, after which they were washed 
three times in T-199 medium with 10% FBS. In the control, all the solutions 
did not contain HDSns, in the experimental groups all media were supplemented 
with HDSns to a final concentration of 0.001%. 

Native and devitrified  oocytes were cultured for 24 h at 38.5 C and 
90% humidity in a 5% СО2 atmosphere using culture medium containing T-
199 + 10% FBS + 106 granulosa cells/ml + 50 ng bovine prolactin/ml. During 
culturing native and devitrified oocytes in the control group, this medium did not 
contain HDSns; in the testing groups, HDSns were added to a final concentration 
of 0.001% [11]. 

MitoTracker Orange CMTMRos probe (Thermo Fisher Scientific, UK) 
was used to assess the functional state of mitochondria in native and DV oocytes 
at different stages of meiosis. COCs, 15-20 per drop, were placed into 500 μl 
drops of 500 nM MitoTracker Orange CMTMRos solution and incubated for 30 
min in the dark at 37 С. Then oocytes were washed from the dye in phosphate 
buffered saline (PBS) with 0.3% bovine serum albumin. The washed oocytes were 
denuded from cumulus cells by treatment with a 0.1% trypsin solution at 37 С 
for 5-10 min, transferred into Hanks solution containing 3.7% paraformaldehyde, 
and then fixed for 15 min at 37 С. After fixation, oocytes were washed from 
paraformaldehyde in PBS and placed on Super frost glasses into drops of Hoechst 
33258 solution (2.5 μg/ml, Thermo Fisher Scientific, UK). 

Fluorescence intensity (IF) of MitoTracker Orange CMTMRos were 
measured and nuclear maturation were assessed using the Hoechst 33258 dye and 
a ZEISS Axio Lab.A1 fluorescence microscope with a photometric attachment 
(Karl Zeiss, Germany). The excitation wavelength for MitoTracker Orange 
CMTMRos was 554 nm, the emission wavelength - 576 nm; for Hoechst 33258 
these were 352 nm and 461 nm, respectively. IF of MitoTracker Orange CMTM-
Ros was measured in μA.  
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To identify the HDSns effect on the nuclear maturation of female gametes, 
oocytes were exposed for 5-10 min to 0.9% sodium citrate solution and mechani-
cally denuded from cumulus using a needle. Then the cells were transferred to dry 
defatted glass and fixed with a mixture of methanol/acetic acid 3:1. Dry-air prep-
arations were stained with azure-eosin according to Romanowsky-Giemsa method. 

The results were processed by the method of two-way analysis of variance 
ANOVA using the SigmaStat statistical program package (Jandel Scientific Soft-
ware, USA). Data are presented as means (M) and standard errors of means 
(±SEM). The Student’s t-test and Pearson’s χ2 test adjusted for likelihood were 
used to assess the significance of differences between the compared mean value. 
The significance of the differences was assessed at p < 0.05, p <0.01 and p <0.001 
for 3-5 independent experiments.  

Results. In previous works, we found a positive effect of 0.001% HDSns 
on the chromatin status of somatic cells of cow ovarian follicles [12], on oocyte-
cumulus interactions during maturation of female gametes [13], and on the devel-
opment of pre-implantation embryos [11]. In the present study, it is found that 
the introduction HDSns in cryoprotective media contributes to the increase of 
MitoTracker Orange CMTMRos probe fluorescence in DV oocytes compared to 
gametes not exposed to HDSns before vitrification (169±12.8 vs. 77±6.3 μA, p < 
0.05) (Table, Fig. 1). 

Intensity of fluorescence (FI, μA) of MitoTracker Orange CMTMRos probe 
(Thermo Fisher Scientific, UK) in native and devitrified oocytes of Holsteinized cows 
(Bos taurus) during meiosis, treated by highly dispersed silica nanoparticles (HDSns) 
(М±SEM, number of experiments N = 5, total number of oocytes n = 529, in vitro 
culture) 

Oocytes  HDSns n FI of MitoTracker Orange CMTMRos 
diplotene metaphase I metaphase II 

Native  − 133 331±16.2a 188±11.3e 143±10.1i 
+ 139 309±15.6b 203±11.8f 149±14.7j 

Devitrified − 128 77±6.3c 139±11.7g 101±9.7k 
+ 129 169±12.8d 181±7.7h 141±11.2l 

a:c; c:d; b:d; g:h; e:g; i:k; k:l; a:d; b:c; f:g; j:k Differences are statistically significant at p < 0.05 (Student’s t-test). 
 

In 14 h, that is, af-
ter the devitrified oocytes 
reached the stage of meta-
phase I, we detected statis-
tically significant differ-
ences in the IF of Mito-
Tracker Orange CMTMRos 
probe between cells treated 
and not exposed to HDSns 
(181±7.7 vs. 139±11.7 μA, 
p < 0.05). By the time the 
oocytes reached metaphase 
I, the IF of native oocytes 
did not differ from the de-
gree of DV oocytes treated 
with HDSns (188±11.3 

and 181±7.7 μA, respectively). In DV oocytes, an increase in mitochondrial ac-
tivity occurred from diplotene to metaphase I (p < 0.05) (see Table). At the final 
stages of maturation, a general drop in the IF of MitoTracker Orange CMTMRos 
was observed in all experimental groups, and the indicators of mitochondrial ac-
tivity were minimal. 

Fig. 1. Representative image of mitochondria in devitrified oocytes 
of Holsteinized cows at diplotene stage with low (a) and high (b) 
fluorescence intensities of the MitoTracker Orange MTMRos probe 
(Thermo Fisher Scientific, UK), treated  with highly dispersed silica 
nanoparticles (HDSns): a — oocytes not treated with HDSns), b — 
oocytes treated with 0.001% HDSns (ZEISS Axio Lab.A1, Karl 
Zeiss, Germany, in vitro culture).  
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In assessing the chro-
matin state of native and DV 
oocytes at diplotene stage, 
there was a higher level of un-
treated DV gametes with signs 
of chromosome degeneration 
compared to the cells treated 
with HDSns (40 vs. 21%, 
p < 0.01) (Fig. 2). During 
culture to the metaphase I 
stage, we did not find signifi-
cant differences in the number 
of oocytes with normal or de-
generated chromatin between 
control and HDSns-treated na-
tive and DV gametes (Fig. 3, A). 

 However, 24 h after 
DV oocytes reached the met-

aphase II stage (Fig. 4), there was an increase in the number of cells with signs of 
degeneration of nuclear material among oocytes that were not treated with HDSns 
(59% vs. 38%, p < 0.01, see Fig. 3, B). 

 

A 

 
B 

 
Fig. 3. Oocytes of Holsteinized cows with normal (1) and degenerated (2) chromatin at the metaphase 
I (A) and metaphase II (B) stages, treated with highly dispersed silica nanoparticles (HDSns): I — 
native oocytes (control), II — native oocytes treated with 0.001% HDSns, III — devitrified oocytes 
(control), IV — devitrified oocytes treated with 0.001% HDSns. (24 h of culture, number of oocytes n 
= 419, number of trials N = 4; in vitro culture). 

A: a:b; c:d; g:h; a:e; a:g; c:e; c:g; b:f; b:h; d:f; d:h; a:d; a:f; a:h; c:b; c:f; c:h; e:b; e:d; e:h; g:b; g:d; g:f — differences 
are statistically significant at p < 0.001; differences for e:f are statistically significant at p < 0.01. 

B: a:b; c:d; g:h; a:e; a:g; c:e; c:g; b:f; b:h; d:f; d:h; a:d; a:f; a:h; c:b; c:f; c:h; e:b; e:d; g:b; g:d — differences for 
the pairs are statistically significant at p < 0.001; e:g; f:h — differences are statistically significant 

at p < 0.01; differences for e:f are statistically significant at p < 0.05 (Pearson’s χ2 test). 
 

During freezing functional activity of mitochondria decreases, that is caused 

Fig. 2. Oocytes of Holsteinized cows with normal (1) and de-
generated (2) chromatin at the diplotene stage, treated with 
highly dispersed silica nanoparticles (HDSns): I — native oocytes 
(control), II — devitrified oocytes (control), III — devitrified 
oocytes treated with 0.001% HDSns. (0 h of culture, number of 
oocytes n = 293, number of experiments N = 4; in vitro culture). 
Differences are statistically significant: for  a:b; a:c; e:f; b:d; b:f; 

a:d; a:f; c:b; c:f; e:b; d:e at p < 0.001; for c:d; c:e; d:f at p < 0.01 (Pear-
son’s χ2 test). 
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not only by the disruption 
of the antioxidant system, 
but also by the formation of 
non-selective mitochondrial 
pores (MP) [7, 14]. Vitrifi-
cation changes calcium re-
ceptors on the membrane 
of the endoplasmic reticu-
lum, leading to atypical fluc-
tuations in the Ca2+ level, 
which causes unregulated 
opening of the MP [15]. The 
spontaneous membrane per-
meabilization triggers a cas-
cade of apoptosis events 

[7]. Our results suggest that HDSns optimize processes associated with calcium 
regulation of MP functioning and increased ion exchange between the cell cyto-
plasm [3, 6]. The oxidative stress of mitochondria during cryopreservation is as-
sociated with the oxidative modification of proteins [16] and the formation of 
protein fibrillar complexes [17, 18]. These processes provoke oxidation of the cell 
membrane, disrupt ionic homeostasis, the functioning of the nuclear apparatus, 
and inter- and intracellular signal transmission [18]. It was shown that nanoparti-
cles ranging in size from 3 to 9 nm exhibit the properties of quantum dots and are 
capable to inhibit the formation of protein oxidation products [16] and aggregate 
protein structures [17, 19]. Ultra-small particles of silica supposedly have antiox-
idant and antiaggregatory effects, due to which the preservation of cellular func-
tions, including nuclear apparatus, occurs. It should also be noted that the effect 
of HDSns on cell mitochondria may be due to the concentration of particles in 
solution [20, 21]. An increase in the functional activity of mitochondria in oocytes 
treated with HDSns and control DV oocytes during the transition period from the 
diplotene to the metaphase I stages is possibly explained by the restoration of the 
electrochemical gradient and increased ATP production [22], which is necessary 
for the completion of the nuclear-cytoplasmic maturation of the DV oocytes.  

HDSns have no genotoxic effect [23] and are able to initiate an anti-stress 
response of cells to ultra-low temperatures through the activation of DNA repair 
proteins [24, 25]. Importantly, the HDSns genotoxicity, as cytotoxicity, have a 
size- and dose-dependent effect [25, 26]. In our experiments, HDSns had a pos-
itive effect on the nuclear maturation of DV oocytes, which was probably associ-
ated with the induction of an anti-stress response and a weakening of the effects 
of oxidative stress caused by the ultra-small size of HDS particles and their low 
concentration in maturation medium.   

The observed effect of a decrease in mitochondrial activity in all experi-
mental groups during culture may be a consequence of the completion of the 
nuclear-cytoplasmic maturation of the oocyte with a further block of meiosis at 
the metaphase II stage before the activation of the oocyte by the sperm. However, 
the decrease in the IF of MitoTracker Orange CMTMRos and the rise in the 
proportion of cells with degenerated chromatin in the DV group of oocytes at the 
metaphase II stage as compared to other experimental groups, apparently, also 
indicates a significant damage to mitochondria and chromatin caused by cryopres-
ervation procedure.  

Thus, the evidence from this study suggests the increase in the mitochon-
drial potential and the decrease in the number of degenerated cells because of the 
use of highly dispersed silica nanoparticles (HDSns) in extracorporeal maturation 

Fig. 4. Representative image of normal (a) and degenerated (b) 
chromatin in devitrified oocytes of Holsteinized cows at methaphase 
II stage, treated with highly dispersed silica nanoparticles (0,001%) 
(cytogenetic analysis, staining with azure-eosin according to Ro-
manowsky-Giemsa method, ZEISS Axio Lab.A1, Karl Zeiss, Ger-
many, in vitro culture).   
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procedure of devitrified (DV) bovine oocytes, which may indicate the increase in 
ion exchange and repair processes. An increase in mitochondrial activity when DV 
oocytes reach the metaphase I stage indicates the increase in the energy supply of 
cells during this period. The general decrease in the transmembrane potential in 
native and DV oocytes at the metaphase II stage can be associated either with the 
completion of nuclear-cytoplasmic maturation, or with a large number of cryo-
injuries in the structure of mitochondria (membranes) and chromatin. Conse-
quently, 0.001% HDSns have a positive effect on the indices of nuclear-cytoplas-
mic maturation of DV oocytes during vitrification of Bos taurus female gametes. 
Creating a cryobank of oocytes is of particular relevance in the context of large-
scale selection, a decrease in the reproductive qualities of highly productive cows, 
and necessity to preserve the gene pool of elite individuals for constructing new 
genotypes, including by the CRISPR-Cas9 technology. The obtained data can be 
also used to improve technique of extra- and intra-ovarian vitrification of oocytes 
of other animal species, and to address problems of human infertility.  
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A b s t r a c t  
 

The embryonic development is accompanied by the intense synthesis of nitric oxide (NO). 
Many processes of the embryogenesis (e.g. tissue differentiation, apoptosis) were found to be NO-
dependent. However, due to the difficulties related to the control of NO metabolites in living tissues 
the physiological effects of NO have been studied by the indirect methods exclusively, via the effects 
of the inhibitors of NO synthesis or the effects of NO donor compounds and arginine as the precursor 
in the NO biosynthesis. But this does not allow us to establish the mechanism of the relationship 
between the observed effect and the metabolism of nitric oxide. Myogenesis is also considered NO-
dependent since arginine, NO-synthase inhibitors, and NO donors were reported to affect the devel-
opment of muscles. However, these effects are quite contradictory. The lack of data on the relationship 
between nitric oxide metabolism and these effects does not allow us to suggest in detail the role of NO 
in myogenesis and the mechanism of its influence on muscle development. And the lack of under-
standing of this mechanism does not allow the use of nitric oxide to correct the animal development. 
In this study we are presenting a pioneer view on the interrelationships of embryonic NO metabolism 
with the features of the postembryonic body development in different poultry species determined with 
the use of highly sensitive and highly specific enzymatic sensor for determination of the NO metabo-
lites. The study was aimed at the determination of interrelationships between the intensities of embry-
onic NO synthesis and its oxidation and embryonic and postembryonic body growth in poultry and at 
the evaluation of possible application of these interrelationships for the enhancement of meat produc-
tivity. The experiments were performed in 2017-2019 on different breeds of chickens and quails. It was 
found that the intensity of embryonic NO synthesis is similar within any given poultry species. In most 
cases no significant differences between the breeds (p > 0,05). This was determined by the total con-
centration of all NO metabolites in the embryo. However, the intensity of embryonic NO oxidation to 
nitrate can vary drastically. Differences between embryos of egg and meat breeds, lines and crosses on 
this indicator reach several orders of magnitude. In the embryos of egg breeds, there is mainly an 
accumulation of nitric oxide in the so-called donor compounds. By the end of embryogenesis, their 
concentration reaches several hundred of micromoles. In meat breed embryos NO is mainly oxidized 
to nitrate. The variance of the intensity of embryonic NO oxidation within a given breed does not 
exceed 10-15 %. This oxidation was found to occur predominantly in the embryonic muscle tissues. 
The intensity of NO oxidation is similar for endogenous (synthesized by embryos) and exogenous 
(injected in ovo) NO donors. The injections of inhibitors of NO synthesis decreased the embryonic 
concentration of total NO metabolites while the NO donors to nitrate ratio was not affected. These 
effects suggest that the intensity of NO oxidation to nitrate is directly correlated with certain features 
of embryonic tissues. Therefore, it can be considered as a biochemical marker of these features. It 
correlates with meat productivity and is an indicator inherent to a given breed. It is not sex-linked and 
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does not depend on the layer age, nutrition, etc. Thus, it can be regarded as a highly sensitive and 
highly specific genetically preconditioned marker. The 2-fold increase or decrease of embryonic con-
centration of oxidized NO (by the intraembryonic injections of NO donors or inhibitors of NO syn-
thesis, respectively) did not significantly affect the postnatal body growth rate. The exact mechanism 
of the embryonic NO oxidation and the interrelationships of the latter with the development of mus-
cular tissues are still to be elucidated. 

 

Keywords: poultry, nitric oxide, NO donors, nitrate, embryogenesis, post-embryonic growth 
 

Embryogenesis is known to be accompanied by the synthesis of NO [1-4]. 
It is believed that many processes occurring in the developing embryo, for exam-
ple, implantation [5], cell differentiation and apoptosis [6, 7], adaptation to hy-
poxia [8], are NO-dependent. Nitric oxide has been reported to affect muscle 
development [9, 10]. This is shown both at cellular [11-14] and at body [13, 15, 
16] levels, including the embryonic level [9, 17]. The conclusions were made on 
the basis of experiments with NO donor compounds [9, 11, 18], studies of the 
consequences of blocking NO synthesis [9, 10, 12, 13], and the use of arginine as 
a source of NO [9, 12, 17]. The observed effects are rather contradictory and do 
not allow researchers to suggest in detail any mechanism of NO influence on 
myogenesis. The drawback of all previous studies, from our point of view, is the 
lack of control estimates of the drug metabolism and the initial level of NO in the 
tissue. Until now, such measurements have been methodologically problematic 
[19, 20], but these estimates are obligatory to clarify the mechanism of NO par-
ticipation in physiological processes. 

Using a highly sensitive enzymatic sensor, which allows quantification of 
all physiologically significant nitro- and nitroso compounds [20], we have previ-
ously identified the main regularities of the synthesis and metabolism of nitric 
oxide in an avian embryo [21]. It was found that in the embryos of breeds, lines 
and crosses resulted from breeding for improved meat productivity, there is an 
intense oxidation of NO synthesized in the embryo to nitrate. In embryos of the 
initial and egg poultry, NO accumulates mainly in so-called NO donor com-
pounds: the nitrosothiols (RSNO), dinitrosyl iron complexes (DNIC), high mo-
lecular weight nitro compounds (RNO2) that are capable of transforming into 
DNIC. The difference in the intensity of NO oxidation between meat and egg 
forms can be up to two orders of magnitude [21].  

This paper presents findings on the relationship between the rate of syn-
thesis and metabolism of nitric oxide (NO) in the embryo, on the one hand, and 
the embryonic and postembryonic development of birds, on the other hand. It was 
shown for the first time that the oxidation of NO to nitrate occurs predominantly 
in the muscles. It is the intensity of this oxidation that correlates with meat produc-
tivity. It is conditioned by genetically determined characteristics of embryonic tis-
sues, and these features are associated with the growth rate of muscle tissue.  

The work was aimed to quantify the intensity of synthesis and oxidation 
of nitric oxide in the embryo and to collate these processes with embryonic and 
postembryonic growth rate of poultry in order to reveal regulatory potential of NO 
in increasing meat productivity.  

Materials and methods. The experiment involved chicken (Gallus gallus 
domesticus L.) breeds Andalusian blue, Yurlovskaya golosistaya, Orlovskaya sittse-
vaya, Cornish (line B56), Plymouth Rock (line B79), Malay and kulangi fighting 
breeds, and crosses Hisex White, Smena 8, Cobb 500, Ross 308, as well as quail 
(Coturnix coturnix L.) breeds Estonian meat-egg, Japanese gray, Manchurian 
golden, Pharaoh and heavy white. Seventy fertilized eggs from each breed and 
cross provided by Genofond LLC (Russia) were placed in incubators (Stimul-Ink-
1000, Stimul Group LLC, Russia) at 37.6 C during incubation period, and 37.2 



796 

C during hatching (a vivarium of Breeding Genetic Center Zagorskoe, VNITIP, 
Sergiev Posad, Moscow Province, 2017-2019). Each egg was weighted before in-
cubation.  

Four eggs of each breed, line and cross were taken before incubation and 
during incubation, on days 7 and 17 for chickens, and every day from day 1 to 
day 13 for quails, to remove embryos for quantification of NO metabolites (anal-
ysis was performed no later than 30 min after sampling). The embryos were me-
chanically cut into small pieces and poured with a 158 mM sodium chloride so-
lution containing 10 mM potassium phosphate, pH 7.4, 20 ml solution per 1 g 
tissue, and homogenized (a glass homogenizer, 8 min, 40 frictions per min, 6 С). 
De-shelled eggs without embryos were subjected to a similar procedure. 

The dinitrosyl iron complex with two glutathione molecules (DNIC/GSH), 
prepared according to the method described earlier [19, 20], was used as an exog-
enous NO donor compound. L-nitroarginine (NA) (Sigma-Aldrich, USA) was 
used to block the NO synthesis. Donor and blocker solutions were prepared in 
sterile physiological saline and injected in ovo into the air chamber before setting 
eggs in incubation according to the experimental scheme: 0.3 ml of saline (con-
trol), 0.3 ml of 13.0 mM DNIC/GSH (donor), 0.3 ml 6.0 mM NA (blocker).  

 An enzymatic sensor developed by us was used to quantify NO metabo-
lites. The sensor is based on the ability of nitrite, nitrosamines (RNNO), nitro-
sothiols (RSNO), dinitrosyl iron complexes (DNIC), and nitro derivatives of high 
molecular weight compounds (RNO2) to inhibit catalase in the presence of halo-
gen ions and on the loss of this property under the influence of factors specific to 
each group of compounds. Nitrates were reduced to nitrites with vanadium tri-
chloride and quantified [20]. The method allows quantification of NO derivatives 
with a sensitivity of up to 50 nM without sample preparation [20] using facility 
based on a Dithermanal device (Vaskut-EMG, Hungary). 

Classical Griess test was also used to measure nitrite (NO2) ions [22].  
The hatched young birds were grown in KBN-1640 cages, 20 birds each up 

to 10 days of life and 8-10 birds each from day 10 to day 28 of life. Feeding corre-
sponded to the recommendations of VNITIP for the age and the breed (cross) (Mos-
cow, 2014). Growth was estimated by individual weighing on days 1, 14 and 28.  

Results are shown as means (M) and standard errors of means (±SEM). 
The significance of the differences between the compared indicators was assessed by 
the Student’s t-test. Differences were deemed statistically significant at p < 0.05. 

Results. Synthes is  and oxida t ion of  NO in avian embryo s. The 
development of the avian embryo is accompanied by intense production of nitric 
oxide. Synthesized NO, according to recent concepts, is involved in formation of 
NO-derived complexes, the so-called NO donors. These compounds are assumed 
to directly interact with the physiological target [19, 23-25]. As can be seen from 
the data presented in the figure, by day 3, the total concentration of NO metab-
olites, i.e. the NO donors and nitrates in the homogenous content of a quail egg 
reaches 150 μmol/l. We have found a similar relationship in chickens [21]. The 
NO donor compounds accumulate in the amnion, while nitrate ions concentrate 
outside the amniotic bladder. Nitrite and nitrosamines appeared in trace amounts 
in all tissues of the embryo [25]. From day 3 to day 6 in quails (see Fig.) and to 
day 11 in chickens [21], the total concentration of nitro and nitroso compounds 
in the embryo homogenate is practically unchanged. Further, the indicator sharply 
increases (see Fig.), which is associated with the onset of intense synthesis of NO 
in embryonic tissues [21]. 

Until this time, the total concentration of NO donors and nitrates derived 
from NO oxidation, in embryos of all breeds of one species is approximately the 
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same (see Fig., Table 1). However, embryos in different breeds, lines, and crosses 
differed in the proportion of nitrates and NO donors. Within one species, this 
proportion can vary by several orders of magnitude (see Table 1). As we previously 
found, this is due to the fact that in some embryos NO is intensively oxidized to 
nitrate, while in others it is predominantly accumulated in NO donors [21]. This 
oxidation begins on days 2-3 and continues throughout embryogenesis (see Fig.). 

 

 

 

Dynamics of total NO metabolites (A), NO donors 
NO (B) and nitrates (C) concentration in intact 
quail (Coturnix coturnix L.) embryos of breeds 
Pharaoh (1), Manchurian golden (2), Estonian meat-
egg (3) and Japanese gray (4) during incubation 
(M±SEM, n = 4 for each point; a vivarium of 
Breeding Genetic Center Zagorskoe, VNITIP, 
Sergiev Posad, Moscow Province, 2017-2019). 

 

1. Relation of NO metabolites (nitrates and NO donors, mol/l) in homogenates of 
intact 7-day-old embryos of chickens and quails of different breeds, lines and 
crosses in collation with the dynamics of live weight (M±SEM, n = 50 for each 
breed, line and cross; a vivarium of Breeding Genetic Center Zagorskoe, 
VNITIP, Sergiev Posad, Moscow Province, 2017-2019) 

Breeds, lines and crosses Egg weight, g 
Chick weight, g Proportion  

of NO metab-
olites, day 7 day 1 day 14 

day 28 
♀ ♂ 

C h i c k e n  (Gallus gallus domesticus L.) 

Hisex White 64.2±0.8 42.4±3.1 79.8±3.9 222.4±5.2 
< 0.1 

138.9±8.9 

Smena 8 64.8±0.6 47.5±0.7 311.9±19.2 1157.0±50.0 
145.4±9.8 

3.3±2.1 

Сobb 500 62.7±0.7 48.5±1.9 276.5±17.5 1244.5±38.4 
151.3±10.1 

2.3±1.5 

Yurlovskaya golosistaya 60.4±0.7 39.1±0.8 107.5±4.5 241.7±8.9 
< 0.1 

149.6±9.1 

Malay fighting breed 54.5±0.5 37.9±0.8 98.8±4.4 214.8±9.1 
148.4±9.3 

5.8±1.9 

Orlovskaya sittsevaya  51.7±0.5 35.5±0.9 93.1±5.8 167.8±8.7 
< 0.1 

131.5±6.9 

Andalusian blue 48.5±0.6 37.2±0.97 85.4±3.1 170.6±5.4 
< 0.1 

141.8±8.4 

Kulangi  55.7±0.6 41.3±0.9 92.4±3.8 223.7±8.3 
143.4±7.6 

8.8±1.6 

Cornish (line B56) 65.8±0.6 49.3±0.7 291.7±9.4 1287.5±49.1 
152.2±9.9 

9.5±1.7 

Plymouth Rock (line B79) 64.3±0.8 44.9±0.7 265.2±9.7 1058.4±32.6 
< 0.1 

141.8±8.4 

Ross 308 65.6±0.7 43.4±0.5 341.7±10.1 1146.4±30.5 
138.5±8.6 

4.4±1.9 
 Q u a i l s  (Coturnix coturnix L.) 

Manchurian golden 12.7±0.2 11.7±0.2 95.8±1.1 178.2±3.7 163.6±1.7 
< 0.1 

131.8±4.3 

Estonian 13.0±0.1 12.1±0.2 111.0±1.1 194.5±3.8 181.8±2.3 
139.4±11.2 

3.1±1.5 
♀Manchurian golden ½ ♂ Esto-
nian 

13.6±0.2 12.6±0.2 109.3±1.4 184.6±4.1 176.9±3.8 
168.5±10.9 

1.5±0.8 
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Continued Table 1 

Japanese gray 12.2±0.2 10.6±0.3 95.6±1.2 163.5±2.7 158.1±3.3 
< 0.1 

134.3±2.7 

♀ Japanese gray ½ ♂ Estonian 12.1±0.1 10.4±0.3 98.7±1.4 171.32.4 167.52.1 168.5±10.9 
1.5±0.8 

Pharaoh  13.4±0.1 11.9±0.2 105.2±1.6 205.1±3.4 198.66.0 235.3±12.8 
12.8±1.9 

Heavy white 13.5±0.2 10.9±0.2 105.0±2.6 283.3±3.1 277.4±6.1 
157.0±6.7 

3.1±1.0 
♀Manchurian golden ½ ♂ Jap-
anese gray ♀ 

12.6±0.1 10.2±0.1 96.3±0.8 179.4±2.9 165.2±2.3 
< 0.1 

131.0±4.8 
N o t е. Concentration of nitrites and nitrosamines in all specimens is < 0.1 mol/l. The numbers above and below 
the line indicate the concentration of nitrates and NO donors. 
 

High intensity of oxidation is characteristic of the meat poultry. It is ob-
served in broiler embryos (Cobb 500, Smena 8, Ross 308), their paternal line 
Cornish B56, and also in embryos of fighting breeds (Malay and kulangi). Their 
embryos are characterized by low levels of NO donors (from units to tens of mi-
cromoles per liter) with a high content of nitrate (hundreds of micromoles per 
liter) (see Table 1). In embryos of egg breeds (Hisex, Orlovskaya sinttsevaya, Yur-
lovskaya golosistaya, Andalusian blue), as well as in the maternal line of Plymouth 
Rock B79 of the cross Smena 8, the intensity of NO oxidation is minimal, which 
shows the relation of nitrate to NO donors (see Fig., Table 1). By analogy, for the 
embryos of heavy quail breeds (Pharaoh, heavy white, Estonian), there is a high 
intensity of nitric oxide oxidation in the embryo, while in the light breed (Japanese 
gray, Manchurian golden) oxidation is negligible (see Table 1). 

Re la t ion sh ip  be tween embryon ic  NO ox ida t ion and b ir d 
g row th  r a t e. Analysis of the content of nitro- and nitroso compounds in the 
tissues of 17-day-old chicken embryos, characterized by both high and low rates 
of NO oxidation, shows in all cases the highest level of NO donor compounds in 
the liver. The liver, as well as the gastrointestinal tract, contains mainly nitric 
oxide donors, and the amount of nitrate is insignificant. A significant accumulation 
of nitrate, many times higher than that of NO donors, occurred in muscles of the 
Cornish B56 embryo. In the Hisex White cross line, the muscles predominantly 
contained NO donors (Table 2). Consequently, nitrate accumulates mainly in 
muscle tissue. It is in it, apparently, that NO oxidation to nitrate occurs. This gives 
one more reason to assume that NO oxidation in the embryo is mainly associated 
with myogenesis, namely with myogenesis of skeletal muscles (see Table 2).  

2. Concentration (nmol/mg) of nitro and nitroso compounds in tissues of 17-day-old 
intact embryos of chicken (Gallus gallus domesticus L.) egg cross Hisex White and 
meat line Cornish B56 (M±SEM, n = 8; a vivarium of Breeding Genetic Center 
Zagorskoe, VNITIP, Sergiev Posad, Moscow Province, 2017-2019) 

Cross  
Liver  Gastrointestinal tract  Muscle 

NO donors NO3  NO donors NO3  NO donors NO3  
Hisex White 11.5±0.9 < 0.1 1.1±0.1 < 0.1 3.2±0.3 0.3±0.1* 
Cornish B56 33.5±0.3 0.2±0.1 4.3±0.3 < 0.1 0.2±0.1 4.2±0.3* 
N o t е. Concentration of nitrites and nitrosamines in all specimens is < 0.1 mol/l.  
* Differences from other organs are statistically significant at р < 0.05. 

 

Our previous works show that there is no qualitative difference in the con-
centration of NO donors and nitrates between the pectoral and leg muscles of 
chickens and quails. In meat birds, nitrate predominates, in egg birds, NO donors. 
Quantitative differences in the concentration of NO metabolites between these 
muscle groups of one individual are no more than 10-12% [21, 26], which is 
incomparable with the difference between egg and meat forms (see Table 2). That 
is, NO oxidation is not directly related to the biochemical characteristics of these 
muscle groups. Since muscle tissue dominates in weight over others, nitrate pre-
dominates in homogenates of embryos of meat forms (see Fig.).  
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We found that 8-15 days after hatching, the concentration of NO donors 
and nitrate in chick tissues sharply decreases and becomes approximately the same 
in all breeds, lines and crosses [21]. That is, a high content of nitro- and nitroso 
compounds and intensive oxidation of NO donors to nitrates in muscle tissue are 
embryonic phenomena. It was also shown that the development of muscle tissue 
in embryos with high and low rates of NO oxidation proceeds at the same rate 
and does not have a qualitative difference in any parameters [26]. The difference 
may be in the intensity of muscle growth. But how can you evaluate it? Relation 
of gutted carcasses weight of broilers to their body weight is no than 5% more 
than that index of egg breeds [21]. It was the live weight that we decided to use 
as a criterion for the growth of muscle and bone tissue. 

On day 1 after hatching, chickens of different breeds differ slightly in live 
weight (see Table 1). The increase in weight in embryos with high and low rates 
of embryonic NO oxidation, based on the data in Table 3, also occurs without 
significant differences. However, after hatching, the chickens show significant dif-
ferences in growth (see Table 1).  

3. Weigh (g) of intact quail (Coturnix coturnix L.) embryos during incubation 
(M±SEM, n = 8; a vivarium of Breeding Genetic Center Zagorskoe, VNITIP, 
Sergiev Posad, Moscow Province, 2017-2019) 

Breed  
Days on incubation  

8 10 12 15 day 1 after hatching  
Manchurian golden 0.53±0.02 1.23±0.08 2.63±2.1 5.32±3.1 11.7±0.2 
Pharaoh  0.57±0.02 1.20±0.10 2.75±2.1 5.34±3.4 11.9±0.2 

 

The difference in live weight and its gain between broilers and egg chick-
ens, as well as between heavy and light quail breeds, is obvious (see Table 1). But 
Cornish and Plymouth Rock, the paternal and maternal lines of the Smena 8 cross 
with high and low rates of embryonic NO oxidation, respectively, differed insig-
nificantly in terms of live weight. A significant difference (p < 0.05) occurred only 
on week 3 after hatching. There was no significant difference in live weight be-
tween fighting breeds and egg breeds Yurlovskaya golosistaya and Hisex White (see 
Table 1). 

Quails of heavy (Pharaoh, white heavy, Estonian) and light (Japanese gray, 
Manchurian golden) breeds clearly differed in live weight (p < 0.05). In the em-
bryos of hybrids of Japanese gray and Estonian, as well as Manchurian golden and 
Estonian breeds, as follows from the proportion of nitrate and NO donors on day 
7, embryonic oxidation of nitric oxide occurs with a high intensity (it is not lower 
than in embryos of the Estonian breed). In terms of live weight, these hybrids 
occupied an intermediate position between the parental breeds, while the hybrids 
of the Manchurian golden and Japanese gray breeds were similar in live weight 
and the rate of NO oxidation to their parents (see Table 1).  

Thence two questions arise. What is the mechanism of the relationship 
between NO oxidation and the rate of weight gain resulted primarily from the 
development of bone and muscle tissue? And can this process be controlled to 
increase meat productivity?  

Exogenous NO donors, introduced into eggs before incubation, underwent 
oxidation to nitrate in those embryos where there was intense oxidation of endog-
enously synthesized NO (Ross 308), and practically did not oxidize where the 
latter was not oxidized (Hisex White) (Table 4).  

It means that the intensity of oxidation is determined by certain features 
of the embryo tissues. The data in Table 2 allow us to assume that oxidation occurs 
in muscle tissue. These features are determined genetically, since they are inherent 
in specific breeds, lines and crosses regardless of the age of the laying hen, the 
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conditions of its keeping and the conditions of eggs incubation [21], and can also 
be fully or partially inherited (see Table 1). The intensity of post-embryonic growth 
is somehow connected with these features. In this case, as an explanation, it can 
be suggested that nitric oxide is intensively oxidized in the embryo, and pheno-
typic manifestations associated with this process are observed after hatching (see 
Table 1). 

4. Concentration (mol/l) of NO donors and NO3 in homogenates of 7-day-old em-
bryos in chicken (Gallus gallus domesticus L.) crosses, as influenced by an exoge-
nous blocker of NO synthesis and DNIC/GSH applied prior to incubation 
(M±SEM, n =25 for each group; a vivarium of Breeding Genetic Center Zagor-
skoe, VNITIP, Sergiev Posad, Moscow Province, 2017-2019) 

Treatment  NO donors NO3  
Cross Hisex White:   

+ 0.3 ml saline (control) 138.3±7.8 < 0.1 
+ 0.3 ml 13.0 мМ DNIC/GSH 210.9±9.4* < 0.1 
+ 0.3 ml 6.0 мМ NA 39.8±3.1* < 0.1 

Cross Ross 308:   
+ 0.3 ml saline (control) 3.7±1.2 131.2±7.5 
+ 0.3 ml 5.0 мМ DNIC/GSH 3.9±1.3 165.0±8.3* 
+ 0.3 ml 13.0 мМ DNIC/GSH 34.1±2.9 179.6±8.1* 
+ 0.3 ml 6.0 мМ NA 3.6±1.2 46.7±4.2* 

N o t е. NA — Nω-nitro-L-arginine, DNIC/GSH — dinitrosyl-iron-di-glutathione. Concentration of nitrites and 
nitrosamines in all specimens is < 0.1 mol/l. 
* Differences from corresponding controls are statistically significant at р < 0.05. 

 

Thus, NO oxidation serves as a marker of the presence of such features, 
which, apparently, can manifest themselves not only in the embryonic, but also in 
the postembryonic period. This marker can be used both to determine phenotyp-
ically unexpressed forms [27] and, possibly, to control the breeding process. 

Consequently, if the intensity of endogenous NO oxidation is low, then 
the exogenous NO donor compounds, most likely, should not have any effect. Or, 
if a similar effect does occur, then it is not associated with NO. According to our 
data, exogenous NO donors, when injected into the embryo of both egg and meat 
chickens at the concentrations used in Table 4, did not have a significant effect 
on the live weight of chickens during the first 3 weeks after hatching (p > 0.05).  

The use of NO synthase blockers reduced the amount of nitro and nitroso 
compounds in the embryo without changing the ratio between NO donors and ni-
trate (see Table 4). A 70% decrease in the total concentration of NO donors and 
nitrates did not significantly affect the increase in live weight in the first three 
weeks after hatching (p > 0.05). That is, we cannot yet give an unambiguous 
answer whether the oxidation of NO itself affects myogenesis, or whether this 
oxidation is a side effect of specific processes in the developing muscles of em-
bryos of meat poultry.  

So, we revealed that the rate of nitric oxide synthesis in the embryos of 
birds of the same species is approximately the same, while the rate of NO oxidation 
to nitrate varies up to several orders of magnitude when comparing egg and meat 
breeds, lines and crosses. In egg poultry, nitric oxide in embryos accumulates in 
amounts of up to several hundred micromoles, mainly as NO donor compounds, 
while in meat poultry, oxidation of NO to nitrate predominates. Within the breed, 
line and cross, the rate of NO oxidation varies by no more than 10-15%. Oxidation 
occurs mainly in muscle tissue. Exogenous NO donors are oxidized in the embryo 
with the same intensity as endogenous ones, and the blocker of NO synthesis, 
decreasing the total concentration of its metabolites, does not affect the quantita-
tive ratio between NO donors and nitrate. Consequently, the intensity of embry-
onic oxidation is a biochemical marker of gene expression that determines the rate 
of muscle growth. The identification of these genes is an important scientific and 
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practical task. The possibility of regulation of meat productivity at the embryonic 
level is seen primarily in the regulation of the expression of these genes. 
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A b s t r a c t  
 

Infectious coryza (haemophilus infection) of chickens is a disease reported in many coun-
tries of the world. In the Russian Federation, there is no information both about the extent of the 
disease spread across the poultry farms and about the serotype diversity of the agent circulating in the 
country. The paper for the first time demonstrates biochemical properties and specifies antigenic 
relatedness of new Avibacterim paragallinarum isolates recovered from chickens with respiratory signs 
in Russia and in Belarus. The paper also shows results of creation of the Avibacterim paragallinarum 
subsection in the database of tested microorganisms’ mass-spectra which can be used as reference 
ones for the identification and protein profiling of the infectious coryza agent strains and isolates. 
The work aimed to determine biochemical and antigenic properties of A. paragallinarum isolates and 
to produce the species-specific mass-spectra as a tool for Avibacterim paragallinarum species identifi-
cation and intraspecies differentiation. A. paragallinarum No. 29545 АТСС (serotype А1) form the 
collection of the Federal Centre for Animal Health (ARRIAH) served as a reference strain. Thirteen 
A. paragallinarum isolates were used in the study. The isolates were recovered from the pathological 
material collected from chickens with respiratory pathology (nasal exudates, contents of infraorbital 
sinus and conjunctival sac, lung tissues) in 2015. The isolates were inoculated onto Columbia agar 
supplemented with 5 % defibrinated sheep blood, together with a streak of Staphylococcus epidermid-
is. Pure cultures of the agent were grown on the serum agar containing NADP at 20 μkg/cm3 and 
5 % of horse blood serum. The bacteria were cultured for 24-72 at high CO2 concentration and 
37 С. Bilateral antigenic relatedness of the reference strain АТСС No. 29545 and A. paragallinarum 
isolates was determined using slide agglutination test (SAT). Hemagglutination activity was assessed 
using hemagglutination inhibition test (HI). Homogeneity of the tested isolates’ serogroup was con-
firmed by PCR. Amplified 800 bp DNA fragments were indicative of the presence of serogroup A 
A. paragallinarum genome, 1000-1100 bp of serogroup В, and 1500-1600 bp of serogroup С. A. para-
gallinarum identification was performed using MALDI Autoflex III Biotyper mass-spectrometer 
(Bruker Daltonik GmbH, Germany). The resulted mass-spectra were recorded, processed and ana-
lyzed using FlexControl 3.4 software (Bruker Daltonik Gmb», Germany) according to MALDIBio-
typer 2.0. UserManual, Version 2.0 SR1, Germany, 2008. Testing of biochemical properties indi-
cated that all 13 isolates of A. paragallinarum form a diverse group. The A. paragallinarum isolates’ 
growth absolutely depended upon presence of blood serum in the culture medium. Saccharolytic 
activity of the A. paragallinarum isolates also varied. All isolates and the reference strain can utilize 
glucose and sucrose, but not lactose, trehalose and galactose. The property also varied for mannitol 
and mannose. As for antigenic properties, all tested isolates belonged to the same serogroup B that 
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was also confirmed by real-time polymerase chain reaction method. Examination of proteomic prop-
erties of A. paragallinarum isolates revealed typical MS peaks, m/z 4768-4770 and 5347-5349, that 
were similar to those for the reference strain A. paragallinarum ATCC No. 29545. Protein profile 
mass-spectra were entered into MALDI Autoflex III Biotyper database to improve the reliability of 
A. paragallinarum species identification. Basing on the examined biochemical, antigenic and proteo-
mic properties, three A. paragallinarum isolates were deposited inещ the strain collection of the Fed-
eral Centre for Animal Health (ARRIAH) as A. paragallinarum strain No. 1818, A. paragallinarum 
strain No. 5111, and A. paragallinarum strain No. 1116.  

 

Keywords: strain, isolate, Avibacterium paragallinarum, identification, biochemical charac-
terization, antigenic properties, proteomic properties, mass spectrometry, agglutination test, hemag-
glutination inhibition assay 

 

Infectious rhinitis of chickens caused by Avibacterium paragallinarum of 
family Pasteurellaceae, a gram-negative bacterium previously classified as Hae-
mophilus paragallinarum, is a disease widespread in industrial poultry farms in 
Argentina, Africa, Australia, Bangladesh, Brazil, Bulgaria, Indonesia, India, 
China, Mexico, Malaysia, USA (states of California, Oregon and Alabama), 
Thailand, and Japan [1-4]. It is characterized by catarrhal inflammation of the 
mucous membranes of the nasal cavity, respiratory airways and conjunctiva, sub-
cutaneous edema of the head, and occasionally pneumonia [5-7]. Infectious rhi-
nitis causes significant economic damage to the poultry industry due to growth 
retardation in chicks and up to 40% loss of egg production in chickens [7]. The 
mortality rate of young chickens can reach 10% [1]. The extent of the spread of 
this disease in the poultry farms of the Russian Federation is unknown, as is the 
serotypic diversity of the pathogen, since the laboratory diagnosis of infectious 
rhinitis in chickens is not regulated by the relevant documents 

Traditionally, the causative agent of the disease is identified by its 
growth, morphological and biochemical properties. Mass spectrometric methods 
based on the analysis of protein or lipid fractions of a microbial cell has in-
creased the capabilities of veterinary specialists in identifying bacteria. Proteomic 
methods for determining the species of microorganisms are not inferior to geno-
typical ones in many parameters, e.g. in sensitivity and resolution, and have a 
clear advantage in the cost of consumables, the speed of analysis and the ab-
sence of the influence of nonspecific DNA on the result. Protein profiling by 
mass spectrometry is a powerful analytical tool both in fundamental fields and in 
clinical practice [8, 9]. The use of proteomic methods for the identification and 
study of the properties of A. paragallinarum isolates, an economically significant 
but still insufficiently studied pathogen with a complex antigenic structure, al-
lows researchers to obtain new knowledge about its biology, which can be used 
to address practical problems in veterinary medicine.  

MALDI-TOF (matrix-assisted laser desorption/ionization, time-of-flight 
mass spectrometry) is a method for identifying microorganisms, which is based 
on analysis of a set of proteins that is unique for each species. It consists in the 
release and ionization of membrane proteins using laser radiation in the presence 
of an auxiliary substance (matrix) and subsequent separation of ions in a time-
of-flight mass analyzer [10, 11]. However, in the MALDI BioTyper identifica-
tion database (Bruker Daltonik GmbH, Germany), data on the protein mass 
spectra of A. paragallinarum species were previously absent, which made it im-
possible to use this method to identify A. paragallinarum isolates.  

This work reports on creation of a new reference mass spectra database 
for identification and protein profiling of A. paragallinarum isolates and strains. 
Also, here we characterize biochemical properties and the antigenic relationship 
of A. paragallinarum strains isolated by us earlier on poultry farms of the Russian 
Federation and the Republic of Belarus from chickens with respiratory pathology.  
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The work aimed to examine biochemical and antigenic properties of Avi-
bacterium paragallinarum isolates from Russia and Belarus and to obtain mass 
spectra specific to representatives of the species, followed by their analysis and 
use for identification and intraspecific differentiation.  

Materials and methods. The reference A. paragallinarum strain No. 29545 
ATCC (serotype A1) was obtained from the State Collection of Microorganism 
Strains (Federal Center for Animal Health, ARRIAH). The study involved 13 
strains of A. paragallinarum isolated from infraorbital sinuses and conjunctival 
sac, nasal cavity exudates, and lung tissue of chickens with respiratory pathology 
from poultry farms of the Russian Federation (Vladimirskaya, Kostromskaya, 
Moscow, Orenburg, Yaroslavl, Ulyanovsk regions, Republic of Mordovia, Re-
public of Tatarstan) and the Republic of Belarus in 2015. 

Bacteria were cultured on the following nutrient media with growth-
stimulating additives: Columbia broth and agar (Columbia Columbia Broth, Co-
lumbia Agar, Becton, Dickinson and Co., USA), Mueller-Hinton agar (HiMedia 
Laboratories Pvt. Ltd, India), normal equine serum for cultures of microorgan-
isms (JSC NPO Mikrogen, Russia), NADP (Bontac Bio-Engineering Co., Ltd, 
China), Giss medium (NPO Nutrient media, Russia).  

A. paragallinarum cultures were isolated from pathological materials by 
plating on Columbia agar with 5% defibrinated ram blood and a streak of Staph-
ylococcus epidermidis as “feeding” bacteria. Pure cultures of the pathogen were 
grown on serum agar containing 20 μg/cm3 NADP and 5% horse blood serum. 
Bacteria were cultured for 24-72 h at 37 С and the increased air level of CO2.  

Bacterial morphology was examined by light microscopy of Gram stained 
preparations (EclipseNi-U microscope, Nikon Corporation, Japan, ½1000 mag-
nification) [12]. Capsules in bacteria were identified by Gins’s staining [12]. The 
biochemical properties of the isolates were assessed using commercial API®NH 
kit (bioMerieux S.A., France) and by plating on Giss media with glucose, su-
crose, lactose, mannitol, mannose, trehalose, galactose monocarbohydrates. Cat-
alase production was assessed on a glass slide with 3% H2O2solution. Oxidase 
activity was measured using a commercial API®NH kit (bioMerieux S.A., 
France) in accordance with the manufacturer’s instructions. 

 Antigenic relationship between pairs of A. paragallinarum isolates and 
antigenic properties of the reference strain ATCC No. 29545 were determined in 
slide agglutination test (SAT) as proposed by L.A. Page [13]. Hemagglutinating 
activity was assessed in the hemagglutination inhibition test (HI) as described by 
P.J. Blackall et al. [14]. The degree of bilateral antigenic relationship (R) of A. 
paragallinarum isolates was calculated using the formula I. Archetti and F.L. 
Horsfall [15] and expressed as a percentage. The value of R  70% at 3-fold rep-
etition of titration was considered as confirmation of the statistically significant 
relationship of the investigated isolates [15]. 

The serogroup homogeneity of A. paragallinarum isolates was confirmed 
by real-time multiplex polymerase chain reaction (RT-PCR, qPCR) (microchip 
nucleic acid amplifier Ari-aDNA®, Lumex LLC, Russia). Bacterial DNA was 
extracted using a kit for the isolation of nucleic acids (OOO Biocom, Russia). 
Thermocycling of the samples was carried out in the following mode: 10 min at 
95 °С (1 cycle); at 30 s at 95 °С, 30 s at 56 °С, 90 s at 32 °С (35 cycles). We 
used four primers proposed by R. Sakamoto et al. [16] (OOO Beagle, St. Peters-
burg): forward primer (common for genome amplification in three serogroups of 
A. paragallinarum) and three reverse primers specific for a particular serogroup.  

 The amplification products were analyzed by electrophoresis in 1.7% 
agarose gel with ethidium bromide (15 V/cm of the gel length, 45 min) (OOO 
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Lumex, Russia). Electrophoregrams were visualized using TCP-26.LMX transil-
luminator (Vilber Lourmat, France) in ultraviolet light ( = 254 nm). Amplified 
DNA fragments were identified as orange band. 

The results were deemed positive when the 800 bp, 1000-1100 bp, and 
1500-1600 bp amplicons were detected. The 800 bp fragments indicated the ge-
nome of A. paragallinarum serogroup A, 1000-1100 bp of serogroup B, and 
1500-1600 bp of serogroup C. The results were considered negative if the indi-
cated amplified DNA fragments were not detected or their size did not corre-
spond to the given values [16, 17].  

MALDI-TOF spectrometry (an Autoflex III Biotyper mass spectrometer, 
Bruker Daltonik GmbH, Germany) was used to identify A. paragallinarum bac-
teria. The direct application mode was used in which single colonies of a fresh 
culture were introduced into the wells of a metal plate using a sterile loop, and a 
1 μl matrix was placed on top. A saturated solution of CHCA (НС-cyano-4-
hydroxycinnamic acid) in 50% aqueous acetonitrile with 2.5% trifluoroacetic 
acid was a matrix. The device was calibrated before each experiment with the 
Bruker Bacterial Standard (Bruker Daltonik GmbH, Germany) as a calibrant. 
Mass spectrometric analysis of A. paragallinarum cultures was conducted in a 
linear laser mode at a frequency of 50 Hz. The analysis parameters were opti-
mized for the m/z (mass/charge) mass range from 2000 to 20,000 Da, the re-
sultant spectrum from summing 20 single spectra was recorded. The mass spectra 
were recorded and analyzed using the FlexControl 3.4 and FlexAnalysis 3.0 
software (Bruker Daltonik GmbH, Germany) in accordance with MALDIBio-
typer 2.0. UserManual, Version 2.0 SR1 (Germany, 2008).  

The obtained mass spectra were statistically processed using the Biotyper 
3.0 RTC program (Bruker Daltonik GmbH, Germany). The reliability of the 
identification of microorganisms was assessed by comparing Score values with 
the data of the mass spectra of the Biotyper 3.0 reference library. The identifica-
tion at Score values < 1.7 was considered unreliable. When analyzing the degree 
of bilateral antigenic relationship (R, %) in replicates, the mean (M) and stand-
ard errors of the means (±SEM) were calculated.  

Results. On blood agar with a “feeding bacterium” (a source of V-
growth factor), the A. paragallinarum isolates after 24 hours of culture looked 
like small (0.1-0.5 mm) satellite colonies in zone 0.5-1.5 cm from the streak of 
S. epidermidis. With the distance from the feeding culture, the size of the colo-
nies decreased until the complete disappearance of growth. Satellite colonies 
were gray-white, had a smooth convex surface without a hemolysis zone and a 
rounded shape with smooth edges. 

When comparing isolates with the reference A. paragallinarum strain 
No. 29545 ATCC, we assessed the culture growth on blood serum-free nutrient 
media, under an increased carbon dioxide in the atmosphere, the ability to uti-
lize carbohydrates and to produce various enzymes and metabolites. The results 
allowed conclusion that the isolates and the reference strain form a heteroge-
neous group in terms of growth properties and enzymatic activity (Table 1). 
The reference A. paragallinarum strain and all the isolates were NAD-dependent 
though the NAD-independent isolates of the pathogen are also known [18]. All 
A. paragallinarum isolates can reduce nitrates to nitrites and did not produce ox-
idase, -fructosidase, β-galactosidase, indole, hydrogen sulfide, urease, and cata-
lase. We found the dependence of the growth on the blood serum in the nutrient 
medium to be absolute. All A. paragallinarum strains we tested failed to grow on 
serum-free medium even at the optimal V-factor concentration. There is a view-
point that an increased carbon dioxide in the atmosphere is obligatory for 
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A. paragallinarum growth [18-20]. In our test, only 9 of 13 isolates (Nos. 1, 4, 5, 
7, 8, 9, 10 and 11) showed such dependence. The morphology and size of the 
colonies in the four isolates grown in a normal air atmosphere did not differ in 
any way from those in the colonies under increased CO2 concentration. Ability 
of the A. paragallinarum strains to metabolize sugars was also unequal. 

1. Growth and biochemical traits of the reference strain Avibacterium paragallinar-
um No. 29545 АТСС and A. paragallinarum isolates (Russia and Belarus, 2015) 
from chickens with respiratory pathology  

Свойства бактерий 
Strain, isolate No.   

1 2 3 4 5 6 7 8 9 10 11 12 13 29545 
Need in: 

V growth factor 
 

+ 
 

+ 
 

+ 
 

+ 
 

+ 
 

+ 
 

+ 
 

+ 
 

+ 
 

+ 
 

+ 
 

+ 
 

+ 
 

+ 
СО2 +   + +  + + + + +  + + 
blood serum  + + + + + + + + + + + + + + 

Reduction of nitrates + + + + + + + + + + + + + + 
Production:               

indole                
hydrogen sulfide               
urease               
catalase                
oxidase                
  -fructosidase                
β-galactosidase                

Fermentation: 
glucose  

 
+ 

 
+ 

 
+ 

 
+ 

 
+ 

 
+ 

 
+ 

 
+ 

 
+ 

 
+ 

 
+ 

 
+ 

 
+ 

 
+ 

sucrose + + + + + + + + + + + + + + 
lactose               
mannitol + + + +  + +  +    + + 
mannose +   + +  + +  +  +   
trehalose               
galactose               

N o t е. «+» means positive test, «» means negative test. 
 

All isolates and the reference strain fermented sucrose and glucose, 
but not trehalose, lactose and galactose. The trait was variability toward 
mannose and mannitol, as it was also reported by other researchers [20-22]. 

For the identification of A. paragallinarum isolates, it was important to de-
termine the antigenic relationship in SAT. The test did not reveal the antigenic 
relationship of the reference strain and the isolates. The A. paragallinarum isolates 
formed a homologous group with the exception of Nos. 6, 7, 10, and 11. The an-
tigens of these isolates showed only one-sided relationship with the tested sera, 
which did not allow conclusion that they belong to different serological groups. 

We also determined the antigenic relationship of A. paragallinarum iso-
lates in the hemagglutination inhibition test (Table 2) to compare the results of 
serotyping for agglutination and hemagglutination [23]. Our data indicate that all 
the studied isolates were a homogeneous in hemagglutinin. The minimum value 
of two-sided relationship (R) was 78.4%. That is, it can be assumed that all iso-
lates belonged to one serogroup and one serotype.  

Based on the obtained results of the similarity of the isolates in growth, 
antigenic and morphological properties, for further work 10 most promising 
isolates were selected, which retained the stability of hemagglutinating, anti-
genic, virulent and immunogenic properties for 20 consecutive passages.  

The A. paragallinarum serotyping by PCR analysis was shown by R. Sa-
kamoto et al. [16] and V.V. Patil et al. [17]. In our work, the homogeneity of 
the serogroup of the isolates from birds with respiratory pathology was confirmed 
using multiplex qPCR (Fig. 1). In all isolates, we revealed 1000-1100 bp ampli-
cons which correspond to the PCR amplification product characteristic of A. para-
gallinarum serogroup B. 
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Fig. 1. Serotyping reference strain Avibacterium paragallinarum No. 29545 ATCC and A. paragalli-
narum isolates (Russia and Belarus, 2015) from chickens with respiratory pathology by multiplex 
qPCR: a — serogroup С (1500-1600 bp), b — serogroup B (1000-1100 bp), c — serogroup А (800 bp); 
1-10 — isolates Nos., А — strain A. paragallinarum No. 29545, М — DNA fragment length marker 
(Zao Rvrogen, Russia). 

 

Based on the morphological, biochemical and antigenic characteristics, 
three isolates of A. paragallinarum were deposited in the State Collection of Mi-
croorganism Strains (ARRIAH), isolate No. 4 as strain No. 1818, isolate No. 8 
as strain No. 5111, and isolate No. 12 as strain No. 1116. 

 

 
Fig. 2. Mass-spectra of individual colonies of reference strain Avibacterium paragallinarum No. 29545 
ATCC (A) accession strains Nos. 1818 (B), 1116 (C), 5111 (D) derived from A. paragallinarum iso-
lates (Russia and Belarus, 2015) from chickens with respiratory pathology (peaks of m/z 4667 and 
9334 were common for all strains of A. paragallinarum). 
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The next stage of our research was generation of a database of mass 
spectra for accession strains A. paragallinarum No. 5111, No. 1818 and No. 1116 
and the reference strain ATCC 29545, which are supposed for future automated 
identification and profiling representatives of this species based on similari-
ties/differences in mass spectrometric characteristics.  

For strains of A. paragallinarum, protein profiles were constructed (Fig. 
2) and mass lists were formed to determine characteristic peaks (Table 3). We 
compared the positions of the peaks, their frequency and intensity to identify 
strains and isolates of A. paragallinarum as per the protocol by J.H.K Chen et al. 
[24] and N. Takeuchi et al. [25].  

Analysis of the obtained spectra revealed that they were in the range of 
m/z 2000-10000. Peaks for m/z 4667 and 9334 turned out to be common for all 
strains and isolates of A. paragallinarum. A unique feature of the MALDI Bio-
typer program is the option to replenish the personal database with new spectra 
and analyze mass spectra based on comparing the obtained protein profiles with 
a personal library of reference spectra. A result of this work is creation of the 
corresponding subsection of this database of mass spectra at the level of A. para-
gallinarum species, which can be used in the future to identify strains and iso-
lates of the infectious rhinitis pathogen in chickens.  

3. Proteomic characterization of Avibacterium paragallinarum strains and isolates 
(Russia and Belarus, 2015) from chickens with respiratory pathology 

Peaks, m/z S/N intensity Peak frequency, %  
Presence or absence of the peak in A. para-
gallinarum ATCC 29545/ratio of S/N 

2067-2069 4.4-12.4 43  
3109-3111 4.1-5.9 36  
3208-3210 4.0-8.6 57  
3580-3582 4.0-10.1 71 +/6.2 
3930-3932 4.3-9.5 14  
4186-4188 4.3-8.1 71 +/6.6 
4278-4280 4.6-11.7 36  
4433-4435 4.4-7.6 57 +/5.1 
4480-4482 4.0-7.9 28 +/6.1 
4667 9.2-39.7 100 +/19.3 
4768-4770 4.2-7.6 57 +/5.2 
5011 4.9-8.8 86 +/5.7 
5065 4.8-9.6 78 +/6.4 
5098-5060 8.7-16.7 57  
5347-5349 4.3-5.3 28 +/4.2 
5542-5543 5.1-7.7 21  
5567-5569 4.4-7.7 64  
6084 5.0-14.7 78  
6261-6263 4.2-17.7 50  
6420 6.4-24.7 86 +/13.9 
6552-6553 4.3-16.8 36 +/16.8 
6643-6645 4.3-5.7 21  
6855-6857 4.3-5.1 28  
7164 10.7-22.7 93 +/15.6 
7308-7310 7.6-11.2 50  
7864-7866 5.9-12.2 57  
8373-8375 6.9-10.7 64  
8522-8524 4.4-6.7 28  
9317-9319 10.0-10.7 14  
9334 24.0-62.3 100 +/33.2 
9536-9538 7.2-12.3 71  
9964-9965 10.1-13.0 50  

 

Thus, the revealed biochemical properties indicate a heterogenicity of 
Avibacterium paragallinarum isolates from chickens with respiratory pathology 
from poultry farms in regions of Russia and Belarus, while the hemagglutination 
inhibition test indicates their belonging not only to one serogroup, but also to 
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one serotype. The homology of the isolates at the group level is confirmed by 
multiplex qPCR-based serotyping. We identified characteristic peaks (m/z 4768-
4770 and 5347-5349) in proteomes of the isolates similar to those in the reference 
A. paragallinarum ATCC strain No. 29545. These peaks are added to the mass 
spectrometer database. This expands the existing database with new spectra and 
profiles obtained for the tested strains, which improves the reliability of species 
identification. Based on the studied biochemical, antigenic and proteomic char-
acteristics, three isolates of A. paragallinarum were deposited in the State Collec-
tion of Microorganism Strains of the Federal Center for Animal Health as strain 
No. 1818, strain No. 5111, and strain No. 1116. 
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A b s t r a c t  
 

The genetic determinants of bacterial strains Bacillus sp., which determine the possibility of 
biosynthesis of various antimicrobial compounds, are of particular scientific interest, since thanks to 
them these microorganisms are widely used as the basis of probiotics. An important stage in the sys-
temic analysis of the mechanisms of probiotic action, in particular the antimicrobial activity of mi-
croorganisms, is the reconstruction of its metabolic map, that is, the collection and visualization of 
all potential cell processes. In this work, for the first time, the potentially inherent genetic mecha-
nisms for the synthesis of a number of biologically active substances in the bacterial strain Bacillus 
megaterium are described, in particular, the possibility of synthesizing kanosamine, a bacteriocin 
belonging to the aminoglycoside group, which can play an important role in the implementation of 
probiotic properties due to its pronounced antimicrobial activity. Our goal was to study the antimi-
crobial activity of the strain Bacillus megaterium B-4801 against pathogenic and opportunistic bacte-
ria, as well as to search for genes associated with antimicrobial activity based on whole genome se-
quencing. The B. megaterium B-4801 strain deposited in the collection of OOO BIOTROF+, pos-
sesses a pronounced probiotic activity. Its antimicrobial activity against Staphylococcus aureus, Can-
dida tropicalis, Clostridium sp., and Escherichia coli was assessed by the method of delayed antago-
nism using wells. A DNA library for whole genome sequencing was generated using Nextera XT kit 
(Illumina, Inc., USA). Nucleotide sequences were determined using a MiSeq instrument (Illumina, 
Inc., USA) and MiSeq Reagent Kit v3 (300-cycle) (Illumina, Inc., USA). Invalid sequences and 
adapters were removed using the Trimmomatic-0.38 program. Filtered in length from 50 to 150 bp 
pair-terminal sequences were assembled de novo using genomic assembler SPAdes-3.11.1. Func-
tional annotation of the genome was performed with PROKKA 1.12 and RAST 2.0 programs. The 
pool of genes associated with antimicrobial activity was assessed and the metabolic map was con-
structed using the KEGG Pathway database (http://www.genome.jp/kegg/). The antagonistic ac-
tivity of B. megaterium B-4801 against pathogenic and opportunistic microorganisms was revealed by 
cultural methods. The growth inhibition zones of the test strains ranged from 2±0.15 to 25±1.4 mm. 
The genome of the B. megaterium B-4801 strain is a single circular chromosome with a size of 
6,113,972 bp, containing 37.5 % GC pairs. More than 45 % of B. megaterium B-4801 genes are 
involved in the transport and metabolism of amino acids, transcription, translation, transport and 
metabolism of carbohydrates and proteins. The key genetic loci that determine the synthesis of anti-
microbial metabolites have been identified. The sequenced genome of the strain contains genes 
(FabD, FabF, FabG, FabZ, FabI, etc.) associated with the production of proteins involved in the 
synthesis of aliphatic unsaturated C3-C18 carboxylic acids, in particular, butyric, nylon, caprylic, 
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capric, lauric, myristic, palmitic, stearic, oleic. According to the information accumulated by world 
science, all these substances have pronounced antimicrobial properties. The whole-genome sequenc-
ing also discovered a cluster of genes (Asm22-24, Asm43-45, and Asm47) associated with the bio-
synthesis of bacteriocin kanosamin, which belongs to the aminoglycoside group, and polyketide 
ansamycin antibiotics from the macrolide group. The established probiotic potential indicates the 
role of the investigated strain as a potential probiotic candidate, in particular for use in animal 
husbandry. The performed genomic analysis revealed new systems of operons that control the 
metabolic pathways for the synthesis of antimicrobial substances, which were not previously de-
scribed for B. megaterium. 

 

Keywords: whole-genome sequencing, Bacillus megaterium, acid biosynthesis, bacteriocins, 
antimicrobial activity, kanosamine, ansamycin antibiotics, probiotics 

 

Nowadays, animal husbandry and poultry farming, due to the entry into 
force of Federal Law No. 280-FZ “On organic products and on amendments to 
certain legislative acts of the Russian Federation” from January 1, 2020, show a 
vital interest to natural biological products. According to the law, the use of an-
tibiotics is prohibited in the organic farming, with the exception of those permit-
ted for use by the national, interstate and international standards of organic pro-
duction in force in Russia. 

Genetic determinants of Bacillus sp. encoding biosynthesis of various an-
timicrobial compounds are of particular interest, since wide application of these 
microorganisms as biopesticides in crop production and as a basis for therapeutic 
agents and probiotics in animal husbandry. According to some researchers [1], 
strains of the genus Bacillus are more promising for probiotics preparations as 
compared to traditionally used lactobacilli, as Bacillus strains form endospores in 
the life cycle and, therefore, are more resistant to aggressive factors in the diges-
tive tract. Bacillus strains are typical commensal bacteria of the rumen and intes-
tines of farm animals [2], where as an increase in the abundance of lactobacilli 
in the rumen is associated with the occurrence of lactic acidosis, a decrease in 
pH and a decrease in the number of bacteria synthesizing cellulases [2].  

On average, 87% of total pool of antimicrobial metabolites of bacilli are 
organic acids, alcohols, ketones, alkanes, aldehydes, alkenes, and 13% are other 
substances, the ribosomal peptides (bacteriocins and enzymes), polyketides, non-
ribosomal peptides [3]. A case study of a B. subtilis strain as an example has 
been shown that at least 4-5% of its genome are operons associated with the 
synthesis of antimicrobial compounds [4].  

Interest in studying the ability of Bacillus sp. to synthesize bacteriocins, 
peptide and lipopeptide antibiotics is currently rising [5, 6], as information about 
previously unknown substances appears [7-9]. Many of the Bacillus bacteriocins 
are classified as lantibiotics, the post-translationally modified peptides widely 
distributed among various bacterial taxa.  

 Bacteria of genus Bacillus also produce many unmodified bacteriocins, 
some of which are similar to pediocin-like bacteriocins of lactobacilli while pep-
tide sequences of other bacteriocins are completely new [10] Bacteriocins of Ba-
cillus sp. are of practical interest due to the ability to inhibit various pathogenic 
forms, including gram-negative and gram-positive bacteria, yeast and micromy-
cetes [7-9]. 

The synthesis of organic acids by Bacillus microorganisms is studied to a 
much lesser extent. There are indications of Bacillus sp. ability to produce lactic 
acid [11] known for its antimicrobial activity against Escherichia coli, Pseudomo-
nas aeruginosa, Salmonella enterica, etc. [12]. Bacillus megaterium ELI 24 strain 
isolated from soil in Mexico produced significant amounts of succinic acid, 
which was identified by spectroscopic methods [13]. Chromatographic analysis 
showed that Bacillus megaterium P1 isolated from soil, depending on the compo-
sition of the culture medium, synthesized volatile organic acids (formic, acetic, 
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propionic, and butyric) and non-volatile organic acids (oxalic, malic, succinic, 
tartaric, and citric) in various combinations [14]. 

Whole genome sequencing is currently recognized as the most effective 
technology for detailed genetic characterization of microbial strains, their prop-
erties, and metabolic processes [15)]. An important stage in the analysis of 
mechanisms of probiotic action, in particular the antimicrobial activity of mi-
croorganisms, can be the re-construction of its metabolic map, that is, the col-
lection and visualization of all processes potentially occurring in the cell. Exper-
imental data on antimicrobial activity combined with whole genome sequencing 
allow researchers to reconstruct models that are as close to virtual organisms as 
possible. This also allows predicting the relationship of a microorganism with 
various pathogenic and conditionally pathogenic forms in animal digestive sys-
tem in order to create effective probiotic products.  

Currently, work is underway to study the genomes of Bacillus sp. strains 
which are promising for the creation of biological products. P. Li et al. [15] used 
whole genome sequencing to assess the probiotic potential of the Bacillus sp. 
DU-106, an active producer of L-lactic acid. Other researchers [16] used this 
technique to study the genome of Bacillus clausii ENTPro as the base for the 
production of the probiotic Enterogermina (Sanofi Synthelabo Pvt. Ltd., India). 
whole genome sequencing in B. megaterium was performed by M. Eppinger et al. 
[17] who analyzed the strains QM B1551 and DSM319. J.I. Vílchez et al. [18] 
sequenced genome of TG1-E1 strain which is promising for producation of ferti-
lizers. L. Liu et al. [19] studied the genome of the WSH-002 strain promising for 
the creation of recombinant proteins and vitamins.  

This work is the first to disclose in a Bacillus megaterium strain potential-
ly inherent genetic mechanisms for synthesis of a number of bioactive substanc-
es, in particular, the ability to synthesize kanosamine, a bacteriocin of the group 
of aminoglycosides, which can play an important role in probiotic properties due 
to a pronounced antimicrobial activity.   

Our goal was to measure antimicrobial activity of Bacillus megaterium B-
4801 strain against pathogenic and opportunistic bacteria, and to search for 
genes associated with antimicrobial activity based on whole genome sequencing.  

 Materials and methods. B. megaterium B-4801 a strain with a pro-
nounced probiotic activity (the collection of OOO BIOTROF+) was used in the 
study. Test cultures for estimation of antagonistic properties were obtained from 
the All-Russian collection of non-pathogenic microorganisms for agricultural 
purposes (the All-Russian Research Institute for Agricultural Microbiology, St. 
Petersburg—Pushkin). 

Antimicrobial activity against pathogenic and opportunistic microorgan-
isms (Staphylococcus aureus, Candida tropicalis, Clostridium sp., Escherichia coli) 
was assessed in vitro by the delayed antagonism method (wells method). A Petri 
dish with agar medium GRM (State Research Center for Applied Micro-biology 
and Biotechnology, Russia) containing 7 g/l glucose and culture of opportunistic 
test strains was dried for 24-48 hours, then B. megaterium B-4801 culture sus-
pension (107 CFU/ml, 100 μl) was poured in a well in the center of the dish. 
After 48 h of incubation at 37±1 С, the zones of growth inhibition of the test 
strains were measured.  

DNA was extracted by standard procedures using the Genomic DNA 
Purification Kit (Fermentas, Inc., Lithuania) according to the attached instruc-
tions [2]. The analysis is based on selective detergent-mediated precipitation of 
DNA using solutions for lysis of cell walls and DNA precipitation, a solution of 
1.2 M sodium chloride, and chloroform. 

DNA library for whole genome sequencing was constructed Nextera 



 

819 

XT kit (Illumina, Inc., USA). Nucleotide sequences were determined using a 
MiSeq instrument (Illumina, Inc., USA) with MiSeq Reagent Kit v3 (300-cycle) 
(Illumina, Inc., USA). Invalid sequences and adapters were removed using the 
Trimmomatic-0.38 program (https://www.osc.edu/book/ex-port/html/4385) [20]. 
Paired-end sequences filtered by length not less than 50 to 150 bp were assembled de 
novo (the SPAdes-3.11.1 genomic assembler, http://cab.spbu.ru/software/spades/) 
[21]. Functional genome annotation was performed using programs PROK-
KA 1.12 (https://github.com/kbase-apps/ProkkaAnnotation) [22] and RAST 
2.0 (https://rast.nmpdr.org) [23] The KEGG Pathway database (http://www.ge-
nome.jp/kegg/) was used to assess the pool of genes associated with antimi-
crobial activity for constructing a metabolic map [24, 25]. 

Mathematical and statistical processing was carried out using the 
software packages Microsoft Office Excel 2003, R-Studio (Version 1.1.453) 
(https://rstudio.com). The mean value for each sample (M) and the standard 
deviation (±SD) were estimated.  

 Results. B. megaterium B-4801 strain had a pronounced antagonistic ef-
fect against the test cultures of Staphylococcus aureus and Candida tropicalis, 
with the size of growth inhibition zones of 25±1.4 and 10±0.7 mm, respective-
ly (Fig. 1). Clostridium sp. proved to be the most resistant to B. megaterium B-
4801 (2±0.15 mm). For Escherichia coli, the size of the growth retardation zone 
was 5±0.3 mm. This suggests that the B. megaterium B-4801 culture liquid con-
tains antimicrobial substances that diffuse into agar. 

These results are of great practical importance, since S. aureus is associ-
ated with the occurrence of diseases in cattle, primarily mastitis [26]. Previously, 
we have proved the relationship between the increased abundance of Staphylo-
coccus sp. in the rumen and an increase in the number of somatic cells in the 
milk of dairy cows [2]. C. tropicalis is also pathogenic for cattle, in particular, it 
can spread through the bloodstream to peripheral organs, moreover, its associa-
tion with abortion has been found [27, 28]. These facts allow us to conclude that 
the B. megaterium B-4801 strain is a promising biocontrol agent for suppressing 
pathogenic microbiota, in particular, through its introduction into the digestive 
system of animals.  

 

A B 

  
Fig. 1. Antagonistic properties of Bacillus megaterium В-4801 towards Staphylococcus aureus (A) and 
Candida tropicalis (B). Petri dishes with colonies of pathogen test cultures, in the center zones of 
growth suppression are visualized. 

 

The B. megaterium B-4801 genome was annotated using the RAST 
toolkit under a unique genomic identifier 1404.252. The genome is organized 
into a single circular chromosome of 6,113,972 bp in size, containing 37.5% GC 
pairs. The chromosome contains 6324 open reading frames capable of determin-
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ing polypeptide synthesis, 129 for tRNA synthesis, and 6 for rRNA. The plasmid 
of 78379 bp in size contains 23.5% GC pairs, which was 14% less than in the 
chromosome. 

Comparison of the contigs of the studied strain with the NCBI nucleo-
tide sequence database (https://www.ncbi.nlm.nih.gov/genome/microbes/) using 
the PATRIC database (https://www.patricbrc.org) showed its high similarity with 
the genome of B. megaterium QM B1551 545693.3 (Fig. 2). Both of these strains 
were similar to the other two B. megaterium strains. Interestingly, the above-
mentioned four B. megaterium strains turned out to be rather closely related to 
the Clostridium sp. Earlier S. Porwal et al. [29] showed that the B. megaterium 
strain (with the GC-pair level from 38 to 39%) is only distantly related to the 
B. cereus and B. subtilis species, which contradicts the traditional concepts.  

 

 

Fig. 2. Phylogenetic relationship between Bacillus megaterium В-4801 and the closest representa-
tive bacterial genomes from the NCBI database (https://www.ncbi.nlm.nih.gov/genome/microbes/). 
Genetic distances were estimated using the Mash/MinHash technology [30]. The dendrogram was 
constructed using PATRIC tools [31]. 

 

 
Fig. 3. Metabolic systems of Bacillus megaterium В-4801 based on functional annotation according to 
the RAST database (https://rast.nmpdr.org).  

 

Analysis of metabolic subsystems, that is, groups of proteins that jointly 
realize a certain biological process, revealed that more than 45% of the B. mega-
terium B-4801 genes are involved in the transport and metabolism of amino ac-
ids, transcription, translation, transport and metabolism of carbohydrates, pro-
teins (Fig. 3). This strain possesses products for the functioning of a complete set 
of metabolic pathways, including glycolysis, the tricarboxylic acid cycle, and the 
pentose phosphate pathway. 

The fact that in B. megaterium B-4801 a significant number of genes 
(17.5%) was associated with the metabolism of carbohydrates is quite logical, 
since it has been proven that Bacillus sp. produce many antibiotic-like com-
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pounds of a nonribosomal nature and organic acids, the synthesis of which re-
quires active carbohydrate metabolism [4, 13]. Among synthesized proteins, an 
important role is played by enzymes that determine the entry of sugars into the 
cell and their oxidation, the permeases and hydrolases. These processes resulted, 
in particular, in production of pyruvate, 2-oxo-glutarate, oxaloacetate and ace-
tyl-CoA, which serve as precursors for the synthesis of fatty acids, amino acids, 
polyketides and other vital metabolites.  

It is important that the genome contains a noticeable amount (more 
than 20%) of genes that implement interactions with the environment, in partic-
ular those associated with cell membrane formation and encapsulation, motility 
and chemotaxis, cellular signaling, and stress response, which indicates a high 
potential for probiotic activity. Probably, this set of genes can contribute to the 
survival of the strain in the aggressive environment of the gastrointestinal tract, 
and facilitates adhesion to the host's epithelial cells. A significant part of the ge-
nome was annotated as associated with the synthesis of vitamins, in particular В1, 
В2, В9 and biotin, which play an important role in many metabolic processes in 
macroorganisms [32]. Earlier L. Liu et al. [19], due to whole genome sequencing, 
revealed the potential ability of the B. megaterium strain to synthesize vitamins. 

 

 
Fig. 4. Fatty acid metabolic pathways and synthesis of precursors in Bacillus megaterium В-4801 
(built using the KEGG Pathway database, http://www.genome.jp/kegg/): 1 — acetyl-CоА, 2 — 
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malonyl-CоА, 3 — acyl carrier protein (ACP), 4 — acetyl-[ACP], 5 — malonyl-[ACP], 6 — 
acetoacetyl-[ACP], 7 — 3-oxohexanoyl-[ACP], 8 — 3-oxooctanoyl-[ACP], 9 — 3-oxodecanoyl-
[ACP], 10 — (R)-3-hydroxibutanoyl-[ACP], 11 — (R)-3-hydroxihexanoyl-[ACP], 12 — (R)-3-
hydroxioctanoyl-[ACP], 13 — (R)-3-hydroxidecanoyl-[ACP], 14 — but-2-enoyl-[ACP], 15 — 
trans-hex-2-enoyl-[ACP], 16 — trans-oct-2-enoyl-[ACP], 17 — trans-dec-2-enoyl -[ACP], 18 — 
butyryl-[ACP], 19 — hexanoyl-[ACP], 20 — octanoyl-[ACP], 21 — decanoyl-[ACP], 22 — caprylic 
acid, 23 — capric acid. The numbers in the boxes are the enzyme codes in the IUPAC 
nomenclature; genes present in the genome are marked in gray; arrows pointing to circles indicate 
the direction of steps in the reaction. 

 

We identified in B. megaterium B-4801 the key genetic loci that deter-
mine the synthesis of a number of antimicrobial metabolites, including fatty ac-
ids, kanosamine, which belongs to the aminoglycoside group, and polyketide 
ansamycin bacteriocins from the group of macrolides. The identification of the 
key products involved in the pathway for the synthesis of antimicrobial metabo-
lites in B. megaterium B-4801 strain was performed using the Kegg Pathway da-
tabase (Fig. 4).  

The B. megaterium B-4801 genome contained genes (FabD, FabF, 
FabG, FabZ, FabI, etc.) associated with the production of proteins that are 
involved in the synthesis of aliphatic unsaturated carboxylic acids C3-C18, in 
particular, butyric, nylon, caprylic, capric, lauric, myristic, palmitic, stearic, 
oleic acids. Metabolic maps of the synthesis of some carboxylic acids in the 
B. megaterium B-4801 strain are shown in Figure 4 as an illustration. 

According to the KEGG Pathway database (see Fig. 4), the precursors 
for the biosynthesis of fatty acids in B. megaterium B-4801 were formed from 
the acetyl-CoA pool. At the first stage, the acetyl group was transferred from 
acetyl-CoA to an acyl carrier protein (ACP) molecule. Acetyl-ACP acts as an 
initiator to which the C2 fragment is attached. The malonyl-ACP molecule 
also synthesized from acetyl-CoA is a donor of the C2 fragment. This reaction 
is catalyzed by FabD enzyme (transacylase, EC 2.3.1.39, the malonyl CoA-
acyl carrier protein), which was previously shown for Streptomyces coelicolor as, 
but not described for Bacillus sp. [33]. 

Further transformations which in B. megaterium B-4801 differed for spe-
cific fatty acids we will describe on the example of butyric acid. The C2 frag-
ment binding to acetyl-ACP resulted in acetoacetyl-ACP. According to the 
KEGG Pathway database, FabF protein catalyzed the condensation of acetyl-
CoA with malonyl-ACP to form acetoacetyl-ACP. A similar pathway was previ-
ously described for Escherichia coli [34]. According to these authors, the synthet-
ic pathway leading to the formation of fatty acids in E. coli requires two special-
ized proteins, FabA and FabB. However, the genes associated with the synthesis 
of FabA and FabB are found only in gram-negative Proteobacteria. It was shown 
[35] that the gram-positive Enterococcus faecalis has a protein annotated as 
FabZ1, which functionally replaces the E. coli FabA protein. Probably, FabF in 
B. megaterium B-4801 is similar in function to FabA and FabB of E. coli.  

The next stage in the B. megaterium B-4801 involved reduction of oxi-
dized carbon atoms in aceto-acetyl-ACP via a series of enzymatic reactions with 
the participation of FabG, FabZ, FabI (FabK, FabL) proteins. This, through the 
stages of precursors, resulted in formation of butyryl-ACP, the butyric acid radi-
cal. The final stage in the biosynthesis of fatty acids was catalyzed by the enzyme 
FabI (synonyms FabK, FabL) which initiates the hydration of the 2,3-double 
bond in the derivatives of enoyl-ACP previously shown for E. coli [36]. 

Thus, by genome sequencing we identified in B. megaterium B-4801 
almost all the main enzymes responsible for the formation of fatty acids (C3-
C18). Earlier, in the Bacillus sp. DU-106 [15] enzymes were discovered which 
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were involved in the synthesis of organic acids, in particular, lactate produc-
tion. These enzymes were L-lactate dehydrogenase, D-lactate dehydrogenase, 
lactaldehyde dehydrogenase and malate/lactate dehydrogenase. Note that such 
enzymes were not detected in B. cereus [37]. Nevertheless, in a later study [15], 
genes associated with lactate synthesis were identified in the genome of Bacil-
lus cereus DU-106.  

The data we obtained at the genomic level additionally confirm that the 
B. megaterium B-4801 strain has potential probiotic properties, since the antimi-
crobial activity of these acids has been proven. The pronounced antimicrobial 
activity of butyric acid against Escherichia coli, Salmonella enterica serovar 
Typhimurium, Campylobacter jejuni, Clostridium perfringens, Streptococcus pneu-
moniae, and Str. suis [38]. A number of fatty acids, in particular nylon, caprylic, 
capric, lauric and myristic, showed antagonism against Streptococcus mutans, Str. 
gordonii, Str. sanguis, Candida albicans, Fusobacterium nucleatum, and Porphy-
romonas gingivalis [39]. V. Prabhadevi et al. [40] noted the antimicrobial activity 
of stearic acid, and M.M. Rahman et al. [41] of palmitic acid. 

It worth noting that that we revealed in B. megaterium B-4801 a cluster 
of genes (Asm22-24, Asm43-45, Asm47) associated with biosynthesis of bacterioc-
in kanosamine of the aminoglycoside group, and polyketide ansamycin antibiot-
ics of the macrolide group. The Asm43-45 genes are involved in biosynthesis of 
antimicrobial substance kanosamine (3-amino-3-deoxy-D-glucose) through the 
intermediate UDP--D-kanosamine. S. Umezawa et al. [42] demonstrated a 
similar pathway for kanosamine biosynthesis in B. pumilus (formerly known as 
B. aminoglucosidicus), although the genes involved have not been identified. The 
ability to synthesize kanosamine was also found in Bacillus cereus [43]. Later, in 
B. cereus, a set of genes involved in the kanosamin synthesis were described, alt-
hough the pathway itself was not determined [44). N.D. Vetter et al. [45] dis-
covered genes, in particular NtdA, NtdB and NtdC in Bacillus subtilis 168, associ-
ated with the biosynthesis of this antimicrobial substance. We are the first to re-
veal genetic potential of Bacillus megaterium strains to produce kanosamine.  

Kanosamine and UDP--D-canosamine also are intermediates in the 
biosynthesis of 3-amino-5-hydroxybenzoic acid [46]. 3-Amino-5-hydroxybenzoic 
acid in microbial cells is a starting block for assembling the main carbon chain 
of anamycin precursors by modular polyketide synthase I. Ansamycins are a class 
of bacterial macrocyclic polyketides produced mainly by the phylum Actinobacte-
ria and the genus Bacillus [47, 48]. It has been proven [49] that ansamycins ex-
hibit a wide spectrum of antimicrobial activity. We discovered in B. megaterium 
B-4801 the transketolase enzyme, as well as genes, in particular Asm47, Asm23 
and Asm24, that can provide synthesis of 3-amino-5-hydroxybenzoic acid. For 
example, it is well known [50] that Asm23 encodes dehydroquinate dehydratase 
II (DHQase II) which catalyzes dehydration of 5-deoxy-5-amino-3-dehydro-
quinate, a precursor of 3-amino-5-hydroxybenzoic acid. Product of Asm24 gene 
presumably catalyzes the dehydration of 5-deoxy-5-amino-3-dehydroximate to 
3-amino-5-hydroxybenzoic acid. Previously, genes Asm22-24, Asm43-45, and 
Asm47 were found in Actinosynnema pretiosum ssp. auranticum ATCC 31565, 
which were associated with the synthesis of 3-amino-5-hydroxybenzoic acid [50].  

The probability of bacteriocin production by B. megaterium B-4801 is 
expectable, since bacteria of the genus Bacillus are known producers of such 
substances [8]. For example, gene for gallidermin which effectively prevents the 
formation of biofilms in pathogenic S. aureus and S. epidermidis was identified in 
B. clausii genome [51]. Lacticin 3147 A2 and leukocyclin Q found in B. amylo-
liquefaciens are broad-spectrum bacteriocins. Lacticin has been effectively used 
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in treatment of bacterial mastitis, staphylococcal and enterococcal infections, 
including pathologies caused by vancomycin-resistant enterococci [9]. Licheni-
cidin VK21A2 found in B. paralicheniformis shows antimicrobial activity against 
several pathogenic strains, e.g. Listeria monocytogenes, methicillin-resistant S. au-
reus, and vancomycin-resistant enterococcus [7]. A biolactive compound similar 
to bacitracin was found in B. megaterium KC246043.1 [52]. I.A. Malanicheva et 
al. [53] showed the ability of B. megaterium to produce antibacterial antibiotics 
that differ in their spectrum of action. Three of them are peptide antibiotics, 
and three more are compounds not described previously. All substances were 
active against the methicillin-resistant strain Staphylococcus aureus INA 00761, 
as well as against Pseudomonas aeruginosa ATCC 27853 and Escherichia coli 
ATCC 25922. 

To summarize, the whole genome sequences of different B. megaterium 
strains were determined in several studies [19, 18], but genetic mechanisms 
ensuring production of fatty acids and bacteriocins in these microorganisms 
were not detected. We are the first to specify here these mechanisms.    

Thus, we have revealed antagonistic activity of Bacillus megaterium B-
4801 against pathogenic and opportunistic microorganisms. B. megaterium B-
4801 genome is organized into a single circular 6,113,972 bp chromosome with 
37.5% GC. More than 45% of the B. megaterium B-4801 genes are involved in 
the transport and metabolism of amino acids, transcription, translation, transport 
and metabolism of carbohydrates and proteins. Whole genome sequencing iden-
tified the key loci that determine synthesis of antimicrobial metabolites. The 
B. megaterium B-4801 genome contains genes (FabD, FabF, FabG, FabZ, FabI, 
etc.) associated with production of proteins that are involved in the synthesis of 
aliphatic unsaturated carboxylic acids C3-C18, in particular butyric, nylon, 
caprylic, capric, lauric, myristic, palmitic, stearic, and oleic. All these substances 
are known to express pronounced antimicrobial properties. In B. megaterium B-
4801, we found a cluster of genes (Asm22-24, Asm43-45, Asm47) associated with 
the biosynthesis of bacteriocin kanosamine of the aminoglycoside group and 
polyketide ansamycin antibiotics of the macrolide group. B. megaterium B-4801 
genetic passport that we created based on whole genome sequencing is of fun-
damental interest and also contains valuable commercial information. The pro-
biotic potential of B. megaterium B-4801 that we revealed in this study indicates 
the role of B. megaterium B-4801 strain as a candidate producer for biologicals, 
including those for animal husbandry. This research must be followed by exper-
imental analytical study of fatty acids and bacteriocins produced by B. megateri-
um B-4801 for a deeper understanding of the mechanism of their probiotic ac-
tion. Also, since the presence of operons that encode products potentially in-
volved in various metabolic pathways does not unconditionally mean their func-
tioning. Their functionality should be confirmed by proteomic and metabolomic 
methods and by targeted analysis of specific compounds. 
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A b s t r a c t  
 

Due to the wide spread of animal helminthiasis, it becomes necessary to use innovative an-
tiparasitic drugs. Fenbendazole is widely used all over the world for chemotherapy of helminthiasis, 
but in some cases, it is effective only in a high dose. This study, for the first time, has shown changes 
of physicochemical properties, pharmacokinetic parameters and an increase in the anthelmintic effi-
cacy of mechanochemically obtained complexes of fenbendazole with disodium salt of glycyrrhizic 
acid for targeted delivery. Our research aimed to increase the biological activity of a solid dispersion 
of fenbendazole with disodium salt of glycyrrhizic acid (SDF with Na2GA), to evaluate the solubility 
of SDF compositions with Na2GA, pharmacokinetic parameters, and anthelmintic efficacy on labor-
atory models of Trichinella spiralis and Hymenolepis nana and in field tests on sheep naturally infect-
ed with gastrointestinal nematodes and moniesia. SDF with Na2GA was obtained in one-stage pro-
cess in LE-101 ball mill (Hungary). The ratio of fenbendazole (Changzhou Yabong Pharmaceuticals 
Co., Ltd., China) and disodium salt of glycyrrhizic acid (Yuli County Jinxing Licorice Products Co., 
China) was 1:10. The process continued for 4 hours at 90 rpm. Pharmacokinetic parameters of fen-
bendazole and its metabolites in sheep were studied by high-performance liquid chromatography-
tandem mass spectrometry detection. SDF with Na2GA and the substance of fenbendazole (FBZ) 
was administered to two groups of clinically healthy sheep (5 animals each) once per or at the dose 
of 2 mg/kg of active substance. Blood samples were taken from the jugular vein 0, 1, 2, 4, 6, 8, 12, 
24, 33, 48, 72, and 144 hours after administration of SDF with Na2GA and the basic drug. The ab-
sorption rate constant, absorption half-life, clearance of the drug from the blood plasma, maximum 
drug concentration, time to reach maximum plasma drug concentration following drug administra-
tion, elimination half-life, area under the concentrationtime curve and mean residence time were 
calculated. The efficacy of SDF with Na2GA against Hymenolepis nana and Trichinella spiralis was 
studied with 50 white inbred female BALB/c mice weighing 16-18 g. The eggs of H. nana were ad-
ministered intragastrically with a syringe, 200 eggs per animal. On day 13 after infection, SDF with 
Na2GA in 1 % starch gel was administered into the stomach of mice of I, II and III groups (10 ani-
mals each) at doses of 3.0; 2.0 and 1.0 mg/kg of active substance, respectively. FBZ was the basic 
drug which was applied at the dose of 2.0 mg/kg (experimental group IV). The animals of the con-
trol group received the same volume of the starch gel. Trichinella spiralis was isolated by serial pas-
sages of the first stage larvae to female rats. Before infection, the mice were kept on a starvation diet 
for 12 hours, and then 200 larvae were injected into their stomachs using a tuberculin syringe. On 
day 3 after infection, the mice were divided into four experimental and one control groups (10 ani-
mals each). SDF with Na2GA in 1 % starch gel was administered into the stomachs of mice of ex-
perimental groups I, II, and III at doses of 3.0; 2.0 and 1.0 mg/kg of active substance, respectively. 
The FBZ substance was administered to mice of IV experimental group at the dose of 2 mg/kg. 
Control group of animals received 1,5 % starch gel at the same dose. The efficacy of the drugs 
against H. nana and T. spiralis was determined from necropsy data. The anthelmintic activity of SDF 
with Na2GA was also studied on young Stavropol merino sheep in field tests (LTD Agroresurs, Sa-
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mara Province, Pestravsky District) in the summer 2016-2017. SDF with Na2GA was administered per 
or to the animals of the experimental groups (a single application per or at the doses of 3.0; 2.0 and 
1.0 mg/kg of active substance vs. FBZ at the dose of 2.0 mg/kg. The control group of animals did 
not receive the drugs. Anthelmintic activity of drugs was determined according to the data of necrop-
sy of the intestines of mice and the results of studies of sheep feces samples by the McMaster meth-
od before and after administration of the drugs. The data of physicochemical studies have shown an 
increase in solubility, a decrease in the particle size of the compositions of SDF with Na2GA, and 
the formation of irregularly shaped aggregates. The pharmacokinetic parameters indicated a signifi-
cant increase in the rate of absorption of SDF with Na2GA and their entry into the blood, a 2,5-fold 
increase in the maximum concentration of fenbendazole and its metabolites in the blood, as well as a 
decrease in the rate of drug elimination from the body compared to the FBZ. SDF with Na2GA 
(3.0; 2.0 and 1.0 mg/kg) showed 100; 98,05 and 92,74 % activity against T. spiralis, 100, 98.67 and 
89.04 % against H. nana, 100, 95.37 and 92.07 % against Nematodirus spp., 100, 95.42 and 90.75 % 
against gastrointestinal strongylates, and 96.44, 91.61 and 81.12 % against Moniezia expansa. The 
FBZ (2.0 mg/kg) anthelmintic activity was 3.4 times lower than that of the same dose of SDF with 
Na2GA upon experimental trichinellosis of mice. Its efficacy was 28.88 % against experimental hy-
menolepiasis of mice. The FBZ substance showed low efficacy against Nematodirus spp. (33.33 %), 
other gastrointestinal strongylates (39.14 %) and Moniezia spp. (17.55 %). These findings allow us to 
conclude that the development of drugs based on fenbendazole solid dispersion with glycyrrhizic acid 
disodium salt is promising, and the production technology can be scaled up. 

 

Keywords: fenbendazole, solid dispersion, disodium salt of glycyrrhizic acid, efficacy, 
pharmacokinetics, helminthiasis 

 

Fenbendazole (Panacur) is a broad-spectrum anthelmintic of the group 
of benzimidazole carbamates [1, 2]. It has high activity against animal nematodes 
at a dose of 7.5-10 mg/kg, against Protostrongylus spp. at a dose of 15 mg/kg, 
against Fasciola hepatica and Dicrocoelium lanceatum at a dose of 100 mg/kg 
[3], being less effective against Trichocephalus spp. and Strongyloides spp. [1]. 
The mechanism of the anthelmintic action of fenbendazole is the destruction 
of cytoplasmic microtubules in the cells of the parasite. This is accompanied 
by impaired absorption and transport of glucose, as well as a decrease in the 
activity of fumarate reductase, which subsequently leads to the death of hel-
minths [2]. At present, fenbendazole is widely used all over the world at the 
recommended doses [4-7]. According to the Bio-pharmaceutics classification 
system (BCS) guidance, Food and Drug Administration (FDA, USA) 
(https://www.fda.gov/), it belongs to the IV class of drugs with low permeabil-
ity and poor solubility, that is, it has low bioavailability. Therefore, an increase 
in its water solubility will affect the anthelmintic properties. 

Recently, drug delivery systems (DDS) of biologically active molecules 
have been widely developed in order to improve the solubility of drugs and 
their bioavailability by increasing absorption, blood concentration and permea-
bility of the drug through biological membranes to the receptors. DDS tech-
nologies improve the effectiveness of the drugs, reduce their therapeutic dose 
and possible side effects. To improve the solubility of drugs, different methods 
are used, e.g. grinding and changing the shape of the crystal lattice, creating 
solid dispersions of drugs with fillers, changing the particle size and crystal 
structure [8-10]. Cyclodextrins, polysaccharides, liposomes, micelles, and na-
nosized inorganic particles, which form supramolecular systems, are most often 
used as drug delivery vehicles [11-13].  

Mechanochemical modification of solid medicinal substances and excipi-
ents is one of the DDS technologies. Under the influence of pressure and shear 
deformations in mills, the crystal structure of substances can be disordered until 
complete amorphization followed by polymorphic transitions and chemical reac-
tions with the formation of complexes or micelles with increased solubility [14, 15].  

Selyutina et al. [16] found that derivatives of glycyrrhizic acid (GA) are 
able to integrate into biological membranes of cells, providing lipid motility. Due 
to its amphiphilicity, GA can form micelles with hydrophobic drug compounds 
and participate in their transmembrane transfer [17-20].  
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In our previous work we investigated the effect of mechanochemical 
technology on the anthelminthic efficacy of a solid dispersion of fenbendazole 
with polyvinylpyrrolidone and revealed its high therapeutic effect in laboratory 
models of parasitosis and in farm conditions at a reduced dose. The data of 
physicochemical studies showed about 3-fold increase in the solubility of the 
resultant dispersion, a decrease in the particle size to 5-20 microns and amor-
phization of the fenbendazole substance [21].  

Here, we have shown for the first time a change in the physicochemical 
properties, pharmacokinetic parameters and an increase in the anthelmintic effi-
cacy of fenbendazole obtained by mechanochemical treatment using the disodi-
um salt of glycyrrhizic acid for its targeted delivery  

This paper aimed to increase the biological activity of a solid dispersion 
of fenbendazole with a disodium salt of glycyrrhizic acid, to assess the solubility 
of compositions of a solid dispersion of fenbendazole (SDF) with Na2GA, the 
parameters of pharmacokinetics and anthelmintic efficacy on laboratory models 
of Trichinella spiralis and Hymenolepis nana in field conditions on sheep natural-
ly infected with gastrointestinal nematodes and moniesia.  

 Materials and methods. Animal experiments followed the Guidelines for 
Experimental (Preclinical) Study of New Pharmacological Substances [22], the 
Rules of Good Laboratory Practice of the Russian Federation (Order of the 
Ministry of Health of the Russian Federation No. 199n of 04/01/2016 “On Ap-
proval of the Rules of Good Laboratory Practice”) and the European Conven-
tion for the Protection of Vertebrate Animals used for Experimental or Other 
Scientific Purposes (ETS 123, Strasbourg, 1986).  

A solid dispersion of fenbendazole (methyl 5-(phenylthio)-2-benzimida-
zole carbamate, 99.0%, molecular weight  299.35) with a disodium salt of 
glycyrrhizic acid (SDF with Na2GA) was obtained at the Nesmeyanov Institute 
of Organoelement Compounds RAS (Moscow) at one-stage mechanochemical 
process in a LE-101 ball mill (Hungary). The ratio of fenbendazole (Changzhou 
Yabong Pharmaceuticals Co., Ltd., China) and disodium salt of glycyrrhizic acid 
(Yuli County Jinxing Licorice Products Co., China) in the experiments was 
1:10. The process continued for 4 hours at 90 rpm until particle aggregates with a 
size of 0.1-10 microns were formed. 

The solubility of SDF with Na2GA in water was assessed in samples with a 
component ratio of 1:5, 1:10, and 1:20 obtained after 4 hours of mechanochemical 
treatment, and in the initial fenbendazole substance. Solubility was determined after 
stirring in a shaker-incubator GFL-3031 (GFL, Germany) at 25 С and 180 rpm 
for 3 hours. Then the suspension was centrifuged (5810R, Eppendorf AG, Germa-
ny) and the concentration of the drug was estimated in solution by high-
performance liquid chromatography (an Agilent 1100, Agilent Technologies, Ger-
many) with a Hypersil C18 column (length 150 mm, diameter 4.6 mm, column 
temperature 30 С, diode array detector). Eluent was acetonitrile-acetate buffer, 
pH 3.4 (1:1), at flow rate of 1 ml/min. Detection was carried out at  = 290 nm. 
The volume of an injected sample was 1 μl [23].  

The pharmacokinetic parameters of fenbendazole and its metabolites 
were studied on Stavropol Merino sheep by high-performance liquid chroma-
tography with tandem mass spectrometric detection [24]. Clinically healthy 
sheep (5 animals each) were assigned into two treatments groups, the group I 
was once administered SDF with Na2GA orally, the group II received the 
substance of fenbendazole (FBZ) at a dose of 2 mg/kg. During the experi-
ment, the animals were kept under the same conditions (Podolsk department 
of VNIIP — Branch of FSC VIEV RAS). Blood samples were taken from the 
jugular vein before and 1, 2, 4, 6, 8, 12, 24, 33, 48, 72, and 144 h after ad-
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ministration of SDF with Na2GA and the basic drug (FBZ). Samples were 
analyzed by high-performance liquid chromatography (an Agilent 1290 with Ag-
ilent 6430 mass spectrometric detector, Agilent Technologies, Germany); 
chromatographic separation on a Kromasil Eternity XT-2.5-C18 column, length 
100 mm, 2.1 mm inner diameter, sorbent particle size 2.5 µm, with a Kromasil 
Eternity guard column 2.1½10 mm (Nouryon, Sweden). Detection of analytes 
and internal standard was conducted using tandem mass spectrometry in the 
mode of recording signals of selected ionic reactions for negatively charged 
ions at an ionization temperature of 350 C, a gas flow of 10 l/min, and a 
nebulizer pressure of 40 psi. Absorption rate constant (ka), absorption half-life 
(t1/2ka), clearance (CL), maximum blood concentration (Cmax), time of maxi-
mum concentration (Tmax), elimination half-life (T1/2), area under the plasma 
drug concentration-time curve (AUC0-t), and mean residence time (MRT) 
were calculated based on the blood levels of fenbendazole, fenbendazole sul-
foxide and fenbendazole sulfone. 

The efficacy of SDF with Na2GA against Hymenolepis nana and Trichi-
nella spiralis was tested on 50 female white inbred BALB/c mice (16-18 g) 
(Stolbovaya Branch of Science and Technology Center for Biological Medicine, 
FMBA of Russia, Moscow Province). Mice, after a 7-day quarantine, were con-
fined in polycarbonate cages, 10 animals each. The ambient temperature in the 
vivarium was 20-22 С with 60-70% humidity, lighting was natural and artificial. 
Mice were fed a standard feed (OOO Laboratorkorm, Russia) in accordance 
with the RF feeding standards (Order of the USSR Ministry of Health No. 1179 
dated 10.10.1983 “On the approval of standards for feed costs for laboratory an-
imals in health care institutions”).  

The mice were injected intragastrically with the eggs of Hymenolepis 
nana (200 eggs per animal) using a syringe. To obtain cestode eggs, the worms of 
H. nana were destroyed in a small amount of tap water by repeated pipetting 
using a syringe with a cannula for oral infection. On day 13 after infection, SDF 
with Na2GA in 1% starch gel was administered via direct injection into the 
stomach of mice of groups I, II, and III (10 animals each) at doses of active 
ingredient (a.i.) of 3.0, 2.0 and 1.0 mg/kg, respectively. FBZ was a basic drug 
which was given to 10 mice of the group IV at a dose of 2.0 mg/kg. Ten mice of 
the control group received starch gel in the same volume. On day 4 after admin-
istration of the drugs, all mice were decapitated. Anthelmintic action was deter-
mined by counting cestodes in the dissected small intestine of mice and calculat-
ing efficacy [25].  

Trichinella spiralis was isolated after a serial passage of the I stage larvae 
in female rats. Infective larvae were isolated by digestion of rat muscle tissue. 
The tissue was treated for 12 hours in a liquid for digestion (1 liter of saline with 
20 ml of concentrated hydrochloric acid and 20 g pepsin) at 37 С with constant 
mixing (an RK-1D mechanical shaker, DAIHAN Scientific, South Korea). The 
suspension was centrifuged for 2 min at 1000 rpm (5810R, Eppendorf AG, 
Germany). The precipitate was washed with saline (0.9 % NaCl), centrifuged 
and resuspended in 1.5% gelatin in saline to obtain a stable suspension. A hemo-
cytometer (MiniMed, Russia) was used to calculate the required number of lar-
vae for infection. Before infection, the mice were kept on a starvation diet for 12 
hours, then 200 larvae per animal were injected into the stomach with a tubercu-
lin syringe [25]. On day 3 after infection, the mice were assigned into five treat-
ments (10 animals per each group). SDF with Na2GA in 1% starch gel was di-
rectly injected into the stomachs of mice of the groups I, II, and III at doses 
(a.i.) of 3.0, 2.0 and 1.0 mg/kg; FBZ was administered to mice of the group IV 
at a dose of 2 mg/kg; control animals received 1.5% starch gel at the same dose. 



834 

On day 2 after the drug administration, the animals were decapitated. The effi-
cacy of the anti-nematode agents was determined post mortem. The small intes-
tine of the mice was cut with scissors along its entire length, placed in saline in a 
Berman apparatus, and kept at 37-39 С in a thermostat for 2 hours. The sedi-
ment was examined under a binocular magnifying glass to count the number of 
T. spiralis. Activity of SDF with Na2GA, in comparison with the control group 
of mice, was measured by the average number of detected nematodes and calcu-
lating the efficacy. 

Anthelmintic action of SDF with Na2GA was tested in field trials on 
young Stavropol Merino sheep at the Agroresurs LLC farm (Samara Province, 
Pestravsky District) where high helminth levels of infection were recorded. The 
tests were conducted in the summer 2016-2017 at maximum infection of sheep. 
Of 141 sheep (17-34 kg) involved in the trials 50 animals were naturally infected 
with Nematodirus spp., 52 animals by other gastrointestinal nematodes of Stron-
gylata suborder, and 39 animals with Moniezia expansa. At each infection, the 
animals of the groups I, II and III were once received orally SDF with Na2GA 
at a dose of 3.0, 2.0 and 1.0 mg/kg, respectively, the animals of the group IV 
received FBZ at a dose of 2.0 mg/kg, and no drugs were administered to the 
control animals. Sheep fecal samples were examined by the McMaster method 
[26] before and 15 days after drug administration. The drug efficacy was calculated 
from the number of helminth eggs in the feces of test and control sheep [27]. 

Statistical processing was carried out with the SAS/Stat No. 9.4 SAS System 
for Windows computer program (https://www.sas.com/en_us/software/sas9.html). 
The pharmacokinetic parameters were calculated using a one-chamber model 
(Microsoft Excel PKSolver 2.0) [28]. The mean number of helminths/eggs (M) 
with the standard error of the mean (±SEM), relative standard deviation (RSD) 
for pharmacokinetic parameters and significance level (p) using the Student’s t-
test were calculated. 

 Results. The physicochemical properties of anthelmintics with the disodi-
um salt of glycyrrhizic acid as a targeted delivery system were studied in detail on 
the example of albendazole (ABZ), praziquantel (PZQ) and fenbendazole (FBZ) 
by Meteleva et al. [19, 29] and Arkhipov et al. [23]. It was shown that solubility of 
the drug in the system with Na2GA can increase 300-fold (300 mg/l) for ABZ, 
3.5-fold for PZQ, and 71-fold for FBZ. However, in terms of the concentration 
of medicinal substances (drugs) in aqueous solutions, compositions FBZ/Na2GA 
and ABZ/Na2GA with a mass ratio of components 1:10 were selected, since an 
increase in the proportion of drugs leads to a decrease in solubility, and Na2GA 
“overloads” the mass of the dosage form intended for oral administration [19]. 
We found that the SDF solubility for SDF with Na2GA in a ratio of 1:5, 1:10 
and 1:20 increased 31.2, 40.6 and 70.9 times, respectively (Table 1). 

 

1. Water solubility of albendazole (ABZ), praziquantel (PZQ), fenbendazole (FBZ) 
and their solid dispersions with disodium salt of glycyrrhizic acid (Na2GA) (ana-
lytical error of ±3 %) [19, 23, 29] 

Sample (mass ratio) Solubility, g/l Increase in solubility  
ABZ 0.001  
ABZ/Na2GA (1:5)  0.042 42-fold 
ABZ/Na2GA (1:10)  0.200 200-fold 
ABZ/Na2GA (1:20)  0.300 300-fold 
PZQ 0.234  
PZQ/Na2GA (1:5)  0.557 2.38-fold 
PZQ/Na2GA (1:10) 0.687 2.94-fold 
PZQ/Na2GA (1:20)  0.819 3.49-fold 
FBZ 0.19  
FBZ/Na2GA (1:5) 12.1 31.20-fold 
FBZ/Na2GA (1:10)  17.4 40.63-fold 
FBZ/Na2GA (1:20)  34.5 70.96-fold 
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X-ray phase analysis, thermal analysis, and electron microscopy showed 
particle fragmentation and formation of aggregates irregular in shape [23, 29]. 
Meteleva et al. [19], based on phase diagrams of solubility and dynamic 
1Н NMR spectroscopy, noted the appearance of intermolecular interaction of 
praziquantel with  80 kDa micelles which are formed in Na2GA aqueous solu-
tion. The assay of PZQ permeability through an artificial membrane using the 
PAMPA method (parallel artificial membrane permeability assay) and a mono-
layer of Caco-2 cells showed that the diffusion rate of PZQ molecules with 
Na2GA is much higher than that of the initial PZQ [19]. 

Tests on Stavropol Merino sheep showed a significant difference in the 
kinetics of fenbendazole used at a dose of 2.0 mg/kg in the forms of the basic 
drug and a supramolecular complex (Tables 2, 3). Fenbendazole and its sulfoxide 
and sulfone metabolites began to be detected in blood serum 2 hours after a single 
oral administration of SDF with Na2GA and only 4-6 hours after application of 
FBZ. The concentration of FBZ and its metabolites after the administration of 
SDF with Na2GA was 2-3 times higher. The maximum levels of fenbendazole, 
fenbendazole sulfoxide and fenbendazole sulfone in blood serum were 58.4, 64.0 
and 54.0 ng/ml, respectively, in 33 hours after administration of SDF with 
Na2GA, and 22.1, 16.6 and 18.6 ng/ml after administration of basic drug FBZ. 

The anthelmintic effect of SDF with Na2GA against experimental trichi-
nellosis of white mice confirmed an increase in the efficacy of the drug form 
obtained by mechanochemical technology as compared to fenbendazole sub-
stance (Table 4). The efficacy against T. spiralis increased at increasing the doses 
of SDF with Na2GA. Thus, a 100% effect was obtained for SDF with Na2GA at 
a dose of 3.0 mg/kg. The SDF with Na2GA also showed high nematodicidal ef-
ficacy (98.05 and 92.74%, respectively) at doses of 2.0 and 1.0 mg/kg. For the 
FBZ at a dose of 2.0 mg/kg, this indicator was 3.4 times lower than for SDF with 
Na2GA at the same dose. On average 107.3±5.6 T. spiralis helminths were found 
in the control group of mice. The cestodocidal activity of SDF with Na2GA 
showed 100, 98.67 and 89.04% efficacy of the drug against H. nana at 3.0, 2.0 and 
1.0 mg/kg, respectively. The efficacy of FBZ was 28.88% at a dose of 2.0 mg/kg. 
On average 3.74±0.4 H. nana helminths were found in the control mice. 

2. Pharmacokinetic parameters of fenbendazole (FBZ) and its metabolites in blood 
of Stavropol Merino sheep after administration of FBZ and its solid dispersion 
(SDF) with disodium salt of glycyrrhizic acid (Na2GA) (a.i. 2.0 mg/kg, model test) 

Parameter 
Fenbendazole  Fenbendazole sulfoxide  Fenbendazole sulfone 

М RSD М RSD М RSD 
F B Z  d r u g  (n = 5) 

ka, h1 0.031 6.7 0.038 1.7 0.034 3.2 
t1/2ka, h 25.62 6.7 18.36 1.6 19.08 3.2 
CL, l/h 0.92 6.6 1.56 3.2 1.36 3.3 
Cmax, ng/ml 19.86 1.6 16.68 1.6 18.14 1.7 
Tmax, h 40.64 6.2 27.62 2.4 27.84 3.0 
T1/2, h 28.84 6.5 20.12 3.0 21.60 3.1 
AUC0-t, ng/(mlʺh) 1156.26 7.0 930.10 2.2 1012.16 3.5 
МRТ, h 61.62 8.2 55.26 2.5 56.24 3.2 

S D F  w i t h  N a 2 G A  (n = 5) 
ka, h-1 0.058 5.6 0.032 2.2 0.024 4.2 
t1/2ka, h 13.90 8.4 21.54 1.8 26.34 4.4 
CL, l/h 0.20 7.2 0.48 5.4 0.38 6.5 
Cmax, ng/ml 50.80 4.2 41.76 4.2 42.12 4.8 
Tmax, h 42.84 9.4 31.70 2.4 40.16 4.2 
T1/2, h 102.26 12.3 24.62 3.5 28.63 3.6 
AUC0-t, ng/(mlʺh) 3042.82 3.6 2484.70 4.0 2468.26 4.7 
МRТ, h 364.26 9.5 69.10 2.5 80.44 4.2 
N o t е. ka — absorption rate constant, t1/2ka — absorption half-life (time to absorb a half of the administered 
dose), CL — clearance (the volume of plasma from which a substance is completely removed per unit time), 
Cmax — maximum drug concentration in blood, Tmax — time of maximum concentration, T1/2 — elimination 
half-life, AUC0-t — area under the plasma drug concentration-time curve, МRТ — mean residence time; М — 
means, RSD — relative standard deviation, %. 
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3. Concentration (ng/ml) of fenbendazole (FBZ) and its metabolites in blood of 
Stavropol Merino sheep after administration of FBZ and its solid dispersion 
(SDF) with disodium salt of glycyrrhizic acid (Na2GA) (a.i. 2.0 mg/kg, model 
test) 

Time after ad-
ministration, h 

Fenbendazole  Fenbendazole sulfoxide  Fenbendazole sulfone 
М RSD, % М RSD, % М RSD, % 

F B Z  d r u g  (n = 5) 
0 < LOQ  < LOQ  < LOQ  
1 < LOQ  < LOQ  < LOQ  
2 < LOQ  < LOQ  < LOQ  
4 6.4 3,1 < LOQ  < LOQ  
6 6.6 8,2 6,2 4,6 6,0 4,6 
8 6.7 6,0 8,4 6,2 8,5 6,0 
12 8.2 11,6 12,5 6,8 13,0 6,5 
24 15.8 6,2 19,4 9,6 20,8 3,6 
33 22.1 7,0 16,6 8,2 18,6 4,0 
48 23.3 6,4 12,4 6,0 15,4 4,2 
72 12.4 9,6 8,8 4,6 8,2 8,4 

S D F  w i t h  N a 2 G A  (n = 5) 
0 < LOQ  < LOQ  < LOQ  
1 < LOQ  < LOQ  < LOQ  
2 9.8 8,0 6,4 6,0 6,0 6,4 
4 12.4 7,2 16,2 8,4 8,0 7,2 
6 20.0 10,4 16,4 7,8 13,0 8,4 
8 26.6 11,2 17,6 9,2 20,4 9,3 
12 34.2 13,6 28,2 10,0 22,2 10,6 
24 41.2 12,6 30,6 11,6 30,8 11,4 
33 58.4 12,2 64,0 12,8 54,0 12,2 
48 49.6 11,0 37,8 10,6 44,2 11,4 
72 44.2 10,3 24,6 9,8 32,0 9,6 
N o t е. LOQ — Limit of Quantification, RSD — relative standard deviation, %. 

 

4. Efficacy of solid dispersion of fenbendazole with disodium salt of glycyrrhizic 
acid upon experimental trichinellosis and hymenolepiosis of white mice BALB/c 
(n = 10, M±SEM) 

Group Average number of helminths Efficacy, % р 
T r i c h i n e l l o s i s  (Trichinella spiralis) 

I  0 100 < 0.0001 
II  2.1±0.2 98.05 < 0.001 
III  7.8±0.8 92.74 < 0.001 
IV  76.5±7.0 28.71 < 0.01 
Control  107.3±5.6   

H y m e n o l e p i o s i s  (Hymenolepis nana) 
I  0 100 < 0.0001 
II  0.05±0.002 98.67 < 0.001 
III  0.41±0.06 89.04 < 0.001 
IV  2.66±0.3 28.88 < 0.01 
Control 3.74±0.4   
N o t е. For description of the groups, see Materials and methods.  

 

The data for laboratory models showed an increase in the efficacy of 
SDF with Na2GA in comparison with basic FBZ. For this reason, we tested 
SDF with Na2GA in the field trials on sheep naturally infected by Nematodirus 
spp., gastrointestinal strongylates and Moniezia spp. (Table 5). Coproovoscopic 
examination revealed a significant increase in the efficacy of SDF with Na2GA 
compared to FBZ. SDF with Na2GA had 2.8-, 2.4- and 5.2-fold efficacy against 
nematodiruses, other gastrointestinal strongylates and moniesia compared to 
FBZ at 2.0 mg/kg. The highest anthelmintic activity of SDF with Na2GA was 
registered at a dose of 3.0 mg/kg, while FBZ showed low efficacy. 

An increase in the efficacy of SDF with Na2GA in our experiments was 
due to higher solubility, higher absorption, and, as a consequence, a higher bioa-
vailability of fenbendazole in the solid dispersion with Na2GA. A similar mani-
festation of the effect was noted for solid compositions of drugs and Na2GA [18, 
20, 30-32]. Since glycyrrhizic acid contains hydrophilic and hydrophobic com-
ponents, it is capable of forming complexes with organic molecules [33] and self- 
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associates in aqueous-alcoholic and aqueous solutions [34, 35]. Glycyrrhizic acid 
derivatives increase lability of lipids in biological membranes [17, 34], which fa-
cilitates the penetration of drug molecules into the cell. By PAMPA assay meth-
od with the use of artificial membrane, it was shown that the diffusion rate of 
the anthelmintic praziquantel molecules from its composition with Na2GA sig-
nificantly increases compared to pure praziquantel. The incorporation of pra-
ziquantel molecules into Na2GA micelles provides an increased concentration of 
praziquantel molecules in the premembrane layer, that is, the drug delivery oc-
curs faster, and the rate of absorption into the bloodstream is higher [19]. GA 
disodium salt acts as a solubilizing agent and a carrier for drug molecules, since 
in its native form it does not penetrate the walls of the gastrointestinal tract, but 
undergoes enzymatic hydrolysis in the intestine [20]. In addition, the interaction 
of HA with the lipid bilayer of cell membranes can also improve bioavailability 
[16], including through interaction with the intestinal epithelium. This can in-
crease its permeability to drug molecules and contribute to an increase in the 
concentration gradient of the anthelmintic directly on the cell wall, which, in 
turn, enchases absorption. This increase in bioavailability contributes to a signifi-
cant reduction in the drug dose [19, 36]. 

Thus, the technology proposed here to produce a solid dispersion of fen-
bendazole (SDF) is simple one-stage active mechanochemical process, i.e. mix-
ing the powdery substance of the fenbendazole drug and disodium salt of glycyr-
rhizic acid (Na2GA) in a grinder of abrasive type to the formation of particles 
0.1-10 microns in size. The resulting powder is a solid dispersion of components 
that form supramolecular complexes when dissolved in water, and has a higher 
water solubility, absorption and anthelmintic efficacy. As compared to the fen-
bendazole substance applied separately, the SDF with Na2GA at doses 2.5-3.5 
times less than the therapeutic dose had greater anthelmintic efficacy in mice 
experimentally infected with Trichinella spiralis, Hymenolepis nana and in sheep 
naturally infected with gastrointestinal nematodes and moniesia. This is due to 
the fact that under mechanochemical treatment the molecules of the anthelmin-
tic substance are distributed in the pores and on the surface of the carrier mac-
romolecules. This improves the absorption of the active substance in the diges-
tive tract at oral administration due to its rapid release and delivery through bio-
logical membranes. An increase in the efficacy of SDF with Na2GA is due to a 
higher rate of intake and a 2.5-2.9-fold increase in the maximum blood concen-
tration of fenbendazole and its metabolites, a decrease in the rate of drug excre-
tion from the body and an increase in the time of drug residence in bloodstream. 
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