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ABSTRACT

Background and Aim: Nanotechnology offers innovative strategies to enhance livestock productivity and sustainability.
Silicon-containing ultrafine particles (UFPs) have shown potential benefits in animal nutrition, yet their effects on
gastrointestinal microbial composition and ruminal digestion in cattle remain poorly understood. This study was to evaluate
the impact of dietary supplementation with silicon-containing UFPs on ruminal digestibility, bacterial taxonomic structure,
and predicted metabolic functions in the gastrointestinal microbiota of cattle.

Materials and Methods: A 42-day controlled feeding experiment was conducted on 20 Kazakh white-headed bulls
(12 months old, 305 + 10.4 kg), divided into control and experimental groups (n = 10 each). The experimental group
received a diet supplemented with SiO, UFPs (2 mg/kg feed). Digestibility coefficients were measured using standard
methods, and ruminal fluid samples were subjected to 16S ribosomal RNA sequencing and Kyoto encyclopedia of genes and
genomes -based functional profiling.

Results: UFP supplementation significantly increased the digestibility of dry matter (3.5%), crude fiber (3.5%), crude protein
(5.2%), and organic matter (8.11%) compared to the control group. The experimental group exhibited elevated relative
abundances of Prevotellaceae, Lachnospiraceae, Oscillospiraceae, and genera Prevotella, Ruminococcus, and Selenomonas.
Functional prediction analysis revealed higher proportions of genes involved in carbohydrate metabolism (e.g., starch,
galactose, and amino sugar pathways), lipid metabolism, oxidative phosphorylation, and the biosynthesis of key vitamins
and cofactors. Microbial diversity metrics (Chaol, Shannon) indicated significant changes in alpha diversity, with moderate
shifts in beta diversity.

Conclusion: Dietary inclusion of silicon-containing UFPs enhances nutrient digestibility and induces favorable modifications
in the ruminal microbiota, including functional pathways linked to energy and macronutrient metabolism. These findings
support the integration of nanotechnology-based feed additives in cattle nutrition to improve feed efficiency, productivity,
and potentially reduce environmental impacts such as methane emissions.

Keywords: cattle, digestibility, feed efficiency, Kyoto encyclopedia of genes and genomes, metabolic pathways,
nanotechnology, Prevotella, rumen microbiota, silicon dioxide, ultrafine particles.

INTRODUCTION Enhancing the efficiency of livestock production
has become an increasingly urgent challenge worldwide,
particularly within the Russian agro-industrial sector.

Livestock farming plays a pivotal role in global
agriculture, serving as a primary source of food and

raw materials for both the food and light industries.
Products derived from livestock, including meat, milk,
eggs, and other essential food items, are fundamental
to human nutrition [1].
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environmental burden are critical priorities in animal
husbandry [2]. In contemporary practices, emphasis
is placed on increasing output while simultaneously
reducing ecological impact [3].

The advancement of livestock farming is closely
tied to the pursuit of innovative strategies for improving
productivity and product quality. One such strategy
involves the use of biologically active substances in
ultrafine particle (UFP) form, which have become
increasingly common in animal agriculture [4, 5]. Metal-
based UFPs have demonstrated beneficial effects on
productivity and immune function, offering a promising
alternative to conventional mineral supplements and
antibiotics [6, 7]. A novel approach involving the
administration of micro- and macroelements in
ultrafine form at substantially lower dosages than
traditional mineral feed additives has been shown to
reduce physiological stress on animals while minimizing
environmental impact [8].

Among these, silicon-based UFPs have attracted
attention due to their inert behavior during absorption
in the gastrointestinal tract and their potential
applicability in livestock nutrition [9]. Positive effects
have been reported for silicon-containing UFPs on
nutrient digestibility, weight gain, and immunological
responses in farm animals [10-12]. These particles
also hold promise for use in conjunction with other
elements to treat intestinal disorders [13]. However,
previous studies by Guilloteau et al. [14] and
Gong et al. [15] have documented adverse effects
of silicon UFPs, particularly their potential to disrupt
intestinal homeostasis. Despite this, investigations into
the specific influence of UFPs on the gastrointestinal
microbiota of livestock remain limited. A search
of the PubMed database over the past decade
using keywords such as “nanoparticles animals,”
“nanoparticles cattle/cow/bull,” “nanoparticles
chickens,” “nanoparticles poultry,” “nanoparticles fish,”
and “nanoparticles pig” yielded over 70,000 results.
Of these, more than 11,000 articles addressed the
effects of nanoparticles on cattle; however, fewer than
3,000 studies specifically explored their impact on the
microbiota of farm animals.

The gastrointestinal microbiota of livestock,
particularly ruminants, represents a complex ecosystem
that significantly influences the overall functionality
of the host organism [16]. The ruminal microbiome
is often referred to as a “hidden metabolic organ”
due to its crucial role in enhancing feed conversion
efficiency in cattle [17]. Microorganisms residing in
the rumen facilitate the digestion and absorption of
nutrients, biosynthesis of proteins, immune regulation,
and maintenance of overall health [18, 19]. Previous
studies [20-23] have established correlations between
ruminal microbial composition and economically
relevant traits, including feed efficiency, growth
performance, meat marbling, milk yield, and milk
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quality. Alterations in the microbial structure of the
rumen can lead to shifts in host metabolic processes
and impact productivity outcomes [24]. Therefore,
a comprehensive analysis of taxonomic data and
functional profiling of the gastrointestinal microbiome
is essential for evaluating animal health and optimizing
nutritional strategies.

Given its distinct structure and function, the
gastrointestinal microbiome is critically important for
maintaining animal health. Diet is a major determinant
of microbiota composition and functionality, influencing
its dynamics significantly [25]. Nevertheless, limited
information exists regarding the effects of silicon dioxide
nanoparticle-enriched diets on the ruminal microbiome
in cattle. Moreover, challenges related to nutrient
bioavailability constrain the broader application of such
nanoparticles in animal nutrition. While a previous
study by Diao et al. [26] highlights the potential risks
associated with dietary silicon dioxide UFPs, particularly
in terms of gut health and microbiome stability, further
investigation is required. Understanding the relationship
between the functional characteristics of the gut
microbiota and the digestibility of dietary components
in response to nano-sized micro- and macroelement
supplementation remains a critical area of research for
enhancing feeding systems in cattle.

Given the growing interest in the application of
nanotechnology in livestock nutrition and the limited
understanding of its effects on the gastrointestinal
microbiome, this study aimed to evaluate the impact of
dietary supplementation with silicon-containing UFPs
on ruminal digestion, microbial taxonomic composition,
and predicted metabolic functions in Kazakh white-
headed bulls. Specifically, the research sought to
determine whether silicon UFPs could enhance nutrient
digestibility and induce beneficial shifts in the structure
and functionality of the ruminal microbiota, thereby
contributing to improved feed efficiency and overall
animal productivity.

MATERIALS AND METHODS

Ethical approval

All procedures involving animals were conducted
in accordance with the guidelines and regulations set
forth in the Model Laws of the Interparliamentary
Assembly of Member States of the Commonwealth of
Independent States (“On the Treatment of Animals,”
Article 20) and the Guidelines for Working with
Laboratory Animals of Orenburg State University. The
study protocol was approved by the Ethics Committee
of the Federal State Budgetary Educational Institution of
Higher Education “Orenburg State University” (Protocol
No. 2, dated May 15, 2024). This study followed the
ARRIVE guidelines for in vivo study.

Study period and location
The study was conducted in May 2024 at Orenburg
State University, Russia.
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Experimental animals

The study was carried out on Kazakh white-headed
bulls aged 12 months, with an average body weight of
305 + 10.4 kg, each equipped with a ruminal fistula.
This breed is one of the most commonly raised beef
cattle breeds in the region. Ruminal fistulas (diameter:
80 mm; Ankom Technology Corp., USA) were surgically
installed following the method described by Aliev [27].
Using the analog-pair method, the animals were divided
into two groups (n = 10 each): Group | (control) received
a basic diet (BD), while Group Il received the same BD
supplemented with SiO, UFPs at a dosage of 2 mg/kg
of feed. The BD was formulated according to standard
feeding recommendations [28], and its composition is
detailed in Table 1. The animals were fed a combined
diet.

The ultrafine silicon dioxide particles used in
the study were chemically pure, with a hydrodynamic
diameter of 256.2 + 10.0 nm and a zeta potential of
60.9 + 0.5 mV. These particles were synthesized by
chemical deposition in the Nanostructure Synthesis
Laboratory of Orenburg State University. Before being
added to the feed, the nanoparticles were subjected to
ultrasonic treatment at 35 kHz, 300450 W, and a 10 um
amplitude for 30 min to ensure dispersion.

All animals were clinically healthy, housed in
individual pens (dimensions: 100 x 180 cm), kept tied,
and fed individually. Water was freely available through

Table 1: Ingredients and mineral compositions of the diet.

Ingredients Amount Mineral Amount
per head compositions per head
per day per day
Cereal-legume hay (kg) 4.5 Ca(g) 56.9
Corn silage (kg) 10 P (g) 28.6
Root crops (kg) 6.5 Mg (g) 20.4
Concentrates (kg) 3 K (g) 62
Feed phosphate (g) 50 Co (g) 5.2
Salt (g) 40 Cu (g) 69.4
Fe (g) 580.9
1 (g) 2.64
Mn (g) 430
Zn (g) 388.2
S(g) 26.7
Al (mg) 54.6
As (mg) 0.84
B (mg) 52.1
Cd (mg) 0.106
Cr (mg) 2.41
Hg (mg) 0.01
Ni (mg) 1.35
Pb (mg) 0.32
Se (mg) 0.66
Sn (mg) 0.11
Sr (mg) 4.39
V (mg) 0.11

Nutritional value of the diet: Energy feed units — 10.1; Exchange energy
—97.2 MJ; Dry matter — 10.4 kg; Crude protein — 1336 g; Digestible
protein — 929 g; Crude fiber — 2075 g; Starch — 1188.5 g; Sugar —893.8 g;
Crude fat—282.2 g

automatic drinkers. The duration of the experiment was
42 days. Nutrient digestibility was assessed through
a preparatory period (14 days) followed by a 5-day
data collection period, during which composite fecal
samples (representing 10% of the total daily output)
were collected 3 times daily (morning, afternoon,
evening). Feed intake was recorded daily throughout
the digestibility trial [29].

Determination of chemical and elemental composition

The chemical analysis of feces and feed samples
was performed in triplicate at the Testing Center of the
Central Collective Use Center of the Federal Research
Center BST RAS (http://tskp-bst.rf, Orenburg, Russia).
The following parameters were determined: Dry matter,
crude protein, crude fat, crude fiber, and crude ash
content [30-34]. Organic matter was calculated based
on weight loss after ashing. Nitrogen-free extract was
calculated by subtracting the sum of crude protein,
crude fat, crude fiber, and ash from the dry matter.
Elemental composition of the diet was analyzed using
an inductively coupled plasma mass spectrometer
(Agilent Technologies-12, USA).

Determination of the bacterial composition of rumen
fluid

Rumen fluid samples were collected from three
animals in each group through the ruminal fistula under
sterile conditions. Samples were preserved in DNA/RNA
Shield (USA) and immediately frozen.

DNA extraction, library preparation, sequencing,
and bioinformatic processing were conducted at the
Center for Collective Use of Scientific Equipment
“Persistence of Microorganisms,” Institute of Cellular
and Intracellular Symbiosis, Ural Branch of the Russian
Academy of Sciences (Orenburg, Russia). Total DNA
was extracted using a combined protocol involving
mechanical homogenization with a Y lysis matrix (MP
Biomedicals, USA) in an LT analyzer (Qiagen, Germany)
and the QlAamp Fast DNA Stool Mini Kit (Qiagen,
Germany). DNA purity and concentration were assessed
through NanoDrop 8000 spectrophotometry (Thermo
Fisher Scientific Inc., USA) and Qubit 4 fluorometry
(Life Technologies, USA), using a high-sensitivity dsDNA
analysis kit.

DNA libraries were purified with Agencourt
AMPure XP beads (Beckman Coulter, USA) and quality-
checked using capillary electrophoresis on the QlAxcel
system (Qiagen, Hilden, Germany) with the QlAxcel
DNA Screening Kit. Sequencing was performed on the
Illumina MiSeq platform using the MiSeq Reagent Kit
V3 (2 x 300 bp, lllumina, USA).

Functional analysis of rumen microorganisms
was conducted using the Kyoto encyclopedia of genes
and genomes (KEGG) through MicrobiomeAnalyst,
employing both the Marker Data Profiling module
(Tax4Fun) and Shotgun Data Profiling module
(Functional Profiling: Association Analysis).
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Statistical analysis

Statistical analysis was conducted using Statistica
10 (StatSoft, USA) to ensure the reliability and validity of
the results. Descriptive statistics, including means and
standard deviations, were calculated for each parameter.
The Mann-Whitney U-test was used to compare
differences between the control and experimental
groups, as it is a robust non-parametric test suitable
for independent samples. Statistical significance was
defined as p < 0.05.

Microbial alpha diversity was assessed using the
Chaol, Shannon, and Simpson indices to evaluate
richness, evenness, and overall diversity. Differences
in diversity indices were tested using analysis of
variance. Beta diversity analysis was performed using
non-metric multidimensional scaling based on Bray—
Curtis dissimilarity indices and group differences were
evaluated using Permutational Multivariate Analysis of
Variance.

Spearman’s rank correlation was employed to
identify associations between microbial taxa and
nutrient digestibility, as this method is appropriate for
non-linear and ordinal data. Operational taxonomic
units (OTUs) were filtered and assigned taxonomic
identities for downstream analyses. Functional
profiling was performed using the KEGG database
through MicrobiomeAnalyst. p-values for differences
in predicted metabolic pathways were adjusted using
the false discovery rate method to control for multiple
comparisons.

These statistical approaches ensured robust and
unbiased comparisons of digestibility data, microbial
composition, and predicted microbial functions
between the experimental and control groups.

RESULTS

Nutrient digestibility coefficients

Analysis of nutrient digestibility revealed that
bulls in the experimental group exhibited increased
digestibility coefficients compared to the control
group: Dry matter (3.5%), crude fiber (3.5%),
crude protein (5.2%), and organic matter (8.11%)
(Figure 1). In addition, the digestibility coefficients
of nitrogen-free extract and crude fat were also
elevated in the experimental group relative to the
control.

Structure of the ruminal microbiome

Evaluation of the bacterial composition of the
ruminal microbiota in the control group indicated that
the predominant phyla were Bacteroidota, Bacillota,
and Pseudomonadota (Figure 2). At the family level,
the most abundant taxa included Prevotellaceae,
Moraxellaceae, Lachnospiraceae, and Oscillospiraceae,
each comprising between 7% and 15.3% of the total
bacterial population.

Supplementation with silicon dioxide UFPs led
to marked shifts in microbial composition within the
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Figure 1: Digestibility coefficients of diet nutrients
in the control and experimental groups. *p < 0.05;
**p <0.01 compared with the control.
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= Bacteroidota
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Figure 2: Abundance of taxonomic groups (at the phylum
level) in the ruminal microbiome in the control and
experimental groups. Other — this group includes taxa, the
number of which does not exceed 2% of the total number
of bacteria; *p < 0.05, when comparing the experimental
group with the control group.

rumen of the experimental group. Specifically, there
was an increased relative abundance of bacteria
from the phyla Bacteroidota (p = 0.038) and Bacillota
(p = 0.041). At the family level, the experimental
group exhibited significantly higher proportions of
Prevotellaceae (p = 0.035), Lachnospiraceae (p = 0.018),
Oscillospiraceae (p = 0.027), Selenomonadaceae, and
Flavobacteriaceae compared with the control (Figure 3).

At the genus level, notable increases were
observed in Prevotella (p 0.042), Oscillibacter
(p=0.037), Ruminococcus (p = 0.031), and Selenomonas
(p = 0.025) in the experimental group. Conversely,
reductions were recorded in Moraxellaceae (11.9%,
p < 0.05), Pseudomonadaceae (4.6%, p < 0.05), and
Acinetobacter (7.8%, p < 0.01) relative to the control
group.
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Figure 3: Difference in the taxonomic composition (at the family and genus level) of ruminal fluid between the experimental
and control groups. *p < 0.05, when comparing the experimental group with the control group.

Rumen microbial diversity

Analysis of microbial diversity, which included
assessments of richness, evenness, and homogeneity,
revealed a significantly higher Chaol index in the
experimental group compared to the control (Table 2).
Beta diversity analysis further demonstrated differences
in bacterial community organization between the two
groups (p = 0.1) (Figure 4).

Spearman’s rank correlation analysis revealed
significant  positive associations between crude
protein digestibility and the taxa Oscillospiraceae,
Ruminococcus, Selenomonas, and Oscillibacter in
the ruminal microbiota (Table 3). Likewise, crude
fiber digestibility was strongly correlated with the
abundance of Oscillospiraceae. Positive correlations
were also identified between crude fat digestibility
and Pseudomonadaceae, as well as between nitrogen-
free extract digestibility and the genera Prevotella and
Selenomonas. In contrast, negative correlations were
observed between crude protein digestibility and the
families Lentimicrobiaceae and Pseudomonadaceae.

Predicted metabolic pathways

Functional profiling of the ruminal microbiota was
conducted by comparing OTUs to the KEGG database
(Figure 5). The major predicted pathways in both control
and experimental groups were related to amino acid
metabolism, cofactor and vitamin metabolism, energy
metabolism, and carbohydrate metabolism.

In the control group, there was high gene
abundance associated with pyruvate metabolism, as
well as pathways linked to glyoxylate and dicarboxylate
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Table 2: Indices of species diversity in ruminal microbiota
of bulls after using silicon-containing.

Indicator Group | Group Il p-value
Chaol 207.6 £1.86 264 +6.03 0.007
Simpson 0.963 +0.003 0.946 +0.003 0.015
Shannon 4.087 £ 0.039 3.863 £0.014 0.021
metabolism, glycolysis/gluconeogenesis, and the

pentose phosphate pathway (Figure 6). High proportions
of genes involved in methane metabolism and carbon
fixation in prokaryotes were also detected. Amino
acid metabolism in this group prominently featured
pathways for glycine, serine, and threonine metabolism;
alanine, aspartate, and glutamate metabolism; and
the biosynthesis/degradation of valine, leucine,
isoleucine, phenylalanine, tyrosine, and tryptophan.
Cofactor and vitamin metabolism was characterized
by high abundance of genes related to porphyrin
metabolism, pantothenate and CoA biosynthesis,
and folate biosynthesis. The metabolism of purines
and pyrimidines constituted the dominant nucleotide
metabolic pathways.

In  the experimental group, these core
metabolic pathways were similarly predominant.
However, gene abundance was significantly higher
for pathways associated with starch and sucrose
metabolism, amino sugar and nucleotide sugar
metabolism (p = 6.459e-05), and galactose metabolism
(p = 5.499e-05). Within amino acid metabolism, a
greater abundance of genes involved in beta-alanine (p =
7.654e-06) and glutathione metabolism (p = 1.129e-05)
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Table 3: Spearman rank correlation was used to assess the close relationship between nutrient digestibility coefficients
and the taxonomic diversity of the ruminal microbiome in animals of the experimental group.

Indicators Dry matter Crude protein Crude fat Crude fiber  Organic matter  Nitrogen-free substances
Oscillospiraceae -0.085 0.828 -0.211 0.641 0.428 0.086
Pseudomonadaceae 0.144 -0.841 0.588 -0.029 -0.462 -0.1741
Lentimicrobium -0.600 -0.886 0.579 0.371 -0.514 -0.4864
Prevotella 0.028 0.600 -0.551 -0.257 0.371 0.600
Oscillibacter 0.257 0.714 -0.241 0.028 0.486 0.371
Ruminococcus -0.085 0.885 -0.493 0.628 0.543 0.143
Selenomonas 0.257 0.886 -0.493 0.371 0.486 0.543
Significant correlations at the p <0.05 level are marked in bold.
Agroup | egroup| mgroup | >groupll Xgroup Il ®group Il 1
0.25 B Xenobiotics biodegradation
0.2 P and metabolism
' 0.9
0.15 ® Nucleotide metabolism
0.1
o 005 0.8
8 u, B Metabolism of terpenoids
s 0 K4 X and polyketides
Z .0.05 o7
-01 ’ B Metabolism of other amino
acids
-0.15 I I
-0.2 o 06 Metabolism of cofactors
025 % and vitamins
0.3 0.2 0.1 0 0.1 0.2 0.3 B
NMSD1 é 05 H Lipid metabolism
(]
2
Figure 4: Ruminal microbial beta diversity in experimental % _ _
groups using permutational multivariate analysis of C 04 " gg;igﬁ;‘;sy”thes's and
variance statistical method, nonmetric multivariate scaling
and Bray—Curtis dissimilarity. Energy metabolism
0.3

was detected compared to the control. Conversely,
genes associated with phenylalanine metabolism (p =
2.078e-05), D-amino acid metabolism (p = 1.066e-05),
and cysteine and methionine metabolism (p = 3.912e-
05) were less abundant in the experimental group.

The experimental group also exhibited higher
gene abundance in pathways associated with
glycerolipid metabolism (p = 0.007) and sphingolipid
metabolism (p 1.933e-05). Regarding energy
metabolism, an increased abundance of genes related
to oxidative phosphorylation (p = 0.004) was observed.
Moreover, genes linked to the metabolism of retinol
(p =1.929e-05), lipoic acid (p = 0.0002), and cytochrome
P450-mediated xenobiotic metabolism (p = 1.929e-
05) were more prevalent, while biotin metabolism
genes were less abundant (p = 0.001). Functional
gene profiles also revealed elevated biosynthetic
activity related to glucosinolates (p = 3.243e-05) and
prodigiosin (p = 0.001) in the experimental group.

Overall, the results demonstrated that dietary
inclusion of ultrafine silicon dioxide particles enhanced
nutrient digestibility and altered the taxonomic and
functional structure of the rumen microbiome. These
microbial shifts contributed to increased abundance of
genes associated with carbohydrate metabolism, which

1075

Carbohydrate metabolism

0.2

M Biosynthesis of other

0.1 secondary metabolites

Amino acid metabolism

0
group | group Il

Figure 5: Profiling of the functional diversity of the ruminal
microbiota in the animals of the experimental and control
groups.

may have beneficial implications for animal health and
reduced methane emissions.

DISCUSSION

Feed additives containing UFPs are widely
utilized in livestock production, including in the diets
of cattle [35, 36]. Previous studies [37-40] have
reported the beneficial effects of UFP supplementation
on nutrient digestibility and productivity traits in farm
animals, such as improved milk quality and increased
live weight gain. However, several investigations have
also highlighted potential adverse outcomes associated
with UFP use in animal husbandry. Negative effects
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Figure 6: Number of microbial phenotypes predicting metabolic pathways in the control and experimental groups. *Indicates
metabolic pathways with a significance threshold of p < 0.01.

documented include weight loss, organ pathology,
and increased mortality rates [41, 42]. The chronic
ingestion of nanoform trace elements has been
associated with inflammatory changes in the intestinal
epithelium and disturbances in the balance of the
intestinal microflora [43]. Importantly, the occurrence
of such pathological effects has been shown to be dose-
dependent [44].

Given the growing recognition of the central role
of the gastrointestinal microbiota in animal health,
the potential negative impact of nanoparticles on
microbial ecosystems warrants close scrutiny. However,
the influence of UFPs on gastrointestinal microbiota
composition and function — particularly in the context
of nutrient absorption remains insufficiently
investigated. Shifts in the taxonomic structure of
the gastrointestinal microbiome in response to UFP
exposure may induce functional alterations, which in
turn can lead to either beneficial or detrimental effects
on animal physiology [45]. A strong link has been
established between rumen microbial composition
and feed efficiency [46]. Consequently, optimizing
diets for enhanced productivity requires a detailed
understanding of the ruminal microbial community,
which is integral to improving meat and milk production
systems.
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In the present study, dietary supplementation
with silicon-containing UFPs was associated with
an increased Bacillota/Bacteroidota ratio in the
ruminal microbiota, along with elevated abundances
of  Prevotellaceae (Prevotella), Lachnospiraceae,
Oscillospiraceae (Oscillibacter and Ruminococcus), and
Selenomonadaceae (Selenomonas). These microbial
shifts corresponded with a higher prevalence of bacteria
known to produce short-chain fatty acids (SCFAs), which
are beneficial for host energy metabolism and gut
health [47, 48].

The Bacillota/Bacteroidota ratio in the human
gut microbiome has been linked to increases in body
mass index (BMI) [49]. In cattle, a positive correlation
has been observed between the abundance of Bacillota
— especially Lachnospiraceae — and increased milk fat
yield, while Prevotella abundance has been associated
with intramuscular fat content, and Selenomonas
with higher live weight [50-52]. Furthermore,
Lachnospiraceae and Oscillospiraceae are typically more
abundant in the rumen of cattle with higher feed intake,
and their presence correlates with improved cellulose
digestibility [53]. There is also a broader association
between the dominance of Bacillota taxa and improved
feed conversion efficiency. Previous studies [54-56]
have reported that cattle with rumen microbiomes
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enriched in Prevotellaceae, Lachnospiraceae, and
Oscillospiraceae exhibit superior feed efficiency metrics.

In agreement with the literature, the present
study identified a close association between increased
digestibility of crude protein and organic matter and
elevated levels of Selenomonas and Ruminococcus.
An improvement in crude fiber digestibility was also
observed in the experimental group relative to the
control, likely attributable to the increased abundance
of Oscillospiraceae. These bacteria contribute to more
effective fiber fermentation, thereby enhancing nutrient
utilization.

Microorganisms  belonging to the genus
Ruminococcus are recognized as primary cellulolytic
bacteria that actively break down fiber into simpler
saccharides [57]. Likewise, higher proportions of
Oscillospiraceae are associated with increased cellulase
activity in the rumen, promoting better utilization of
fibrous feedstuffs [58]. Correlation analysis from the
present study revealed a moderate positive relationship
(r = 0.628) between Ruminococcus abundance and
crude fiber digestibility.

Functional predictions further revealed that, in
the experimental group, gene abundance related to
the metabolism of amino sugars, nucleotides, starch,
sucrose, and galactose was elevated compared to
the control group. These findings align with reports
indicating that ruminal microbiomes in feed-efficient
cattle are enriched in pathways associated with
carbohydrate metabolism involving mono-, di-, and
oligosaccharides [22]. A parallel increase in the
expression of enzymes involved in fiber degradation
was also observed, suggesting improved metabolic
potential for dietary fiber utilization [59].

In addition, an upregulation of genes associated
with P-alanine and glutathione metabolism was
observed in the experimental group. [-alanine
synthesis pathways have been linked to enhanced
microbial  protein  production and improved
digestibility of dry and organic matter [60, 61].
Prevotellaceae and Ruminococcus_2 are taxa commonly
associated with both amino acid and carbohydrate
metabolism [62]. Li et al. [63] have also shown that
enriched rumen pathways related to alanine, arginine,
and proline metabolism are positively correlated
with the abundance of Prevotella and Ruminobacter.
A positive association has also been documented
between Prevotella and metabolic pathways related
to glutathione, starch, sucrose, and galactose
metabolism [21].

Regarding energy metabolism, both experimental
and control groups showed pyruvate metabolism as
a dominant pathway. However, gene abundance for
glycerolipid metabolism was higher in the experimental
group. Glycerolipid metabolism is essential for cellular
energy supply and plays a critical role in supporting
lactation [64].
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Notably, an increased abundance of genes
involved in the metabolism of cofactors and vitamins
was recorded following UFP supplementation. In
particular, elevated gene expression was observed
for the biosynthesis of prodigiosin — an antimicrobial
compound — and for retinol metabolism, which
is known to influence immune function and the
development of critical physiological systems [65, 66].
Given the positive effects of retinol on reproductive
health and embryonic development in cattle, these
findings suggest that silicon-containing UFPs may have
broader applications in enhancing animal health and
reproductive performance [67].

CONCLUSION

This study provides compelling evidence that
dietary supplementation with silicon-containing
UFPs significantly enhances nutrient digestibility and
beneficially alters the ruminal microbiota in Kazakh
white-headed bulls. Specifically, the experimental group
demonstrated improved digestibility coefficients for dry
matter (3.5%), crude protein (5.2%), crude fiber (3.5%),
and organic matter (8.11%) compared to controls. These
physiological improvements were accompanied by
pronounced shifts in the ruminal microbial community,
characterized by increased abundances of functionally
significant taxa such as Prevotella, Ruminococcus,
Oscillibacter, and Selenomonas. Functional predictions
based on KEGG pathway analysis revealed enrichment
in genes associated with carbohydrate metabolism,
oxidative phosphorylation, and the biosynthesis of
vitamins and cofactors, suggesting enhanced microbial
efficiency and host metabolic potential.

The strength of this study lies in its integrative
approach, combining in vivo digestibility trials with 16S
ribosomal RNA sequencing and predictive functional
profiling. This methodological synergy provides
comprehensive insights into how silicon UFPs modulate
both physiological and microbial parameters relevant to
animal nutrition and health.

However, certain limitations must be
acknowledged. The study’s duration (42 days) was
relatively short, potentially limiting the evaluation of
long-term physiological or ecological impacts of UFP
supplementation. The experiment was also restricted
to a single cattle breed under controlled conditions,
which may constrain the generalizability of the findings
across other breeds, feeding systems, or environmental
contexts.

Future research should extend these findings
by evaluating the chronic effects of UFPs on animal

performance, gut health, immune response, and
reproductive traits under commercial farming
conditions.  Furthermore, multi-omics analyses,
including  metagenomics, transcriptomics, and

metabolomics, are recommended to elucidate the
precise molecular mechanisms by which UFPs influence
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microbial functionality and host physiology. Assessing
potential environmental impacts, such as changes in
methane emissions or excreted nanoparticle residues,
would also contribute to a more holistic evaluation of
UFPs as sustainable feed additives.

This study supports the use of silicon-containing
UFPs as a promising nutritional strategy for improving
feed efficiency, animal productivity, and microbial health
in ruminants. The incorporation of nanotechnology into
livestock diets represents a novel avenue for optimizing
animal agriculture in line with sustainability and
precision nutrition goals.

AUTHORS’ CONTRIBUTIONS

ES and SM: Conceptualization, methodology,
and data curation. DS and AK: Validation and formal
analysis. EY, DS, and AK: Investigated and collected the
samples. ES, EY, and SM: Drafted, reviewed, and edited
the manuscript. All authors have read and agreed to the
published version of the manuscript. All authors have
read and approved the final manuscript.

ACKNOWLEDGMENTS

The research was carried out with the support
of the Ministry of Science and Higher Education of the
Russian Federation, agreement No. 075-15-2024-550
on the topic: “Design, synthesis and application of
micro- and ultrafine materials in agriculture”.

COMPETING INTERESTS

The authors declare that they have no competing
interests.

PUBLISHER’S NOTE

Veterinary World remains neutral with regard to
jurisdictional claims in published institutional affiliation.

REFERENCES

1. Schrobback, P.,, Dennis, G., Li, Y., Mayberry, D.,
Shaw, A., Knight-Jones, T., Marsh, T.L., Pendell, D.L.,
Torgerson, P.R., Gilbert, W. Huntington, B,
Raymond, K., Stacey, D.A., Bernardo, T., Bruce, M.,
Mclintyre, K.M., Rushton, J. and Herrero, M. (2023)
Approximating the global economic (market) value of
farmed animals. Glob. Food Secur., 39: 100722.

2. Buyarov, AV. and Buyarov, V.S. (2022) Animal
husbandry and poultry farming in Russia:
Current state and development trends in modern
economic conditions.  Vestnik  Voronezhskogo
Gosudarstvennogo Agrar. Univ. = Vestnik Voronezh
State Agrar. Univ., 15(4): 108-123.

3. Post, P.M., Hogerwerf, L., Bokkers, E.A.M.,
Baumann, B., Fischer, P, Rutledge-Jonker, S.,
Hilderink, H., Hollander, A., Hoogsteen, M..J.,

Liebman, A., Mangen, M.J., Manuel, H.J.,, Mughini-
Gras, L., van Poll, R., Posthuma, L., van Pul, A,

Rutgers, M., Schmitt, H., van Steenbergen, J,,
Sterk, H.A.M., Verschoor, A., de Vries, W,
Wallace, R.G., Wichink Kruit, R., Lebretde, E.

1078

10.

11.

12.

13.

14.

and Boer, I.J.M. (2020) Effects of Dutch livestock
production on human health and the environment.
Sci. Total Environ., 737: 139702.

Yausheva, E., Miroshnikov, S. and Sizova, E. (2018)
Intestinal microbiome of broiler chickens after use
of nanoparticles and metal salts. Environ. Sci. Pollut.
Res. Int., 25(18): 18109-18120.

Algharib, S.A., Dawood, A. and Xie, S. (2020)
Nanoparticles for treatment of bovine Staphylococcus
aureus mastitis. Drug Deliv., 27(1): 292—-308.

Hassan, S., Hassan, F.U. and Rehman, M.S. (2020)
Nano-particles of trace minerals in poultry nutrition:
Potential applications and future prospects. Biol.
Trace Elem. Res., 195(2): 591-612.

Michalak, |I., Dziergowska, K., Alagawany, M.,
Farag, M.R., EI-Shall, N.A., Tuli, H.S., Emran, T.B. and
Dhama, K. (2022) The effect of metal-containing
nanoparticles on the health, performance and
production of livestock animals and poultry. Vet. Q.,
42(1): 68-94.

El-Sayed, A. and Kamel, M. (2020) Advanced
applications of nanotechnology in veterinary
medicine. Environ. Sci. Pollut. Res. Int., 27(16):
19073-19086.

Zhao, Q.M., Li, X.K., Guo, S., Wang, N., Liu, WW.,
Shi, L. and Guo, Z. (2020) Osteogenic activity of
a titanium surface modified with silicon-doped
titanium dioxide. Mater. Sci. Eng. C Mater. Biol. Appl.,
110:110682.

Sizova, E. and Makaeva, A.M. (2020) The influence
of highly dispersed preparations on metabolism and
productivity of young cattle. Feeding Agric. Anim.
Feed Prod., 12(185): 22—-33.

Dosoky, W.M., Fouda, M.M.G., Alwan, A.B,,
Abdelsalam, N.R.,, Taha, A.E., Ghareeb, RY,,
El-Aassar, M.R. and Khafaga, A.F. (2021) Dietary
supplementation of silver-silica nanoparticles
promotes histological,immunological, ultrastructural,
and performance parameters of broiler chickens. Sci.
Rep., 11(1): 4166.

Szacawa, E., Dudek, K., Bednarek, D., Pieszka, M. and
Bederska-tojewska, D.A. (2021) Pilot study on the
effect of a novel feed additive containing exogenous
enzymes, acidifiers, sodium butyrate and silicon
dioxide nanoparticles on selected cellular immune
indices and body weight gains of calves. J. Vet. Res.,
65(4): 497-504.

Wei, K., Gong, F., Wu, J., Tang, W., Liao, F., Han, Z.,
Pei, Z., Lei, H., Wang, L., Shao, M., Liu, Z. and
Cheng, L. (2023) Orally administered silicon hydrogen
nanomaterials as target therapy to treat intestinal
diseases. ACS Nano, 17(3): 21539-21552.
Guilloteau, E., Djouina, M., Caboche, S., Waxin, C.,
Deboudt, K., Beury, D., Hot, D., Pichavant, M.,
Dubuquoy, L., Launay, D., Vignal, C., Choél, M. and
Body-Malapel, M. (2022) Exposure to atmospheric Ag,
TiO,, Tiand SiO, engineered nanoparticles modulates
gut inflammatory response and microbiota in mice.
Ecotoxicol. Environ. Saf., 236: 113442.

Gong, K., Yin, X,, Lu, J., Zheng, H. and Wu, W. (2024)



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

doi: 10.14202/vetworld.2025.1070-1081

Silicon dioxide nanoparticles induce anxiety-like
behavior in a size-specific manner via the microbiota-
gut-brain  axis. Environ. Toxicol. ~Pharmacol.,
109: 104493.

Wells, J.E., Berry, E.D., Kim, M., Bono, J.L., Oliver, W.T.,
Kalchayanand, N., Wang, R., Freetly, H.C. and
Means, W.J. (2020) Determination of gastrointestinal
tract colonization sites from feedlot cattle transiently
shedding or super-shedding Escherichia coli 0157:H7
at harvest. J. Appl. Microbiol., 129(5): 1419-1426.
O’Hara, E., Neves, A.L.A,, Song, Y. and Guan, L.L.
(2020) The role of the gut microbiome in cattle
production and health: Driver or passenger? Annu.
Rev. Anim. Biosci., 8(1): 199-220.

Matthews, C., Crispie, F., Lewis, E., Reid, M.,
O’Toole, PW. and Cotter, P.D. (2019) The rumen
microbiome: A crucial consideration when optimising
milk and meat production and nitrogen utilisation
efficiency. Gut. Microbes. 10(2): 115-132.

Wang, L., Wu, D., Zhang, Y., Li, K., Wang, M. and
Ma, J. (2023) Dynamic distribution of gut microbiota
in cattle at different breeds and health states. Front.
Microbiol., 14: 1113730.

Krause, T.R., Lourenco, J.M., Welch, C.B,,
Rothrock, M.J., Callaway, T.R. and Pringle, T.D. (2020)
The relationship between the rumen microbiome
and carcass merit in Angus steers. J. Anim. Sci., 98(9):
skaa287.

Xue, M.Y., Sun, H.Z., Wu, X.H., Liu, J.X. and Guan, L.L.
(2020) Multi-omics reveals that the rumen
microbiome and its metabolome together with the
host metabolome contribute to individualized dairy
cow performance. Microbiome, 8(1): 64.

Conteville, L.C., da Silva, JV., Andrade, B.G.N.,
Cardoso, T.F., Bruscadin, J.J.,, de Oliveira, PS.N.,
Mourdo, G.B., Coutinho, L.L, Palhares, J.C.P,
Berndt, A., de Medeiros, S.R. and Regitano, L.C.A.
(2023) Rumen and fecal microbiomes are related to
diet and production traits in Bos indicus beef cattle.
Front. Microbiol., 14: 1282851.

Kaur, H., Kaur, G., Gupta, T., Mittal, D. and Ali, S.A.
(2023) Integrating omics technologies for a
comprehensive understanding of the microbiome
and its impact on cattle production. Biology (Basel),
12(9): 1200.

Sasson, G., Kruger Ben-Shabat, S., Seroussi, E.,
Doron-Faigenboim, A., Shterzer, N., Yaacoby, S.,
Berg Miller, M.E., White, B.A., Halperin, E. and
Mizrahi, I. (2017) Heritable bovine rumen bacteria
are phylogenetically related and correlated with the
cow’s capacity to harvest energy from its feed. mBio,
8(4): e00703-17.

Beane, K.E., Redding, M.C., Wang, X., Pan, J.H.,
Le, B., Cicalo, C., Jeon, S., Kim, Y., Lee, J.H., Shin, E.C.,
Li, Y., Zhao, J. and Kim. J.K. (2021) Effects of dietary
fibers, micronutrients, and phytonutrients on gut
microbiome: A review. Appl. Biol. Chem., 64(1): 36.
Diao, J., Xia, Y., Jiang, X., Qiu, J., Cheng, S., Su, J,,
Duan, X., Gao, M., Qin, X., Zhang, J., Fan, J., Zou, Z.
and Chen, C. (2021) Silicon dioxide nanoparticles

1079

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

induced neurobehavioral impairments by disrupting
microbiota-gut-brain axis. J. Nanobiotechnology,
19(1): 174.

Aliev, A.A. (1988) Experimental Surgery. 2™ revised
and expanded ed. NIC Engineer, Moscow, Russia,

p91-104.

Kalashnikov, A.P., Fisinin, V.., Shcheglov, V.V,
Pervoye, N.G., Kleimenov, N.l.,, Strekozov, N.I,
Kalyshtsky, B.D., Egorov, I.A., Makhaev, E.A,

Dvalishvili, V.G., Kalashnikov, V.V., Vladimirov, V.L.,
Gruzdev, N.V., Mysik, A.T., Balakirev, N.A., Fitsev, A.l.,

Kirilov, M.P., Krokhina, V.A., Naumepko, P.A,,
Vorobyova, S., Trukhachev, V.., Zlydnev, N.E.,
Sviridova, T.M., Levakhin, V., Galiev, B.Kh.,

Arilov, A.N. and Bugdaev, I.E. (2003) Norms and
Rations for Feeding Farm Animals. Reference Manual.
34 revised and expand ed. Russian Agricultural
Academy, Moscow, Russia, p161-163.

Ryadchikov, V.G. (2012) Fundamentals of Nutrition
and Feeding of Farm Animals: Educational and
Practical Guide. KubGAU, Krasnodar, Russia, p46-57.
State Standard 13496.4-2019. (2019) Fodder, Mixed
Fodder and Animal Feed Raw Stuff. Methods of
Nitrogen and Crude Protein Determination.

State Standard 13496.15-2016. (2016) Forages,
Compound Feeds, Raw Material for Compound Feeds.
Methods for Determining the Raw Fat Content.

State standard 12396.2-91. (1991) Fodder Mixed
Fodder and Mixed Fodder Raw Material. Method for
Determination of Raw Cellular Tissue.

State Standard 26226-95. (1995) Fodder, Mixed
Fodder and Mixed Fodder Raw Material. Methods for
Determination of Raw Ash.

Association of Official Analytical Chemists (AOAC).
(2005) Official Methods of Analysis of AOAC
International. Association of Official Analytical
Chemists, Rockville, Maryland.

Abdollahi, M., Rezaei, J. and Fazaeli, H. (2020)
Performance, rumen fermentation, blood minerals,
leukocyte and antioxidant capacity of young Holstein
calves receiving high-surface ZnO instead of common
Zn0. Arch. Anim. Nutr., 74(3): 189-205.

Altermann, E., Reilly, K., Young, W., Ronimus, R.S. and
Muetzel, S. (2020) Tailored nanoparticles with the
potential to reduce ruminant methane emissions.
Front. Microbiol., 13: 816695.

Makaeva, A., Atlanderova, K., Sizova, E. and
Duskaev, G. (2021) Increasing the efficiency of
beef production by means of correcting cicatricial
digestion with a mineral complex and plant extract.
I0P Conf. Ser. Earth Environ. Sci., 624: 012037.

Gopi, M., Pearlin, B., Dhinesh Kumar, R,
Shanmathy, M. and Prabakar, G. (2017) Role of
nanoparticles in animal and poultry nutrition:
Modes of action and applications in formulating feed
additives and food processing. Int. J. Pharmacol.,
13(7): 724-731.

Shafi, B.U.D., Kumar, R., Jadhav, S.E. and Kar, J.
(2020) Effect of zinc nanoparticles on milk yield, milk
composition and somatic cell count in early-lactating



40.

41.

42.

43.

44.

45,

46.

47.

48.

49.

50.

51.

52.

doi: 10.14202/vetworld.2025.1070-1081

Barbari does. Biol. Trace Elem. Res., 196(1): 96-102.
Yausheva, E. (2021) Increasing efficiency in the
poultry meat production when using iron and copper
nanoparticles in nutrition. /IOP Conf. Ser. Earth
Environ. Sci., 624: 012046.

Bano, ., Skalickova, S., Arbab, S., Urbankova, L. and
Horky, P. (2022) Toxicological effects of nanoselenium
in animals. J. Anim. Sci. Biotechnol., 13(1): 72.
Rahman, H.S., Othman, H.H., Abdullah, R,
Edin, HY.A.S. and Al-Haj, N.A. (2022) Beneficial and
toxicological aspects of zinc oxide nanoparticles in
animals. Vet. Med. Sci., 8(4): 1769-1779.
Bouwmeester, H., van der Zande, M. and Jepson, M.A.
(2018) Effects of food-borne nanomaterials on
gastrointestinal tissues and microbiota. Wiley
Interdiscip. Rev. Nanomed. Nanobiotechnol., 10(1):
el481.

Wojciechowska, O., Costabile, A. and Kujawska, M.
(2023) The gut microbiome meets nanomaterials:
Exposure and interplay with graphene nanoparticles.
Nanoscale Adv., 5(23): 6349-6364.

Clemmons, B.A., Voy, B.H. and Myer, P.R. (2019)
Altering the gut microbiome of cattle: Considerations
of host-microbiome interactions for persistent
microbiome manipulation. Microb. Ecol., 77(2):
523-536.

He, S., Zhao, S., Wang, Z., Dai, S., Mao, H. and Wu, D.
(2024) Impact of seasonal variation in pasture
on rumen microbial community and volatile fatty
acids in grazing yaks: Insights from high-altitude
environments. Microorganisms, 12(8): 1701.

Vacca, M., Celano, G., Calabrese, F.M., Portincasa, P.,
Gobbetti, M. and De Angelis, M. (2020) The
controversial role of human gut lachnospiraceae.
Microorganisms, 8(4): 573.

Sha, Y., He, Y., Liu, X., Zhao, S., Hu, J., Wang, J., Li, S.,
Li, W., Shi, B. and Hao, Z. (2022) Rumen epithelial
development- and metabolism-related genes
regulate their micromorphology and VFAs mediating
plateau adaptability at different ages in Tibetan
sheep. Int. J. Mol. Sci., 23(24): 16078.

Magne, F., Gotteland, M., Gauthier, L., Zazueta, A,,
Pesoa, S., Navarrete, P. and Balamurugan, R. (2020)
The firmicutes/bacteroidetes ratio: A relevant
marker of gut dysbiosis in obese patients? Nutrients,
12(5): 1474.

Holman, D.B., Gzyl, K.E., Scott, H., Cara, Service,
Prieto, N. and Lopez-Campos, O. (2024) Associations
between the rumen microbiota and carcass merit
and meat quality in beef cattle. Appl. Microbiol.
Biotechnol., 108(1): 287.

Myer, P.R., Smith, T.P, Wells, J.E., Kuehn, L.A.
and Freetly, HC. (2015) Rumen microbiome from
steers differing in feed efficiency. PLoS One, 10(6):
e0129174.

Zhang, L., Shen, H., Zhang, J. and Mao, S. (2023)
Variety of rumen microbial populations involved
in biohydrogenation related to individual milk
fat percentage of dairy cows. Front. Vet. Sci.,
10: 1106834.

1080

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Li, .Q., Xi, .M., Wang, Z.D., Zeng, H.F. and Han, Z.
(2020) Combined signature of rumen microbiome
and metabolome in dairy cows with different feed
intake levels. J. Anim. Sci., 98(3): skaa070.

Brooke, C.G., Najafi, N., Dykier, K.C. and Hess, M.
(2019) Prevotella copri, a potential indicator for high
feed efficiency in western steers. Anim. Sci. J., 90(5):
696—701.

Freetly, H.C., Dickey, A., Lindholm-Perry, A.K.,
Thallman, R.M., Keele, J.W., Foote, A.P. and Wells, J.E.
(2020) Digestive tract microbiota of beef cattle
that differed in feed efficiency. J. Anim. Sci., 98(2):
skaa008.

Paz, H.A., Hales, K.E., Wells, J.E., Kuehn, L.A.
Freetly, H.C., Berry, E.D., Flythe, M.D., Spangler, M.L.
and Fernando, S.C. (2018) Rumen bacterial
community structure impacts feed efficiency in beef
cattle. J. Anim. Sci., 96(3): 1045—-1058.

La Reau, A.J. and Suen, G. (2018) The ruminococci:
Key symbionts of the gut ecosystem. J. Microbiol.,
56(3): 199-208.

He, B., Jin, S., Cao, J.,, Mi, L. and Wang, J. (2019)
Metatranscriptomics of the Hu sheep rumen
microbiome reveals novel cellulases. Biotechnol.
Biofuels, 12(1): 153.

Ye, Y., Yujie, Z., Huan, G., Binlong, F. and Jing, L. (2022)
Analysis of rumen microbial protein abundance of
gayals based on metaproteomics. Indian J. Anim.
Res., 56(1): 15-23.

White, W.H., Skatrud, P.L., Xue, Z. and Toyn, J.H.
(2003) Specialization of function among aldehyde
dehydrogenases: The ALD2 and ALD3 genes
are required for beta-alanine biosynthesis in
Saccharomyces cerevisiae. Genetics, 163(1): 69-77.
Hu, J., Zhang, S., Li, M. and Zhao, G. (2024) Impact
of dietary supplementation with B-alanine on the
rumen microbial crude protein supply, nutrient
digestibility and nitrogen retention in beef steers
elucidated through sequencing the rumen bacterial
community. Anim. Nutr., 17(1): 418-427.

Cui, Y., Liu, H., Gao, Z., Xu, J., Liu, B., Guo, M., Yang, X.,
Niu, J., Zhu, X., Ma, S., Li, D., Sun, Y. and Shi, Y.
(2022) Whole-plant corn silage improves rumen
fermentation and growth performance of beef
cattle by altering rumen microbiota. Appl. Microbiol.
Biotechnol., 106: 4187-4198.

Li, Z., Wright, A.G., Si, H., Wang, X., Qian, W., Zhang, Z.
and Li, G. (2016) Changes in the rumen microbiome
and metabolites reveal the effect of host genetics
on hybrid crosses. Environ. Microbiol. Rep., 8(6):
1016-1023.

Sun, H.Z,, Shi, K., Wu, X.H., Xue, M.Y., Wei, Z.H., Liu, J.X.
and Liu, HY. (2017) Lactation-related metabolic
mechanism investigated based on mammary gland
metabolomics and 4 biofluids’ metabolomics
relationships in dairy cows. BMC Genomics, 18(1): 936.
Darmenova, A.G., Yusupov, S.R. and Zukhrabov, M.G.
(2017) The state of A-vitamin metabolism and its
influence on the reproductive function of cows.
News OGAU, 5: 67.



66.

67.

doi: 10.14202/vetworld.2025.1070-1081

Han, R., Xiang, R, Li, J., Wang, F. and Wang, C. (2021)

High-level

production of microbial

A review. J. Basic Microbiol., 61(6): 506-523.
Abdelnour, S.A., Abd El-Hack, M.E., Swelum, A.A.A.,

Saadeldin,

.M.,

Noreldin,

A.E.,

Khafaga,

prodigiosin:

AR,
%k %k %k %k %k %k k ok

1081

Al-Mutary, M.G., Arif, M. and Hussein, E.S.0.S. (2019)
The usefulness of retinoic acid supplementation
during in vitro oocyte maturation for the in vitro
embryo production of livestock: A review. Animals
(Basel), 9(8): 561.



