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A b s t r a c t  
 

Fat-tailed sheep breeds comprise 25 % of the global sheep population and are widely distrib-
uted in Africa, Asia (A. Davidson, 1999), the Middle East (S.P. Alves et al., 2013), as well as in 
Russia (I.M. Dunin et al., 2013). The fat-tailed sheep breeds were valued since their fat was an im-
portant ingredient of national cuisine in many ethnic groups (C. Perry, 1995; A. Hajihosseinlo et al., 
2015). To-date the customers prefer lean food and cut down the fat intake, and therefore the benefits 
of large fat tails of sheep have reduced their importance for food production (A. Nejati-Javaremi et 
al., 2007; M. Moradi et al., 2012). The development of genomic editing technologies (N.A. Zi-
novieva et al., 2019) makes it relevant to search for genes that determine the “fat tail” phenotype for 
the subsequent knockout without side effects on other valuable traits of the fat-tailed sheep breeds. 
This review summarizes the results of studies on identification of candidate genes associated with fat 
tail trait. Various methods are used to identify candidate genes, including search for selective sweeps 
(signatures of selection) based on the calculation of differences in allele frequencies (Fst values) or hap-
lotypes frequencies between populations (hapFLK method) (M.H. Moradi et al., 2012; M.I. Fariello et 
al., 2013; C.M. Rochus et al., 2018); genome-wide association studies (GWAS) that require an avail-
ability of a phenotypic variability base for the studied traits of economic importance (S.S. Xu et al., 
2017); analysis of copy number variation (CNV) that can alter gene expression due to deletion or du-
plication of genes in the regions of variation (C. Zhu et al., 2016; Q. Ma et al., 2017; V. Bhanuprakash 
et al., 2018); study of gene expression using RNA-seq technology based on transcriptome analysis 
using new generation sequencing technology (NGS) (W.A. Hoeijmakers, 2013). Summarizing the 
research results, the most significant candidate genes associated with the fat deposition of the tail of 
sheep are BMP2 and VRTN (Z. Yuan et al., 2017; S. Mastrangelo et al., 2018; Z. Pan et al., 2019); 
PDGFD (C. Wei et al., 2015; S. Mastrangelo et al., 2018); genes of the Homeobox family (D. Kang 
et al., 2017; A.A. Yurchenko et al., 2019; A. Ahbara et al., 2019); SP9 (Z. Yuan et al., 2017; D. Kang 
et al., 2017); WDR92 and ETAA1 (Z. Yuan et al., 2017; L. Ma et al., 2018); CREB1 (S.S. Xu et al., 
2017; L. Ma et al., 2018); FABP4 (M.R. Bakhtiarizadeh et al., 2013; B. Li et al., 2018); PPARA, 
RXRA, KLF11, ADD1, FASN, PPP1CA and PDGFA (C. Zhu et al., 2016; Q. Ma et al., 2017). To 
search for candidate genes involved in the formation of a fat tail phenotype in the Russian sheep 
breeds a QTL mapping resource sheep population was established by crossing the long-fat-tailed 
Karachaev and the short-thin-tailed Romanov breeds, to perform a genome-wide association study. 

 

Keywords: domestic sheep, fat tail, fat rump, genetic marker, SNP, DNA chips, RNA-seq, 
GWAS, CNV. 

 



1066 

The identification of genes underlying economically significant phenotypes 
can indicate potential targets for marker-assisted and genomic selection, as well as 
genomic editing, making gene identification a necessary basis for the development 
of genetic technologies in animal husbandry [1]. 

Significant changes in human dietary requirements, including an increased 
demand for lean food [2], lead to important changes in the goals of breeding for 
a few livestock species, including sheep. Fat-tailed and fat-rumped sheep consti-
tute 25% of the global sheep population and are widespread in the countries of 
North Africa, Asia [3, 4] and the Middle East [5], as well as in Russia [12] of 
the 15 semicoarse wool and coarse wool sheep breeds in Russia are fat-tailed or 
fat-rumped [6]. 

The predominance of these breeds is because, for a long time, fat from the 
fat rumps of sheep was an important ingredient in national cuisine [7, 8]. Current-
ly, among people worldwide, including ethnic groups in southern Russia, there is a 
tendency toward a decrease in fat intake. This recent preference has resulted in 
sheep breeds with high levels of fat deposition, reared over millennia, losing their 
importance for the production of food products [2, 9]. 

Sheep (Ovis aries) were domesticated approximately 9000-11000 years ago 
in the “Fertile Crescent” region in the territory of modern Iran [10]. The fat-
tailed phenotype appeared much later than the thin tail phenotype. 

 

 
Phylogenetic tree of Russian sheep breeds (Ovis aries) according to the type of wool and the type of 
tail. The photographs used are taken from the directory of breeds and reflect the types of livestock 
bred in the Russian Federation [6]. OAM — Ovis ammon (argali), a group that was used to root the 
tree (outgroup). 
 

First, the Asiatic mouflon (Ovis orientalis), the presumed ancestor of mod-
ern domestic sheep [11-13], has a short, thin tail («wild» phenotype). Thus, it has 
been hypothesized that the first domesticated sheep were also of the short- and 
thin-tailed type, and breeding for fat storage in the tail or rump began several mil-
lennia after domestication [14]. Moreover, the first archeological evidence indicat-
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ing the presence of fat-tailed sheep was found in the form of depictions on a stone 
bowl from Ur (Mesopotamia) dating to the Uruk III period of 3000 BCE [14, 15]. 

The formation of a fat tail as a valuable source of energy, an analog of the 
hump in camels and zebu cattle [9], occurred as a result of adaptation mecha-
nisms in response to harsh natural factors: drought, severe winters, and lack of 
food and/or water [16]. 

Hardy and unpretentious sheep with fat tails and fat rumps were indispen-
sable companions of nomadic tribes during long migrations in Eurasia and Africa 
[17, 18]. In terms of phylogeny (Fig.), the type of tail is the second differentiating 
factor, as confirmed by the results of genome studies of 25 Russian sheep breeds 
[19]. 

The advent of new technologies, including genomic editing, has created 
the possibility for directed and pointwise changes to the sheep genome [20-22]. 
Knocking out genes associated with the fat tail might be an effective strategy to 
eliminate the undesirable phenotype while maintaining other valuable traits of the 
fat-tailed breeds, such as their adaptive qualities, disease resistance, body size, and 
meat quality. In this regard, it is important to identify causative mutations that 
determine the processes of fat deposition in the tail region of sheep. 

In this review, we summarize and examine the results of studies on the 
genetic mechanisms critical for the fat tail phenotype in sheep breeds from differ-
ent parts of the world and identified candidate genes involved in the phenotype 
acquisition. A detailed analysis of the applied methodological and bioinformatics 
approaches for studying the genetics underlying the processes of fat deposition in 
the tails of the sheep was performed. 

S c a n n i n g  f o r  s i g n a t u r e s  o f  s e l e c t i o n . Domestication and 
long-term selection based on economically useful traits (quantity and quality of 
wool, meat and dairy production, and quality of sheepskins), as well as animal 
adaptation to new breeding conditions (climate, feed resources, and keeping sys-
tems), have significantly shaped the genomes of modern sheep breeds, including 
the so-called “signatures” of selection [23]. The search for genome regions under 
selection pressure is one of the most popular approaches for identifying candidate 
genes and for mapping quantitative trait loci (QTLs). This approach offers a tool 
for studying the evolutionary history of the populations and analyzing adaptive 
mutations [23] and also has important and valuable applications. 

Therefore, over the past decade, signatures of selection were found in ge-
nome regions containing candidate genes that are likely associated with skin pig-
mentation [24-26], muscle building [27], milk production [28], reproductive traits 
[25, 29], wool quality [30], parasite resistance [31], and the formation of horned 
or hornless phenotypes [25, 29] in sheep. 

Bioinformatics methods based on differences in allele frequencies (calcu-
lated Fst values) [32, 33] or on differences in haplotype frequencies between 
populations (the hapFLK method) [34] are used to search for selective sweeps. 

The first attempts to search for candidate genes associated with fat deposi-
tion in sheep tails were made upon the advent of the OvineSNP50K BeadChip 
DNA assay with medium genome coverage ( 50 K SNPs). Using this genotyping 
array, the International Sheep Genomics Consortium (ISGC), within the frame-
work of the Ovine HapMap project, genotyped 2819 sheep from 74 breeds and 
provided access to the generated SNP profiles [25]. 

In 2012, M.H. Moradi et al. [9] performed a comparative screening of ge-
nome-wide genotyping data on sheep with thin and fat tails from local Iranian 
breeds and sheep included in the Ovine HapMap project. The research resulted in 
the identification of selection signatures in three genomic regions on chromosomes 
five, seven and X. It was reported that a high degree of homozygosity in the re-
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gions of chromosomes 5 and X promotes the formation of a fat tail, and a high 
degree of homozygosity on chromosome 7 leads to the development of a thin 
tail. B. Moioli et al. studied groups including thin-tailed Italian sheep and only 
two European fat-tailed breeds (Laticauda and Cypriot fat-tailed) [35]. They 
found BMP2 and VRTN and suggested that these genes are likely the most criti-
cal for the regulation of fat deposition in the tail region of sheep. Specifically, 
bone morphogenetic protein 2 (BMP2) plays an important role in the develop-
ment of bones and cartilage, and vertin (VRTN) is crucial for variations in the 
number of vertebrae [36]. The BMP2 gene was reported to be under selection 
pressure in local Egyptian [37] and Chinese fat-tailed sheep breeds [38]. 

Using an OvineSNP50K Beadchip assay, C. Wei et al. [4] proposed the 
PDGFD gene as a possible candidate involved in the differentiation of preadipo-
cytes with high expression in adipose tissues. Recent studies have confirmed the 
role of the BMP2, VRTN, and PDGFD genes in the formation of the fat tail, as 
well as in adaptation to desert climates [39, 40]. Studying local Chinese fat-tailed 
sheep breeds, Z. Yuan et al. [41] found 40 potential candidate genes, the most 
significant of which were HOXA11, BMP2, PPP1CC, SP3, SP9, WDR92, 
PROKR1, and ETAA1. It should be noted that the PROKR1 and ETAA1 genes are 
involved in controlling obesity in humans [42, 43] and are likely associated with 
the formation of fat tails in sheep. 

Genes from the homeobox family play important roles in the development 
and morphology of the skeleton, sacrum, and tail [44]. It is assumed that the 
HOXA11-13 genes, regulating the number of coccygeal vertebrae, are likely more 
critical to the length of the tail than to the deposition of fat around the tail. Inter-
estingly, the HOXA11 gene was previously identified, but it was not assigned to 
candidates associated with the length or size of the tail [26]. 

A study using a high-density DNA chip, Ovine Infinium® HD SNP 
BeadChip assay ( 600 K SNP), showed that the genes of the homeobox family 
were under pressure of selection in Russian fat-tailed sheep breeds. Specifically, 
the HOXC gene group on chromosome 3 in the Lezgin, Edilbaev and Karakul 
breeds and the HOXA gene group on chromosome 4 in the Karachaev and Buubei 
breeds were identified [45]. 

Using an OvineSNP50K Beadchip assay to address the genetic state of 
Ethiopian and Libyan local fat-tailed sheep, A. Ahbara et al. [46] found that the 
ALX4, HOXB13, and BMP4 genes were associated with the growth and develop-
ment of the limbs and skeleton and with tail formation. Further whole-genome 
next-generation sequencing with deep coverage revealed a strong selection signal 
in the representatives of these breeds in the region of the HOXB13 gene, which 
confirmed the influence of it on the formation of tail types in sheep [47]. 

To identify candidate genes important to the short fat-tail phenotype, D. 
Zhi et al. [48] sequenced the whole genome of a local Chinese sheep breed 
Hulunbuir. Despite the ambiguous results, it was shown that the c.G334T muta-
tion in the T gene, which regulates vertebra development, affects the formation of 
a short, fat tail in sheep, a finding partially confirmed by previous studies [49]. 

In addition, studies on the adaptability of fat-tailed sheep breeds to the ar-
id climatic conditions of Egypt revealed 172 potential candidate genes that were 
involved in some way in the physiological mechanisms of adaptation and the regu-
lation of the morphology of the body and its parts, including the fat tail [37, 50]. 

G e n o m e - w i d e  a s s o c i a t i o n  s t u d y  (GWAS). The genome-wide 
association study is a powerful bioinformatics tool for identifying genomic varia-
tions associated with quantitative traits in livestock species [51], including sheep 
[52, 53]. In contrast to searching for selective sweeps, to conduct a GWAS, a da-
tabase on phenotype variants must be available for the trait of interest. 
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Combining the body measurements and genotyping data obtained using a 
high-density DNA chip, S. Xu et al. [54] revealed several SNPs associated with 
the development of a fat tail, and they were localized in the genes critical for lipid 
metabolism (CREB1, STEAP4, CTBP1 and RIP140). 

Nevertheless, no genes previously proposed as functional candidates were 
identified [35, 41]. It has also been suggested that the genome region between 88 
and 89 Mb on the X chromosome contains a number of significant SNPs, pre-
sumably indicating that this region is potentially associated with the formation of a 
fat tail in sheep [54]. 

C o p y  n u m b e r  v a r i a t i o n  (CNV). Analysis of copy number varia-
tion is a bioinformatics approach for detecting candidate genes and identifying 
QTLs, as well as for studying the evolutionary mechanisms in domesticated ani-
mals and their adaptability to various environmental conditions [55]. The CNV 
phenomenon is based on some genome regions ranging in size from one thousand 
to millions of base pairs being present in several copies, the number of which var-
ies among individuals within the population [55]. Copy number variation is an 
important source of genetic variation in an individual, since CNVs can alter gene 
expression and, accordingly, cause an unexpected phenotype due to the deletion 
or duplication of genes in regions of variation [56-58]. 

Copy number variation in the sheep genome was studied for the first time in 
2011. Only 135 CNV regions were found, likely due to the unsuitability of the ap-
plied hybridization method based on cross-amplification with the cattle genome 
[59]. 

In 2016, approximately 3488 autosomal CNV regions were revealed in 
sheep using the specifically developed Roche NimbleGen 2.1M CGH platform 
(Roche NimbleGen, Inc., USA) and new CNV validation methods [60]. In addi-
tion, attempts were made to search for functional genes overlapping in the CNV 
regions using a medium density DNA chip [61, 62]. 

Using a high-density DNA chip, Zhu C. et al. [63] revealed candidate 
genes that fully overlap in the CNV regions and are associated with fat deposition 
in the tails of local Chinese sheep (the Han fat-tailed, Altay and Tibetan breeds), 
including the genes PPARA, RXRA, KLF11, ADD1, FASN, PPP1CA and PDGFA. 
Further studies provide evidence that the listed genes also overlap in the CNV re-
gion in another local Chinese breed, Tan sheep [64]. 

T r a n s c r i p t o m e  a n a l y s i s  b a s e d  o n  N G S .  The development 
of next-generation sequencing (NGS) methods has led to the creation of RNA-seq 
technology, which has taken gene expression studies to a new, high level [65]. The 
popularity of the RNA-seq approach is due to a number of advantages, including 
the unsurpassed resolution, the lack of need for preliminary knowledge of the se-
quence under investigation, and the ability to reanalyze the data obtained using 
RNA-seq, as in the case when a more relevant genome assembly becomes availa-
ble [65-67]. 

The RNA-seq method allowed the identification of the NELL1 and FMO3 
genes, which are likely involved in the regulation of fat metabolism in adipose tis-
sues [68]. Excessive expression of the NELL1 gene may be a key factor in reduc-
ing the fat deposition in the tail region [68]. 

The extension of studies to local Chinese sheep breeds [69, 70] revealed 
candidate genes that play significant roles in increased fat deposition in the tail 
region: SP9 and genes of the homeobox family, HOXC11, HOXC12, and HOXC13 
[69], and CREB1, WDR92 and ETAA1 [70]. In addition, according to L. Ma et al. 
[71], the FMO2, PLIN2, PLIN3, LEPR, PENK, ELOVL3, ELOVL5, PDK4, and 
SLC22A4 genes play key roles in fat deposition, adipogenesis, and the biosynthesis 
of fatty acids. 
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The transcriptome analysis of Chinese breeds was continued by B. Li et al. 
[72], who investigated the genetic regulation of lipid metabolism in fat-tailed 
sheep. It was established that FABP4, ADIPOQ, FABP5 and CD36 are the most 
highly transcribed genes associated with the deposition of fat in the sheep body. 

The role of the FABP4 and FABP5 genes in the accumulation of fat in 
cattle [73] and in influencing meat tenderness in sheep [74] is well known. The 
CD36 and ADIPOQ genes are transporters and regulators of fatty acids [75-77]. B. 
Li et al. [72] noted that the FHC, FHC-pseudogene, and ZC3H10 genes may also 
be involved in the regulation of lipid metabolism in sheep [72]. The involvement 
of the ZNF395 gene in adipogenesis processes has also been suggested [78]. 

The role of the FABP4 gene in the processes of fat deposition in the tail 
region in some sheep breeds has been discussed previously, but conflicting results 
have been obtained. For example, M.R. Bakhtiarizadeh et al. [79], studying the 
expression of candidate genes, including FABP4, FASN, SCD, and LPL, found sig-
nificantly higher expression of the FABP4 gene in the fat tail compared with their 
expression in visceral adipose tissues (p < 0.05). On the other hand, X. Ruixia et al. 
[80], noting the high levels of expression of the FABP4 gene in Altay, a fat-rumped 
breed, did not find a significant difference with FABP4 gene expression in the con-
trol group, which consisted of sheep with thin tails. Nevertheless, any conclusion 
on the role of the FABP4 gene in the formation of the fat tail and/or fat rump is 
premature, since the listed differences in gene expression can be breed-specific. 

There is an assumption that long noncoding RNAs (lncRNAs) might be 
involved in the regulation of the expression of genes associated with the deposition 
of fat in the tails of sheep [81]. A high correlation between the expression of Lpin2 
and Lpin3 mRNA and the size of fat tails was shown [82]. 

In addition, a difference in the expression of the CPT1 [83] and OXCT1 
[84] genes was found in fat-tailed sheep compared with thin-tailed sheep; there-
fore, these genes might be considered likely candidates. 

Information on the potential candidate genes identified to date is summa-
rized in the table. 

Candidate genes involved in the acquisition of the fat tail phenotype in sheep (Ovis ar-
ies) and methods for their identification 

Gene Chromosome Method Function Reference 
ADIPOQ (adiponectin) 1 RNA-seq Oxidation of fatty acids and glucose [72] 
LEPR (leptin receptor) 1 RNA-seq Fat deposition, adipogenesis [71] 
RIP140 (NRIP1) (nuclear recep-
tor-interacting protein 1) 

1 GWAS Regulation of lipid and glucose metab-
olism 

[54] 

CREB1 (cAMP responsive ele-
ment binding protein 1) 

2 RNA-seq 
GWAS 

Lipid metabolism, glucose homeostasis 
and adipocyte differentiation 

[54, 70] 

LPL (lipoprotein lipase) 2 RNA-seq The release of fatty acids and glycerol 
through triglyceride hydrolysis 

[79] 

PLIN2 (perilipin 2) 2 RNA-seq Fat deposition [71] 
SP3 (Sp3 transcription factor) 2 SPS Inhibition of adipocyte differentiation [41] 
SP9 (Sp9 transcription factor) 2 SPS, RNA-seq Fat deposition by adherence of mesen-

chymal cells to adipocytes 
[41, 69] 

ZNF395 (zinc finger protein 395) 2 RNA-seq Differentiation of preadipocytes, de-
termination of the line of progenitor 
cells of the mesenchyme 

[78] 

SLC22A4 (SLC22A family mem-
ber) 

3 RNA-seq Energy metabolism, fat accumulation  [71] 

CPT1 (carnitine palmitoyltrans-
ferase 1) 

3 RNA-seq Involved in the metabolism of fatty 
acids in the liver 

[83] 

ETAA1 (Ewing tumor-associated 
antigen 1) 

3 SPS, RNA-seq Distribution and deposition of fat in 
the body 

[41, 70] 

HOXC11 (homeobox C11-13) 3 RNA-seq, SPS Knockout leads to vertebra transfor-
mation 

[45, 69] 

KLF11 (Krüppel-like factor 11) 3 CNV Brown fat transcription factor [64] 
PPARA (peroxisome proliferator-
activated receptor-) 

3 CNV Coactivator of fatty acid metabolism [64] 

PROKR1 (prokineticin receptor 1) 3 SPS Suppression of proliferation and differ-
entiation of preadipocytes 

[41] 
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Table continued
RXRA (retinoic X receptor A) 3 CNV Lipid homeostasis [64] 
WDR92 (WD repeat domain 92) 3 SPS, RNA-seq Interaction with phospholipids [41, 70] 
ZC3H10 (zinc finger CCCH-type 
containing 10) 

3 RNA-seq Adipocyte homeostasis; located in 
QTL associated with internal fat 

[72] 

HOXA11 (homeobox A11) 4 SPS Regulation of variation in the number 
of coccygeal vertebrae 

[26, 41, 
45] 

PDK4 (pyruvate dehydrogenase 
kinase 4) 

4 RNA-seq Fat accumulation, adipogenesis [71] 

STEAP4 (STEAP4 metalloreduc-
tase) 

4 GWAS Encodes metalloreductase involved in 
adipocyte metabolism in adipose tissue 

[54] 

PLIN3 (perilipin 3) 5 RNA-seq Fat accumulation [71] 
ADD1 (adipocyte determination 
and differentiation factor 1) 

6 CNV Differentiation of adipocytes and 
cholesterol homeostasis 

[64] 

CTBP1 (C-terminal-binding 
protein 1) 

6 GWAS Oxidation of fatty acids; inhibition 
leads to fatty liver 

[54] 

BMP4 (bone morphogenetic 
protein 4) 

7 SPS Growth and development of limbs, 
skeleton and tail formation 

[46] 

VRTN (vertnin, vertebrae devel-
opment associated) 

7 SPS Change in the number of vertebrae [35, 39, 
40] 

T(TBXT) (T-box transcription 
factor T, T/Brachyury) 

8 SPS Development of vertebrae, the for-
mation of a short, fat tail in sheep 

[48, 49] 

FABP4 (fatty acid-binding protein 
4) 

9 RNA-seq Transportation of fatty acids to loca-
tions of accumulation or production of 
energy; high expression increases 
adipocyte differentiation time 

[72, 79, 
80] 

FABP5 (fatty acid-binding protein 
5) 

9 RNA-seq Compensation for FABP4 loss in 
adipocytes 

[72] 

PENK (proenkephalin) 9 RNA-seq Fat accumulation [71] 
FASN (fatty acid synthase) 11 CNV De novo fatty acid synthesis, fat ac-

cumulation and fatty acid anabolism  
[64] 

HOXB13 (homeobox B13) 11 SPS Growth and development of limbs, 
skeleton and tail formation 

4[6, 47] 

FMO2 (flavin-containing dime-
thylaniline monoxygenase 2) 

12 RNA-seq Fat accumulation, adipogenesis and 
fatty acid biosynthesis  

[71] 

BMP2 (bone morphogenetic 
protein 2) 

13 SPS Development of bones and cartilage [35, 37-
41] 

Lpin3 (lipin 3) 13 RNA-seq Lipid metabolism [82] 
ALX4 (ALX homeobox 4) 15 SPS Growth and development of limbs, 

skeleton and tail formation 
[46] 

PDGFD (platelet-derived growth 
factor D) 

15 SPS Inhibition of differentiation of preadi-
pocytes 

[4, 39, 40] 

OXCT01 (3-oxoacid CoA-
transferase 1) 

16 RNA-seq Metabolism of ketone bodies; knock-
out leads to lipid accumulation in 
adipocytes 

[84] 

PPP1CC (protein phosphatase 1 
catalytic subunit gamma) 

17 SPS Dephosphorylation and inactivation of 
glycogen synthase in skeletal muscle 

[41] 

ELOVL5 (fatty acid elongase 5) 20 RNA-seq Elongation of polyunsaturated long-
chain fatty acids 

[71] 

FHC (ferritin heavy chain) 21 RNA-seq Regulation of fat cell activity [72] 
FMO3 (flavin-containing 
monooxygenase 3) 

21 RNA-seq Inhibition of fatty acid oxidation [68] 

NELL1 (NEL-like 1 neural 
EGFL-like 1, a protein strongly 
expressed in neural tissue encod-
ing an epidermal growth factor-
like domain) 

21 RNA-seq Enhancement of osteogenic differen-
tiation and weakens the differentiation 
of adipose tissue 

[68] 

PPP1CA (phosphoprotein phos-
phatase 1 catalytic subunit) 

21 CNV Conversion of phosphorylase A to 
phosphorylase B 

[64] 

ELOVL3 (ELOVL fatty acid 
elongase 3) 

22 RNA-seq Energy metabolism, lengthening satu-
rated and monounsaturated fatty acid 
chains 

[71] 

Lpin2 (lipin 2) 23 RNA-seq Involvement in lipid metabolism [82] 
PDGFA (platelet-derived growth 
factor alpha) 

24 CNV Differentiation of preadipocytes [64] 

N o t e . RNA-seq — transcriptome analysis of gene expression based on next-generation sequencing (NGS), CNV —
copy number variation, SPS — scan for signatures of selection, selective sweeps, GWAS — genome-wide association 
study 
 

To search for candidate genes associated with the formation of fat tails in 
Russian sheep breeds, at the Ernst Federal Science Center for Animal Husbandry, 
a resource sheep population was obtained from crossing the long-fat-tailed Ka-
rachaev and short-thin-tailed Romanov sheep breeds. The sizes of the tails of the 
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F2 hybrids and backcrosses will be measured 6, 42, 90 and 180 days after birth. 
The animals of the resource population will be genotyped using high-density DNA 
chip and analyzed using GWAS. The use of resource populations for QTL map-
ping has several advantages over the use of random populations: in particular, a 
decrease in the false discovery rates (FDR) and an increase in the accuracy of 
mapping [85]. In this regard, the identified candidate genes associated with fat 
deposition in the tails in the Russian breeds might be used as possible targets for 
editing the genome of fat-tailed sheep to increase the production of lean mutton. 

Thus, we summarized and analyzed the results of the investigations of the 
world scientific community on the identification of candidate genes associated 
with increased fat deposition in the tail region of sheep. We reviewed the most 
popular methods for identifying potential candidate genes, including scanning for 
selection signatures, genome-wide associative studies, copy number variation, and 
gene expression studies based on transcriptome analysis. The advantages and limi-
tations of the relevant methodological approaches were analyzed. Therefore, ge-
nome-wide association studies are high-resolution and effective methods of QTL 
mapping, but their implementation requires the availability of a database of phe-
notype variants of the economically relevant trait under investigation. To search 
for selection signatures and to address copy number variation, information on the 
phenotypes is optional, but the results obtained using both approaches require val-
idation by quantitative PCR amplification or sequencing of the identified genome 
regions. Transcriptome analysis is a high-resolution method, but the collection of 
the organ and tissue specimens must be considered based on strict time and tem-
perature conditions. The most significant candidate genes associated with the dep-
osition of fat in sheep tails and identified in more than one study, including BMP2 
and VRTN; PDGFD; genes of the homeobox family; SP9; CREB1; PPARA, RXRA, 
KLF11, ADD1, FASN, PPP1CA and PDGFA, are presented. Despite a significant 
number of studies aimed at identifying the genetic mechanisms underlying the fat 
tail phenotype in sheep, the only known fact is that more than one gene is in-
volved in the formation of a fat tail. As a method for searching for candidate genes 
involved in the acquisition fat tails in Russian sheep breeds, a genome-wide asso-
ciation study on sheep from a resource sheep population, obtained by crossing 
long-fat-tailed Karachaev sheep with short-thin-tailed Romanov sheep, has been 
proposed. 
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A b s t r a c t  
 

Transgenic poultry is a powerful instrument for the biotechnologic research in agriculture 
and medicine as well as a useful biological model (H. Sang, 2004). The technologies of transgenesis 
can be also aimed at the improvement of qualitative and quantitative characteristics of poultry prod-
ucts (L.G. Korshunova, 2011); development of poultry crosses genetically resistible to infectious 
diseases (L.G. Korshunova et al., 2014); derivation of poultry that can produce recombinant proteins 
of different usage areas within the eggs (D. Cao et al., 2015). The most popular way to induce trans-
genicity is the microinjection of foreign DNA into the ovicell in the proper moment when the organ-
ism consists of a single cell (zygote). Certain peculiarities of avian reproduction, however, constrain 
the induction of the transgenesis. A hen produces daily a single fertilized ovicell which is large in size 
and extremely sensitive to any manipulation like those to be performed on the mammal ovicells at 
the injection of foreign DNA. Furthermore, normal embryonic development in avian eggs requires 
the integrity of tertiary coats — albumen, inner shell membrane, and eggshell itself. The cleavage of 
chicken ovicell starts as early as in the magnum while freshly laid egg contains ca. 50,000-60,000 
cells. As a consequence, first transgenic bird was produced via retroviral vectors. Retroviruses were 
the first contenders for the role of vectors in the gene transfer since they normally can enter the 
genomic DNA of the host with subsequent replication. At present the induction of retroviral (D.W. 
Salter et al., 1986; D.W. et al. Salter, 1987; D.W. et al. Salter, 1989; R.A. Bosselman et al., 1989; 
L.B. Crittenden, 1991; L.B. Crittenden et al., 1992) and lentiviral (H.A. Kaleri et al., 2011; A.H. 
Seidl et al., 2013; N.A. Volkova et al., 2015) transgenesis in chicken and quails was reported. The 
technologies of genomic modification in chicken and quails are continuing their development: e.g. 
the methods with the use of zinc finger nucleases (ZFNs), transcription activator-like effector nucle-
ases (TALENs) (T.S. Park et al., 2014), CRISPR/Cas9 (I. Oishi et al., 2016; Q. Zuo et al., 2016) 
were developed. The CRISPR/Cas9 technology allows for the further progress in the genetic ma-
nipulations to produce genome-edited lines of poultry (N. Veron et al., 2015). Avian embryos, pri-
marily chicken (Gallus gallus domesticus) and quail (Coturnix coturnix japonica), served as a model for 
the embryologic studies in vertebrates for more than a century. Modern targeted genetic manipula-
tions in chicken embryo as an in vivo model became possible via the CRISPR/Cas9 editing system 
(V. Morin et al., 2017). The alternative non-viral methods of the induction of transgenesis in avian 
species can be used; one of these methods involves the transfer of foreign embryonic cells (as foreign 
DNA vector) into the recipient embryo resulting in the chimeric birds (J.N. Petitte et al., 1990; J.Y. 
Han et al., 2017; N.A. Volkova et al., 2017). Another attractive technology for the transfer of foreign 
genetic material into avian embryos involves the use of spermatozoa as the vectors since artificial 
insemination is the traditional and common technique for poultry (E. Harel-Markowitz et al., 2009; 
A.V. Samoylov et al., 2013). The combination of spermatozoa vectors and CRISPR/Cas9 technology 
can result in transgenesis in the first generation and hence allows for the substantial savings in time 
and resources (C.A. Cooper et al., 2017). The microinjection of DNA into the zygote is still a classic 
technology of non-viral transgenesis. The method involves direct injection of gene construct into the 
cytoplasm of freshly fertilized ovicell and subsequent incubation of injected eggs. The ovicell for 
injection should be taken immediately after its fertilization which means that its movement down the 
oviduct should be interrupted; further development of the injected embryo require special cultivation 
system (C. Mather, 1994). Another microinjection technique for avian ovicells involves natural for-
mation of tertiary coats in the oviduct. The method is based on the surgical operation to get the 
access to the ovicell, its microinjection with foreign DNA, and implantation of injected ovicell back 
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to the maternal oviduct for the formation of normal egg suitable for incubation (R.V. Karapetyan, 
1995). The populations of transgenic chicken and quails with different foreign gene constructs were 
produced with the use of this method (R.V. Karapetyan, 1996; L.G. Korshunova et al., 2013). 

 

Keywords: transgenesis, poultry, retroviruses, microinjection, primordial cells, sperm cells, 
genome editing 

 

In the age of the developed poultry industry, the number of poultry spe-
cies used in production has decreased significantly. Genotypes selected for cer-
tain conditions have become the most profitable but when market requirements 
change, the economic necessity for species and lines with new properties ap-
pears. 

Genetic engineering provides powerful tools for changing living organ-
isms. Since there is no species barrier for the integration of foreign genes, trans-
genic individuals of a specified type that cannot be obtained by classical breeding 
methods can be created. Transgenic organisms differ from natural ones in that 
they are obtained by genetic engineering methods and contain foreign genetic 
engineering material in their genome. They are capable of reproducing and 
transferring artificially altered genetic material to offspring. Transgenesis tech-
nologies in poultry farming can be aimed at improving the qualitative and quan-
titative characteristics of poultry products; developing poultry crosses genetically 
resistible to infectious diseases; deriving poultry that can produce recombinant 
proteins of different usage areas within the eggs. For practical use, a transgenic 
bird must have a phenotype that exceeds the level already achieved in poultry 
farming. Such signs may include an increase in growth rate, improved feed con-
version, increased egg production, reduced body fat, increased disease resistance, 
etc. In comparison with traditional breeding methods, when the transfer of the 
desired gene from one bird line to another requires subsequent multiple back-
crosses to remove unnecessary genes inherited during natural sexual hybridiza-
tion, transgenesis gives a long-term advantage in time. In contrast to traditional 
breeding, transgenesis provides a unique opportunity to obtain a bird that pro-
duces and accumulates proteins useful for medical and industrial purposes in the 
egg, which can also have a wide practical application [1-4]. 

The purpose of this review is to summarize data on bioengineering 
methods for the creation and possible applications of transgenic poultry. 

Research to develop practical methods of transgenesis in poultry has 
been ongoing since the creation of a transgenic mouse in the 1980s. The first 
manipulations with the chicken zygote initiated the development of more suc-
cessful technologies [5]. Currently, there are several methods of genetic modifi-
cation of the body. Most often, the microinjection of foreign DNA into the ov-
icells is used. At the same time, it is important to ensure that the transgene is 
contained in all cells of the body and obligatorily in the germ cells (for transfer 
to offspring). Genes are transferred at the earliest stages of the body's develop-
ment, including the zygote stage. However, the peculiarities of birds breeding 
create serious problems here. A hen produces daily a single fertilized ovicell 
which is large in size and extremely sensitive to any manipulations. Normal em-
bryonic development in avian eggs requires tertiary coats – albumen, inner shell 
membrane, and eggshell. The cleavage of chicken ovicell starts as early as in the 
magnum while freshly laid egg contains ca. 50,000-60,000 cells. 

The first transgenic bird was produced via retroviral vectors. Retroviruses 
have become the first contenders for the role of vectors in the gene transfer since 
they normally can enter the genomic DNA of the host with subsequent replica-
tion. Many researchers have tried to introduce foreign genes into the germ line, 
infecting embryos with both replication-capable and non-replicating retroviral vec-
tors [6, 7]. The frequency of successful embedding of the transgene in these exper-
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iments ranged from 0.8 to 5%. A positive result on the transfer of genetic material 
to the germ line was obtained by introducing a recombinant vector of avian leu-
kemia into the blastoderm of incubated chicken embryos [8, 9]. Complete 
transgenes were created with the help of the recombinant virus [10-12]. 

In the work of Lee et al. [3], the possibility of using chickens as a biore-
actor to produce a human urokinase-type plasminogen activator (huPA) was 
studied. The recombinant huPA gene under the control of the Rous sarcoma vi-
rus promoting agent was injected into freshly laid eggs at stage X using retroviral 
vectors based on the mouse leukemia virus. In general, 38 chickens from 573 
eggs injected with the virus hatched and contained the huPA gene in different 
parts of the body. The mRNA transcript of the huPA gene was present in various 
organs, including blood and ovicell, and was a germ line passed on to the next 
generation. The content of the active huPA protein in the blood of transgenic 
poultry was 16 times higher than that of non-transgenic poultry (p < 0.05). Hu-
PA protein expression in eggs increased from 7.82 IU/egg in generation G0 to 
17.02 IU/egg in generation G1. However, embryos expressing huPA had reduced 
survival and hatchability on Days 18 and 21 of incubation. In transgenic chick-
ens, blood clotted much more slowly than in non-transgenic counterparts (p < 
0.05). In addition, adult transgenic roosters had reduced fertility (p < 0.05): 
ejaculate volume, spermatozoa concentration and viability decreased. As a 
whole, the obtained data suggest that transgenic huPA chickens can be success-
fully obtained using a retroviral vector system. Such chickens can be used as a 
bioreactor in the production of the pharmacological huPA drug for the treatment 
of vascular diseases, as well as in the study of HuPA-induced bleeding and other 
disorders. Urokinase-type plasminogen activator (uPA; Swiss-Prot: P00749) – 
inducible serine protease (EC 3.4.21.73) found in blood and extracellular matrix 
plays an important role in fibrinolysis, extracellular proteolysis, and tissue re-
modeling. 

In chicken transgenesis, the advantages of using a viral vector that carries 
its integrase were identified, which can be applied to embryos in newly laid eggs. 
This formed the basis for a more effective method using lentivirus vectors [13-
16]. Byun et al. [4] used lentiviral vectors to create transgenic chickens that ex-
press the human extracellular superoxide dismutase (hEC-SOD) gene. Recombi-
nant lentiviruses were injected into the sub-germ cavity of freshly laid eggs. The 
embryos were then incubated before hatching using phases II and III of the ex 
vivo surrogate shell culture system. Sixteen chickens (G0) out of 158 such em-
bryos hatched. In one of them, the polymerase chain reaction (PCR) method 
was used to identify a transgene in the germ line cells that form germ cells. This 
transgenic bird (G0) was crossed with a normal one and, as a result, two trans-
genic chickens (G1) were obtained. In G2 transgenic chickens, the hEC-SOD 
protein was contained in egg white and showed antioxidant activity. 

The ability to manipulate gene expression when creating transgenic 
chicken embryos using viral vectors has proven useful for analyzing gene func-
tions in tissues. Modern transgenesis technologies using lentiviral vectors have 
significant potential for genetic research on embryos and adult birds. One of the 
main problems in vertebrate embryogenesis is to understand how differentiation 
and complete anatomical development are coordinated in organs consisting of 
many cell types, and how differences in gene expression affect the phenotype. 
These and many other issues can be solved by using transgenic bird lines [2, 17]. 

Currently, retroviral and lentiviral transgenesis is used in poultry. Lenti-
viral vectors have been successfully used to create several transgenic lines of 
chickens and quails [5, 18-21]. The development of this technology continues 
[22, 23]. However, despite the effectiveness of viral transduction, there are many 
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obstacles to its application due to the relatively low and variable frequencies of 
transgene transfer along the germ line, as well as safety problems when using 
viral vectors. Therefore, obtaining transgenic poultry using non-viral technologies 
remains a necessary condition for applying transgenesis in poultry farming prac-
tice [24, 25]. 

Effective genome modification technologies are currently available and 
continue to be developed: zinc finger nucleases method (ZFNs – "zinc fingers"), 
TALENs (transcription activator-like effector nucleases) [26], CRISPR/Cas9 
(clustered regularly interspaced short palindromic repeats – short palindromic 
repeats arranged in groups regularly) [27, 28]. All techniques of genomic engi-
neering are available for poultry. 

The possibilities and consequences of using CRISPR/Cas9 are being 
studied actively [29]. CRISPR/Cas9 is a revolutionary genome-editing system 
that provides a powerful tool for studying the molecular mechanisms that regu-
late development [30-32]. Recent achievements using programmable nucleases 
have increased the efficiency of making precise changes to the genomes of eu-
karyotic cells significantly. Genome editing technologies allow expanding 
knowledge about genetic diseases and create more accurate models of patho-
logical processes [33]. The prospect of direct correction of genetic mutations in 
affected tissues and cells for the treatment of diseases that do not respond to 
traditional therapy is particularly tempting [34]. CRISPR/Cas9 can be used to 
accelerate progress in the genetic manipulation of poultry and create lines with 
the edited genome [35]. 

Let us note that due to the similarity in general ontogenesis and gene 
expression patterns, the bird can serve as an excellent model for sequestering 
genetic, molecular, and biochemical processes in mammals, including humans. 
For more than a century, bird embryos, mainly chicken (Gallus gallus domesti-
cus) and quail (Coturnix japonica) have been the basis for studying vertebrate 
embryology, cell movement in morphogenesis, mechanisms of induction and 
differentiation, the pathogenesis of embryonic diseases, and toxicology. Trans-
genic birds remain one of the most powerful research tools in biotechnology. 

Targeted genetic manipulations on a chicken embryo as an in vivo model 
were made possible by the CRISPR/Cas9 system [36-39]. Gandhi et al. [40] op-
timized CRISPR/Cas9 using a three-step strategy applied to early embryos. 
First, the authors used Cas9 with two signal sequences to improve nuclear locali-
zation. Second, due to the modified RNA (gRNA), there was no premature ter-
mination of transcription, and Cas9-gRNA interactions were stable. Third, the 
involved chicken-specific U6 promoting agent provided 4 times higher gRNA 
expression than human U6. For rapid in vivo gRNAs screening, a cell line of 
chicken fibroblasts expressing Cas9 was also created. To prove the principle, the 
authors conducted electroporation studies of loss of function in an early chicken 
embryo during protein knockout of Pax7 and Sox10, key transcription factors 
with a known role in the development of the neural crest. CRISPR/Cas9-
mediated deletion has been shown to cause loss of the corresponding proteins 
and transcripts. The results confirmed the usefulness of the optimized 
CRISPR/Cas9 method for targeted gene knockout in chicken embryos in a re-
producible, reliable, and specific way [40]. CRISPR/Cas9 can be combined with 
other methods of studying gene function in chicken and quail embryos, for ex-
ample, with electroporation (in particular, for targeted editing of genes of the 
genitourinary birds' system) [41, 42]. 

Among other methodological approaches for virus-free transgenesis in 
birds, it is possible to note the production of chimeras when transplanting for-
eign cells into embryos. Early blastoderm cells or primordial cells are isolated, 
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foreign DNA is injected into their nuclei, then the cells are implanted in em-
bryos, where they survive and divide [43-47]. Thus, Petitte et al. [43] obtained 
blastodermal cells from chicken embryos of the Barred Plymouth Rock line (it 
has a black pigment in the feathers due to a recessive allele at the I locus) and 
introduced them into the sub-germ cavity of embryos from the inbred Dwarf 
White Leghorns line with white feathers due to the dominant allele at the I 
locus. Six (11.3%) of 53 such embryos of the Dwarf White Leghorn line turned 
out to be phenotypic chimeras in feather color, one of them (cockerel) sur-
vived to hatch. In recipients, the distribution of black feathers varied and was 
not limited to any specific area, although in one case they prevailed on the 
head. This somatically chimeric rooster was cross-bred with several Barred 
Plymouth Rock hens to assess the extent to which donor cells were included in 
the testes. Two of received 719 chicks were Barred Plymouth Rocks by pheno-
type. It means that cells capable of turning into germ line cells were passed on 
to recipients. The DNA fingerprint technique from the blood and sperm of germ 
chimeras showed that both of these tissues differed from those of the inbred 
Dwarf White Leghorns line. Somatic chimeras and germ-line chimeras were ob-
tained in the same way [43, 48, 49]. Chimeric individuals were raised and their 
offspring were removed from them. Some of the offspring were transgenic. 

These and similar studies [20, 50-54] show that the isolation, transfer, 
and introduction of primordial germ cells can be used to produce transgenes in 
poultry farming. However, the described technology [43] is quite complex and 
expensive. Modern progress in isolation of primordial germ cells and cultivation 
opens up new opportunities for reproductive biotechnologies in poultry farming 
[55-57]. Methodological techniques for transferring foreign DNA with embryon-
ic cells (including using CRISPR/Cas9) continue to be developed. For example, 
Nakamura et al. [58] showed that X-ray irradiation reduced the number of en-
dogenous primordial germ cells and increased the transmission of transferred 
primordial germ cells in chimeric chickens. Reducing the number of endogenous 
primordial germ cells is also possible when using busulfan [59, 60]. Genetically 
modified primordial germ cells were transplanted directly into the testicles of 
sterilized adult roosters. Their ability to mature into functional spermatozoa and 
restore spermiogenesis was shown [61].  

Transgenesis with spermatozoa as vectors for foreign genetic material to 
the zygote looks very tempting since artificial insemination is widely used in 
poultry farming. Studies have been carried out on the use of sperms as a vector 
for the delivery of foreign DNA to the zygotes of chickens. It has been shown 
that lipofectin interacts with DNA, forming lipid-DNA complexes that can con-
nect to the plasma membrane of the cell, contributing to the ingress of DNA 
into the cell. In the case of lipofectin application, 51.6% of the sperm of the 
rooster showed the presence of exogenous DNA. When artificial insemination of 
chickens with sperms transfected using lipofectin was carried out, exogenous 
DNA was observed in the blastoderm of 67% of eggs. However, the presence of 
foreign DNA in the genome of hatched chickens was not detected, although its 
episomal integration was shown. To increase the efficiency of sperm-mediated 
gene transfer (SMGT), the method was supplemented with the use of restriction 
enzyme-mediated integration. Linear DNA, together with restriction, penetrates 
the target cell by lipofection or electroporation. Restrictase is expected to specif-
ically cut genomic DNA to facilitate the integration of exogenous DNA with 
complementary sticky ends. Lipofection of plasmid DNA with a restriction en-
zyme is considered a highly effective method for obtaining transfected sperm for 
artificial insemination [62]. Using liposomes, chickens with the human granulo-
cyte colony-stimulating factor gene were created by artificial insemination with 
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transfected sperm. The share of transgenic chickens was 33.3%, and the frequen-
cy of a foreign gene inheritance was 37.5% [63]. 

To use rooster sperms as vectors, the permeability of sperm membranes 
under various electroporation regimes was studied. The range of physical and 
chemical effects is determined, within which the formation of pores in the sperm 
shell is observed, and the sperms themselves retain motility. An increase in the 
amount of trypan blue dye deposited with rooster sperms after electroporation is 
shown, with an increase in the number of electrical pulses and a decrease in the 
osmolarity of the electroporation medium. Parameters that can be changed to 
increase the efficiency of the electroporation are determined [64]. However, the 
passive transfer of non-viral constructs via rooster sperm does not always lead to 
the appearance of transgenic individuals [65]. Although the successful transfer of 
an exogenous gene using spermatozoa has been shown in birds, there are few 
studies in which the expression of a foreign gene has been observed. It is as-
sumed that if DNA is not internalized in the sperm nucleus, but only delivered 
in the ovicell cytoplasm by it, the DNA copies in the form of plasmids are found 
in early embryos, but not detected in chickens. 

The inability to obtain stable and diverse modifications through SMGT 
has led to the need to look for other technologies. Wang et al. [66] successfully 
isolated haploid embryonic stem cells (haESCs) with the genome of highly spe-
cialized gametes. They can consistently maintain haploidy (through periodic cell 
sorting based on the amount of DNA), self-renewal, and pluripotency in the 
transplanted cell culture. In particular, haESCs derived from androgenetic hap-
loid blastocysts (AG-haESCs) that carry only the sperm genome can provide 
generation of SC (semi-cloned) animals by injection into oocytes. It is notewor-
thy that after removing the imprinted control regions of H19-DMR (a differen-
tially methylated section of DNA) and IG-DMR by double knockout (DKO) 
when using DKO-AG-haESCs blastocysts, it is possible to obtain SC-animals 
with high efficiency, i.e., DKO-AG-haESCs serves as the equivalent of sperm. It 
is important that DKO-AG-haESCs can be used for multiple rounds of in vitro 
gene modification to create generations of fertile animals with specified genetic 
characteristics. Thus, DKO-AG-haESCs ("artificial spermatozoa") modified us-
ing CRISPR/Cas technology can become a convenient fertilization agent for 
effectively obtaining genetically modified offspring and serve as a universal tool 
for analyzing the function of genes in vivo. 

However, using sperms to deliver foreign DNA to ovicells in combina-
tion with CRISPR/Cas9 allows the creation of a first-generation transgenic bird, 
which significantly saves time and resources. In addition, the developed methods 
can be easily adapted to different types of birds [67]. 

The classic technology of virus-free transgenesis is the microinjection of 
DNA into the zygote. Its use in poultry is complicated due to the too large size 
of the oocyte. The possibility of incubating in vitro fertilized chicken ovicells 
extracted from the upper part of the protein section of the oviduct was studied 
[68]. Since the embryo is single-celled at this stage, it is theoretically possible to 
micro-inject foreign DNA into such an embryo. A fertilized chicken ovicell can 
be cultured in a shell with the protein of another egg [68]. The method includes 
three stages (taking into account the different needs of the embryo during devel-
opment) and involves using the eggshell as a "vessel" for cultivation. The initial 
version involved culturing in glass vessels for the first 24 hours, followed by mov-
ing the embryos from vessel to vessel (from shell to shell) for cultivation between 
stages I and II, II and III. Further on, the method was simplified by culturing 
the embryo at the first stage of development in the shell, which eliminated the 
need to transfer it from the glass vessel to the shell. As a result, the number of 
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viable hatched chickens was 20%. The described cultivation or its separate stages 
can be used for various experimental purposes since this technique gives access 
to the developing embryo at all stages of its development [69]. 

As a method of creating a transgenic bird, the possibility of injecting 
DNA with further embryo cultivation was considered. The gene construct with 
the reporter gene -galactosidase was injected. The expression of the gene con-
struct in the first 7 days of development was studied histochemically by the man-
ifestation of -galactosidase activity in embryonic tissues. Cells with the -
galactosidase activity were observed at the stage of 250-500 cells in the center of 
the blastodisc. On Day 2, they were visible in large segments of the blastoderm, 
at later stages – in the corresponding smaller segments of extra-germ shells. -
galactosidase-positive cells were in most cases scattered around the primitive 
blastula band, but after gastrulation, they were observed in embryonic tissue in 
only 7% of embryos. This indicates transcriptional activity at the crushing stages 
and confirms data on the loss of foreign DNA during the early development of 
the chicken. The results of exogenous DNA injection at the stage of a single cell 
with further embryo cultivation showed that the inclusion of injected DNA in 
chicken chromosomes was a fairly rare event. The lack of integration into the 
genome can be hidden by the presence of extra-chromosomal copies of injected 
plasmids [68]. 

The approach successfully used in creating a transgenic bird [70] is an 
injection of a gene construct into the cytoplasm of a freshly fertilized chicken 
ovicell with its incubation before hatching. Ovicells for injection were extracted 
from the upper part of the protein section of the oviduct already covered with a 
thin layer of protein, but not the shell. The culture system has been improved to 
optimize the survival of the injected ovicell. The system is still three-stage, the 
eggshell is used as a vessel for cultivation, and the liquid protein diluted with a 
salt solution is used as a nutrient medium. At the first stage of cultivation, which 
lasts 24 hours, the injected ovicell is placed in a shell containing such an amount 
of nutrient medium that the germ disk is not immersed in it. At this stage, the 
embryo develops from one cell to the blastoderm (60 thousand cells), which is 
typical for laid fertilized eggs. Then, the shell is filled with diluted egg white un-
til the embryo is completely submerged, and the window in the shell is sealed 
with tape. At this second stage, the embryo should develop a heart and extra-
fetal blood circulation within 65 hours. At the third, the longest stage, which 
lasts until hatching, the contents of the shell are moved to another, larger shell. 
This is done to create the air space needed during the paraphytic period when 
the embryo begins to breathe with the lungs and prepares for hatching. For 1-2 
days before hatching, with the beginning of pulmonary ventilation, the sealing 
film is perforated for free access of air to the shell. Further on, the film is loos-
ened so that the chicken can come out of the shell. Thus, incubation at the first 
stage takes place in the surrogate oviduct – the incubator, where the bird's body 
temperature (42 C), high relative humidity and high concentration of carbon 
dioxide are maintained. At the end of the first stage, there is a short period at 
room temperature to imitate egg-laying. The incubation conditions during stages 
II and III, equivalent to the incubation period of normal chicken eggs, are 
changed in comparison with traditionally used in poultry farming. The relative 
humidity is increased to about 75% (up to 18 days of incubation), then it is re-
duced to about 65% (before the hatching stage). During stage II, the frequency of 
rotations is increased (4 times per hour). At stage III, the angle of rotation is re-
duced so that the embryo does not touch tape that covers the window in the shell. 

Creating transgenic chickens using the described method is quite time-
consuming. Only 50% of injected eggs reach stage III, and the percentage of 
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hatched chickens is about 15%. However, the results of the analysis of embryos 
and chickens for transgenicity are encouraging. When using PCR, it was shown 
that the DNA of almost 50% of embryos and chickens that reached the last Day 
12 of cultivation contained a transgene. Thus, two of the hatched chickens were 
found to have a transgene in the chorioallantoic membrane, rib pulp, and blood. 
In one of the roosters, the transgene was preserved until puberty. Its sperm con-
tained a transgene (reporter gene) that was passed on to 3.4% of the offspring, 
i.e. 14 of the 412 chickens [70]. Thus, transgenic chickens were created by this 
method and the inheritance of the transgene was shown. All primary transgenic 
individuals were mosaic. In subsequent generations, the inheritance of the 
transgene corresponded to Mendel's laws. According to the authors' reports, 
about 60% of embryos [70] survived the hatching stage. However, when using 
this method in other laboratories, the same indicator did not exceed 3-10% [71]. 

Another variant of DNA microinjections in bird ovicells involves the 
formation of tertiary ovicell coats (protein, subshell, and shell) naturally in the 
bird's oviduct. To access the ovulated chicken ovicell, it is necessary to define 
the time when the abdominal cavity should be opened. In the bird used in the 
experiment (the work was carried out on White Leghorn chickens at the age of 
180-300 days), ovulation occurred 20-25 minutes after egg-laying. Approximately 
5 minutes after ovulation, the ovicell is located in the funnel of the oviduct 
completely, where it is fertilized. The time until the ovicell is completely moved 
to the protein section is a few minutes. An ovicell extracted from the abdominal 
cavity or the oviduct was injected and placed through the funnel into the protein 
section of the oviduct with or without a specially designed expander [72]. 

In the ovulatory process, the oviduct funnel is active in the chicken im-
mediately before ovulation. In this state, it is sufficiently elastic and strong to 
place the transplanted ovicell in it. The active state of the funnel is observed for 
about 5 minutes, after which it becomes extremely loose and damaged when 
stretched. In such cases, either the ovicell was lost due to mechanical damage 
when trying to return it to the compressed oviduct funnel, or transplantation 
became impossible due to ruptures of the funnel itself. Only half of the implant-
ed ovicells produced morphologically normal eggs. 

To exclude the stages of ovulating ovicell extraction and its re-
implantation into the oviduct, it was proposed to inject DNA into the blastodisc 
of the ovicells through a sufficiently transparent shell of the oviduct funnel. As a 
result, ovicell losses were reduced to almost zero, and the number of morpholog-
ically normal eggs was close to 100%. Thus, the effectiveness of the method has 
increased significantly [73, 74]. 

The techniques described above make it possible to obtain no more than 
one viable ovicell injected with foreign DNA from a single chicken in a single 
operation. An option that allowed a sharp increase in the number of such ov-
icells for each operation was an injection into the ovicells located in the ovary, 
in other words, into the follicles [75]. The chicken ovary has 4-5 large follicles, 
which are quite suitable for microinjections. However, this approach increases 
the technical difficulties. Surgical access to the ovary is somewhat more difficult 
than to the oviduct, and the follicle membranes are tougher and thicker than 
those of the oviduct funnel. Nevertheless, the positive aspects of the proposed 
option prevail. In addition, there is no need to set ovulatory cycles of poultry, 
which simplifies the preparation and conduct of the experiment, and the com-
plexity of visual control during microinjections is easily overcome due to the use 
of modern ophthalmological and otolaryngological optics and microtechnics. 
Thus, hypothetically, it is possible to process and obtain 4-5 injected foreign 
DNA ovicells from each chicken for each operation, and without possible prob-
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lems associated with non-fertilization of ovicells or abnormal formation of ter-
tiary coats. 

To assess the possibility of DNA microinjections into the follicles, it was 
necessary to make sure that an ovicell was formed from the injected follicle, and 
that a full-fledged egg was formed from it. To do it, a dye – ink or methylene 
blue was injected into the yolk of the follicles. Eggs were collected and opened 
from operated chickens for 12 days. The obtained results showed that eggs were 
formed from injected follicles. After 7 days, the dye in the eggs was never ob-
served. It should be noted that surgery and injections can disrupt the order in 
the follicle hierarchy, according to which the largest follicle should ovulate first. 
Quite often, the dye was found in eggs laid not among the first, but later, alt-
hough it was always injected into the three largest follicles. Autopsy of the chick-
ens showed that the part of follicles has been reabsorbed. Quite often, only trac-
es of the dye were observed in the eggs, which means that it is removed from the 
follicle during maturation. It is possible that some eggs marked as not containing 
dye came from injected follicles. Although the obtained results are not unambig-
uous enough for strict conclusions about the hierarchy of follicles, the order of 
their ovulation, etc., one can conclude that on average, at least 50% of eggs laid 
by chickens in the first 7 days after surgery come from injected follicles. 

The developed surgical operations and methods of manipulating the eggs 
of chickens and quails allow making microinjections of DNA into the ovicell 
and ensure its further normal embryonic development. Using these technologies, 
transgenic chickens [76-78] with different gene structures and quail with the bo-
vine somatotropin gene were created. At the same time, transgenic quails had 
obvious phenotypic differences from native quails. Integration of the bovine 
growth hormone gene into the quail genome increased their immune status, re-
sulting in accelerated antibody production. The LaSota vaccine strain of the 
Newcastle disease virus was used as an antigen [79]. Another most notable phe-
notypic feature was large eggs laid by quails. The average weight of eggs in the 
experimental quail population was 20-50% higher than normal. The live weight 
of transgenic quails was 5-15% higher than that of both typical for the breed and 
the control group of native individuals. These phenotypic features were preserved 
in all 33 studied generations of transgenic quail offspring [80]. 

Thus, some progress has already been made in creating a transgenic bird 
based on several methodological approaches (retroviral and lentiviral vector sys-
tems, virus-free transgenosis using sperms, "artificial spermatozoa", microinjec-
tions of foreign DNA into a zygote, a freshly fertilized egg or follicles). Howev-
er, the development of transgenesis in poultry farming is mostly still at an early 
stage, although all known genetic engineering technologies can be used in poul-
try, including actively developed methods of genomic editing based on 
CRISPR/Cas9, which are close to the natural mechanisms of action of these 
systems in cells. Modern leaders in successful genome editing developments are 
the United States, China, and the United Kingdom; such studies are also being 
conducted in Russia. This modern technology can be useful in solving a range of 
scientific and practical problems, including the creation of new breeds of poul-
try. However, it is not fully clear yet what are the consequences of bioengineer-
ing manipulations with the genome, including genomic editing to correct an ex-
isting feature or introduce a new one. 
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A b s t r a c t  
 

Oviposition is a complex process where oviposition time (OT), clutch length (CL), and in-
terval length (IL) are interrelated (B.G. Roy et al., 2014). The review presented highlights the effects 
of lighting regimes on the oviposition time in laying hens (Gallus gallus domsticus L.) in the relation 
with egg productivity and quality. OT is directly related to the ovulation time which, in turn, de-
pends on the time of peak circulatory concentration of the luteinizing hormone (LG) released by the 
anterior pituitary (S.C. Wilson et al., 1984). In standard 24-hour light-dark cycles with single dark-
to-light switch oviposition occurs predominantly during the light phase (F. Noddegaard, 1998; 
G.A. Kirdyashkina et al., 2009) while in conditions of intermittent asymmetric lighting regimes it 
occurs during the «subjective day» period (P.D. Lewis et al., 1990; A.Sh. Kavtarashvili et al., 2002; 
A.Sh. Kavtarashvili, 2007). The most of daily laid eggs in a flock are laid during ca. 5-6 hours after 
the switch-on (A.H. Zakaria, 2005), corresponding to average OT 13-15 hours after the switch-off 
(K. Lillpers, 1991; P.H. Patterson, 1997; R.J. Etches, 1990; A.Sh. Kavtarashvili et al., 2019). Aver-
age OT is determined by complex interaction of «dawn» and «dusk» signals, the latter being the most 
influential in this case (S.S. Liou et al., 1987; B.M. Bhati et al., 1988). In 24-30-hour light-dark 
cycles every 1 hour of the cycle length with the same length of the light phase decreases average OT 
by 1.89-1.90 hours. The increase in the length of the light phase within given light-dark cycle by 
1 hour shifts average OT by 0.26-0.27 hours toward the «dusk» point. OT is known to affect egg 
quality. E.g. the weight of eggs laid in the morning is higher in compare to the eggs laid later 
(E. Tůmová et al., 2010; M. Akif Boz et al., 2014; S. Samiullah et al., 2016; A.J. Kryeziu et al., 
2011). Some researchers (R.H. Harms, 1991; E. Tůmová et al., 2009) reported that egg weight, egg-
shell thickness and strength were higher in the eggs laid in the morning while in other studies 
(E. Tůmová et al., 2005, 2007; A.J. Kryeziu et al., 2011; C. Hrnčár et al., 2013) these parameters of 
egg quality were better in the eggs laid in the midday. The eggs laid in the morning were reported to 
have more intense brown eggshell pigmentation as compared to eggs laid in the midday (S. Samiul-
lah et al., 2016; A.J. Kryeziu et al., 2011) and higher calcium content in the eggshell (E. Tůmová et 
al., 2014), 22.8 % lower content of cholesterol (E. Tůmová et al., 2008; M.A. Abdalla et al., 2018), as 
well as lower phosphorus and magnesium levels (E. Tůmová et al., 2014). Hens that laid eggs preferably 
in the morning were reported to have longer CL and higher egg production in compare to hens which 
preferably lay eggs later. The heritability coefficient (h2) of OT varies from 0.38 to 0.78 (K. Lillpers, 
1991). The positive correlation (r = 0.54) between the CL and egg production was also reported (M. 
Bednarczyk et al., 2000; P. Miandmients et al., 1993). In view of the above mentioned average OT 
and CL can be reasonably included as the criteria into the selection programs for laying hens and 
broiler parental hens. In addition, the optimization of OT can improve egg quality and facilitate the 
rational organization of egg collection in the farms. The studies on the effects of lighting regimes on 
OT and egg quality were performed primarily in conditions of constant lighting schemes. The further 
research is necessary for the intermittent lighting regimes, on individually caged hens (with the re-
cording of egg position within the clutches) and on hens kept in group cages. 

 

Keywords: Gallus gallus domesticus, laying hens, lighting regime, oviposition time, egg quality 
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The introduction of windowless poultry houses in intensive poultry prac-
tice has significantly increased the role of lighting in the egg production process 
and expanded the possibilities of developing and applying lighting modes to regu-
late poultry puberty, the daily rhythm of egg laying and egg quality, and increase 
hens’ productivity. This review is focused on assessing the effect of lighting on egg 
oviposition time (OT) and its relation to egg quality and hens’ performance.  

The mechan ism of  egg  g rowth,  de ve lopment and ovul a-
t ion,  egg  format ion and lay ing .  Hens of modern egg crosses can pro-
duce more than 330-340 eggs per year [1, 2]. In the ovary of a 1-day-old chick, 
3,500-12,000 follicles are present, that is, significantly more than a hen lays dur-
ing its lifetime [2-4]. In terms of structure, the follicle is an ovum with a shell 
without a yolk. They gradually increase with the onset of puberty [5]. Ovum 
growth, maturation and ovulation, as well as egg formation and oviposition, are 
determined by the chicken genome and depend on the coordinated action of the 
hormones of the hypothalamus, pituitary and ovary in interaction with environ-
mental conditions [2, 6]. Follicular development in the reproductive process of 
laying hens includes two main groups of follicles. The first group is pre-
hierarchical, which includes small white (less than 2 mm), large white (2-4 mm) 
and small yellow follicles (4-8 mm). The second group is hierarchical, formed by 
5-7 large yellow rapidly growing follicles (9-35 mm), which reach the preovula-
tory size in 7-10 days [7]. The fewer large follicles in the hierarchical group, the 
faster the yolk accumulates in them and the egg matures [2]. Each of the folli-
cles belonging to the hierarchical group is identified by a decreasing figure de-
pending on its size (the largest follicle is F1, the second is F2, the third is F3, 
etc.). Once a follicle falls into a hierarchical category, it cannot suffer from atre-
sia [8]. Each time the largest follicle ovulates and a new one is recruited from 
pre-hierarchical small yellow follicles to enter the hierarchy [6].  

After ovulation, the ovum-yolk, secreted from the largest follicle, is captured 
by the funnel of the oviduct and, with further advancement through it, is subjected 
to successive deposits of the remaining components (egg white and shell) of the egg 
[9]. The duration of egg formation in the oviduct is usually 22.5-26.2 hours, includ-
ing in the funnel — 20-30 minutes, the magnum — 2-3.2 hours, the isthmus — 1-
1.3 hours, the uterus — 16-21 hours (average — 18-19 hours) [2, 4, 10-12]. Egg 
white is formed during 3.25-3.5 hours [3, 13]. The longest stage of egg formation is 
the formation of an egg shell, which takes up to 19-20 hours. It begins 4.5-5 hours 
after ovulation and ends 1.5 hours before the egg is laid. The end result is a com-
plete egg [3, 13]. After the egg is laid, another ovulation occurs after 15-45 minutes. 
In highly productive hens, the ovulation cycle (the period between two consecutive 
ovulations) lasts almost 24 hours, while in low-productivity poultry, it can take 24-
27 hours [9, 14]. The shorter the average interval, the longer the oviposition cycle 
(OC) and the higher the egg production capacity of the hen (15).  

Four-six hours before ovulation, the content of luteinizing hormone 
(LH, the hormone of the anterior pituitary gland) increases sharply in the blood, 
which, in turn, stimulates the secretion of progesterone (the hormone of the 
preovulatory follicle). LH regulates the breakdown of connective tissues in the 
stigma of the follicle, the rupture of the follicle wall and the output of the ovum 
[13]. Croze et al. [16] suggested that the preovulatory release of testosterone ex-
erts a preparatory effect on the hypothalamic-pituitary-ovarian system and 
thereby facilitates the preovulatory release of LH. Later studies showed that 
blocking the action of testosterone by its specific antagonist flutamide led to a 
stop of the preovulatory burst of plasma testosterone, progesterone, estradiol, LH 
and, therefore, the predicted ovum in laying hens [17].  

Oviposition is a complex process in which OT (the flock average time of 
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the day when chickens lay eggs), the OC (the period during which the birds lay 
eggs daily) and the oviposition interval (OI, the period between two consecutive 
OCs) are interconnected [18]. It is known that OT depends on the genotype, 
keeping system, age [18], and the time of feeding the hen [19, 20], the lighting 
mode [21], and the temperature in the poultry house [22]. According to the lit-
erature, the most significant effect on the OT in hens is provided by lighting.  

OT is directly related to ovulation time, which, in turn, depends on the 
release of LH by the anterior pituitary gland [23]. The pre-ovulatory LH release 
in laying hens lasts about 6 hours [17, 24, 25]. It was previously believed that 
LH secretion was subordinate to the circadian rhythm, starting from the moment 
the light is switched off (“sunset point”), and lasts 8-10 hours (“open period”) 
[25-28]. This concept was revised in 2007 when Nakao et al. [29] showed folli-
cles in quails close to ovulation had “clock genes” associated with the expression 
of the steroidogenic acute regulatory protein StAR, which is critical for the 
transport of cholesterol to the inner mitochondrial membrane and is a limiting 
factor for the start of progesterone synthesis (P4) [30]. That is, the expression of 
StAR in the F1 follicle changes with a frequency of 24 hours along with the ex-
pression of the clock gene Per2. In addition, sections for binding to the 
CLOCK/BMAL1 genes that initiate transcription were found in the StAR gene. 
Consequently, the time of follicles ovulation in the ovary of birds is controlled 
by a circadian rhythm regulated by clock genes. The latter enhance the genetic 
expression of StAR in the F1 follicle and provide an increase in the concentra-
tion of progesterone in the blood plasma sufficient to trigger pre-ovulatory LH 
release [31]. In addition, LH is involved in the regulation of CLOCK/BMAL1 
gene activity and stimulates increased expression of the StAR gene, which increases 
the secretion of progesterone and accelerates the process of pre-ovulatory LH re-
lease even more. The synthesis of progesterone is a key event that determines the 
time of LH secretion and, as a result, the duration of the open period due to the 
positive feedback regulatory relationship between these two hormones [32].  

The main function of LH release is to initiate ovulation [14, 23]; there-
fore, the absence of a peak in the hormone concentration blocks ovulation in 
laying hens [17]. In addition, LH is involved in the process of follicular matura-
tion [33] and steroidogenesis in small and large follicles [34, 35]. It is shown that 
the injection of exogenous LH stimulates the secretion of P4 by a mature follicle 
before ovulation and the secretion of estradiol (E2) by the F3 follicle [36]. LH 
receptors (LH-R) are present in granular follicular cells in the hierarchy (from 
9 mm in diameter), and LH-R mRNA expression increases as the follicle ma-
tures [37, 38].  

In the 16L:8D mode (16 hours of light, 8 hours of darkness), the beginning 
of the increase in the preovulatory LH concentration in blood in hens occurs at a 
time approximately corresponding to the “sunset point”, whereas in laying hens 
kept under the 8L:16D mode, it starts 3-4 hours later [23, 39]. The interval be-
tween the achievement of a peak concentration of LH in the blood and ovulation is 
usually about 5 hours and does not depend on the egg production capacity, the 
position of the egg in the OC or the mode of lighting of the laying hens [40-42].  

The egg formation time in the oviduct varies more. It depends on the in-
tensity of egg laying by the hen and the position of the egg in the OC. It was 
reported that the egg formation time increases by about 1 h when the laying 
hens are kept under light-dark cycles 27 hours or more in length [43]. The total 
interval between the achievement of a peak concentration of LH in the blood 
and the laying of a fully formed egg can vary from 29 to 31 hours [44].  

T h e  e f f e c t  o f  l i g h t i n g  c o n d i t i o n s  o n  t h e  O T .  With the 
usual duration (24 h) of light-dark cycles, egg laying and hence ovulation occur 
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during the 8-hour “open period” [14, 28, 45, 46]. Observations showed that in 
standard light-dark cycles with a single alternation of light (L) and darkness (D) 
(for example, 16L:8D, 14L:10D), egg laying occurred mainly during the light 
period [47-49], and under intermittent asymmetric lighting modes (for example, 
2L:4D:8L:10D, 1L:5D:3L:4D:3L:8D, 1L:4D:4L:1D:4L:10D) – during the “sub-
jective day” (the period that the bird perceives as daylight hours) [50-53]. In 28-
hour light-dark cycles (for example, 12L:16D), 84.5% of the eggs from the daily 
output of hens are laid during the last 9 hours of the dark period [48].  

According to Gumulka et al. [54], the highly productive meat chickens 
of the Arbor Acres cross from 168 to 448 days old under 16L:8D mode (photo-
period from 500 to 2100) laid the first egg in the OC approximately 3.5 hours af-
ter the light was switched on. With an increase in the duration of the OC, the 
first egg was laid earlier, and the OI decreased. In the study of laying hens of the 
high and low line of the White Leghorn breed under 12L:12D lighting condi-
tions (photoperiod from 600 to 1800) from 270 to 360 days old, the first egg in a 
cycle of 3, 4, 7, and 10 eggs was laid, respectively after 1 h 35 min and 1 h 51 
min; 1 h 25 min and 56 min; 1 h 06 min and 30 min; 34 and 30 min after 
switching on the light [55].  

It was found that the time of laying the first egg depended on the dura-
tion of the OC if it consisted of 2-5 eggs: the longer the cycle, the earlier the 
laying of the first egg occurred after the light was turned on. With a longer cycle, 
this pattern is violated [14].  

With group keeping of hens against intermittent lighting, the time of the 
beginning of oviposition depends on the length of the “subjective day” [56]. So, 
with its duration of 16, 15, 14 and 13 hours/day (the beginning of the “subjec-
tive day” is at 200 in all groups), egg laying in the herd began at night: at 400, 
300, 200 and 100, respectively. 

There is evidence that the majority of eggs from the daily output are laid 
approximately 5-6 hours after the light is switched on [57], which corresponds to 
an average OT of 13-14 hours after dark [45, 58]. Similar results were obtained 
by Roy et al. [18], who report that under the 16L:8D mode (photoperiod from 
600 to 2200), the average OT was  1059, i.e., it occurred 5 hours after the light 
was switched on (or 13 hours after the beginning of the dark period).  

With the hens' age, the average OT increases. Thus, under the same 
lighting mode, young (33 weeks) hens of egg crosses laid 50% of the eggs from 
daily output 13 hours after switching off the light, and laying hens of older age 
(76 weeks) – 30-60 minutes later [59]. Similar results were obtained on hens of 
meat cross: the young herd (34 weeks) laid the majority of eggs between 700 and 
1300, while the older herd (59 weeks) – between 700 and 1500 [57]. 

When keeping hens in conditions of round-the-clock lighting or round-
the-clock darkness [60], as well as intermittent lighting of a symmetrical type 
with short cycles, for example 3L:3D and 4L:4D [61, 62], oviposition continued 
for 24 hours a day. However, in the 2L:10D:2L:10D mode, the main number of 
eggs was laid in the first 10-hour dark phase, more precisely, in the first hour of 
this phase [63].  

According to Patterson [58], the oviposition of hens of high-yielding 
crosses with 24-hour light-dark cycles rarely occurs in the dark. As a rule, under 
standard lighting conditions (for example, 14L:10D), eggs are laid between 730 
and 815 and between 1530 and 1600 [64]. According to other sources, the largest 
proportion of eggs is laid between 1000 and 1200 [65], 1000 and 1400 [66] or in 
the early morning hours of the light phase under the 14L:10D and 17L:7D 
modes [67]. It is also known that under many non-standard lighting conditions, 
laying hens also lay eggs in the dark. It was shown that under the 14L:7D mode, 
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chickens laid many eggs immediately after switching off the light, and in the 
14L:14D mode, hens laid during the dark phase [68].  

Lewis et al. [69] studied the OT of hybrid laying hens with brown and 
white shells with a photoperiod of 8, 10, 13, and 18 hours. It was found that the 
average OT in both crosses increased relative to the “sunset point” by approxi-
mately 0.5 hours for every 1 hour of photoperiod extension. Moreover, the aver-
age OT in brown cross was 1.2-1.4 hours less than in white under each lighting 
mode. Similar results were obtained in Backhouse [28]. An increase in the dura-
tion of daylight hours from 10 to 14 hours in 24-hour light-dark cycles led to a 
shift in the average time for laying an egg to “sunset” by 0.5 hours for every 1 
hour of increase in photoperiod, while with daylight hours of 14 and 16 hours it 
was almost the same. The herd OT of 50% of the eggs from the daily output was 
also shifted to “sunset” by 0.5 hours for each additional hour of the photoperiod, 
and this indicator continued to shift after 14-hour daylight. With daylight shorter 
than 12.25 hours, the number of eggs laid before “dawn” (switching on the light) 
increased by 4.5% for every 1-hour reduction in the duration of the photoperiod.  

Lewis et al. [70] studied lighting modes with additional periods of dim 
light before and after the usual 8-hour photoperiod in comparison with the 16-
hour photoperiod. With an 8-hour photoperiod and additional dim light, the OT 
was the same, but with a 16-hour photoperiod, it decreased by 3 hours. 

Tůmová et al. [71] found that under floor-standing conditions, the time 
for laying the bulk of the eggs shifted closer to the middle of the day (by 1000) 
compared with that for the cage keeping system (when the bird laid most of the 
eggs at about 600) under the same lighting conditions.  

In the authors’ studies [56], with the duration of the “subjective day” of 
16, 15, 14, and 13 hours/day and the simultaneous switching on of light at 200 
a.m. against intermittent lighting (1L:6D:4L:2D:3L:8D, 1L:5D:4L:2D:3L:9D, 
1L:4D:4L:2D:3L:10D and 1L:3D:4L:2D:3L:11D) the average OT was 840, 722, 
522 and 516 (or 14 hours 40 minutes, 14 hours 22 minutes, 13 hours 22 minutes 
and 14 hours 16 minutes after the onset of the LONGEST dark period – “sub-
jective night”, that is, “sunset point”).  

The role of the light switching on and off time (“sunrise” and “sunset”) 
in the rhythm of oviposition has been described in many papers. Naito et al. [72] 
note that “sunrise” and “sunset” have approximately the same effect on setting 
the OT. According to many authors [26, 44, 73-75], the sunset time is more im-
portant, regardless of the length of the light period. So, when keeping laying 
hens of the White Leghorn breed under continuous lighting 16L:8D or 20L:4D, 
the shift in the time for switching off the light had a stronger (response – 74%) 
effect on the OT than the shift in time for switching on the light (response – 35-
38%) [73]. With a simultaneous shift in the time for switching the light on and 
off, the OT response was 94%. Oviposition time shifted in the same direction in 
which the dark phase was shifted. 

With a longer dark period, the average OT shifted backward, counting 
from the “sunset point”: under the 20L:4D mode, it was 919-935, under the 
16L:8D – 1030-1059. These data indicate that during 24-hour light-dark cycles, the 
OT is influenced not only by the time of “sunrise” and “sunset” but also by the 
length and position of the dark phase. It should be noted that if the “sunset” time 
is shifted forward or backward at a constant time of switching on the light, then 
the time shift of oviposition will not be equal to the “sunset” time shift [76]. The 
paper of Wilson et al. [23] shows that when the hens were switched from the 
16L:8D light mode (“sunrise” at 2400) to 20L:4D (“sunrise” at 2000), the back-
ward shift of the average OT was only 30 minutes (500 against 530). However, with 
the same 20L:4D scheme (“sunset” at 2000), but with a forward shift of “sunset” 
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time by the same 4 hours, the average egg-laying time was 838, that is, it moved 
forward by 3 hours 8 minutes.  

According to some authors [73, 77], the average OT under standard 
light-dark cycles is determined primarily by the “sunset” time, although “sun-
rise” also has a certain effect. It can be assumed that the OT in hens is based 
on the complex interaction between these two signals. According to Etches [68], 
with a standard 14L:10D cycle, the average OT is about 15 hours after “sunset”. 
However, the extension of the dark phase to 18 hours or the reduction to 6 
hours led to a shift in the average OT by 4 hours forward or 3 hours back. 

The experiment of Tůmová et al. [78] showed that when the light was 
switched on at 300, the majority of the eggs of the hen were laid at 600, and then 
the number of laid eggs was evenly reduced during the rest of the day. Switching 
on the light at 600 under the floor-standing keeping of laying hens led to the 
same uniform decrease in the percentage of eggs laid. These results indicate that 
the uniformity of egg laying during the day depends on the time the light is 
switched on, and also, most probably, on the keeping system.  

Bhatti et al. [44] after analyzing the results of numerous studies with the 
duration of light-dark cycles from 24 to 30 hours and the actual dark phase from 
5 to 23 hours, proposed an equation that allowed estimating the average laying 
time (ALT, h) of eggs from the “sunset point” at these cycles: 

ATL= 16.619  2(C  24)  0.161C + 0.268D, 
where C is the duration of the cycle, h; D is the duration of the dark phase, h, It is 
noted that in cycles longer than 24 h, a change in the duration of the dark phase has 
a more pronounced effect on the egg-laying time than in 24-hour cycles [79].  

Average egg laying time (ALT, h) by hens (Gallus gallus domesticus) depending with 
light-dark cycles  

Cycle  
time, h  

Lighting  
mode 

ALT from the 
“sunset” point 

ALT reduction with an  
1 h increase in cycle due 
to the dark period  

ALT shift to the “sunset” point 
with an increase in the dark phase 
by 1 h inside the cycle 

24 16L:8D 14.90   
15L:9D 15.17  0.27 
14L:10D 15.44  0.27 
13L:11D 15.70  0.26 

25 16L:9D 13.00 1.90  
15L:10D 13.27 1.90 0.27 
14L:11D 13.54 1.90 0.27 
13L:12D 13.81 1.89 0.27 

26 16L:10D 11.11 1.89  
15L:11D 11.38 1.89 0.27 
14L:12D 11.65 1.89 0.27 
13L:13D 11.92 1.89 0.27 

27 16L:11D 9.22 1.89  
15L:12D 9.49 1.89 0.27 
14L:13D 9.76 1.89 0.27 
13L:14D 10.02 1.90 0.26 

28 16L:12D 7.33 1.89 - 
15L:13D 7.59 1.90 0.27 
14L:14D 7.86 1.90 0.27 
13L:15D 8.13 1.89 0.27 

29 16L:13D 5.43 1.90  
15L:14D 5.70 1.89 0.27 
14L:15D 5.97 1.89 0.27 
13L:16D 6.24 1.73 0.27 

30 16L:14D 3.54 1.89  
15L:15D 3.81 1.89 0.27 
14L:16D 4.08 1.89 0.27 
13L:17D 4.35 1.89 0.27 

N o t e. L is light, D is darkness. The cycles were compared at the same photoperiod duration.  
 

However, the authors’ calculations (Table) performed using this equation 
showed that an increase in the duration of the cycle by 1 h for the same dura-
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tion of the photoperiod reduced the average egg-laying time by 1.89-1.90 hours. 
An increase in the duration of the dark period by 1 h inside each cycle shifts the 
ALT of the eggs by 0.26-0.27 h towards the “sunset”. 

The aging of the hens’ reproductive system is expressed in the lengthen-
ing of the intervals between ovulation and the eggs laying within one cycle of 
oviposition, as well as in a greater number of pauses between OCs, that is, the 
days when the chicken does not lay eggs at all. According to the assumption of 
Emmans et al. [80], the duration of egg formation increases with the hens’ age, 
which leads to a decrease in the frequency of ovulation and egg laying. A de-
crease in the frequency of ovulation and a decrease in the duration of oviposi-
tion can also be associated with changes in the circadian rhythm, the process of 
maturation of the follicles, or with both of these factors. With age, hens not only 
narrow the amplitude of the circadian rhythm but also change the response of 
some circadian processes in the body to light stimulation. In general, in older 
laying hens, the OC is always shorter than in young ones [81].  

Delays in egg laying can occur due to stresses caused by conditions of 
detention (especially with alternative containment systems), transplants, and 
contact with unfamiliar individuals, and removal of egg-laying nests usual for 
laying hens [82, 83]. The study of Mills et al. [84] shows that anxiety increases 
the interval between laying eggs in laying hens. 

It has been established that the duration of illumination in the photosen-
sitive phase has a significant effect on the circadian rhythm of oviposition (it 
begins 11 hours after the first switching on of the light and lasts for 5 hours) [53]. 
So, when illuminated during the photosensitive phase for 1, 3 and 5 hours under the 
conditions of 1L:5D:5L:4D:1L:8D, 1L:5D:3L:4D:3L:8D and 1L:5D:1L:4D:5L:8D 
modes oviposition began 2 hours after the first switching on of the light. In this 
case, 90.9; 85.7 and 80.5% of the daily eggs output were laid until 1300, the egg 
mass was 61.9; 61.2 and 60.1 g, and the elastic deformation of the shell — 22.4; 
22.6 and 22.5 microns, respectively. 

Ef f ec t  o f  OT on egg qua l i t y  and hens’ product i v i ty. Nu-
merous studies have established that OT affects egg quality and hens’ productivi-
ty [85-87]. Thus, the mass of eggs laid early in the morning was higher than that 
of eggs laid during the day [82, 88-92]. The egg-laying time plays an important 
role in the formation of the quality of the shell, since the mass of the laid shell 
linearly depends on the time spent by the egg in the uterus of the oviduct [64, 93].  

It is known that the egg-laying time has a significant effect on the shell 
mass: it is higher for eggs laid before 745 than for eggs laid between 745 and 1145 
[94]. Then, the mass of the shell increases significantly until the laying time 1245 
and remains high throughout the rest of the daylight hours, excluding the period 
between 1445 and 1645. Pavlovski et al. [88] showed that eggs laid in a later peri-
od of the day had better shell quality characteristics than in the morning. Ac-
cording to Tůmová et al. [95], the shell mass decreased during daylight hours, 
and especially strongly in the Isa Brown cross (ISA-Brown, Hendrix Genetics, 
Netherlands): in this genotype, the average egg shell mass was 6.38 g at 600 and 
6.23 g at 1400. In other studies [78, 96], shell mass was maximum in the middle 
of daylight hours (at 1400). Based on this, the authors suggested that the mass of 
the shell tended to increase to the last egg in the clutch. 

OT also affects the thickness of the shell. There is an opinion [97] that 
the best quality of the shell of eggs laid in the middle of the day is due to its 
greater thickness. This assumption is consistent with the data that the shell 
thickness in morning eggs is less than in midday eggs [78, 96]. At the same time, 
it has been reported that shell thickness in the morning hours (600) is significant-
ly larger with a subsequent decrease in this indicator, which is probably due to 
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the genotype of the hens used in different experiments [71]. 
Hrnčár et al. [98] studied the influence of OT on egg quality indicators 

using laying hens of three breeds (Brown Leghorn, Oravka, Brahma) from 20 to 
64 weeks of age. The hens were kept on a deep litter. Eggs were collected at 600, 
1000 and 1400 – at the beginning, middle and end of the productive period. In 
chickens of the Brahma breed, the maximum egg weight (59.96 g) was noted at 
600, and the relative weight (10.53%), strength (29.88 n/cm2) and shell thickness 
(381.88 μm) were higher (p 0.05) at 1400. In brown leghorns, OT did not sig-
nificantly affect the egg weight, specific weight, and yolk index. The largest (p  
0.05) shell thickness (398.84 μm) was noted at 600, and the maximum values of 
the egg white index (7.39%) and the number of Howe units (72.21) – at 1400. In 
Oravka chickens, OT did not significantly affect the egg mass, the relative mass 
of egg white, yolk and shell, the white and yolk index, and Howe units. At the 
same time, a higher shell thickness (381.88 μm, p  0.05) occurred at 1400. In 
another experiment [92], when studying the effect of OT on the quality of eggs, 
the mass of eggs collected at 1000 and 1400 was 65.25 and 63.94 g; absolute and 
specific shell weight 7.78 and 7.64 g (11.93 and 11.98%); the egg white weight 
40.91 and 39.94 g (62.65 and 62.42%); the yolk weight 16.56 and 16.35 g (25.42 
and 25.60%); egg shape index 76.72 and 76.70%; Howe units 76.60 and 76.70; 
shell thickness 0.51 and 0.54 mm; shell color 12.18 and 12.16 points. 

Tůmová et al. [99] report a significant effect of egg-laying time on the 
accumulation of mineral substances in the shell. So, in eggs laid at 730, the max-
imum calcium content was 352 g/kg, while at 1530 it was 342 g/kg. The content 
of phosphorus and magnesium in the shell increased with a shift in the time of 
egg laying to a later time: at 730 these values were 1.20 and 3.56 g/kg and at 
1530 1.43 and 3.88 g/kg. Kebreab et al. [100] suggest that a higher calcium con-
tent in the shell of morning eggs is associated with increased deposition of calci-
um in the medullary bone in the dark phase of the day. 

According to a number of authors [90, 92], OT affects the color of the 
brown shell. So, dark-colored eggs are laid in the morning, and lighter – later 
during daylight hours (after 1000). The brown color intensity decreased with the 
age of the herd, and the position of the egg in the clutch had relatively little ef-
fect on the brown color of the eggshell [90]. In addition to the fact that the 
brown color of the eggshell plays a role in consumer preferences, the presence of 
the pigment responsible for this coloring positively correlates with the strength 
and thickness of the shell, as well as the hatchability of eggs [101-104]. Japanese 
scientists have shown that brown pigment has photodynamically independent 
antibacterial properties against certain gram-positive microorganisms, such as 
Staphylococcus aureus and Bacillus cereus [105]. 

It was established that the time of oviposition affected the accumulation 
of cholesterol in the egg. So, the content in the morning eggs is 22.8% less than 
in daytime ones, 12.53 against 16.23 mg/g of yolk, respectively. In addition, the 
content of total cholesterol in the yolk of the morning eggs is significantly lower 
(176.63 mg/egg) than in the daytime eggs (221.14 mg/egg) [93, 106]. 

Lillpers [45] reports that chickens characterized by early egg laying are 
more productive than those which lay at a later time. According to these data, 
the heritability (h2) of the time of laying is in the range from 0.38 to 0.78. The 
genetic and phenotypic relationships between this and the classic features (egg 
production capacity, egg mass, etc.) are mostly positive. Later studies [11, 107] 
establish a positive relationship between the duration of the OC and egg produc-
tion capacity: the correlation coefficient (r) between these indicators is 0.54. 
That is, a genetically determined increase in the average length of the OC will 
lead to a significant increase in the overall egg production capacity of hens.  
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Thus, lighting is one of the main exogenous factors that have a signifi-
cant effect on the OT of hens. The average egg laying time is directly related to 
the ovulation period, which occurs 5 hours after the peak concentration of LH 
in the blood is reached and does not depend on the serial number of the egg in 
the laying cycle and egg production capacity of hens. In the absence of a peak 
concentration of this hormone, ovulation is blocked. At standard 24-hour light-
dark cycles under the conditions of constant illumination (for example, 16L:8D, 
14L:10D), eggs are laid mainly during the light period, and under the conditions 
of asymmetric intermittent lighting modes (for example, 2L:4D:8L:10D, 
1L:4D:4L:2D:3L:10D) during the “subjective day”. In the conditions of a 
round-the-clock photoperiod or constant darkness, as well as intermittent light-
ing of a symmetrical type (for example, 3L:3D, 4L:4D), hens lay eggs for 24 
hours a day. The shorter the daylight hours or “subjective” day, the earlier the 
laying of eggs begins and the shorter the average egg-laying time in the herd. 
Laying of the bulk of eggs from daily output occurs within 5-6 hours after the 
start of daylight or “subjective” day, while the average egg-laying time is within 
13-15 hours after dark. At 24-hour light-dark cycles, the average laying time is 
the result of a complex interaction of the times for switching the light on and 
off, the “sunrise” and “sunset” with the prevailing influence of the “sunset 
point”. Under conditions of a single alternation of light and dark in cycles of 
24-30 hours, an increase in the duration of the cycle by 1 hour with the same 
photoperiod reduces the average egg-laying time by 1.89-1.90 hours. An increase 
in the duration of the dark period by 1 h inside each cycle shifts the average OT 
by 0.26-0.27 h towards the “sunset point”. The shorter the average egg-laying 
time, the longer the OC and the higher the productivity of the hens. The herita-
bility of OT is 0.38-0.78, the correlation coefficient between the duration of the 
OC and egg production capacity is 0.54. Data on the effect of OT on egg quality 
are contradictory. Some authors note better indicators (weight, shell thickness, 
and strength) of eggs laid in the morning, others, on the contrary, in the middle 
of the day. In morning eggs, the color of the shell is more intense and the con-
tent of calcium in the shell is higher, while the content of phosphorus, magnesi-
um and cholesterol in the yolk is lower (by 22.8%) than in eggs laid in the after-
noon (after 1200). These facts indicate the feasibility and prospect of including in-
dicators of average OT and its cycle duration (OC) in the selection program for 
improving egg and meat crosses. In addition, the optimization of OT will stream-
line the collection of eggs and improve their quality in poultry farms. It should be 
noted that the study of the effect of lighting on the OT and the quality of eggs was 
carried out mainly under continuous lighting. In-depth studies under the condi-
tions of intermittent daylight hours both with an individual (taking into account 
the serial number of eggs in the cycle) and group keeping of hens are necessary. 
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A b s t r a c t  
 

The development of molecular-genetic methods allows elucidating the origin and demo-
graphic history of breeds of farm animals. Samples of bones and teeth maintained in craniological 
collections can serve as a source of DNA for such studies. The work with historical samples is com-
plicated by the presence of a very low quantity of DNA, the high degree of its degradation and by 
the contamination of samples by PCR inhibitors. The aim of this work was the comparison of the 
efficiency of various methods of DNA extraction from historical cattle skulls, suitable for molecular 
genetic studies. The material was teeth extracted from historical skulls of cattle of the Yaroslavl and 
Kholmogor breeds stored in the craniological collection of the Liskun Museum of Livestock 
(Timiryazev Russian State Agrarian University—Moscow Agrarian Academy). At the first stage, we 
compared various DNA isolation methods implemented in the form of commercial kits, i.e. Prep 
Filer™ BTA Forensic DNA Extraction Kit («Thermo Fisher Scientific Inc.», USA), COrDIS Extract 
decalcine («GORDIZ» LLC, Russia), M-sorb-bone («Syntol» LLC, Russia), QIAamp DNA Investi-
gator Kit («Qiagen», USA), with the modification of the amount of bone material and conditions of 
lylis. Based on preliminary research results, we selected for more detailed studies two kits, the QI-
Aamp DNA Investigator Kit («Qiagen», USA) which implements the technology of column with 
silica gel membrane, and Prep Filer™ BTA Forensic DNA Extraction Kit («Thermo Fisher Scientific 
Inc.», USA) which is based on using magnetic particles. The quantitative and qualitative characteris-
tics of the obtained DNA were evaluated by measuring the concentration of double-stranded DNA 
using a Qubit™ fluorimeter («Invitrogen, Life Technologies», USA) and determining the ratio of the 
absorption at 260 nm and 280 nm (OD260/280) on a NanoDrop 8000 instrument («Thermo Fisher 
Scientific, Inc.», USA). The suitability of the obtained DNA extracts for molecular genetic studies 
was assessed based on the multiplex analysis of 11 microsatellite loci (TGLA227, BM2113, TGLA53, 
ETH10, SPS115, TGLA122, INRA23, TGLA126, BM1818, ETH225, BM1824) as well as genome-
wide genotyping on high-density DNA chips containing 777 thousand SNPs (Bovine HD BeadChip, 
«Illumina, Inc.», USA). Concentrations of double-stranded DNA (dsDNA) obtained using QIAamp 
DNA Investigator Kit and Prep Filer™ BTA Forensic DNA Extraction Kit ranged from 0.146 ng/µl 
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to 2.060 ng/µl and from 0.110 ng/µl to 13,600 ng/µl, respectively, and averaged 0.83±0.23 ng/µl and 
2.75±1.33 ng/µl. The correlation coefficient (r) between the concentrations of dsDNA in isolations 
DNA obtained by two different methods was 0.84. Analysis of microsatellites showed that each of 
the samples has its own unique genotype which differs from other historical and modern samples 
of individuals. Efficiency of SNP genotyping (Call Rate) of the historical samples was 0.533-0.878 
and 0.958-0.977 for DNA preparations produced using QIAamp DNA Investigator Kit и Prep 
Filer™ BTA Forensic DNA Extraction Kit, respectively. The results of microsatellite analysis and 
SNP genotyping, on the one hand, indicate the suitability of the obtained DNA for polymorphism 
research, on the other hand, confirm the compliance of the laboratory in which this analysis was 
performed with the authenticity criteria for working with ancient DNA. Conducting large-scale 
studies of historical samples using different types of DNA markers will clarify the origin and de-
mographic history of domestic cattle breeds and develop effective programs for their conservation.  

 

Keywords: historical DNA, craniological collection, DNA extraction, microsatellite analy-
sis, SNP genotyping, cattle, local breeds 

 

Involving historical and fossil specimens in researches is a way of study-
ing evolution and demographic history of farm animal breeds [1]. Although after 
the death of an organism, DNA is destroyed in the process of enzymatic reac-
tions, the molecules can persist for hundreds and thousands of years under fa-
vorable conditions [2, 3]. 

The main problem in the study of fossil DNA is the contamination of 
extracts or reagents with modern DNA molecules. Almost from the very begin-
ning of work with fossil samples, the question arose as to whether the resulting 
DNA belonged to historical samples. As a result of numerous studies, the follow-
ing so-called authenticity criteria have been formulated: conducting a reaction in 
each batch of samples with a "pure extract", i.e. without using fossil DNA; ex-
amining each sample in duplicates with subsequent comparison of the results; 
controlling the length of amplified fragments; the presence of polymerase chain 
reaction (PCR) products longer than 500-700 bps may cause suspicion [4-6]. 
Compliance with the above criteria is a prerequisite when working with fossil 
samples. The minimum requirements for working with ancient DNA are consid-
ered to be the presence of a physically isolated work area in which all studies are 
carried out before the amplification stage [7]; the use of negative controls during 
amplification and avoiding (if possible) positive control, since it carries a risk of 
contamination [8, 9]; the reproducibility of results for different DNA extracts of 
the same sample [10]. 

Since soft tissues are very poorly to preserve, bones of historical and fos-
sil specimens are mainly used to extract DNA [11, 12]. The inner part of the 
temporal bone and the cement layer in the roots of the teeth are the best to ex-
tract DNA while no systematic difference in the DNA content between the two 
substrates was found [13]. However, bone tissue is extremely difficult to grind 
and dissolve. In addition, ancient bones and teeth often contain a large number 
of PCR inhibitors that are co-extracted with DNA [12, 14, 15]. Ancient DNA is 
quite severely damaged [16-18], so overly aggressive sample treatments, such as 
high temperatures or strong detergents, should be avoided [19]. There are several 
ways to extract ancient DNA, including sedimentation in water-ethanol or wa-
ter-isopropanol solutions [12, 15], DNA concentration in membranes and sepa-
ration by DNA molecules binding to silicon dioxide [20-22]. 

Regardless of the DNA extraction method, sample preparation involves 
several steps. First, the bones (teeth) are washed with detergent and distilled water, 
and then 2-3 mm of tissue is ground off to remove surface contamination and 
modern DNA. Purified bone fragments are treated with UV light ( = 254 nm) 
for 30 minutes and mechanically ground into fine flour. It is followed by the 
steps of dissolving the bone powder in a lysing solution, washing away impurities 
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that inhibit PCR, and obtaining a purified DNA extract. Lysing solutions may 
differ in composition, but usually contain proteinase K, ethylenediaminetet-
raacetic acid (EDTA), and the sodium salt of N-lauroyl sarcosinate. A distinc-
tive feature of the bone powder lysis process is the duration of incubation. For 
effective cell dissolution, lysis is recommended at a given temperature and con-
tinuous stirring for at least 24 hours. Increasing the lysis time to 48 hours or 
more is only appropriate for large sample weight portions and solution volumes. 
Otherwise, it does not lead to a significant improvement in the quality and does 
not increase the yield of the final product. It is followed by purification of DNA 
from lysates, for which various methods are used. 

The simplest method is to sediment DNA with ethanol or isopropanol, 
wash the sediment to remove impurities from the solution, and dissolve the 
DNA in bidistilled water or buffer. The main advantages of this method are its 
rapidity and low cost. Disadvantages include high labor intensity, increased 
probability of sample loss or cross-contamination if several samples are processed 
simultaneously [23, 24]. 

To obtain pure DNA preparations, the use of columns with a silica gel 
membrane is effective. Nucleic acids are selectively bound to the membrane, and 
impurities are removed by the successive addition of washing buffers and centrif-
ugation. At the final stage, an eluting buffer is used, which washes out the nucle-
ic acids from the membrane. The advantages of the method include low labor 
intensity and low probability of errors of the researcher, good quality of the re-
sulting DNA. It is also not necessary to use reagents that are dangerous to hu-
mans and the environment, such as phenol and chloroform. The method has 
been implemented in several commercial kits: Pure Link® Genomic DNA Mini 
Kit (Thermo Fisher Scientific, Inc., USA); Nucleo Spin® Tissue (Macherey-
Nagel GmbH & Co. KG, Germany); QIAamp DNA Investigator Kit (Qiagen, 
USA) [25], which allows standardizing the DNA extraction process. The disad-
vantage of using commercial kits is their relatively high cost. 

A promising method of nucleic acid purification is the use of magnetic 
particles as sorbents made from various synthetic polymers, biopolymers, po-
rous glass or based on inorganic magnetic materials such as iron oxide [26]. 
DNA reversibly binds to the surface of magnetic particles and after a series of 
washings and removal of impurities is easily removed from the sorbent using an 
eluting buffer. This method is convenient, technological, and suitable for pre-
paring samples for PCR amplification. However, product losses are possible 
due to irreversible sorption on the carrier, as well as during numerous wash-
ings, which is critical when working with small amounts of DNA in the sample 
[27]. The method has been successfully used in commercial Prep Filer™ BTA 
Forensic DNA Extraction Kit (Thermo Fisher Scientific, Inc., USA); Quick-
DNA/RNA MagBead (Zymo Research, USA). 

When studying fossil samples of human bones, the advantage of the 
DNA extraction method using silica gel columns is shown concerning both the 
amount of DNA obtained [28, 29] and the size of fragments [29]. Thus, when 
using silica gel columns, a higher concentration of DNA was obtained in 
68.4% of samples, while using QIAquick PCR Purification Kit® (Qiagen, 
USA) – in 21.05% of samples [28]. 

Historical skulls and their parts preserved in craniological collections are 
of interest as material for research on the demographic history of domestic ani-
mal breeds. The craniological method proposed in 1865 by Rütimeyer was the 
main method in the study of domestic animals origin in the late 19th to first half 
of the 20th century [30]. It led to the creation of well-documented craniological 
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collections, but only a few of them have survived to the present day. One of 
these collections, collected by Prof. Adametz, which contains about 1,300 skulls 
of old breeds of large domestic animals in Central Europe, is kept in the Natural 
History Museum Vienna (Naturhistorisches Museum Wien); https://www.nhm-
wien.ac.at/en/research/1_zoology_vertebra-tes/archaeo-zoological_collection). 

A unique collection of skulls of domestic and imported to old Russia 
foreign breeds of domestic animals (cattle, pigs, horses) collected by Prof. 
Liskun at Russian State Agrarian University—Moscow Timiryazev Agricultural 
Academy. The collection contains more than 700 animal skulls, including 350 
cattle of 41 breeds and breed groups [31]. 

However, the complications in using material of craniological collections 
for DNA extraction is due to the fact that the technique of a skull accession 
preparation includes simmering for a few hours, in some cases bleaching in am-
monia solution with hydrogen peroxide, and treating with phosphoric acid or 
chloramine to give a natural shade. Such treatment leads to significant degrada-
tion of nucleic acids, so when using historical specimens as a source of DNA, it 
is necessary to optimize the technique that allows obtaining DNA preparations 
that are suitable for quantitative and qualitative characterization of various types 
of polymorphisms. It is especially critical to obtain a sufficient amount of nucle-
ar DNA, represented by only two copies per cell, in contrast to mitochondrial 
DNA the copy number of which is from 100 to 10,000 per cell [32]. 

In this paper, we obtained for the first time DNA preparations suitable 
for molecular genetic research using cattle skull accessions dated to the first half 
of the 20th century and subjected to thermal and chemical treatment prior to 
depositing in collections. 

The work objective was to compare the effectiveness of various methods 
of DNA extraction from historical cattle skulls. 

Techniques. The material was teeth from historical skulls of cattle of the 
Yaroslavl and Kholmogor breeds stored in the craniological collection of the 
State Museum of Stock-Breeding of Russian State Agrarian University— 
Timiryazev Moscow Agricultural Academy. All the standards set by the criteria 
for the authenticity of ancient DNA were met during the research [33]. 

Teeth were cleaned of mechanical impurities, washed with detergent 
and distilled water to remove surface contamination and modern DNA. Then, 
they were irradiated with ultraviolet light ( = 254 nm) for 30 minutes. Using 
a table-top MBS240/E electric saw (Proxxon, Germany) equipped with a bi-
metallic blade, the teeth were cut longitudinally into two parts. After that, fine 
powder was drilled from the inside of the teeth using a Dremel 3000-15 mini 
drill (Dremel, USA) with diamond boron. Drilling was performed at minimum 
speeds ( 8,000 rpm) with breaks to prevent excessive heating of the dentin 
and destruction of DNA under the influence of high temperatures. The result-
ing bone powder was poured into pre-irradiated Eppendorf-type sterile tubes 
with a Safe-Lock system (1.5 ml). 

At the first stage, various methods of DNA isolation implemented in the 
form of commercial kits were compared with modifications of the amount of 
bone material used and lysis conditions: Prep Filer™ BTA Forensic DNA Ex-
traction Kit (Thermo Fisher Scientific, Inc., USA), COrDIS Extract decalcin 
(LLC (OOO) GORDIZ, Russia), M-Sorb-kost (LLC (OOO) Syntol, Russia), 
QIAamp DNA Investigator Kit (Qiagen, USA). 

For more detailed research, QIAamp DNA Investigator Kit, which im-
plements the technology of selective DNA binding on a silicon membrane, and 
Prep Filer™ BTA Forensic DNA Extraction Kit, based on the use of magnetic 
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particles, were selected. To obtain comparable results, the extraction protocols 
recommended by the manufacturers for each set were modified. Sample weight 
portions resulted in a single mass (100±3 mg), the lysis time was increased to 24 
h at a temperature of 56 C and the rotation speed was 1100 rpm. A further in-
crease in lysis time to 48 hours did not have a significant positive effect on the 
quality and quantity of the resulting DNA. The elution time for QIAamp DNA 
Investigator Kit extraction was increased to 30 minutes. 

The quality of the obtained DNA preparations was evaluated as follows: 
the total DNA concentration and the drug absorption ratio were measured at  
= 260 nm and  = 280 nm using a NanoDrop 8000 device (Thermo Fisher Sci-
entific, Inc., USA); the concentration of double-stranded DNA was determined 
on the Qubit™ (1.0) fluorimeter (Invitrogen, Life Technologies, USA). 

To assess the suitability of the obtained DNA preparations for molecular 
genetic research, a multiplex analysis was performed on 11 microsatellites 
(TGLA227, BM2113, TGLA53, ETH10, SPS115, TGLA122, INRA23, 
TGLA126, BM1818, ETH225, BM1824) using a panel developed at the Federal 
Science Center for Animal Husbandry named after Academy Member L.K. 
Ernst, as well as full-genomic genotyping for about 777 thousand SNPs (single 
nucleotide polymorphisms) on high-density DNA chips (Bovine HD BeadChip, 
Illumina, Inc., USA). PCR amplification was performed on a SimpliAmp Ther-
mal Cycler (Life Technologies, USA). Polymorphism of microsatellite markers 
was studied on the capillary genetic analyzer ABI3500 (Applied Biosystems, 
USA) using the software Gene Mapper v. 5 (Applied Biosystems, USA). Mi-
crosatellite profiles of the representatives of the modern breeds were taken from 
the database of the Ernst Federal Science Center for Animal Husbandry. 

SNP was examined using the iScan® system scanner (Illumina, Inc., 
USA) and the software supplied with the device. 

A phylogenetic tree for modern and historical bovine samples was con-
structed using the UPGMA (Unweighted Pair Group Method with Arithmetic 
Mean) method based on genetic distances of Nei (Ds) [34] calculated from mi-
crosatellites in the Populations program, 1.2.32 [35], and visualized in the 
SplitsTree program, 4.13.1 [36]. 

Results. Kits based on magnetic particles (Prep Filer™ BTA Forensic 
DNA Extraction Kit, COrDIS Extract decalcin and M-Sorb-kost), in general, 
allowed obtaining DNA preparations with a higher concentration (2.94-9.80 ng/µl 
of double-stranded DNA, the value of OD260/280 = 1.00-1.64). However, the 
purity of extracts obtained using spin columns with a silicon membrane (QI-
Aamp DNA Investigator Kit) was higher at a lower concentration of the extract-
ed DNA (0.56-6.42 ng/µl) (OD260/280 = 1.47-1.90). QIAamp DNA Investigator 
Kit and Prep Filer™ BTA Forensic DNA Extraction Kit were selected for a 
more detailed study. 

Significant differences in DNA concentration were found between sam-
ples and between preparations obtained from the same sample using different 
methods (Table 1). Concentrations of double-stranded DNA isolated using QI-
Aamp DNA Investigator Kit and Prep Filer™ BTA Forensic DNA Extraction 
Kit ranged from 0.146 to 2.060 ng/µl and 0.110 to 13.600 ng/µl, respectively, 
averaging 0.83±0.23 and 2.75±1.33 ng/µl. In 8 of the 10 samples, the concentra-
tion of double-stranded DNA was 1.43-6.60 times higher when using the Prep 
Filer™ BTA Forensic DNA Extraction Kit compared to the QIAamp DNA In-
vestigator Kit, while in the two remaining samples it was 1.76-2.80 times lower. 
The correlation coefficient (r) between the concentrations of double-stranded 
DNA in preparations obtained by two different methods was 0.84. 
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1. Concentration and purity of DNA preparations obtained from historical sam-
ples of Yaroslavl and Kholmogor cattle teeth using various methods  

Sample 
No. 

QIAamp DNA Investigator Kit Prep Filer™ BTA Forensic DNA Extraction Kit 
Qubit, ng/µl NanoDrop, ng/µl OD260/280

 Qubit, ng/µl NanoDrop, ng/µl OD260/280
 

1 0.434 141.50 0.82 0.246 5.60 1.70 
2 2.060 23.02 1.71 13.600 79.40 1.87 
3 0.308 9.12 1.46 0.110 70.68 1.96 
4 0.316 33.80 1.83 1.260 26.51 1.67 
5 0.318 14.70 1.58 0.454 17.38 0.67 
6 0.334 16.44 1.54 0.540 18.75 1.59 
7 1.590 19.13 1.73 2.400 40.09 1.74 
8 0.884 15.19 1.72 2.600 42.48 1.64 
9 0.146 12.40 1.53 0.378 19.65 1.54 
10 1.910 16.57 1.90 5.880 64.23 1.88 
N o t e. Double-stranded DNA concentration (a Qubit fluorometer, Invitrogen, Life Technologies, USA) and total 
DNA concentration (a NanoDrop 8,000 device, Thermo Fisher Scientific, Inc., USA) were measured. OD260/280 
(absorption ratio at  = 260 nm and  = 280 nm, measured on the NanoDrop 8000 device) indicates purity of 
DNA preparation. 

 

The obtained data show that the main factor affecting the success of 
DNA isolation is the safety of the sample, which is consistent with the results of 
other studies [28, 37, 38]. However, unlike some other papers [29], the authors 
obtained higher concentrations using the magnetic particle method. This is likely 
due to the severe degradation of DNA in the process of preparing skulls for dep-
osition in collections. As a result, the extracted DNA consists of very short 
fragments that are better held by magnetic particles than by a silica gel mem-
brane during the washing process. 

Microsatellite profiles of historical animal samples of the Yaroslavl and 
Kholmogor breeds were obtained to assess the suitability of the selected DNA 
for molecular genetic research and to confirm that the laboratory meets the au-
thenticity criteria. Genotypes of all 11 microsatellite loci studied were deter-
mined (Fig. 1). At the same time, it should be noted that the peak height de-
creases with increasing the allele length of microsatellites, which indicates a 
strong degradation of the resulting DNA, which is represented mainly by low-
molecular fragments. 

 

 

Fig. 1. Capillary electrophoresis-based multiplex analysis of microsatellite profile for 11 microsatellite 
loci of a Kholmogor animal historical craniological sample (H19.1): А — TGLA227 (alleles 83, 103), 
BM2113 (135, 137), TGLA53 (160, 166), ETH10 (220, 220), SPS115 (249, 255); Б — TGLA126 
(118, 118), TGLA122 (143, 153), INRA23 (200, 216), BM1818 (266, 266); В — ETH225 (142, 
142), BM1824 (182, 182). X axis corresponds to loci and fragments (peaks) detected; the size of the 
fragments (al 83, Changed al 103, Changed al 135, etc.) increases along the axis to the right). Y axis 
corresponds to the peak height. The color indicates different tags for the analyzer. See the full Fig-
ure 1 on http://www.agrobiology.ru. 
 

http://www.agrobiology.ru/articles/6-2019abdelmanova-ris1-eng.pdf
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Fig. 2. Phylogenetic tree constructed from microsatellite markers based Nei [34] genetic distances 
(Ds) for modern and historical cattle samples: KHLM — modern Kholmogor breed, YRSL – mod-
ern Yaroslavl breed, KHLM_HIST — historical sample of Kholmogor breed, YRSL_HIST — his-
torical sample of the Yaroslavl breed. UPGMA method, Populations program 1.2.32 [35], visualiza-
tion with SplitsTree program 4.13.1 [36].  

 

Analysis of microsatellite profiles of historical samples showed that each of 
the samples had its own unique genotype, which differed from the genotypes of oth-
er historical and modern samples. On a phylogenetic tree constructed on the basis of 
genetic distances of Nei [34] calculated from microsatellites, it was manifested in the 
formation of its independent branch by each sample (Fig. 2). In all five historical 
samples of the Yaroslavl breed and three of the five historical samples of the Khol-
mogor breed, private alleles were identified that were not present in other studied 
populations. The results of microsatellite analysis confirm that the laboratory where 
these studies were conducted meets the criteria for working with ancient DNA.  

The efficiency of full-genomic genotyping of SNP when using DNA iso-
lated using magnetic particles was significantly higher than when using DNA 
isolated using silicon spin-columns (Table 2). It may be because, for SNP analy-
sis, the size of DNA fragments (as opposed to concentration) is not a critical 
factor. When analyzing microsatellite loci, the success of amplification is deter-
mined by the degree of DNA degradation [18]. 

2. Effectiveness of whole-genome genotyping DNA from Kholmogor cattle skull his-
torical material with high-density Bovine HD BeadChip DNA chips (Illumina, 
Inc., USA) 

Sample No. 
Qubit, 
ng/µl 

NanoDro, 
ng/µl OD260/280 Call Rate DNA extraction 

1 5.32 35.68 1.87 0.958 Prep Filer™ BTA Forensic DNA Extraction Kit 
2 4.52 26.19 1.96 0.970 Prep Filer™ BTA Forensic DNA Extraction Kit 
3 6.84 33.10 1.83 0.970 Prep Filer™ BTA Forensic DNA Extraction Kit 
4 4.94 65.71 1.90 0.977 Prep Filer™ BTA Forensic DNA Extraction Kit 
5 2.94 21.64 1.96 0.641 QIAamp DNA Investigator Kit 
6 1.18 21.15 1.86 0.533 QIAamp DNA Investigator Kit 
7 6.84 35.15 1.85 0.775 QIAamp DNA Investigator Kit 
8 4.48 24.75 2. 00 0.878 QIAamp DNA Investigator Kit 

N o t e. Double-stranded DNA concentration (a Qubit fluorometer, Invitrogen, Life Technologies, USA) and total 
DNA concentration (a NanoDrop 8,000 device, Thermo Fisher Scientific, Inc., USA) were measured. OD260/280 
(absorption ratio at  = 260 nm and  = 280 nm, measured on the NanoDrop 8000 device) indicates purity of 
DNA preparation. Call Rate means the proportion of genotyped SNPs of the total number of SNPs on the DNA 
chip. 

 

The main problems in molecular genetic studies of ancient and historical 
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samples are low DNA concentrations and high degradation in the extracts [13, 
14, 18, 22]. The small length of the remaining target fragments may be a signifi-
cant limitation for analyzing microsatellites with a longer fragment length (200 
bps or more) [41, 42]. For unambiguous interpretation of the obtained profiles 
in some works [42, 43], it is recommended to amplify each sample at least three 
times. SNP markers are less demanding on the degree of DNA degradation. 
Studies have shown [29, 44] that high-performance sequencing and full-genomic 
genotyping of SNP on DNA chips will significantly expand the range of data 
processing procedures used and make more complete use of the information 
contained in historical DNA. 

Thus, our findings show the possibility of successfully isolating DNA 
suitable for molecular genetic research from historical bovine skulls from cranio-
logical collections. Comparison of two different methods of DNA extraction 
based on the use of columns with a silica-gel membrane (QIAamp DNA Investi-
gator Kit) and magnetic particles (Prep Filer™ BTA Forensic DNA Extraction 
Kit) revealed the advantage of the second method. In 8 of the 10 studied sam-
ples, the concentration of double-stranded DNA was higher when using the 
magnetic particle method, and in two samples — when using silica gel columns, 
while the average values of the DNA concentration were 2.75±1.33 and 
0.83±0.23 ng/µl, respectively. Analysis of the genotypes of historical samples 
from 11 microsatellite loci shows that each of the 10 studied samples of the 
Kholmogor and Yaroslavl breeds has its own unique genotype that differs from 
other samples. The study of the effectiveness of full-genomic SNP genotyping 
shows the advantage of a set based on the use of magnetic particles (Prep Filer™ 
BTA Forensic DNA Extraction Kit). Assuming that the length of fragments in 
this type of analysis is not a critical factor, this method is preferred due to ob-
taining higher concentrations of DNA. In general, large-scale studies of histori-
cal samples using different types of DNA markers will be a significant addition 
to the results of studying modern representatives of breeds. It will help to clarify 
the origin and demographic history of domestic cattle breeds to develop effective 
programs for their preservation. 

The main problems in molecular genetic studies of ancient and historical 
samples are low DNA concentrations and high degradation in the extracts [13, 
14, 18, 22]. The small length of the remaining target fragments may be a signifi-
cant limitation for analyzing microsatellites with a longer fragment length (200 
bps or more) [41, 42]. For unambiguous interpretation of the obtained profiles 
in some works [42, 43], it is recommended to amplify each sample at least three 
times. SNP markers are less demanding on the degree of DNA degradation. 
Studies have shown [29, 44] that high-performance sequencing and full-genomic 
genotyping of SNP on DNA chips will significantly expand the range of data 
processing procedures used and make more complete use of the information 
contained in historical DNA. 

Thus, our findings show the possibility of successfully isolating DNA 
suitable for molecular genetic research from historical bovine skulls from cranio-
logical collections. Comparison of two different methods of DNA extraction 
based on the use of columns with a silica-gel membrane (QIAamp DNA Investi-
gator Kit) and magnetic particles (Prep Filer™ BTA Forensic DNA Extraction 
Kit) revealed the advantage of the second method. In 8 of the 10 studied sam-
ples, the concentration of double-stranded DNA was higher when using the 
magnetic particle method, and in two samples — when using silica gel columns, 
while the average values of the DNA concentration were 2.75±1.33 and 
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0.83±0.23 ng/µl, respectively. Analysis of the genotypes of historical samples 
from 11 microsatellite loci shows that each of the 10 studied samples of the 
Kholmogor and Yaroslavl breeds has its own unique genotype that differs from 
other samples. The study of the effectiveness of full-genomic SNP genotyping 
shows the advantage of a set based on the use of magnetic particles (Prep Filer™ 
BTA Forensic DNA Extraction Kit). Assuming that the length of fragments in 
this type of analysis is not a critical factor, this method is preferred due to ob-
taining higher concentrations of DNA. In general, large-scale studies of histori-
cal samples using different types of DNA markers will be a significant addition 
to the results of studying modern representatives of breeds. It will help to clarify 
the origin and demographic history of domestic cattle breeds to develop effective 
programs for their preservation. 
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A b s t r a c t  
 

The adaptation of the pancreas to diet composition is still a matter of discussion. The me-
thodical difficulties related to the sampling of pure pancreatic juice resulted in the scarce and dis-
crepant published data on the alterations of exocrine pancreatic secretion in response to changes in 
diet composition (A.D. Sineshchekov, 1965; P.P. Berdnikov, 1990; Ts.Zh. Batoev, 2001; A. Huget et 
al., 2006; V.I. Fisinin et al., 2017; K. Liu et al., 2018); the effects of individual dietary ingredients on 
the pancreatic secretion were not scrutinized to date. We present a comparative study on the altera-
tions of exocrine pancreatic function in response to the change in dietary protein source (substitution 
of sunflower cake for soybean cake or meal) with the use of similar methodology for animals with 
different digestion type; this approach can reveal both specific and common patterns in the respec-
tive adaptive reactions. The study was performed on 18 laying hens (Gallus gallus domesticus L.; cross 
Hisex White) at 10-12 months of age including 3 hens with chronic fistulae of main pancreatic duct 
inserted according to the method of Ts.Zh. Batoev (2001), and on 9 piglets (Sus scrofa domesticus L.; 
hybrid of Danish Landrace and Danish Yorkshire breeds) at 5 months of age and 45-55 kg of live 
bodyweight including 3 intact piglets, 3 piglets with cannulated pancreatic duct, and 3 piglets with 
ileal cannulae. It was found that the most responsive enzymatic activity in chicken is lipase: in hens 
fed diet with sunflower cake the basal (preprandial) level of lipase activity was significantly higher by 
37.7 % in compare to diet with soybean meal, postprandial lipase activity in 90 min after feeding 
higher by 46.6 %; in 150 min after feeding higher by 93.7 % (p < 0.05). The shift from soybean meal 
to sunflower cake resulted in the significant increase in crude fat digestibility by 3.5 % (p < 0.05). 
This shift was also found to increase the postprandial protease activity though similar response of 
crude protein digestibility was not found. To the contrary, the same shift in diet composition in pigs 
resulted in the significant decrease in postprandial protease activity by 43.8 % (p < 0.05); no altera-
tions were found in the digestibility of crude protein probably due to the presence of trypsin inhibi-
tor(s) in soybean meal. Regardless of the similar total volumes of pancreatic juice secreted in pigs 
during the sampling period with different dietary protein sources the dynamics of the postprandial 
pancreatic secretion substantially differed with these sources both in the complex-reflex and neuro-
humoral regulative phases. The exocrine pancreatic function in chicken was considerably more stren-
uous in compare to pigs: the relative (per 1 kg of live bodyweight) volume of pancreatic juice secret-
ed in chicken was 2.2-fold higher, total amylase activity secreted was 94-fold higher, protease activity 
145-fold higher, lipase activity 17-fold higher in compare to pigs. The tryptic activity in blood serum 
in chicken was 7-fold higher in compare to pigs evidencing higher metabolic intensity. Therefore, 
when changing the dietary ingredients the functional peculiarities of the adaptation of pancreatic 
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secretion to these shifts in the productive animals with different digestion type should be taken into 
account since exocrine pancreatic function and feed digestibility are correlated and can, in turn, 
jointly affect the productive performance. 

 

Keywords: pancreas, exocrine pancreatic function, chicken, pigs, activities of digestive en-
zymes in blood serum 

 

The adaptation of the pancreas to the diet composition in animals is still 
a matter of discussion. There is an opinion about parallel changes in the enzy-
matic activity in pancreatic juice. According to the parallel secretion hypothesis, 
the activity of pancreatic enzymes changes in the same proportions, regardless of 
the food components [1]. Such results were obtained in cannulated dogs that 
constantly lost pancreatic juice, in which the ability of the pancreas to adapt the 
enzymatic composition of the secret to the nature of the food was significantly 
impaired [2]. Such an imbalance occurs in diseases of the digestive system, as 
well as in the case of excess intake of nutrients, in particular fats [2]. However, 
there is a large amount of experimental data indicating the ability of the pancre-
as to change the enzymatic activity and juice production depending on the com-
position of the consumed food [3-6]; it is also described for birds [7-11]. Evi-
dence of adaptation of the digestive glands to the quality of food was obtained 
using modern methods in the process of synthesis, transport, and isolation of 
zymogenic granules at the level of both individual acinar cells and acinuses of 
topographically different parts of the gland [12-14]. Currently, more and more 
attention is paid to molecular genetic approaches in the study of secretory func-
tion of the pancreas [15], and although these methods are not widely used in the 
study of pancreas adaptation to food quality, the few obtained results are con-
sistent with biochemical data [16, 17]. The experiments on animals fitted with a 
cannula, which allows taking samples of pancreatic juice in vivo during the ex-
periments and sending it to the intestine, are of particular interest. It should be 
noted that due to methodological difficulties in obtaining pure pancreatic juice, 
the available data on the adaptation of the secretory function of farm animals are 
few and contradictory [18, 19]. In the last century, the academician Pavlov de-
veloped a method for studying pancreatic juice in dogs and obtained experi-
mental data on the adaptation of pancreatic secretion to bread, milk, and meat, 
which became the basis of the physiology of the digestive system [3]. Later, the 
adaptation of pancreatic secretion to various feeds and additives was studied in 
farm animals [7-9, 20], but the effect of certain feed ingredients on pancreatic 
secretion was not studied. 

This paper describes for the first time quantitative changes in the secretory 
function of the pancreas when replacing one of the components of the diet. In 
addition, due to the use of similar methods for the study of pancreatic secretion 
(experiments on fistulated individuals), indicators were compared in animals with 
different types of digestion, which allowed us to identify both peculiar and general 
patterns of adaptive responses of the pancreas. 

Our goal was to study, in a comparative aspect, the adaptation mecha-
nisms of the digestive system of mammals and birds to diets with different pro-
tein ingredients. 

Techniques. The study was performed on chickens (Gallus gallus L.) of 
Leghorn breed egg cross Hisex White aged 10-12 months with chronic pancreat-
ic duct fistulas (3 birds), intact chickens (15 birds), piglets (Sus scrofa domesticus 
L.) cross between Danish Landrace and the Danish Yorkshire aged 5 months, 
the live weight of 45-55 kg (3 piglets with the cannulated pancreatic duct, 3 pig-
lets with ileal cannulae, and 3 intact piglets). 
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To obtain “pure” pancreatic juice from a bird, a surgical operation was 
performed in the chronic experiment [7]. The essence of this operation was to 
create an isolated segment of the duodenum and transplant the main pancreatic 
duct into it, implanting two L-shaped fistulas and forming an external anasto-
mosis making it possible to return the pancreatic juice to the duodenum if nec-
essary. The piglets were operated according to the technique of Tkachyov [21]. 
From the duodenum, a 4-5-cm-long segment was cut out, into which the pan-
creatic duct flows, and a Y-shaped cannula was implanted (in an isolated seg-
ment of the intestine and the main intestine), allowing the pancreatic juice to 
return to the duodenum during the period outside the experiments. 

Physiological experiments on poultry were performed using the method 
developed earlier [8]. The authors used PK-1 feed (All-Russian Research and 
Technological Poultry Institute RAS) with different protein ingredients. At least 3 
experiments were performed on each bird to study digestion in each accounting 
period. Physiological experiments on piglets were started in the morning on an 
empty stomach after a 14-hour fast. The piglets were placed in a special machine 
in which they were kept for 3.5 hours. To collect pancreatic juice, a microtube 
was attached to the fistula through a special rubber adapter. In the first 30 
minutes, the juice was collected after fast, then the pigs were given 500 g (1/3 of 
the daily norm) of compound feed (SK-4, Institute of Animal Physiology, Bio-
chemistry and Nutrition, Russia) (as per Feeding norms and diets for agricultural 
animals. Handbook. Moscow, 2003), and the secretion was collected every 30 
minutes for 180 minutes. 

A Smith-Roe method in a modification for determining high enzyme ac-
tivity [7] was applied for amylase analysis, proteolytic activity was assessed by 
Gammersten’s hydrolysis of purified casein with colorimetric control (KFK-3, 
Zagorsk Optical and Mechanical Plant, Russia,  = 450 nm) [7]. Lipolytic activity 
was assessed using a Sinnowa BS3000P biochemical analyzers (SINNOWA Medi-
cal Science & Technology Co., Ltd, China) and Screen Master LIHD113 (Hos-
pitex Diagnostics S. r. L., Italy) with a set of veterinary diagnostic reagents for 
determining blood concentration of animal lipase (DIAKON-VET, Russia). 

Blood of chickens was samples from the axillary vein, in pigs from the 
tail vein before feeding. Freshly prepared sodium citrate solution was added to 
the test tubes, the blood was centrifuged for 5 minutes at 5,000 rpm, and the 
resulting plasma was examined using a SINNOWA BS3000P flow biochemical 
semi-automatic analyzer (SINNOWA Medical Science & Technology Co., Ltd, 
China) using biochemical kits (DIAKON-VET, Russia). The activity of amylase 
and lipase was studied on a Chem Well 2900 (T) device (Awareness Technology, 
Inc., USA) using appropriate reagent kits (Human GmbH, Germany). Trypsin 
activity was evaluated using a semi-automatic biochemical analyzer Sinnowa BS-
3000P (SINNOWA Medical Science & Technology Co., Ltd, China) [22]. 

Digestion trials of the digestibility of nutrients in the diet were performed 
by generally accepted methods (Methods of scientific and industrial research on 
poultry feeding. Molecular genetic methods for determining intestinal microflora. 
Sergiev Posad, 2013). 

Statistical analysis was performed by ANOVA method (Statistica 10.0 
software, StatSoft, Inc. USA; Microsoft Excel). The mean value (M) and standard 
errors of the means (±SEM) were calculated for the enzyme activity indicators. 
The reliability of differences was determined by Student’s t-criterion, considering 
them statistically significant at p < 0.05. 

 Results. Table 1 describes the experiment design.  
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1. Design of the experiment on replacing dietary soybean cake/meal → sunflower cake 
in animals with different types of digestion  

Investigation stage  Group (period) Feed features 
H i s s e x  W h i t e  L a y i n g  h e n s  ( Gallus gallus L . )   

Study of the pancreas secretory 
function 

Control  Main diet (MD) with soybean cake (19.8%) 
Test  MD with sunflower cake (21.0%) 

Study of the digestibility of feed 
nutrients  

Control  MD with soybean cake (19.8%) 
Test  MD with sunflower cake (21.0%) 

Determination of blood bio-
chemical parameters 

Control  MD with soybean cake (19.8%) 
Test  MD with sunflower cake (21.0%) 

C r o s s b r e d  (Danish Landrace  and the Danish Yorkshire)  p i g l e t s  ( Sus scrofa domesticus L.)  
Study of the pancreas secretory 
function 

Control  MD with soybean meal (18.5%) 
Test  MD with sunflower cake (22.5%) 

Study of the digestibility of feed 
nutrients  

Control  MD with soybean meal (18.5%) 
Test  MD with sunflower cake (22.5%) 

Determination of blood bio-
chemical parameters 

Control  MD with soybean meal (18.5%) 
Test MD with sunflower cake (22.5%) 

 

The composition and characteristics of the used main diets are shown in 
Tables 2 and 3 

2. Composition (%) and quality indica-
tors of diets for Hissex White lay-
ing hens (Gallus gallus L.) 

Ingredient, indicator 
Combined feed 

control 
(feed 1) 

test  
(feed 2) 

Wheat 58.225 55.781 
Sunflower cake 5.000 21.026 
Soybean cake 19.784 8.912 
Limestone (36%) 9.137 9.045 
Soybean oil 1.936 3.026 
Wheat bran 3.847 Absent 
Monocalcium phosphate 1.149 1.233 
Table salt 0.250 0.250 
Lysine (98%) 0.073 0.214 
Sodium sulphate 0.205 0.182 
Feed methionine (98%) 0.214 0.151 
Premix 0.180 0.180 
In 100 g of feed: 

exchange energy, kcal 270.00 270.00 
raw fiber, g 4.89 5.92 
raw protein, g 16.70 17.20 
raw fat, g 6.72 8.12 
lysine, g 0.73 0.80 
methionine, g 0.44 0.45 
calcium, g 4.78 4.61 
total phosphorus, g 0.89 0.90 

 
In the experiment on laying hens, 

concentrate feed was prepared in such a 
way that feed 1 had the prevalence of 
soybean cake and feed 2 — of sunflower 
cake. The analysis showed that feed 2 
contained more raw fat (1.4%) and fiber 
(1.0%) than feed 1. In the study of the 
secretory pancreatic function in chickens 

3. Composition (%) and quality indica-
tors of diets for crossbred piglets (Sus 
scrofa domesticus L.) 

Ingredient, indicator 
Combined feed 

control 
(feed 3) 

test  
(feed 4) 

Wheat 50 47.4 
Barley 11.84 11.2 
Wheat bran 15 14.2 
Soybean meal SP (42%) 18.55 Absent 
Sunflower cake Absent 22.5 
Sunflower oil 1.45 1.0 
Chalk 1.13 1.0 
Tricalcium phosphate  0.79 0.7 
Table salt 0.24 0.24 
Lysine Absent 0.22 
Threonine  Absent 0.11 
Premix KS-4-1 1 1.0 
Total  100.0 100.0 
1 kg of concentrate feed contains: 

energy feed units (EFU) 1.28 1.28 
exchange energy, MJ, 12.8 12.8 
net energy, MJ 9.5 9.5 
dry matter, g 911.6 914.5 
raw protein, g 170.5 170.0 
raw fat, g  34.8 44.1 
linoleic acid C18:2, % 1.78 1.78 
- linolenic acid, % 0.19 0.19 
raw fiber, g 50.4 99.0 
crude ash, g 51.8 65.1 
nitrogen-free extractives 
(NFE), g 638 683 
lysine, g 7.8 7.8 
methionine + cystine, g  5.60 6.22 
threonine, g 5.9 5.9 
calcium, g 7.53 7.50 
total phosphorus, g 6.11 6.08 

 

(Fig. 1), we revealed an increase in lipolytic activity by 33.8% (p < 0.05) when 
replacing feed 1 with feed 2, which seems to be due to the quality of fat in 
sunflower cake [23], as well as an increase in the amount of raw fat in the ex-
periment relative to the control. Protease activity increased by 28.1% (p ≥ 
0.05) as a result of changes in protein quality and a slight increase in the pro-
portion of raw protein in the feed (by 0.5%), as well as the content of amino 
acids, which in total exceeded that in the control by 0.33%. From these re-
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sults, it follows that the secretory function of the pancreas is adapted to the 
quality of the consumed feed. 
 

 

Fig. 1. Activity of pancreatic enzymes in laying 
Hissex White hens (Gallus gallus L.) depending on 
dietary protein ingredients: a — feed 1, b — feed 2 
(n = 20, lab test on fistulated poultry; see Table 2 
for the composition of diets, the values of protease 
activity increased by 10 times). 
 

To understand the mechanisms 
of adaptation of pancreatic enzyme pro-
duction to the changing composition of 
the diet, we studied the dynamics of the 
pancreas secretory function of chickens 
(Fig. 2). 

 

 

Fig. 2. Dynamics of pancreatic juice secretion (A), 
lipolytic (B) and proteolytic activity (C) in the pan-
creatic juice after feed intake in laying Hissex 
White hens (Gallus gallus L.) depending on dietary 
protein ingredients: 1 — feed 1, 2 — feed 2 (n = 20, 
lab test on fistulated poultry; see Table 2 for the 
composition of diets). 
 

Experimental data revealed differ-
ences in the dynamics of pancreatic juice 
secretion during the 1st and 4th periods
of the experiment depending on the diets 

(see Fig. 2, A), which is associated with the complex reflex and neurochemical 
phases of regulation of the external secretory function of the pancreas [7, 8]. 

The changes were the most apparent in the activity of lipase (see Fig. 2, 
B): the increase in the 1st period (before feeding) was by 37.7% (p < 0.05), in 
the 90th min by 46.6% (p < 0.05) when using sunflower cake, and in the 150th 
min by 93.7%. The difference in the basal activity of enzymes when using differ-
ent protein supplements indicates a long-term adaptation to feed 2, which causes 
increased lipolytic activity. The main difference in the dynamics is that the in-
tensive growth of lipase activity in the presence of sunflower cake in the feed 
continued until the 90th min of the experiment, and then its value remained 
until the end of the experiment. 

The dynamics of proteolytic activity in chicken pancreatic juice when re-
placing soybean meal with sunflower meal in the diet (see Fig. 2, C) had no fun-
damental differences, but the curve of enzyme activity was higher in using dietary 
sunflower cake. If feeding activity parameters were not significantly different, in 
the 60th, 90th and 120th minutes of the experiment, the activity of proteases when 
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adding the sunflower meal was significantly higher than indicators for the diet with 
soybean meal. The first 30-60 minutes of the postprandial period correspond to 
the complex reflex phase of regulation of pancreatic secretion, which is deter-
mined by both conditional and unconditional reflexes (due to the presence of taste 
receptors in the oral cavity of chickens) [24-26], and from the 90th minute by 
hormonal factors that also affect the secretory function of the pancreas [27]. 

The digestibility of feed nutrients is associated with chicken pancreas se-
cretory function (Table 4). 

4. Digestibility and utilization of feed nutrients in laying Hissex White hens (Gallus 
gallus L.) depending on dietary protein ingredients (M±SEM, n = 10, lab test on 
intact poultry) 

Diet 
Digestibility, % Availability, %  Utilization, %  

protein dry matter fat fiber Са Р N lysine 
methio-
nine  

Feed 1 88.3±0.43 73.0±0.73 90.1±0.67 24.1±2.42 62.8±2.90 27.3±3.51 55.5±1.94 90.0±1.16 95.1±0.32 
Feed 2 86.9±0.46 71.5±0.86 93.6±0.58* 11.8±2.74* 64.2±2.82 32.3±4.06 51.9±1.87 90.9±0.25 93.7±0.28 
N o t e. Feed 1 — control, feed 2 — test. See Table 2 for diet compositions. 
* Difference from the control is statistically significant at p < 0.05. 

 

Analysis of the digestibility and availability of feed nutrients shows that 
replacing soybean meal with sunflower worsens the digestibility of fiber by 12.3% 
(p < 0.05), feed dry matter by 1.5%, protein by 1.4%, and methionine by 1.4%. 
In feed 2, raw fat was digested 3.5% better (p < 0.05) than in feed 1, which is 
consistent with the lipolytic activity of pancreatic juice (see Fig. 2). 

5. Blood biochemical parameters of laying Hissex White hens (Gallus gallus L.) 
depending on dietary protein ingredients (M±SEM, n = 15, lab test on intact 
poultry) 

Indicator Control (feed 1) Test (feed 2) To control, % 
Trypsin, U/l 154±16.8 105±10.8* 31.8 
Amylase, U/l 166±9.3 202±27.8 +21.7 
Lipase, U/l 38±2.5 32±2.2 15.8 
Total protein, g/l 23.5±1.40 38.6±3.40* +64.2 
Uric acid, µmol/l 95±10.3 109±14.9 +14.7 
Glucose, mmol/l 2.8±0.58 4.1±0.91 +46.4 
Alkaline phosphatase, U/l 853±85.0 503±81.1* 41.0 
Cholesterol, mmol/l 2.6±0.70 3.9±0.90 +50.0 
Triglycerides, mmol/l 5.6±1.63 8.7±2.76 +55.3 
N o t e. See Table 2 for diet compositions. 
* Difference from the control is statistically significant at p < 0.05. 

 

Biochemical study of blood of laying hens (Table 5) revealed significant 
changes in indicators related to protein metabolism. The trypsin activity during 
experiment decreased by 31.8% (p < 0.05). In the case of a control diet with 
soybean cake, the activity of trypsin in the blood was high. The transition of 
poultry to a diet similar in the protein level, but with a different ingredient com-
position (replacing soybean cake with sunflower cake) led to a decrease in tryp-
sin activity in the blood, apparently due to an increase in the activity of com-
mon proteases in the intestine [28]. It may be due to the presence of chlorogenic 
acid in sunflower oil cake that inhibits trypsin and lipase [23]. The total protein 
content in the control was lower than optimal, which is probably due to a deficit 
of full-fledged proteins and limiting amino acids in the diet. It is no accident 
that in the experiment, the use of concentrated feed caused an increase (within 
the margin of error) in the uric acid indicator and an increase in the total pro-
tein content in the blood by 64.2% (p < 0.05), which corresponds to its normal 
physiological value for laying hens. A decrease in alkaline phosphatase activity by 
41.0% (p < 0.05) indicates a change in liver function, which produces this en-
zyme that hydrolyzes phosphorus bonds. 
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In the diets of experimental piglets, the used concentrate feed varied in 
raw fat and fiber content: in feed 4, compared to feed 3, the content of these 
components was higher by 9.3 and 21.1%, respectively; the diets did not differ in 
the amount of raw protein. The composition of limiting amino acids and their 
content also did not differ significantly due to adjustments using different 
amounts of synthetic amino acids. The excess of methionine and cystine in feed 
4 (even without adding synthetic methionine to feed) was due to their increased 
content in sunflower cake. 

6. Pancreatic secretory function of 5-month-old crossbred (Danish Landrace and 
Danish Yorkshire) piglets (Sus scrofa domesticus L.) depending on feed composi-
tion (M±SEM, n = 3, lab test on fistulated animals) 

Indicator Control (feed 3) Test (feed 4) 
Amount of pancreatic juice per experiment, ml 139,5±1,50 134,9±7,16 
Enzyme activity in 1 ml juice: 

amylase, mg/(ml  min) 1564±267,0 1800±92 
lipase, µmol/(ml  min) 14,8±1,01 15,1±1,16 
proteases, mg /(ml  min) 88,1±9,92 49,6±6,04* 

N o t e. See Table 3 for diet compositions. 
* Difference from the control is statistically significant at p < 0.05. 

 

The study of the pancreas secretory function of piglets (Table 6) showed 
that when replacing soybean protein with sunflower, the lipase activity did not 
change, although the fat content in this feed was 9.3% higher compared to the 
control diet. Perhaps the reason is the presence of chlorogenic acid in sunflower 
cake, which serves as an inhibitor of trypsin and lipase. We found no significant 
differences in amylase activity. The number of proteases decreased by 43.7% in 
the experimental period with the same content of protein and amino acids in 
compound feeds 3 and 4. Therefore, in piglets (as in chickens), the secretory 
function of pancreas adapts to the feed quality. We compared the dynamics of 
pancreatic juice release and enzyme activity after feeding by analyzing the mech-
anisms of the pancreas adaptation to the new feed (Fig. 3, A, B). 

 

 

Fig. 3. Dynamics of pancreatic juice secretion (A) and proteolytic activity (B) in pancreatic juice after 
feed intake in 5-month-old crossbred (Danish Landrace and Danish Yorkshire) piglets (Sus scrofa do-
mesticus L.) depending on feed composition: 1 — feed 3, 2 — feed 4 (n = 20, lab test on fistulated 
animals; see Table 3 for diet compositions 3). 

 

The data indicate (see Fig. 3, A) that in piglets in the first 30 minutes after 
receiving the feed, the secretion of pancreatic juice increased by 2.0 and 1.3 times 
when using soybean or sunflower components in the diet, respectively. Further on, 
by the 90th minute of the experiment in the version with soybean meal, the amount 
of pancreatic juice decreased to the initial value, with sunflower cake – continued to 
increase to the 90th minute of the experiment and became 2 times higher compared 
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to the previous period. From the 120th to 210th minute of the experiment, an in-
crease in secretions in the first period was observed; in the second period (when 
adding sunflower cake in the diet), significant changes in the amount of secretions 
were not observed. Therefore, despite similar gross amounts of pancreatic juice for 
the experiment, in variants with different protein feed ingredients, the dynamics of 
secretions after food intake differed significantly in the complex-reflex and neuro-
humoral phases of pancreatic function regulation. 

Since there were significant changes in the activity of proteases, the au-
thors analyzed the dynamics of this indicator in the postprandial period with 
different sources of protein in the feed of piglets (see Fig. 3, B). Proteolytic ac-
tivity in the control (feed 3) increased in the postprandial phase of digestion up 
to the 120th minute of the experiment, followed by a decline and a new rise, 
typical for the neurochemical phase of regulation of pancreatic secretion. When 
using sunflower cake in the diet of piglets, the dynamics of protease activity was 
characterized by a 2.2-fold increase within 60 minutes after feeding (as in the 
control), but since the basal level of activity was 2 times lower, the value of this 
indicator in the postprandial period significantly differed at all points of the 
curve, except for the 150th minute (intersection of graphs). Therefore, in piglets, 
when replacing one protein component in the diet with another, the pancreas 
reacts by changing the predominantly proteolytic activity, which indicates that 
the secretory function of the pancreas is adapted to the feed quality. 

No significant changes in the dynamics of amylase and lipase activity 
were observed in piglets after replacing the protein component of the feed. 

Thus, the replacement of soybean meal with sunflower meal in the diet 
of piglets is reflected in the dynamics of pancreatic juice release and protease 
activity in the postprandial period of digestion, which indicates the adaptation of 
the pancreas to individual feed components with the same content of raw pro-
tein in concentrate feeds. The study of visceral organs in weaning pigs using 
common and low-oligosaccharide soybean meal revealed no differences [29]. At 
the same time, molecular genetic methods lead to the conclusion that the con-
tent of fats and carbohydrates in the diet of pigs significantly affects gene expres-
sion [30]. Therefore, the use of cannulated animals to study the adaptation of 
pancreatic secretion has a perspective. 

When replacing soybean meal with sunflower meal, neither visible nor ileal 
digestibility of protein was significantly changed (Table 7), although the ileal 
method is considered the most objective when assessing the availability of nutrients 
in the diet [31]. Even with a higher content of fiber and fat in the second diet (ex-
periment), there was a significant increase in their digestibility, by 11.7 and 28.7%, 
respectively (p < 0.05). At the same time, ash and nitrogen-free extractives were 
digested worse. 

7. Digestibility and utilization of feed nutrients in 5-month-old crossbred (Danish 
Landrace and Danish Yorkshire) piglets (Sus scrofa domesticus L.) depending on 
feed composition (M±SEM, n = 10) 

Diet 
Digestibility, % 

Pv P DM OM Fib F A NFE GE 
Control 78.42±0.90 75.4±1.89 78.3±0.25 80.4±0.24 36.7±0.78 61.2±0.50 43.0±0.75 88.1±0.19 79.6±0.32 
Test 81.21±1.87 77.0±2.12 77.1±0.32 80.0±0.47 41.0±0.56* 78.8±1.82* 37.6±0.80* 87.3±0.54 78.4±0.64 
N o t e. Pv — protein (visible digestibility), Pi — protein (ileal digestibility), DM — dry matter, OM — organic 
matter, Fib — fiber, F — fat, A — ash, NFE — nitrogen-free extractives, GE — gross energy. See Table 3 for the 
composition of the diets. 
* Differences from the indicator for feed 3 (control) are statistically significant at p < 0.05. 

   

Biochemical studies have not revealed significant changes in the activity 
of digestive blood enzymes and biochemical parameters in piglets when using 
various protein supplements in the diet (Table 8). 
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8. Blood biochemical parameters of 5-month-old crossbred (Danish Landrace and 
Danish Yorkshire) piglets (Sus scrofa domesticus L.) depending on feed composi-
tion (M±SEM, n = 10) 

Indicator Control (feed 3) Test (feed 4) 
 Trypsin, U/l 690±56.0 620±34.1 
 Amylase, U/l 179.5±83.9 141.7±32.7 
 Lipase, U/l 51.0±12.75 76.5±22.08 
 Total protein, g/l 57.03±2.59 62.2±2.24 
 Urea, mmol/l 4.3±0.29 5.2±0.45 
 Alanine aminotransferase, U/l 89.6±9.94 71.8±10.1 
 Aspartate aminotransferase, U/l 70.2±12.9 57.5±7.67 

N o t е. See Table 3 for the composition of the diets. 
 

Since the digestive systems of birds and mammals differ morphologically 
and functionally, the biological mechanisms of feed adaptation are not the same. 
For the first time in world practice, we have undertaken a comparative study of 
the features of such adaptation to changes in the protein component of the diet 
when replacing soybean meal with sunflower meal on fistulated animals. 

The research showed that the amount of pancreatic juice during the ex-
periment (per 1 kg of live weight) was almost 2.2 times higher in chickens than 
in piglets. Amylase activity, when used feed 1 for chickens, was 4,620±253.1, in 
piglets 1,564±267.0 mg/(mlmin), which in absolute values is almost 3 times 
lower than in chickens. When using feed 2, the amylase activity in chickens in-
creases to 4,855±290.0, and in piglets to 1,800±92.0 mg/(mlmin). 

The lipolytic activity of pancreatic juice in piglets in absolute values was 
higher than that in chickens by almost 2 times and amounted to 14.8±1.01 and 
6.5±0.51, respectively, when the control feed was fed, and 15.1±1.16 and 
8.7±0.62 mmol/(mlmin) when replacing the protein component (soybean 
cake/meal  sunflower cake). However, per 1 kg of live weight, the ratio of lipo-
lytic activity in chickens and piglets was 17:1. 

Protein hydrolysis in chickens was more intense. The activity of proteas-
es in animals receiving the control feed was 3 times higher in chickens than in 
piglets – 267±17.9 vs 88.1±9.92 mg/(mlmin). Sunflower meal increased prote-
ase activity in chickens to 342±61.3 mg/(mlmin) but decreased it in pigs to 
49.6±6.04 mg/(mlmin). Taking in mind that the digestibility of raw protein 
does not change significantly, one can assume the presence of trypsin inhibitors 
in soybean meal, which increases the activity of proteases. This assumption is 
confirmed in the works of Tarasenko [31], indicating higher availability of amino 
acids in sunflower meal (25.4%) compared to soybean. Our data are also partial-
ly consistent with the results of comparative studies of the physical and chemical 
properties and enzymatic activity of pancreatic juice in different animals [32]. 

The activity of digestive enzymes in the blood plasma of animals with 
different types of digestion significantly differed in trypsin: as calculated per 1 kg 
of live weight, the activity was 100 U/l in chickens and 14 U/l in pigs. Conse-
quently, the metabolic processes in chickens are more intense than in pigs, and 
the trypsin activity index (trypsin activity/live weight) can serve as a criterion for 
evaluating the activity of metabolism. 

It is known that the provision of feed is the most expensive area in the 
livestock economy, but the largest reserves are hidden here [20]. Knowledge of 
the biological effects of feed ingredients forms the basis for the formation of bal-
anced diets for farm animals. The data obtained in this paper characterize the 
main digestive and nutrition-related metabolic processes comprehensively. This 
approach makes it possible to interpret the results of the study in both theoreti-
cal and practical aspects. 

Thus, the data of the original experiments carried out on fistulated animals 
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allow drawing the following conclusions. A distinctive feature of the exocrine 
function of the pancreas of birds is its high intensity: the amount of pancreatic 
juice per unit of live weight in chickens is 2.2 times higher than in pigs, the amyl-
ase activity is 94 times higher, protease activity 145 times higher, and lipase 17 
times higher. The trypsin activity index in the blood plasma of chickens is signifi-
cantly (7 times) higher than in pigs, which indicates increased metabolism. Adap-
tation of pancreatic secretion in chickens when replacing soybean meal with sun-
flower meal is characterized by an increase in lipase activity in pancreatic juice by 
33.8%. In this case, significant differences are observed in the basal and postpran-
dial period 60 minutes after feeding. As a result, the raw fat digestibility increases 
by 3.5% in feeding sunflower cake. In pigs, when replacing soybean meal with 
sunflower meal, the external secretory function of the pancreas reacts by 43.8% 
reducing the proteolytic activity. At the same time, the digestibility of raw protein 
does not change due to the presence of a trypsin inhibitor in soybean meal. In 
animals, regardless of the type of digestion, the adaptation of pancreatic secretion 
occurs in the case of non-parallel changes in the enzymatic activity in response to 
qualitative changes in feed ingredients. 
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A b s t r a c t  
 

Modern programs of conservation of poultry genetic resources suggest the need to study 
specific characteristics of breeds for their further use in breeding. The ability of chickens to adapt 
and maintain productivity over a wide range of temperatures is an important economically significant 
feature, since maintaining a temperature optimum to realize the genetic potential of productivity 
requires significant energy costs. Regarding this, the unique long-term experiment of RRIFAGB on 
the population of Russian white breed chickens, started by A.N. Sokolova, is of interest. This popu-
lation was created through selection for resistance to low temperatures in the first days of life (15-
22 C in the first 5 days with a gradual decrease to 14-11 C to 21-30-day-old age) and the keeping 
of adult chickens in winter at a temperature below 0 C. As a result, genotypes appeared, differing 
not only in thermal resistance, but also possessing an increased resistance to diseases of the leuke-
mia-sarcoma complex and white embryonic down (so-called «snow whites»). The aim of this work 
was to investigate the degree of adaptive response of Russian white embryos (Gallus gallus domesticus) 
and neonatal chicks, homozygous for the gene sw+, to a lower ambient temperature compared to the 
breed Amrox, resulting in the first demonstration of interbreed differences in epigenetic adaptation of 
chickens in early ontogeny. The thermal stability of sw+ homozygous Russian white chickens («snow 
white» population) and Amrox breeds in prenatal (12.5 days of incubation) and early neonatal peri-
ods (when removed from the incubator) was studied in a comparative aspect. Thermal stability in 
embryos (n = 70) was assessed by changes in the volume of extraembryonic fluid; in chickens (n = 
60) — by changes in body temperature and characteristic behavioral reactions under hypothermia. 
Body surface temperature was determined using Thermal Expert FL 13mm f/1.0 thermal imaging 
camera, and rectal temperature was determined with an electric thermometer. Interbreeding differ-
ences in the response to low temperatures in embryos and 1-day-old chickens were revealed. Cooling 
of incubated eggs for 6 hours at +20 C caused a slight expected decrease in the embryo weight in 
both breeds, but led to an increase in the volume of allantois-amniotic fluid (as a protective mecha-
nism). The decrease in temperature caused an increase in the amount of fluid in embryos of both 
breeds, but in «snow whites» by 8.2 % and in Amrox embryos to a lesser extent, by 6.7 %. It is found 
that neonatal «snow white» chicks, as a result of a 2-hour exposure at 16 C, lose body heat less 
intensively (the body temperature range of 32,4-17,0 C) than Amrox chickens (the body tempera-
ture range of 28,2-14,5 C) with no critical decrease in rectal temperature allowed. The rectal tem-
perature of Amroxes reduced by 12.7 % or 5.1 C (p < 0.001) compared to that at the moment of 
removal from the incubator, while in «snow whites» — only by 3.7 % or 1.4 C. The «snow white» 
сhicks are mobile, whereas the Amrox сhicks are torpid. Thus, the chickens of the Russian white 
breed, homozygous for sw+ gene, along with the snow-white color of the down at 1-day age, have 
more perfect mechanisms of thermoregulation (mainly physical, not chemical) and are better 
adapted to the conditions of low temperatures during embryonic and early postnatal periods.  

 

Keywords: Gallus gallus domesticus, chickens, thermoregulation, embryos, extraembryonic 
fluid, sw+ gene, neonatal chickens, hypothermic stress 

 

Modern programs for the conservation of genetic resources of poultry 
require the study of specific characteristics of breeds for further use in breeding 
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purposes. The ability to adapt and maintain productivity over a wide temperature 
range is an important economically significant feature, since maintaining a tem-
perature optimum to implement the genetic potential of productivity requires 
significant energy costs. When solving the problem of thermal resistance of poul-
try, two approaches are considered, the first one is based on the study of epige-
netic adaptation (including due to the dosed temperature effect in sensitive peri-
ods of embryogenesis) [1-3] and the second is genetic selection. The possibility 
of selection in order to obtain resistance to extreme housing temperatures has 
been proved [4-6]. Candidate genes associated with thermal resistance are identi-
fied both in birds of gene pool breeds and of industrial lines [7, 8].  

A large number of studies all over the world are focused on the issues of 
chickens’ thermal resistance. However, the overwhelming majority of them relate 
to bird resistance to tropical and subtropical climate conditions [2, 6], while the 
problem of adaptation to lower temperatures for a significant part of Russia is 
more relevant.  

In this regard, a unique long-term experiment on a population of Russian 
White breed chickens, started by Sokolova in 1954 (All-Russian Research Institute 
of Farm Animals Genetics and Breeding, RRIFAGB) is of interest. The Russian 
White breed chickens were bred in the USSR on the basis of crossing the white 
Leghorn breed with local outbred chickens and approved in 1953. The population 
of Russian White chickens bred in the RRIFAGB Genetic Collection of Rare and 
Endangered Breeds of Chickens was created by selection for resistance to low 
temperatures in the first days of life (15-22 C in the first 5 days with a gradual 
decrease to 14-11 C to the age of 21-30 days) with adult animals kept in winter 
at temperatures below 0 C [4, 5]. Sokolova [4, 5] found an uneven response of 1-
day-old Russian White chickens to a decrease in ambient temperature. At 30 C, 
the body temperature of all neonatal chickens was 39.6–40.0 C. Under condi-
tions of lowering the temperature to 21 C, some individuals developed hypother-
mia, which led to death; in others, the temperature remained the same or de-
creased slightly (to 37-38 C), and they maintained normal viability. It was also 
found that increased thermal resistance was inherited according to the dominant 
type, and thermal stability had monogenic inheritance. In generations of selection 
for thermal resistance, the role of chemical thermoregulation decreased, but the 
role of the physical one, aimed at reducing heat transfer, in particular by reducing 
the relative mass of the lungs, increased. As a result of selection under hypother-
mic stress, genotypes appeared that differed from the original bird not only by the 
thermal resistance of young animals but also by increased resistance to Marek’s 
disease, leukemia (confirmed by experimental infection), as well as white embry-
onic down hair (the so-called “snow white”), the proportion of which was approx-
imately 25% of the total number of chickens at hatch [4, 5]. The remaining chicks 
had predominantly ordinary yellow down hair, with the exception of a small num-
ber of individuals with an intermediate type of color. Possibly, the selection of ne-
onatal chicks according to their degree of reactivity to such a stressful factor as 
sublethal low temperature influenced the mechanism of neuroendocrine regulation 
of melanogenesis, which is controlled by the pituitary, thyroid, steroid and sexual 
hormones [9], which resulted in a mutation in the color of the down hair of 
chicks.  

The authors’ assumption about the influence of the neuroendocrine sta-
tus on the color of plumage in chickens is confirmed by the studies of Dmitriev 
[10, 11]. Thus, when assessing 10-week-old chickens from the Russian White 
population that had snow-white coloration of down hair at 1 day old, according 
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to the index of functional reserves of the adrenal glands (FRAG), detected by 
the introduction of adrenocorticotropic hormone (ACTH), it was found that the 
average concentration of corticosterone in the blood of “snow whites” in re-
sponse to the introduction of ACTH was 82.6 ng/ml. Within the same experi-
ment, 10-week-old chicks from the Aurora Blue population obtained by selec-
tion of black-motley Australorps with a high FRAG index were evaluated (this 
selection led to the individuals with a blue plumage color). The average concen-
tration of corticosterone in the blood of chickens in the Aurora Blue population 
was 84.8 ng/ml. In other breeds of the collection, it was significantly lower 
(24.0-52.3 ng/ml). It is known that the increase in oxidative processes associated 
with increased thyroid function causes decomposition of melanin (in particular, 
these results in white color of arctic animals) [12]. 

At present, selection for resistance to low temperatures is not carried 
out, but as a result of selection according to the snow-white color of the down 
hair, a population of Russian White chickens homozygous for the sw+ gene was 
created (snow white down). From the authors’ point of view, this experimental 
population is of significant interest as a model for studying the genetic and phys-
iological mechanisms that determine the thermoregulation processes in chickens 
in the embryonic and early postnatal periods of ontogenesis. The effect of cold 
stress on the morphophysiological parameters of embryos in the second half of 
the incubation period, including in terms of epigenetic adaptation, was studied 
as early as the 1950s and 1960s [13, 14], but without taking into account the 
pedigree features of the embryos.  

This paper for the first time shows interbreeds differences in epigenetic 
adaptation of chickens in early ontogenesis. 

Our goal was to study the degree of the adaptive response to a low ambi-
ent temperature in embryos and neonatal chicks of the Russian White breed 
homozygous for the sw+ gene in comparison with the Amrox breed. 

Techniques. Studies were carried out in 2018 on embryos (n = 35) and 
neonatal chicks (n = 30) of Russian White breed chickens (Gallus gallus do-
mesticus), homozygous for the sw+ gene, and the Amrox breed (respectively n 
= 35 and n = 30), bred in the Genetic Collection of Rare and Endangered 
Breeds of Chickens (RRIFAGB). Hens of both breeds were kept in individual 
cages with individual registration of egg-laying capacity. 

Eggs were obtained from chickens at the age of 49 weeks. Eggs, as well 
as embryos and chickens, were weighed using HL-400 EX electronic scales 
(A&D Company Ltd., Japan). The yolk diameter was determined without violat-
ing the integrity of the shell using an ultrasound portable scanner Raskan 
(Rateks NPP, Russia) [15]. The eggs were incubated in laboratory conditions at 
the accepted temperature conditions for hens of the gene pool (1-2 days – 38.0 
C, 3-10 days – 37.8 C, 17-21 days – 37.2 C) in the incubator and hatcher 
Remil-Ts (Ramil NPP, Russia). 

In the experiment, eggs with 5.5-day-old embryos were cooled to 20 C 
for 6 hours; in the control group, they continued to be incubated under the 
standard regimen. The volume of extraembryonic fluid (allantoic and amniotic) 
was determined at the age of 12.5 days, when it reached its maximum value [15] 
using a measuring cylinder; the result was taken into account in absolute terms 
and as an output relative to the egg mass (volume/mass). 

In neonatal chickens from the control group, the external and rectal 
body temperature was measured immediately when removed from the incubator. 
Body temperature in the region of the head and paws was determined using a 
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Thermal Expert FL 13mm f/1.0 thermal imager (Thermal Expert, South Korea), 
and rectal temperature was determined using a Microlife MT 3001 electronic 
thermometer (Microlife, China).  

To avoid undesirable behavioral response to lower air temperatures 
(crowding), 1-day-old chickens were placed in individual cells of hatcher trays. 
The experimental group I (n = 10) was there for 2 hours at 24 C, the experi-
mental group II (n = 10) — for 1 hour at 16 C. In young animals of both groups, 
the external and rectal temperatures were measured, then they were placed in a 
common tray and behavioral reactions were evaluated at room temperature 
(24 C). The control bird (n = 10) was kept at a temperature of 30-32 C opti-
mum for chicks of this age. 

Statistical processing of the results was carried out in Microsoft Excel. The 
group means (M) and the standard error of the means (± SEM) were determined. 
The significance of differences was evaluated using Student's t-test. Differences 
were considered statistically significant at p < 0.05. 

Results. Amrox chickens were used for comparison given the fact that 
their productivity is the closest to that of Russian White chickens, 17.0±0.7 eggs 
per the month preceding the experiment, with a weight of 60.0±0.5 g (in Russian 
White, 21.0±0.5 eggs per month and 59.6±0.3 g, respectively). In addition, Am-
roxes were not subjected to selection for resistance to low ambient temperatures. 
The age of 5.5 days was chosen for cooling, because it was found that during this 
period (before the start of functioning of the neuroendocrine system) the re-
sistance of embryos to cold stress was especially high (data not shown). 

Interbreed differences in the degree of response of embryos to cold stress 
were identified in comparison with the generally accepted incubation mode (Ta-
ble 1). Since the volume of extraembryonic fluid is largely dependent on the 
weight of the egg, its absolute and relative values are presented. 

1. Egg weight, egg weight loss, embryo development and extraembryonic fluid output 
in chickens (Gallus gallus domesticus) of sw+ gene homozygous Russian “snow 
white” breed and Amrox depending on the incubation mode (M±SEM) 

Порода Egg mass, g Weight loss, % Embryo, g 
Fluid 

ml ml/g 
Russian “snow white” (n = 35):      

control 58.9±0.70 6.9±0.10 8.9±0.10 12.2±0.20 0.207±0.0030a 
experiment (cooling) 58.9±0.60 6.6±0.20 8.1±0.10 13.2±0.40 0.224±0.0040с 

Amrox (n = 35):      
control 60.6±0.70 6.1±0.20 8.8±0.10 11.8±0.20 0.194±0.0020b 
experiment (cooling) 60.7±0.70 6.0±0.20 8.4±0.10 12.6±0.30 0.207±0.0030d 

N o t e. For a description of the groups (control and experience), see the Techniques section. Extraembryonic 
fluid output and development were evaluated in 12.5-day-old embryos. 
ab, cd, ac, bd Differences are statistically significant at p < 0.001. 

 

Cooling caused a slight decrease in the mass of embryos of both breeds, 
but led to an increase in the volume of allantoic-amniotic fluid: in “snow white” 
by 8.2%, in Amroxes by 6.7%. The increase in fluid volume in itself is consistent 
with Romanoff [14], who found that lowering the incubation temperature caused 
an increase in the size of the amnion. Probably, this is how its protective func-
tion is implemented.  

Interbreed differences are, from the authors’ point of view, of greater in-
terest, since at this stage of development, they were identified for the first time 
and testify to the particularity of the reaction of “snow white” embryos to temper-
ature stress. This phenomenon can be explained, on the one hand, by the result of 
many years selection of the population for adaptation to cold stress conditions, 
and, on the other, by the known differences in the thermal tolerance of adult 
chickens of different breeds. According to the literature, Leghorns better adapt to 
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heat stress compared to other breeds, and the Russian White breed was selected 
using Leghorns [14]. 

The theoretical prerequisites for conducting studies on neonatal chicks 
were the evidence that they are considered poikilothermic and only at an older 
age react with an increase in blood corticosteroids in response to exposure to low 
temperatures [16-18]. Chicks at the age of 1 day are not capable of this because 
of the imperfect mechanism of thermoregulation [19-21]. 

 

It is known that under conditions of low temperatures in neonatal chick-
ens, compensatory reactions of the body are activated, primarily behavioral: young 
animals erect feathers, trying to keep warm. Muscle tremors appear, with muscle 
contraction additional heat is released to heat the body [22-24]. If the effect of 
lowered temperatures is maintained, the body temperature drops by 3-4 C or 
more, the chickens fall on their side, they develop a coma, and then death occurs. 
In the authors’ studies, interbreed differences in the response of chickens to hypo-
thermic stress were found. 

When removed from the incubator, there were almost no statistically sig-
nificant differences between breeds in live weight and temperature in the chick-
ens’ body (Table 2). Young animals of “snow white” in comparison with Amrox 
chicks had a lower rectal temperature (2.4 C) and a higher temperature in the 
head area (0.9 C). When the neonatal chickens were kept for 2 hours at a tem-
perature of 24 C, the thermoregulation differences became noticeable: in “snow 
white”, there was only a slight decrease in limb temperature while maintaining 
the values of the remaining indicators, while Amrox chickens more intensively 
lost heat through their paws, their rectal temperature also decreased by 1.6 C 
(p < 0.05). In an attempt to maintain body temperature, the chickens crowded 
in the corner of the tray, while the young animals of the Russian White breed 
were active and comfortable.  

After 1 h at 16 C, the differences turned out to be even more significant 
(Fig. 1). Amrox chickens heat losses became critical: rectal temperature de-
creased by 12.7% (or 5.1 C) (p < 0.001) compared to that measured at the time 

2. Reaction to temperature stress in neonatal chicks (Gallus gallus domesticus) of 
sw+ gene homozygous Russian “snow white” breed and Amrox depending on dif-
ferences in egg quality (M±SEM) 

Indicator 
Breed 

Russian “snow white” (n = 10) Amrox (n = 10) 
Live weight, g 37.8±1.2 39.4±1.0 

W h e n  r e m o v e d  f r o m  t h e  i n c u b a t o r, 37.2 C 
Temperature, C:   

 head 39.2±0.05a 38.3±0.06d 
 legs 38.5±0.12 38.4±0.17 
 rectal 37.7±1.2 40.1±0.69 

1-d a y - o l d  c h i c k e n s  a f t e r  2  h o u r s  a t  24 C (g r o u p  I)  
Temperature, C:   

 head 38.7±0.36 38.9±0.25 
 legs 34.2±0.38a 32.5±0.31c 
 rectal 37.3±0.42a 38.5±0.13b 

Behavioral response  Actively moving, looking for feed Crowd in the corner of the tray, clinging to 
each other 

1-d a y - o l d  c h i c k e n s  a f t e r  1  h o u r  a t  16 С (g r o u p  II)  
Temperature, C:   

 head 33.1±0.32a 30.7±0.50d 
 legs 21.9±0.24a 19.1±0.83c 
 rectal 36.3±0.42a 35.0±0.39b 

Behavioral response  Active, despite muscle trembling, eyes open, run-
ning, looking for feed, trying to get out of the tray 

Numbness, muscular tremors, eyes 
closed, chicks fall sideways 

E g g  q u a l i t y  p a r a m e t e r s  (30 eggs for each breed) 
Egg weight, g  54.7±0.80 57.6±0.50 
Yolk diameter, cm  2.88±0.010a 2.95±0.020c 
ab, ac, ad Differences are statistically significant at p < 0.05, p < 0.01, and p < 0.001, respectively. 
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of removal from the incubator, while in “snow white” it was only 3.7% (by 1.4 
C); heat losses in the head and legs of the Amrox were also significantly higher.  

After 2 h at 16 C, muscu-
lar tremors and drowsiness were 
observed in Amrox chickens, by the 
end of the period the young ani-
mals fell into a state of stupor. Rus-
sian White chickens reacted to co-
oling with muscle tremors, but were 
generally active (Fig. 2).  

At a low temperature, Amrox 
chickens more intensively lost heat 
over the entire surface of the body 
(temperature range 28.2-14.5 C) in 
comparison to “snow white”, which 
had lower heat range (32.4-17.0 C), 
and areas of intense heating had lim-
ited localization (Fig. 3). Probably, 
this is also an adaptation feature of 

Russian White chickens. 
 

Fig. 2. Behavioral response of neonatal chicks (Gallus gallus domesticus) of sw+ gene homozygous Rus-
sian “snow white” breed and Amrox after 2 hours at 16 С. 

 

Рис. 3. Heat irradiation intensity neo-
natal chicks (Gallus gallus domesticus) 
of sw+ gene homozygous Russian “snow 
white” breed (on the right; body tem-
perature range 32.4-17.0 C) and Am-
rox (on the left; 28.2-14.5 C) after 
1 hour at 16 С.  

 
According to the lit-

erature, at lower temperatures 
(20 C for 12 h), the absorp-
tion of the yolk sac and the 
amount of fatty acids in the 
blood of neonatal chickens are 
increased [25]. Neonatal chick-
ens are considered poikilother-
mic, the ability to maintain 
body temperature appears only 
at the age of 4 days (for exam- 

ple, 6-day-old chickens are able to tolerate the effects of 4 C for 24 hours), they 

 
Fig. 1. Absolute (a) and relative (b) decrease in tem-
perature of neonatal chicks (Gallus gallus domesticus) 
of sw+ gene homozygous Russian “snow white” breed 
and Amrox after 1 hour at 16 С: 1 — legs, 2 — head, 
3 — rectal. 
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become fully homeothermic by the age of 10 days [26]. In chickens from 4 days of 
age, the content of corticosteroids in the blood plasma increases in response to 
exposure to low temperatures. In 1-day-old chicks, this does not happen [26]. At 
the age of 1 day, a response to a lower temperature is also an increase in lipolysis 
processes, which is accompanied by an increase in the content of free fatty acids 
in the blood [27-29].  

Similar results were obtained in our studies on the Plymouth Rock chick-
ens of the B2 line of the domestic cross-country Baros 123 when growing an ex-
perimental group of chickens up to 6 days of age at 24 C. As compared to the 
control, chickens from the experimental group showed a statistically significant 
decrease in the content of triglycerides in the blood (by 38%) and protein in the 
dry matter of the pectoral muscle (by 5%) with the same amount of dry matter 
[30, 31]. However, it is obvious that the Amrox chickens, which had the starting 
advantage in the form of a larger yolk in the egg (see Table 1), were not able to 
compensate for heat loss due to this mechanism.  

Thus, chickens of the Russian White breed homozygous for sw+ gene, 
along with snow-white coloration of down hair at 1 day old, have more advanced 
thermoregulation mechanisms (mainly physical, rather than chemical) and are 
better adapted to low-temperature conditions in the embryonic and early postnatal 
periods. This feature can be used in further breeding of the line, as well as in the 
creation of a hybrid bird with increased adaptive abilities in conditions of hypo-
thermic stress.  
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A b s t r a c t  
 

One of the global problems arising from the extension of opportunistic microflora in 
canned foods is toxin accumulation. Mycotoxins, the secondary metabolites of micromycetes, sup-
press immune system, disrupt the functioning of the rumen, intestines, liver, kidneys, reproductive 
and nervous system of cows, which leads to premature cow disposal. When developing preventive 
measures to increase the safety level of feed of own procurement, it should be borne in mind that the 
basis of the modern concept of control pathogens and their toxins is the use of natural environmen-
tally friendly technologies. Modification of sorbents with natural essential oils can help restore the 
cows’ rumen microbiome disrupted due to the toxins impact. The article presents the results of a 
study of unidentifiable rumen microorganisms in cattle by T-RFLP (terminal restriction fragment 
length polymorphism) method. The purpose of the study was to identify the effects of a phytobiotic 
enterosorbent Zaslon®-Fito on the composition of rumen microbiome, blood biochemical parame-
ters and productivity. Farm test of Zaslon®-Fito enterosorbent was carried out on dairy cows (АО 
PZ “Plamya”, Leningrad Province, Gatchina District). Two groups of dairy black and white mottled 
Holstein cows (Bos taurus taurus) of the 2-3rd lactation were formed, 15 animals in each group, for a 
71-day experiment. The enterosorbent Zaslon®-Fito was added to the diet by mixing with feed, 20 g 
per animal per day. At the first step of the investigation, the ELISA method showed that these feeds 
were contaminated with aflatoxins (9 µg/kg, or 2.4 times higher than the maximum permissible con-
centration), zearalenone (264 µg/kg, or 2.6 times higher than MPC), and deoxynivalenol (310 µg/kg, 
MPC = 1000 µg/ml). The use of Zaslon®-Fito had a pronounced positive effect on the milk produc-
tivity of cows with a 5.5 % increase in the average daily milk yield per 1 animal (up to 1.8 kg). Anal-
ysis of the main biochemical parameters of dairy cows’ blood as influenced by Zaslon®-Fito detected 
a tendency to total protein level optimization; in the control animals there was a decrease in glucose 
concentration (to the lower limit), and in the experimental group, we found out an increase in the 
amount of inorganic phosphorus compared to the control (p  0.05). The counts of chytridiomycetes 
(class Neocallimastigales) and archaea in the rumen of cows fed dietary Zaslon®-Fito additive did not 
change, while the absolute number of bacteria increased to 1.25½1011±5.43½109 genome equivalent 
per gram. Thus, our investigation shows that Zaslon®-Fito as the dietary additive has a direct posi-
tive impact on the animal health and productivity. This is due to multifunctional properties of 
Zaslon®-Fito, including both high adsorption of mycotoxins and regulation of the rumen microbiota 
due to some essential oils contained in the composition. The use of enterosorbent Zaslon®-Fito in the 
diet of dairy cows at the daily rate of 20 g per animal can reduce the risks of the harmful effects of 
feed mycotoxins and improve the production performance and the quality of the obtained products. 
 

Keywords: unidentifiable rumen bacteria, mycotoxins, enterosorbent, cattle, T-RFLP analysis 
 

Feed contamination by mold toxins remains one of the most urgent issue 
in dairy farming, since mycotoxins reduce animal resistance, cause metabolic 
disorders, digestive problems, and nervous system problems, impair reproductive 
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functions and increase the risk of abortion [1]. However, studies on the effects of 
mycotoxins on the health and livestock performance of cows are limited [2, 3]. 
One of the most problematic diseases in cattle is aflatoxicosis, which is associat-
ed with pathology of the liver and kidneys and a risk of carcinogenesis. 

Mycotoxins in cattle rumen are metabolized to form other toxic com-
pounds. So, aflatoxin B1 is metabolized to aflatoxicol [4], which is no less toxic 
than its precursor. The remaining part of aflatoxin B1 is absorbed in the gastro-
intestinal tract through passive diffusion and is hydroxylated in the liver to afla-
toxin M1 [5]. Residues of aflatoxin M1 in milk constitute 1-6.2% of the amount 
of aflatoxin B1 eaten [1, 6, 7]. Aflatoxin M1 is resistant to high temperatures and 
does not decompose during pasteurization of dairy products. The highest inflow 
of aflatoxin from feed to milk is characteristic of highly productive cows at the 
peak of lactation [7]. 

Currently used sorbents have a number of negative properties: the ability 
to desorb mycotoxins, bind and excrete essential bioactive substances (EAS), i.e. 
micro and macro elements, vitamins and other nutrients from the body. In addi-
tion, the dosages for their inclusion in the diet are very high (up to 20-30 kg/t of 
feed). In this regard, the search for new sorbents that do not have such disad-
vantages is relevant. 

In vitro experiments have shown a rather high degree of sorption of afla-
toxin B1, aflatoxin M1, sterigmatocystin, T-2 toxin, zearalenone and ochratoxin A 
by diatomite [8]. In this case, the degree of sorption of aflatoxin B1 was 100%. 
One hundred sixty broilers from 1 to 42 days old were used to evaluate the effec-
tiveness of diatomite administration against the background of feeds that were sig-
nificantly affected by aflatoxin B1 [9]. When using diatomite, poultry body weight 
increased by 9.5%, feed intake by 7.4%, serum albumin content by 22.6%, lactate 
dehydrogenase activity by 44.4%. Despite a number of useful properties of diato-
mite, experiments demonstrating its effect on the sorption of mycotoxins in rumi-
nant feeds have not been conducted previously.  

Natural feed additives, the essential oils, are also popular as a substitute 
for antibiotics in livestock production [10]. Essential oils are a variety of EAS 
with a wide spectrum of action [11-13]. The prospect of their use in livestock 
production is associated with the proven ability to increase resistance, suppress 
unwanted microflora, stimulate the secretion of digestive enzymes and blood 
circulation, exhibit antioxidant effects, and improve the absorption of useful nu-
trients of feed [14, 15]. It is assumed that essential oils can positively affect pro-
tein metabolism and reduce the production of ammonia in the rumen [16, 17]. 

The present article for the first time shows that the use of dietary 
Zaslon®-Fito complex enterosorbent based on diatomite enriched with essential 
oils positively affects the health and productivity of dairy cows. The effect of this 
feed additive on the microflora pattern in rumen content is demonstrated for the 
first time. 

The purpose of the study is to identify the characteristics of the effect of 
the phytobiotic enterosorbent Zaslon®-Fito on the composition of the rumen mi-
crobiome, blood biochemical parameters, and productivity of dairy cows (Bos tau-
rus taurus). 

Techniques. Scientific and economic tests were carried out at AO PZ 
Plamya (Leningrad Province, Gatchina District) in 2017. According to the prin-
ciple of analogs, two groups (experimental and control) of dairy black and white 
mottled Holstein cows of the 2nd-3rd lactation were assigned, 15 animals in 
each. Cows were kept on a leash. At the beginning of the experiment, all ani-
mals were apparently healthy, were in the same conditions of feeding and keep-
ing. In total, cows consumed 38.0 kg of natural feed, which corresponded to 
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10.8 MJ of metabolizable energy in dry matter. The duration of the experiment 
was 71 days. Cows in the control group consumed the main diet. Zaslon®-Fito 
(BIOTROF LLC, Russia) was introduced into the main diet of animals of the 
experimental group by mixing with feed at the rate of 20 gŁanimal-1 Łdays-1.  

Bulk feed samples were collected in triplicate using an aseptic sampler. 
The depth of immersion of the sampler in the trench was 1 m. Mycotoxins, ex-
cept for deoxynivalenol (DON), were extracted from feed samples using 70% 
methanol, and DON was extracted using distilled water. 

Blood for analysis was sampled in the morning in the fasting state and 
analyzed using standard methods. Indicators of milk productivity were deter-
mined in all animals. At the end of the experiment, rumen chyme samples were 
taken using a sterile probe and stored at 20 С until molecular analysis. 

The mass fraction of fat in milk was determined according to GOST 
5867-90, protein in milk according to GOST 23327-98. The content of somatic 
cells in milk was determined (a SOMATOS device, Sibagropribor VPK LLC, 
Russia).  

Mycotoxins in feed and milk were quantified by enzyme-linked im-
munosorbent assay (ELISA) (AgraQuant test systems, omer Labs, Inc., Austria) 
according to the attached protocols. 

For ELISA analysis, an extract of the feed or milk sample (or standards) 
and mycotoxins conjugated with the enzyme were mixed, poured into microwells 
with antibodies, washed and the enzyme substrate was added. The intensity of the 
substrate staining was inversely proportional to the content of mycotoxin in a 
sample or standard. Then, stopping solutions were added, the 10% hydrochloric 
acid for zearalenone and T-2 toxin and 10% phosphoric acid for other mycotox-
ins. Optical density was measured at  = 450 nm (a StatFax 303+ microstrip pho-
tometer, Awareness Technology, Inc., USA), comparing the sample and standards.  

Total DNA from chyme samples was isolated using Genomic DNA Puri-
fication Kit (Fermentas, Inc., Lithuania). Microorganisms were identified by T-
RFLP (terminal restriction fragment length polymorphism) method. Polymerase 
chain reaction (PCR, a Maxygen thermal cycler, Life Technologies, Inc., USA) 
was performed according to amplification mode 3 min at 95 С; 30 s at 95 С, 
30 s at 55 С, 60 s at 72 С (35 cycles); 60 s at 72 С. Primers to 16S rRNA gene 
fragment of bacteria 63f (5-CAGGCCTAACACATGCAAGTC-3) and 1492r (5-
TACGGHTACCTTGTTACGACTT-3), and those of  archaea A109f (5-ACKG-
CTCAGTAACACGT-3), A934r (5-GTGCTCCCCCGCCAATTCCT-3) were 
5-labeled with Sy5 fluorophore (Beagle, Russia).  

Fluorescently labeled amplicons were purified [18], and HaeIII, HhaI, 
and MspI restriction enzymes were applied to 30-50 ng of PCR products fol-
lowing the instructions of the manufacturer (Fermentas, Lithuania). The re-
sultant fragments were analyzed (a CEQ 8000, Beckman Coulter, USA). Mi-
croorganisms were taxonomically attributed using Fragment Sorter program 
(http://www.oardc.ohiostate.edu/trflpfragsort/index.php). The total number of 
bacteria, Archaea, and Neocallimastigales class micromycetes was determined by 
quantitative PCR method with a kit for real-time PCR in the presence of inter-
calating dye EVA Green (ZAO Syntol, Russia) and primers F — 5-ACTCC-
TACGGGAGGCAGCAG-3, R — 5-ATTACCGCGGCTGCTGG-3 (bacte-
ria), F — 5-AGGAATTGGCGGGGGAGCAC-3, R — 5-GCCATGCACC-
WCCTCT-3 (Archaea), F — 5-GCACTTCATTGTGTGTACTG-3, R — 5-
GGATGAAACTCGTTGACTTC-3 (fungi) in the following mode: 3 min at 
95 С (1 cycle); 13 s at 95 С, 13 s at 57 С, 30 s at 72 С (40 cycles) (a detect-
ing thermal cycler DT Lite-4, NPO DNK-Tekhnologiya LLC, Russia).  

Mathematical and statistical processing of the results was performed with 
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Microsoft Excel 2010 and PAST software (http://folk.uio.no/ohammer/past/). 
Mean values (M) and standard errors of the mean (±SEM) were determined. The 
significance of differences was assessed by Student's t-test.  

Results. Zaslon®-Fito is 
a feed additive consisting of a 
mineral carrier of organic origin 
(diatomite), and blends of es-
sential oils. The high content 
of porous silica (about 90%) in 
an amorphous form gives a 
high specific surface area (up 
to 40 ha/kg) and, as a result, a 
significant sorption capacity. A 
mixture of essential oils of car-
vacrol, thymol, limonene, lin-
alool, citral, allicin, salvin, cin-
eol, and linoleic acid was ap-
plied to diatomite to give addi-
tional phytobiotic properties. 
The content of the mixture of 
essential oils in the finished 
preparation based on diatomite 
was 0.5%. 

Table 1 shows the com-
position of the main cows’ diet. 
The feed used in the study was 
affected by aflatoxins (AFLA) 
at 9 μg/kg, 2.4 times higher than 
threshold limit value, zeara-

lenone (ZEN) at 264 μg/kg, 2.6 times higher than threshold limit value) and 
DON at 310 μg/kg vs. threshold limit value of 1000 μg/ml (Table 2).  

2. Mycotoxins (mg/kg dry matter) in components of diets of dairy black and white 
mottled Holstein cows (Bos taurus taurus) in control and test groups (AO PZ Pla-
mya (Leningrad Province, Gatchina District, 2017) 

Mycotoxin 
Compound feed Feed mixture from the hopper Silage Hay 

mg/kg 
ratio  
to TLV  

mg/kg 
ratio  
to TLV  

mg/kg 
ratio  
to TLV  

mg/kg 
ratio  
to TLV  

AFLA 0.0038 na 0.0063 > 1.58-fold 0.8400 > 2.10-fold 0.7200 > 1.80-fold 
OTA 0.002 na 0.0017 na − na − na 
T-2 0.0795 > 1.33-fold 0.07 > 1.17-fold 0.0360 na 0.0042 na 
ZEN 0.0401 na 0.0225 na 0.1087 > 1.09-fold 0.0387 na 
DON 2.1 > 2.10-fold 1.5 > 1.50-fold 2.1 > 2.10-fold 1.7 > 1.70-fold 
N o t e. AFLA — total amount of aflatoxins in the rumen, OTA — ochratoxin A, T-2 — T-2 toxin, ZEN — zear-
alenone, DON — deoxynivalenol; TLV — threshold limit value. TLVs are given according to the requirements of the 
Commission of the Customs Union. [19], na — not above TLV. Dashes mean that mycotoxin was not detected.   

 

Application of the Zaslon®-Fito preparation for 71 days contributed to 
an increase in the average daily natural milk yield per animal by 5.5% relative to 
the control group (p 0.05) (up to 1.8 kg) (Table 2). A similar pattern was ob-
served when recalculating data for milk with 4% fat content (see Table 2). In 
this case, the daily milk yield increased by 8.4% (p 0.05), or 2.7 kg/animal. 
The fat and protein content in milk in the cows of the experimental groups 
tended to increase (by 2.6% and 3.0%, respectively) compared with the same 
values in the cows of the control group (the differences are not statistically sig-

1. Diets of dairy black and white mottled Holstein 
cows (Bos taurus taurus) in control and test 
groups (AO PZ Plamya (Leningrad Province, 
Gatchina District, 2017) 

Ingredient, indicator Control Test 
Compound feed K60-1-89, kg 12.0 12.0 
Corn, kg 1.0 1.0 
Oilcake, kg 0.5 0.5 
Hay, kg 2.0 2.0 
Silo, kg 20.0 20.0 
Beet pulp, kg 0.5 0.5 
Molasses, kg 1.5 1.5 
Minvit®-3-1 Se, kg 0.2 0.2 
Salt, g 70.0 70.0 
Propylene glycol, kg 0.25 0.25 
Sorbent Barrier®-Fito, gŁanimal -1 Łdays -1 − 20.0 
Common food elements: 

feed units 23.41 23.41 
ME, MJ 259.09 259.09 
dry matter, kg 22.08 22.08 
crude protein, g 4057.1 4057.1 
BP, g 370.21 370.21 
NBP, g 146.89 146.89 
CDP, g 3103.9 3103.9 
crude fat, g 1214.1 1214.1 
crude fiber, g 3590.6 3590.6 
NDF, g 1605.0 1605.0 
starch, g 3044.5 3044.5 
sugar, g 1954.4 1954.4 
NFES, g 2802.0 2802.0 

N o t e. ME — metabolizable energy, BP — breakdown protein, 
NBP — non-breakdown protein, CDP — digestible protein of cattle, 
NDF — neutral detergent fiber, NFES — nitrogen-free extractive 
substances. A dash means that the absence of the component. 
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nificant). 
The main identified positive effects of the use of Zaslon®-Fito include a 

marked decrease in the content of aflatoxin M1 (by 16%) (p 0.05) and the 
number of somatic cells (by 30%) (p 0.05) in milk in cows of the experimental 
group compared with control animals. At the same time, the content of dry fat-
free residue and lactose remained almost unchanged in all groups (Table 3). 

3. Milk constituents and productivity of dairy black and white mottled Holstein cows 
(Bos taurus taurus) upon application of dietary Zaslon®-Fito phyrobiotics  
(M±SEM, AO PZ Plamya (Leningrad Province, Gatchina District, 2017)   

Indicator Control (n = 15) Test (n = 15) 
Daily natural milk yield, kg 32.8±0.6 34.6±0.5** 
Daily 4% fat milk yield, kg 31.5±0.6 34.2±0.5 
Protein, % 3.2±0.1 3.3±0.1 
Fat, % 3.8±0.1 3.9±0.1 
AFLAM1, ng/kg 47.3±2.4 39.8±1.1** 
The number of somatic cells, thousand/cm3 239±8 169±8* 
Urea, mg/100 ml 27.6±1.3 26.1±0.9 
Dry fat-free residue, % 8.7±0.2 8.8±0.1 
Lactose, % 4.8±0.1 4.8±0.2 
N o t e. For description of groups see the Techniques section; AFLAM1 — aflatoxin M1. 
*, ** Differences with the control are statistically significant at p 0.001 and p 0.05, respectively. 

 

4. Blood biochemistry of dairy black and white mottled Holstein cows (Bos taurus 
taurus) upon application of dietary Zaslon®-Fito phyrobiotics  (M±SEM, AO PZ 
Plamya (Leningrad Province, Gatchina District, 2017)  

Indicator Control (n = 5) Test (n = 5) Norm 
Total protein, g/l 90.1±4.30 86.1±4.10 72.0-86.0 
Total bilirubin, μmol/l 1.7±0.07 1.7±0.08 0.2-5.10 
Glucose, mmol/l 2.4±0.09 3.4±0.18* 2.2-3.30 
Calcium, mmol/l 2.2±0.08 2.2±0.12 2.5-3.13 
Ketone bodies nd nd nd 
Urea, mmol/l 3.9±0.23 3.9±0.20 3.3-6.70 
Reserve alkalinity, vol.% CO2 54.0±2.50 56.0±2.70 46-66 
Phosphorus, mmol/l 1.6±0.05 2.1±0.10* 1.5-1.94 
N o t e. For description of groups see the Techniques section; nd — not detected.  
* Differences with the control are statistically significant at p 0.05. 

 

A decrease in the content of AFLAM1 in milk of cows may indicate the 
removal of aflatoxin B1 from their body, since it was previously reported that 
absorption of aflatoxicol (a metabolite of aflatoxin B1) and aflatoxin M1 in the 
body was rather fast, as a result of which, usually, they are detected after several 
hours in milk [20]. The maximum concentration of these substances in milk is 
observed 1 day after the animals ate the affected feed [1].  

Biochemical analysis of blood of the test cows revealed a tendency to 
optimized total protein as compared to control (Table 4). Deviations in the total 
protein content are recorded in metabolic disorders and liver diseases [21]. 
Therefore, the deviation of this indicator from reference values in control ani-
mals could be associated with the detrimental effect of toxins on the body (see 
Table 4). 

A decrease in glucose was detected in the blood of cows in the control 
group (to the lower limit of normal). Data significantly differed between the 
control and experimental groups (p  0.05). It is known that many diseases of 
cows, including ketosis, are characterized by low glucose level due to impaired 
carbohydrate metabolism, glycogen stores in muscles and liver [22]. 

An increase in the amount of inorganic phosphorus was recorded in the 
group of cows, in the diet of which the sorbent was introduced, in comparison 
with the control (p  0.05) (see Table 4). It is known [21] that its content in the 
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blood can be used as an indicator of the state of metabolic processes. 

5. Rumen microflora composition (%) (according to T-RFLP analysis data) in dairy 
black and white mottled Holstein cows (Bos taurus taurus) upon application of die-
tary Zaslon®-Fito phyrobiotics  (M±SEM, AO PZ Plamya (Leningrad Province, 
Gatchina District, 2017) 

Microorganisms Control (n = 3) Test (n = 3) 
Family Eubacteriaceae 2.0±0.08 3.72±0.19** 
Пор. Selenomonadales 5.7±0.16 8.5±0.38** 
Family Bacillaceae 9.1±0.35 10.6±0.42 
Family Bifidobacteriaceae 0.5±0.05 0.7±0.05** 
Family Lactobacillaceae 2.5±0.11 1.3±0.15** 
Family Enterobacteriaceae 5.4±0.26 1.1±0.06* 
Family Clostridiaceae 9.7±0.71 6.5±0.42** 
Staphylococcus sp. and Fusobacterium sp. 4.6±0.18 3.9±0.24 
Unidentified phylotypes: 19.0±0.95 37.9±1.57* 
   158 bp 0.1±0.01 1.1±0.05* 
   202 bp 0.8±0.09 1.6±0.27 
   225 bp 1.5±0.29 blrd 
   226 bp blrd 0.9±0.06 
   425 bp 0.1±0.02 0.6±0.07** 
   433 bp blrd 0.9±0.09 
   440 bp 0.2±0.01 0.4±0.03** 
   463 bp. 5.5±0.34 21.6±0.98* 
   576 bp. 0.6±0.04 2.2±0.18** 
Other 1.8±0.12 1.5±0.08 
N o t e. For description of groups see the Techniques section; blrd – below the limit of reliable determination  
*, ** Differences with the control are statistically significant at p 0.001 and p 0.05, respectively. 

 

A pronounced change in the rumen microflora composition of cows oc-
curred under the influence of the sorbent (Table 5). In the experimental group, 
the proportion of VFA-synthesizing bacteria of the Selenomonadales order, form-
ing acetic acid and other volatile fatty acids (VFAs), increased significantly (by 
49%) (p 0.05) [23, 24]. This explains the data on the increase in fat in milk in 
animals fed with Zaslon®-Fito, since acetic acid is a precursor of milk fat. At 
the same time, in animals in the experimental group, in comparison with the 
control group, the number of lactic acid synthesizing bacteria of the Lactobacil-
lales order (p 0.05), which have the ability to decompose monosugar in the ru-
men to lactate, decreased. A high content of lactobacilli is often associated with 
rumen acidification, a decrease in the proportion of bacteria synthesizing cellulas-
es, impaired fixation of plant foods and lactic acidosis by an animal [23-25]. 

According to some researchers, the correction of the ratio of lactate-
utilizing and lactate-producing bacteria can help reduce the risk of lactic acido-
sis. Feeding cows with bacteria of order Selenomonadales led to an increase in 
the pH of the rumen content and a decrease in the concentration of lactic acid 
during a rapid transition to a highly concentrated diet [26]. 

The number of lactate-producing bacteria in the rumen of ruminants can 
be controlled by adding antibiotics to the diet [26]. In addition, probiotics are 
often included in cattle diets to prevent lactic acidosis and increase animal 
productivity. To date, a number of probiotic preparations having various mecha-
nisms of action have been described. Often, microorganisms that stimulate the 
growth of lactate-utilizing bacteria are used as probiotics [27]. Positive results 
when using Megasphaera elsdenii lactate-utilizing bacteria as a probiotic have 
been described by Elam et al. [28]. The main limitation to the use of 
Megasphaera elsdenii lactate-utilizing bacteria as a probiotic is the need for strict 
anaerobiosis to maintain a viable culture. Nevertheless, such promising results in 
the prevention of lactic acidosis are an incentive for further research.  

This study showed a decrease in the content of Staphylococcus sp. and 
Fusobacterium sp., among which pathogens of inflammatory diseases, including 
mastitis, are often found. Perhaps this led to the healing of the udder epithelium, 
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elimination of possible foci of inflammation and a decrease in the number of 
somatic cells in milk that were observed. Previously, other authors have shown 
the positive effect of plant essential oils in animals due to the antimicrobial ef-
fect, which can lead to a change in the fermentation processes in the rumen 
[17]. Most essential oils resemble ionophores in terms of antimicrobial proper-
ties, at the same time they selectively inhibit gram-positive bacteria. The reasons 
for selectivity are similar to those of ionophores, i.e. the hydrophobic nature of 
essential oils allows them to interact with the bacterial membrane, changing 
transmembrane ion transport [17]. Such selectivity is the main property of iono-
phores, which explains the decrease in the number of gram-positive bacteria 
producing lactate and the increase in the content of gram-negative bacteria 
forming propionate [26]. Given the similarity of essential oils and ionophores in 
terms of selectivity and mechanism of action, it could be expected that one of 
the main effects of essential oils would be a shift in the proportions of VFAs in 
the rumen. Nevertheless, a number of researchers reported that this did not al-
ways happen, and essential oils either did not affect the amount of VFAs in the 
rumen [29] or contributed to an increase or decrease in the amount of propio-
nate [30]. Moreover, the degree of influence of essential oils on the concentra-
tion of a number of VFAs in the rumen largely depended on the diet, amount 
and type of essential oils. In addition, by inhibiting lactate-producing bacteria, 
ionophores generally reduce the risk of lactate acidosis. Ionophores also reduce 
the synthesis of ammonia in the rumen, which, in turn, leads to a more efficient 
use of feed protein and a reduction in methane emission [31].  

A decrease in the amount of urea in the milk of cows fed with Zaslon®-
Fito can have an indirect relationship with the regulation of the rumen microflo-
ra composition, in particular, with the optimization of the number of protozoans 
synthesizing proteases. It is known [23] that the protein fraction of feed under 
the influence of microflora, primarily protozoa, breaks down in the rumen to 
ammonium and then turns into a microbial protein, which positively affects the 
physiology of animals. The remaining ammonia is transported to the liver, 
where it is transformed into urea, which is excreted with urine. Part of the urea 
is returned back to the rumen. In the case of rumen dysbiosis, a significant 
portion of the feed protein is transformed through ammonia into urea, result-
ing in a lack of protein. 

It was also found that ionophores had an effect on rumen anaerobic fun-
gi [32, 33]. Elliott et al. [32] suggested that an increase in the concentration of 
propionic acid in the rumen could be due to the antifungal rather than antibac-
terial action of ionophores. In these studies, the number of chytridiomycetes of 
the Neocallimastigales class and Archaea in the rumen of cows fed with 
Zaslon®-Fito did not change compared to the control (3.22½107±9.17-1104 and 
3.21½108±1.42½106 genome equiv/g, respectively). Moreover, the phytobiotics 
led to an increase in the absolute number of bacteria to 1.25½1011±5.43½109 ge-
nome equiv/g. 

Thus, the dietary Zaslon®-Fito preparation increases the average daily 
milk yield by 5.5% and reduces the aflatoxin M1 level (by 16%) (p 0.05) and 
the number of somatic cells (by 30%) (p 0.05). In blood of cows from the test 
group, the glucose level is higher and the amount of inorganic phosphorus in-
creases (p 0.05). Therefore, the dietary sorbent Zaslon®-Fito applied to dairy 
cows at 20 gŁanimal1Łday1 minimizes the negative effect of feed toxins, im-
proving livestock performance and feed hygiene. The positive influence may be 
due to the multifunctional effect of the preparation, including high sorption of 
mycotoxins and regulation of the rumen microbiota pattern by essential oils. 
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A b s t r a c t  
  

Recently, among carnivores, including silver-black foxes, cases of nematode infestation 
have become more frequent, causing significant economic damage. From helminthic infestations, 
youngsters suffer the most. Currently, in the veterinary world practice, anthelmintics of the new 
generation, in particular, avermectin-based products are recognized the most promising. To date, 
neither in Russia nor abroad, keratin preparations in combination with anthelmintics have been used 
in fur farming. In the present work, it was experimentally proved for the first time that a new-
generation anthelmintic Niacid-Granules Plus combined with a sulfur-containing feed additive Bio-
active Keratin improve fur grading indices (size, amount of fur, completeness of fur, damage to fur, 
damage to skin etc.) in silver-black foxes (Vulpes vulpes L.). This paper documents physiological 
effects and fur quality parameters in young silver-black foxes due to the combined use of Bioactive 
Keratin and an avermectin-based anthelmintic. Niacid-Granules Plus (LLC SPA Ecobiovet, Rus-
sia, and Skryabin Moscow State Academy of Veterinary Medicine and Biotechnology, Russia) are 
brown granules, 300-400 g per pack, with 85 % abamectin B1a and 15 % abamectin B1b contents 
and the allowed shelf life for at least 21 months. Bioactive Keratin (Skryabin Moscow State Acad-
emy of Veterinary Medicine and Biotechnology, Russia) is a monoproduct derived from tow of 
wool and containing 98 % of native protein, a preparative form of homogeneous liquid mass, col-
or from light gray-beige to dark gray-beige, with a specific smell, mass fraction of dry matter 3-
10 %, mass fraction of keratin 95-98 %, and a shelf life of not more than 2 years. The prepara-
tions Niacid-Granules Plus and Bioactive Keratin belong to the IV class of toxicity. It is shown 
that the combined use of Niacid-Granules Plus and Bioactive Keratin significantly enhances the 
effect of each drug used separately. In farm tests (AO Saltykovskii Breeding Farm, Moscow Prov-
ince, 2017-2018), it was found that deworming young silver-black foxes at the age of 2 months 
with Niacid-Granules Plus and the subsequent use of dietary Bioactive Keratin as a sulfur-containing 
feed additive significantly affect body weight gain in foxes. Under the combined use of Niacid-
Granules Plus and Bioactive Keratin, the live body weight of pups is 9.1 % higher compared to the 
control (tfact. = 7.40  ttab. = 2.1 at p = 0.05 and tfact. = 0.81  ttab. = 2.1 at p = 0.05, respectively). 
Niacid-Granules Plus together with Bioactive Keratin also improved the complete blood counts 
during the investigation, thereby contributing to a faster normalization of the physiological status of 
young silver-black foxes. When using both drugs, the weight of young silver-black foxes increased by 
30.4 %, the area of the obtained furs by 18.4 %, the hair density by 24.6 % compared to these pa-
rameters in intact animals. This confirms the effectiveness of the joint use of the studied prepara-
tions. The use of Niacid-granules plus are allowed to animals at the age of 2 months, twice at 10-
day interval, and the dietary Bioactive Keratin should be added to feed in six cycles (5-day cycles 
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with 10-day intervals). 
 

Keywords: Vulpes vulpes L., silver fox, young animals, Niacid-granules plus, avermectin, 
bioactive keratin, body weight gain, blood indicators, fur quality 

 

In fur-bearing animals [1], the formation of animal hair and the quality 
of skin due to breed characteristics depend on the physiological state of animals, 
which, in turn, is determined by feeding conditions [2], maintenance [3], pre-
ventive and therapeutic measures [4]. In recent years, among carnivores, includ-
ing silver-black foxes, cases of nematode infestations have become more fre-
quent. Young animals suffer especially severely from helminthic infestations. As 
a rule, helminthic diseases cause exhaustion, the reproductive ability of animals 
decreases, growth and development of young silver-black foxes and other carni-
vores decelerates [5, 6]. In fur-bearing animals, more than 70 species of various 
nematodes can parasitize [7]. Toxocariasis, toxascaridosis, and trichinosis are of 
the greatest economic importance. Despite the fact that at present there is a fair-
ly wide range of anthelmintic agents (for example, Ivomek®, ZAO Nita-
PHARM, Russia; Nilverm®, Pliva, Croatia; Albamelin®, AO Veterinary Prepa-
rations, Russia), helminthic infestations cannot be completely defeated. It is 
known that any anthelminthic preparation destroys only adult worms, while 
helminth eggs remain in the body even after deworming. Therefore, with the 
established fact of helminthic infestation, it is required to conduct 2-fold treat-
ment of animals with an interval of 10 days so that by the time of the second 
treatment, immature animals that are not able to produce their offspring will 
have appeared from eggs [5]. 

The most promising anthelmintic preparations of the new generation are, 
in particular, avermectin-based products [8-10]. The Niacid-Granules Plus prep-
aration (LLC SPA Ecobiovet, Skryabin Moscow State Academy of Veterinary 
Medicine and Biotechnology, Russia) is one of the latest developments in the 
line of anthelmintics of the avermectin series [10], however, it has not yet been 
used in animal farming. According to the mechanism of action, this is a neuro-
toxin-type drug (the active substance blocks and inhibits the transmission of a 
nerve impulse, causing paralysis and then death of nematodes) [8]. 

Earlier, the authors examined various areas of practical application of 
keratin-containing preparations [11], in particular, in cosmetology and medicine 
[12-14]. Preparations of hydrolyzed keratin can be used in animal husbandry 
[15], as well as in fur breeding as active feed additives that affect the condition 
of the hair of the skin [11]. The hydrolyzed keratin contains the amino acid cys-
teine, which refers to thiol compounds. The mechanism of biochemical action of 
thiols consists in the ability to restore disulfide bonds in pathological disorders, 
inactivate toxic agents, and also increase the content of sulfhydryl groups, 
providing an antioxidant effect [16, 17]. Thiol compounds are primarily exposed 
to active oxygen radicals, which protects the functional groups of biological mol-
ecules and cell membranes from their influence [18, 19]. 

To date, keratin preparations in combination with anthelmintic prepara-
tions have not been used in the industrial breeding of fur-bearing animals, alt-
hough the complex use of biologically active substances [20-22] and veterinary 
drugs is recognized as highly effective (Vidal Veterinarian 2019. Medicines for 
Veterinary Applications in Russia. Moscow, 2018). However, the data on the 
effectiveness of these substances, their doses [23], and the characteristics of the 
effect on fur-bearing animals, in particular silver-black foxes, are extremely lim-
ited and quite fragmented (24). In individual publications, the separate use of 
keratin on minks was reported (O.V. Barantseva, Technology for the preparation 
of keratin-containing feed additives and assessment of its effect on the quality of 
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mink's skin. Cand. Dis. Moscow, 2011), as well as the use of keratin, collagen 
and melanin on ferrets [11]. 

In the present work, it was experimentally proved for the first time that a 
new-generation anthelmintic Niacid-granules plus combined with a sulfur-
containing feed additive Bioactive keratin, the keratin-containing waste recycling 
product, improve fur grading indices (size, amount of fur, completeness of fur, 
damage to fur, damage to skin etc.) in silver-black foxes 

The purpose of the work is to determine the physiological effect of the 
combined use of bioactive keratin and anthelmintic based on avermectin in the 
growing young silver-black foxes and to evaluate the quality of the obtained skin 
products. 

Techniques. In the experiment, we used the preparation Niacid-Granules 
Plus (LLC SPA Ecobiovet) and Bioactive Keratin (Skryabin Moscow State 
Academy of Veterinary Medicine and Biotechnology) from tow of fine sheep 
wool (reusable waste from wool processing in the textile industry) [25].  

The toxicity of the drug Niacid-Granules Plus and the feed additive Bio-
active Keratin was evaluated according to GOST 12.1.007-76 Harmful Substanc-
es. Classification and General Safety Requirements, as well as on the basis of the 
requirements set forth in GOST 32296-2013 Methods of Testing Chemical 
Products on the Human Body. Basic Requirements for Conducting Tests to As-
sess Acute Toxicity for Intragastric Administration by the Fixed-Dose Method. 
As experimental laboratory animals, 70 random-bred white mice and 70 outbred 
Wistar rats assigned to groups of analogs by live weight were used. The experi-
ments were conducted in accordance with the protocols of the Geneva Conven-
tion and the principles of proper laboratory practice (National Standard of the 
Russian Federation GOST R 53434-2009), as well as according to the recommen-
dations of The Guide for the Care and Use of Laboratory Animals (National 
Academy Press Washington, DC 1996). Mean lethal doses were calculated [26]. 

To evaluate the effectiveness of separate and combined use of anthelmin-
tic preparation and bioactive feed additive, 2-month-old silver-black foxes (Vul-
pes vulpes L.) were divided into 4 groups of 10 animals by the methods of ana-
logs using birth dates and live weight (AO Saltykovskii Breeding Farm, 2017). 
The drugs were given to animals in accordance with the following scheme: in 
Group I, the anthelmintic preparation Niacid-Granules Plus was added twice to 
the animals' BD accepted at the farm (AI 200 μg/granule per 1 kg of animal 
weight, with an interval of 10 days, starting from the 1st day of the experiment); 
in Group II, the anthelmintic preparation Niacid-Granules Plus in the same 
dose and the preparation Bioactive Keratin in the amount of 0.2% of the daily 
protein norm (6 cycles, including 5-day courses with 10-day intervals) were add-
ed to the BD; Group III (control) consisted of intact animals that did not re-
ceive the anthelmintic preparation and the feed additive, Group IV was intact 
animals, in the BD of which the drug Bioactive Keratin was added in an amount 
of 0.2% of the daily protein norm (6 cycles including 5-day courses with 10-day 
intervals). 

During the observation period, young animals were weighed individually 
with an accuracy of 0.01 kg (electronic scales MP VD (Zh) A F-2, OOO MID-
LiK, Moscow, Russia). 

The physiological state of the animals was assessed by the results of the 
general clinical analysis of whole blood (performed at the laboratory of Moscow 
Station for the Control of Animal Diseases). The samples were taken from the 
lateral saphenous vein of a thigh (in the morning after a night's sleep before 
feeding and drinking) from 2-month-old animals before the start of the experi-
ment and from 7-month-old animals at the end of the experiment. The hemo-
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globin content, the total number of erythrocytes and leukocytes, the content and 
ratio of the main subpopulations of granulocytic leukocytes (lymphocytes, mon-
ocytes, eosinophils, neutrophils, and basophils) included in the leukocyte formu-
la were determined. 

At the end of the experiment, the obtained skins were subjected to pri-
mary processing and a quality assessment commission in accordance with GOST 
2790-88, and the basic properties of the skins (area, length, and thickness of hair 
of various categories) were determined. The thickness of the hair on the rump 
was determined by direct counting and by the number of hair roots in horizontal 
sections. Histological sections were prepared according to the standard method 
with hematoxylin and eosin staining, fixing them at the final stage under a co-
verslip with Canadian balsam [11], and examined at ½400 magnification (ZEISS 
Axio Lab. A1, Zeiss AG, Germany). 

During statistical processing of the obtained results, the arithmetic mean 
(M) and standard error of the mean (±SEM) were determined. The statistical 
significance of differences in means was evaluated by Student’s t-test [27, 28]. 

Results. Niacid-Granules Plus granules are feed bait supplemented with 
antiparasitic ingredient (200 μg AI/kg). Characterization of organoleptic, physi-
cochemical and biological properties of the preparation was performed according 
to the requirements of the State Pharmacopoeia XI [29] (Table 1).  

1. Characterization of anthelmintic Niacid-Granules Plus drug (LLC SPA Ecobi-
ovet) [29] 

Indicator  Description  
Appearance, color Brown granules weighing 300-400 mg 
Authenticity of AI (abamectin): 

avermectin B1a, % (not less) 
avermectin B1b, % (not more) 

 
85 
15 

Mass fraction of abamectin, % 200±20 µg/granule 
Toxicity, rat test-dose IV class of toxicity 
Foreign mechanical inclusions Not allowed 
Storage time  Not less than 21 months 

 

As follows from Table 1, the active ingredient of the drug Niacid-Granules 
Plus is a complex of natural non-hydrogenated avermectins B1a and B1b, which 
are stable only if the relevant established storage modes are observed [29]. 

2. Characterization of Bioactive Keratin dietary additive (Skryabin Moscow State 
Academy of Veterinary Medicine and Biotechnology, Russia) [29] 

Indicator  Description  
Appearance  Homogeneous liquid mass 
Color From light gray beige to dark gray beige 
Smell Specific 
Hydrogen indicator 6.5-7.5 
Authenticity Positive reaction to keratin 
Mass fraction of dry matter, % 3.0-10.0 
Mass fraction of keratin calculated on the dry matter, % 95.0-98.0 
The total number of mesophilic aerobic and facultative anaer-
obic microorganisms, CFU/1 g (cm3) of product Not more than 1½102 
Yeast, yeast-like, mold fungi in 1 g/cm3 of product Absent 
Bacteria of the family Enterobacteriaceae in 1 g/cm3 of prod-
uct 

  

Bacteria of the species Pseudomonas aeruginosa in 1 g/cm3 of 
product 

Absent  

Bacteria of the species Staphylococcus aureus in 1 g/cm3 of 
product 

Absent  

Toxicity, rat test-dose IV class of toxicity 
Storage time No more than 2 years 

 

Bioactive Keratin is a sulfur-containing protein that is unique in compo-
sition and properties. Keratin preparations are actively used in medicine and 
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cosmetology [12-14, 29]. However, this protein, obtained from the secondary 
products of the fur-processing industry, may be in demand in animal husbandry 
as a biologically active additive to the BD of fur-bearing animals. Bioactive Ker-
atin from tow of sheep wool has the following characteristics (Table 2). 

 

 
Fig. 1. Body weight dynamics of young silver-black foxes (Vulpes vulpes L.) upon application of an-
thelmintic Niacid-Granules Plus and sulfur-containing feed additive Bioactive Keratin: a — Niacid-
Granules Plus, b — Niacid-Granules Plus + Bioactive Keratin, c — intact animals (control), d — 
Bioactive Keratin (n = 10 per group, AO Saltykovskii Breeding Farm, 2017).  

 

In June, before the start of the experiment, the mass of 2-month-old an-
imals in all groups was approximately the same (Fig. 1), statistically significant 
differences between the groups were not revealed. After 1 month, the live weight 
of animals in all groups increased on average by 1.50-1.65 times compared with the 
previous indicators. At the same time, significant differences appeared between the 
mass of animals from Group I who received Niacid-Granules Plus and intact ani-
mals from Group III (control) (tfact. = 3.05 > ttable = 2.1 at p = 0.05). When com-
paring weight of animals from Groups II and III, it was found that with the com-
bined use of Niacid-Granules Plus and Bioactive Keratin, the mass of young ani-
mals in Group II was 9.1% higher than in the control group and approximately 2% 
higher than the indicator in the case of using only the anthelmintic preparation 
(respectively, tfact. = 7.40 > ttable = 2.1 at p = 0.05 and tfact. = 0.81 < ttable = 2.1 at 
p = 0.05). Comparison of the live weight of animals in Groups II and IV also 
made it possible to establish statistically significant differences between them 
(tfact. = 5.46 > ttable = 2.1 at p = 0.05). There were no such differences between 
Groups III and IV (tfact. = 0.34 < ttable = 2.1 at p = 0.05). The obtained results 
reliably indicate the maximum positive effect (increase in the live weight of young 
animals) with the combined use of the preparations Niacid-Granules Plus and 
Bioactive Keratin. By the end of the observation period, when comparing the av-
erage weight of animals from Group I receiving the anthelmintic preparation and 
from the control Group III, reliable (tfact. = 9.34 > ttable = 2.1 at p = 0.05) differ-
ences (19.9% excess) were revealed. Between Groups II (a combination of two 
preparation) and IV (using only Bioactive Keratin), there were also significant 
(tfact. = 10.11 > ttable = 2.1 at p = 0.05) differences in favor of the joint use of 
the preparations (24.5% increase).  

The indicators characterizing the growth rate of young silver-black foxes 
are presented in Table 3. 

A general clinical blood test, which allows making a general assessment 
of the physiological status of animals, showed (Table 4) that at the beginning of 
the experiment (before using the preparations), despite some fluctuations, the 
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indices in the groups did not differ significantly. Thus, the content of hemoglo-
bin, which is responsible for the transport of oxygen from the lungs to tissues 
and organs, ranged from 7.5 to 8.6%, red blood cells from 4.0 to 4.6 million/ml, 
white blood cells from 13.1 to 14.9 thousand/ml. It should be noted that at the 
beginning of the experiment, the young animals were not yet treated with an-
thelmintic drugs and the obtained values, in all probability, indicate the presence 
of a weak toxocariasis infestation, the cause of which could be infection both in 
utero and with mother's milk or through swallowing infective eggs with feed or 
water [30]. It is known that during helminthiases, the content of hemoglobin in 
the blood of fur-bearing animals decreases due to blood loss because of 
posthemorrhagic anemia caused by Toxocara feeding on blood, which damage 
the intestinal membrane and other internal organs [17, 31]. 

3. Body weight gain in young silver-black foxes (Vulpes vulpes L.) upon application 
of anthelmintic Niacid-Granules Plus and sulfur-containing feed additive Bioactive 
Keratin (М±SEM, n = 10 per group, AO Saltykovskii Breeding Farm, 2017) 

Groups  Absolute,kg Relative, % Daily, g 
I (Niacid-Granules Plus) 3.4±0.1 78.6±5.7 114.3±9.0 
II (Niacid-Granules Plus + Bioactive Keratin) 3.9±0.2 84.0±6.4 130.3±11.5 
III (intact animals, control) 2.3±0.1 60.0±5.3 78.0±5.5 
IV (Bioactive Keratin) 2.6±0.1 65.8±5.6 87.7±5.7 
N o t е. For a description of drug application scheme in the groups, see the Techniques section. 

 

4. Clinical blood test results of young silver-black foxes (Vulpes vulpes L.) upon ap-
plication of anthelmintic Niacid-Granules Plus and sulfur-containing feed additive 
Bioactive Keratin (М±SEM, n = 10 per group, AO Saltykovskii Breeding Farm, 
2017 

Groups 
Начало опыта (1-е сут) Окончание опыта (210-е сут) 

HGB, g/% RBC,½106/ml WBC, ½103/ml HGB, g/% RBC, ½106/ml WBC, ½103/ml 
I (NGP) 7.9±0.7 4.2±0.3 13.8±0.9 13.2±1.1 7.3±0.6 6.4±0.5 
II (NGP + BK) 8.4±0.6 4.0±0.4 13.6±1.2 13.9±1.2 7.7±0.6 5.3±0.3 
III (IA, control) 8.2±0.6 4.4±0.2 14.4±1.0 7.0±0.5 3.9±0.4 14.8±1.0 
IV (BK) 8.0±0.3 4.3±0.3 14.1±1.2 7.3±0.4 4.0±0.4 14.4±1.0 
N o t е. NGP — Niacid-Granules Plus, NGP + BK — Niacid-Granules Plus + Bioactive Keratin, IA — intact 
animals, BK — Bioactive Keratin; HGB — hemoglobin, RBC — red blood cells, WBC — white blood cells. For a 
description of drug application scheme in the groups, see the Techniques section. 

 

After anthelmintic treatment with Niacid-Granules Plus (separately and in 
combination with a sulfur-containing keratin additive), hematological parameters 
began to change. In Group I, where only anthelmintic preparation was used, the 
hemoglobin content increased by 1.7 times, while in Group III (control), by day 
210, it decreased by 14.6% compared with the initial one (tfact. = 1.30 < ttable = 2.1 
at p = 0.05). The established fact indicates an increase in infestation without de-
worming of young animals. In Group II, where bioactive keratin was used together 
with the preparation Niacid-Granules Plus, the hemoglobin level increased by 1.9 
times. In Group IV, where animals received only bioactive keratin, the hemoglobin 
level by the end of the experiment decreased by 8.75% (tfact. = 1.40 < ttable = 2.1 at 
p = 0.05) from the initial one. 

The obtained results indicate that the preparation Bioactive Keratin, used 
as a feed additive, somewhat inhibited the destruction of red blood cells, and also 
acted as a detoxifier. Red blood cells fulfill the transport function, providing the 
organism with oxygen and utilizing carbon dioxide. The study of red blood cells is 
included in the general blood test during the initial diagnosis of many diseases, 
including parasitic ones [17, 31]. 

According to the obtained data, the number of red blood cells in the blood 
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of 2-month-old silver-black foxes prior to deworming ranged from 4.0-4.6 mil-
lion/ml. Apparently, these values characterize the presence of anemia as a conse-
quence of pathological processes in the body of young animals that are most sus-
ceptible to the effects of toxocariasis pathogens. In this case, anemia can also de-
velop due to a lack of iron, vitamin B12, and folic acid [4]. 

Upon anthelmintic use, the red blood cell counts in of young silver-black 
foxes began to increase. Thus, in Group I (Niacid-Granules Plus), by the end of the 
experiment, it increased by 73.8% (tfact. = 4.62 > ttable = 2.1 at p = 0.05), while in 
Group III (control), it decreased by 9.3% (tfact. = 1.12 < ttable = 2.1 at p = 0.05). 
With the combination of anthelmintic and feed additives, the same indicator in-
creased by 66.7% (tfact = 5.13 > ttable = 2.1 at p = 0.05). In Group IV, where ani-
mals received only a feed additive, the number of red blood cells in the blood de-
creased by 7.0% by the end of the experiment (tfact = 0.60 < ttable = 2.1 at p = 0.05) 
from the initial one. Obviously, the peptides formed during the hydrolytic cleavage 
of bio-additives in the intestines of fur-bearing animals prevent the destruction of 
red blood cells. 

The number of leukocytes in the blood is one of the most important indi-
cators of an animal's state of health. The main function of leukocytes is to detect a 
foreign agent and neutralize it; these blood cells are the first line of defense of the 
body encountered by the pathogens colonizing it, including helminths [30, 31]. 
The content of leukocytes in the blood of young animals before the start of the ex-
periment ranged from 13.4 to 14.4 thousand/ml (see Table 4). The authors consider 
these initial data as an indication of the presence of a pathological process in the 
body of young animals, which is associated with the presence of helminths (since 
the anthelmintic treatment of animals at that time was not yet conducted). In 
Groups I and II (see Table 4), the number of leukocytes gradually decreased. In 
Group IV, where animals received only Bioactive Keratin, the number of leukocytes 
was 2.1% higher than at the beginning of the experiment (tfact = 0.19 < ttable = 2.1 
at p = 0.05), but at the same time, it is 2.7% lower than that of animals from 
Group III (tfact = 0.28 < ttable = 2.1 at p = 0.05). With the combined use of the 
anthelmintic preparation and bio-additive (Group II), the content of leukocytes in 
the blood of young animals decreased by 2.6 times. In addition, it is noteworthy 
that bioactive keratin, together with an antihelminthic preparation, contributes to 
the normalization of the composition of blood corpuscles. 

Niacid-Granules Plus had a pronounced effect on skin area, it increased by 
18.1% (tfact = 22.60 > ttable = 2.1 at p = 0.05) compared to Group III (control), 
(Table 5). 

5. Skin area of young silver-black foxes (Vulpes vulpes L.) upon application of an-
thelmintic Niacid-Granules Plus and sulfur-containing feed additive Bioactive 
Keratin (М±SEM, n = 10 per group, AO Saltykovskii Breeding Farm, 2018) 

Groups Area, cm2 
I (Niacid-Granules Plus) 2152.0±9.5 
II (Niacid-Granules Plus + Bioactive Keratin) 2198.0±11.0*  
III (intact animals, control) 1856.0±9.0 
IV (Bioactive Keratin) 1909.0±10.3 
N o t е. For a description of drug application scheme in the groups, see the Techniques section.  
* Differences with control are statistically significant at p = 0.05. 

 

Combination of bioactive keratin and anthelmintic preparation was more 
effective in terms of skin area, it was 18.4% higher (tfact = 19.20 > ttable = 2.1 at 
p = 0.05) than in Group III (control). Dietary bioactive keratin without deworm-
ing ensured an increase in the area of skins by 2.7% (tfact = 3.87 > ttable = 2.1 at 
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p = 0.05) compared to Group III. Between Groups II and IV, this indicator dif-
fered by 15.1% statistically significantly (tfact. = 24.60 > ttable = 2.1 at p = 0.05). 

The use of drugs affected the quality of the hair. The greatest length of 
all hair categories was characteristic of the lateral area of the skins in all groups, 
the smallest length in fur and transient hair was noted in the rump area, in the 
guard and aligning hair in the spinal part (Table 6). 

6. Skin hair length (mm) of young silver-black foxes (Vulpes vulpes L.) upon appli-
cation of anthelmintic Niacid-Granules Plus and sulfur-containing feed additive 
Bioactive Keratin (М±SEM, n = 50, AO Saltykovskii Breeding Farm, 2018)  

Groups Category of hair 
Locations 

spine side rump 
I (Niacid-Granules Plus) Down hair 44.7±0.1* 46.3±0.5* 43.0±0.8* 

Awn hair 52.8±0.3 53.2±0.3 52.4±0.6 
Guard hair 69.8±0.8 75.7±0.8 70.5±0.9 
Guide hair 73.0±0.7 82.0±0.7 75.7±0.6 

II (Niacid-Granules Plus + Bioactive Keratin) Down hair 46.9±0.7* 49.8±0.4* 45.9±0.8* 
Awn hair 53.6±0.4 56.9±0.5 53.2±0.3 
Guard hair 72.2±0.7 77.2±0.6 72.9±0.7 
Guide hair 74.1±0.3 84.5±0.2 82.3±0.6 

III (intact animals, control) Down hair 31.4±0.2 32.8±0.4  32.0±0.4 
Awn hair 40.2±0.1 41.7±0.6 42.1±0.2 
Guard hair 37.8±0.3 26.6±0.2 27.2±0.4 
Guide hair 62.1±0.2 54.3±0.7 57.4±0.6 

IV (Bioactive Keratin) Down hair 36.6±0.1 38.8±0.6 37.4±0.4 
Awn hair 44.0±0.2 45.6±0.4 44.1±0.2 
Guard hair 48.3±0.2 36.2±0.2 31.8±0.7 
Guide hair 65.5±0.4 58.7±0.6 60.2±0.4 

N o t е. For a description of drug application scheme in the groups, see the Techniques section. 
* Differences with control are statistically significant at p = 0.05. 

 

The length of down hair on the side of the skins in Groups I and III 
significantly increased by 4.5% (tfact. = 2.80 > ttable = 2.1 at p = 0.05) as influ-
enced by using only anthelmintic preparation. In Groups II and IV with the 
combination of an anthelmintic preparation and a bio-additive, an increase in 
the length of down hair reached 4.2% (tfact. = 3.50 > ttable = 2.1 at p = 0.05). 
Differences were also characteristic of the remaining topographic areas in 
which the length of the hair was analyzed (see Table 6). 

7. Hair thickness (microns) on the skins of young silver-black foxes (Vulpes vulpes 
L.) upon application of anthelmintic Niacid-Granules Plus and sulfur-containing 
feed additive Bioactive Keratin (М±SEM, n = 50, AO Saltykovskii Breeding 
Farm, 2018) 

Groups Category of hair 
Locations 

spine side rump 
I (Niacid-Granules Plus) Down hair 20.4±0.2 20.3±0.3 21.8±0.4 

Awn hair 47.2±0.7 45.5±0.5 50.2±0.5 
Guard hair 76.9±0.7 72.6±0.7 80.3±0.6 
Guide hair 87.9±0.7 73.8±0.2 94.5±0.6 

II (Niacid-Granules Plus + Bioactive Keratin) Down hair 21.4±0.2 21.2±0.4 22.1±0.3 
Awn hair 49.9±0.8 45.3±0.6 50.0±0.7 
Guard hair 80.3±0.7 75.6±0.6 85.7±0.9 
Guide hair 96.8±0.5 95.7±0.7 97.8±0.9 

III (intact animals, control) Down hair 22.4±0.5 21.7±0.2 23.6±0.7 
Awn hair 36.9±0.2 35.7±0.4 37.1±0.5 
Guard hair 58.4±0.6 59.6±0.6 60.1±0.4 
Guide hair 68.5±0.4 61.1±0.7 59.8±0.6 

IV (Bioactive Keratin) Down hair 24.3±0.6 23.8±0.3 24.8±0.4 
Awn hair 37.6±0.4 37.7±0.3 39.7±0.7 
Guard hair 61.8±0.9 65.1±0.9 69.9±0.3 
Guide hair 71.4±0.6 70.8±0.3 71.8±0.6 

N o t е. For a description of drug application scheme in the groups, see the Techniques section. 
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The thickness of hair (Table 7) in various topographic areas of the 
skins was studied on the same samples on which the length of the hair was 
measured. The obtained data enable to conclude that neither the anthelmintic 
preparation Niacid-Granules Plus, nor its combination with the feed additive 
Bioactive Keratin affected the thickness of the hair of the skins in comparison 
with the control (tfact. = 1.8 < ttable = 2.1 and tfact. = 1.3 < ttable = 2.1, respec-
tively, at p = 0.05). The same was noted for Group IV.  

The density of hair on skin was estimated by the number of primary and 
secondary follicles, as well as by direct counting of all hair categories per unit 
area (1 cm2) of samples taken from the rump part of the skin (Table 8).  

8. Hair density on the skins of young silver-black foxes (Vulpes vulpes L.) upon ap-
plication of anthelmintic Niacid-Granules Plus and sulfur-containing feed additive 
Bioactive Keratin (М±SEM, n = 10, AO Saltykovskii Breeding Farm, 2018)  

Groups 
Average number of hair follicles  
per microscope field of view 

Total hair numberper 
unit area (1 cm2) 

primary secondary 
I (Niacid-Granules Plus) 14.3 1.4 14322±468 
II (Niacid-Granules Plus + Bioactive Keratin) 15.7 1.6 15670±580* 
III (intact animals, control) 11.1 1.0 12576±462 
IV (Bioactive Keratin) 12.3 1.1 13009±359 
N o t е. For a description of drug application scheme in the groups, see the Techniques section.   
* Differences with control are statistically significant at p = 0.05. 

 

A B 

  
C D 

  
Fig. 2. Horizontal histological sections of the skin tissue of silver-black fox (Vulpes vulpes L.) pelt as 
influenced by anthelmintic Niacid-Granules Plus (A), Niacid-Granules Plus in combination with the 
sulfur-containing feed additive Bioactive Keratin (B), in intact animals (control) (C) and when using 
Bioactive Keratin (D) AO Saltykovskii Breeding Farm, 2018). Staining with hematoxylin and eosin, 
magnification ½400; arrows indicate bunches of hair.   

 

The use of Niacid-Granules Plus had a positive effect on the downiness 
of the skins: the total number of all hair categories per 1 cm2 was 13.9% higher 
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(tfact. = 2.66 > ttable = 2.1 at p = 0.05) than in control. Combination of the anthel-
mintics and bioactive keratin significantly (tfact. = 4.17 > ttable = 2.1 at p = 0.05) 
increased hair density by 24.6% compared to control, whereas bioactive keratin 
only by 3.4% (tfact. = 0.74 < ttable = 2.1 at p = 0.05). Consequently, the com-
bined application of the studied preparations had the greatest positive effect. It is 
obvious that the anthelmintic drug contributed to the healing of the young sil-
ver-black foxes, due to which bioactive keratin stimulated the growth of the 
thicker hair to the maximum extent. 

Many authors note that it is keratin that stimulates hair growth, increas-
ing their density due to the activation of embryonic follicles [11]. To test this 
hypothesis, horizontal histological sections were prepared from samples of the 
same skins taken from the rump part (Fig. 2). 

Our findings substantiate application of Niacid-Granules Plus in combi-
nation with Bioactive Keratin as an element of the technology for growing 
slaughtered young silver-black fox to improve the physiological condition of an-
imals and obtain more qualitative skins. Niacid-Granules Plus is recommended 
to be used 2 times with a 10-day interval at the age of 2 months, and Bioactive 
Keratin should be added to the main diet in six cycles (5-day courses with 10-
day intervals). 

Thus, deworming of young silver-black foxes ages 2 months using a new 
generation of Niacid-Granules Plus drug followed by application of dietary Bio-
active Keratin contribute to the accelerated normalization of the physiological 
status of young silver-black foxes, which is confirmed by clinical indicators of 
blood, and significantly affect the live weight gain. When using both prepara-
tions, the weight of young silver-black foxes increased by 30.4%, the area of the 
obtained skins by 18.4%, the density of the hair by 24.6% compared to the same 
parameters for intact animals. This allows us to recommend Niacid-Granules 
Plus in combination with feed additive Bioactive Keratin for practical use in an-
imal husbandry to improve the well-being of animals and the quality of marketa-
ble products obtained from them.  
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A b s t r a c t  
 

Reindeer (Rangifer tarandus) is a valuable member of the Arctic ecosystems and the main 
livestock species of the Russian North, which require the analysis of the genetic structure and the 
possibility of addressing the differences between wild and domestic forms, breeds and populations 
using modern molecular genetic approaches. The use of DNA chips based on parallel genotyping of 
hundreds of thousands of SNP markers is an effective approach to study the reindeer genome, but at 
the same time due to a high price, it is not beneficial for wide practical application. In this regard, 
the aim of our work is to select the optimal number of SNP markers that allow conducting popula-
tion and genetic studies of reindeer without loss of bio-informatics content. The sample collection 
included wild deer (WLD, n = 83) inhabiting the Taimyr Peninsula and the Republic of Sakha (Ya-
kutia), and domestic deer of the Nenets breed from the Nenets Autonomous Okrug (NEN, n = 100) 
and the Murmansk Region (MUR, n = 19), as well as from Even and Evenki breeds from the Re-
public of Sakha (Yakutia) (YAK, n = 19). All deer were genotyped using a high-density DNA chip 
BovineHD BeadChip (777,962 SNPs). After quality control and filtering, 4456 polymorphic SNP 
markers remained in the analysis. In the TRES program, using the Delta method, 368 of the most 
informative SNP markers were selected. Data processing was performed in the Admixture 1.3, 
PLINK 1.9 programs and R packages (ggplot2, adegenet 1.3-1, pophelper, diveRsity). It was shown 
that 70 % from 368 selected SNPs had a high minor allele frequency (MAF  0.3), while about 50 % 
from set including 4456 markers had MAF  0.1. Comparing the results of principal component 
analysis (PCA), discriminant principal component analysis (DAPC), and cluster analysis, no loss of 
information value was found for 368 SNPs compared to using the set of 4456 markers. Comparing 
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pairwise FST values between the studied groups of reindeer, the similarity of the interpopulation link-
ages was demonstrated, based on 4456 and 368 SNP markers, respectively. Thus, the selected panel 
of SNP markers is an informative, universal for both wild and domestic deer and a cheap approach 
for creating a custom DNA chip for reindeer.  

 

Keywords: Rangifer tarandus, reindeer, SNP markers, DNA chips 
 

Reindeer (Rangifer tarandus) is a unique species, among which both the 
wild and the domestic forms coexist and are valuable members of the Arctic eco-
systems [1, 2]. Both the forms require the development of rational programs to 
conserve their genetic diversity. Rapid improvements and increased availability 
of new-generation sequencing technologies (next-generation sequencing) have 
led to an increase in the numbers of full genomes determined for various animal 
species each year [3, 4].   

Over the past few years, numerous studies have been performed to map 
the genome of the reindeer, which has revealed three versions of the genome 
assembly. In 2017, a group of Chinese researchers introduced the first version of 
the domestic reindeer genome [5]. DNA was extracted from the blood of one 
female of the Evenk breed from a population which had been introduced into 
the mountains of Inner Mongolia in China, and sequencing of the sample was 
performed on the HiSeq 4000 platform (Illumina, San Diego, CA, USA).  

This assembly showed that the total genome size of the domestic rein-
deer was 2.64 Gb. A total of 21,555 protein-coding genes were decoded, and 
3803 genes were completely reconstructed (92.6% of the genome size). However, 
it was later discovered that this genome assembly was fragmented and contained 
a high percentage of missing data [6]. 

In 2019, the genome of the caribou, the North American relative of 
R. tarandus [6] with a genome size of 2.205 Gb, was announced. According to 
Taylor et al. [6], the caribou genome includes 33,177 protein-coding genes, in-
cluding 3820 (93.1%) completely reconstructed genes. However, since the wild 
and the domestic forms of R. tarandus are clearly differentiated by single-
nucleotide polymorphism (SNP) markers [8], this described genome assembly 
may not be relevant to the domestic reindeer. Finally, a group of Scandinavian 
researchers [7] performed deep sequencing of the domestic reindeer genome us-
ing the HiSeq2500 and HiSeq 4000 systems (Illumina). However, the complete 
nucleotide sequence of this assembly, which had a total size of 2.66 Gb and in-
cluded 26,785 protein-coding genes, cannot be found in the National Center for 
Biotechnology Information database and other platforms. As a result, despite 
significant successes in decoding the reindeer genome, this species remains in 
the non-model category.   

Negative anthropogenic factors and unpredictable climate changes in the 
reindeer habitat have led to irreversible critical changes in the biodiversity of this 
species [9, 10]. At present, there has been an active research for the search and 
implementation of various approaches for assessment of the genetic diversity, for 
the study of the population structure, and for the reliable differentiation of the 
intraspecific groups [11]. SNPs have been widely used as DNA markers for stud-
ying the genetic structure of populations [12]. The use of a DNA microarray 
enables simultaneous genotyping of myriad markers. However, the main task in 
most studies is to determine the pedigree, the group, or the individual origin of 
the animal [13]. In this case, it is reasonable to use only those SNPs that can 
most accurately differentiate relevant individuals at a lower cost using faster pro-
cedures compared to that in genome-wide genotyping approaches [13, 14]. In 
this study, SNPs that met the criteria as markers for creating a custom DNA 
microarray were selected for the reindeer using a minor allele frequency (MAF) 
above 0.3 to preserve the bioinformatics value and universal nature of this infor-
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mation in population genetics studies of both the domestic and the wild forms of 
R. tarandus. 

Our aim was to select the optimal number of SNPs that enabled popula-
tion genetics studies of the reindeer without the loss of bioinformatics content 
and for performing a comparative analysis of the information of the selected and 
of all the polymorphic SNPs. 

Techniques. The studies were performed on the wild and the domestic 
reindeer in 2019. The wild reindeer population (WLD, n = 83) included the 
reindeer inhabiting the western part of the Taimyr Peninsula and representatives 
of the Leno-Olenek and the Sundrun subpopulations from the Republic of 
Sakha (Yakutia) territory.  

The domestic reindeer group consisted of animals of the Nenets breed, 
which are bred in the territory of the Nenets Autonomous district (NEN, n = 100 
and the Murmansk Region (MUR, n = 19), as well as the Even and the Evenk 
breeds from the Republic of Sakha (Yakutia) (YAK, n = 19). Genomic DNA 
was extracted using the Extran2 DNA kits (Syntol CJSC, Moscow, Russia) ac-
cording to the manufacturer’s instructions. The quality and integrity of the DNA 
samples were checked by electrophoresis on a 1% agarose gel. DNA concentra-
tion was measured on a Qubit 2.0 fluorimeter (Invitrogen, Carlsbad, CA, USA). 
DNA purity was determined by evaluating the absorption ratio of A260/A280 on a 
NanoDrop8000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, 
USA). All the investigated reindeer individuals were genotyped using the Illumi-
na BovineHD BeadChip, which contained 777,962 SNPs (Illumina). Genotypes 
were obtained using the Genome Studio 2 (Illumina). Reading quality (GenCall, 
GC) and the degree of SNP clustering (GenTrain, GT) were evaluated by estab-
lishing filters with limit values of 0.5 for both indicators [15]. In PLINK v. 1.90 
[16], SNPs located on the sex chromosomes, characterized by MAF below 5% 
(-MAF 0.05), that deviated from the Hardy-Weinberg equilibrium at p < 10-6 
(-hwe 1e6), those that were in linkage disequilibrium (--indep-pairwise 50 5 0.5), 
and those for which less than 90% of the animals were genotyped (- -geno0.1) 
were excluded from the analysis. After filtering, 4456 polymorphic SNPs were 
included for analysis.  

The next step was selection of the most informative SNPs for inclusion 
in the user panel. Markers were selected in the TRES program (Toolbox for 
Ranking and Evaluation of SNPs) [13] according to the Delta method [17] in 
accordance with the equation:  

δ = ∣pi
A  pj

A∣, 
where pi

A is the frequency of allele A in the ith population and pj
A is the fre-

quency of the same allele in the jth population.  
Next, the loci were evaluated based on their δ values and ranked in a de-

scending order from the highest values to the lowest value of 0.2. As a result, 
368 SNPs were selected.  

The graphs of the distribution of SNPs in the different groups depending 
on the MAF values were visualized using the R package [18]. Principal compo-
nent analysis was performed in PLINK 1.9 and the results were visualized in the 
R package ggplot2 [19]. Discriminant analysis of the principal components for 
the investigated reindeer groups was performed using the R package adegenet 
1.3-1 [20, 21], the cluster analysis — in Admixture 1.3 [22] with subsequent vis-
ualization with R package «pophelper» [23]. The pairwise fixation index (FST) 
values [24] were calculated with R package diveRsity [25]. All bioinformatics 
analyses were performed for the 4456 SNPs and 368 SNPs to evaluate the effec-
tiveness of the proposed panel (368 SNPs) compared to the complete set of pol-
ymorphic SNPs (4456) identified using the Illumina BovineHD BeadChip for 
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the reindeer populations. 
Results. The distribution of the selected SNPs among the groups were 

compared depending on the MAF values (Fig. 1), which revealed that the group 
with MAF of 0.1 contained the largest number of SNPs in the panel of 4456 
markers (approximately 49.3%), whereas the number of markers in the remain-
ing groups decreased from 800 in the group with MAF of 0.2 (17.9%) to 250 
(5.6%) in the group with MAF of 0.5 (see Fig. 1, A). When using a panel of 368 
markers, the distribution of SNPs was drastically different (see Fig. 1, B). Thus, 
the group with MAF of 0.1 accounted for only 4.1% of the total number of pan-
el markers. The largest number of SNPs (57.1%) was represented by the groups 
with MAF values of 0.3 and 0.4. The group with MAF of 0.5 comprised approx-
imately 15.8% of all panel markers.  

In general, principal 
component analysis of the 
investigated reindeer groups 
based on 4456 SNPs and 
368 SNPs revealed no sig-
nificant differences in the 
character of the spatial for-
mation of clusters (Fig. 2, A, 
B). Thus, the first main com-
ponent (PC1) clearly separat-
ed the MUR and the NEN 
groups from the WLD group, 
whereas the YAK popula-
tion, which was nearly locat-
ed on PC1, was differentiat-

ed by the second main component (PC2) among the three reindeer clusters. How-
ever, the genetic variability magnitude explained by PC1 and PC2 when using a 
panel of 4465 SNPs (see Fig. 2, A) was several-fold lower compared to that in 
the second panel (see Fig. 2, B): 11.8% vs. 36.28% for PC1 and 3.21% vs. 
10.32% for PC2.  

The discriminant analysis of the principal components was used to ex-
amine the patterns in the genetic diversity of the investigated reindeer groups 
(Fig. 2, C, D). Linear discriminant 1 (LD 1) clearly differentiated the NEN, the 
MUR, and the YAK populations from the WLD group. The YAK group was the 
most distant for linear discriminant 2 (LD 2). In addition, the NEN, the MUR, 
and the WLD groups were close to the LD 2 axis. No significant differences 
were found in the information of the two investigated systems. 

Comparison of the degree of genetic differences between the investigated 
reindeer groups (Table) showed the similarity of interpopulation relationships 
estimated using the 4456 SNPs and 368 SNPs. Thus, the highest genetic close-
ness was observed between the MUR and the NEN groups, and the maximum 
differentiation was found between the WLD and the NEN.  

The results of the ADMIXTURE-analysis for the investigated reindeer 
groups based on the 4456 SNPs (see Fig. 3, A) and 368 SNPs (see Fig. 3, B) for 
the most probable number of clusters 2 and 3 have been shown in Figure 3. At 
K = 2, both panels showed similar clustering results. The NEN and the WLD 
populations were clearly differentiated and formed their own cluster (light grey 
for the WLD and black for the NEN), whereas the MUR and the YAK popula-
tions represented mixed clusters. At K = 3, the YAK group segregated into its 
own cluster, and presented a consolidation of individuals within which looked 
more identically by using a kit including all polymorphic SNPs (see Fig. 3, A). 

А B 

Fig. 1. Distribution of the SNPs by group (2019) depending on 
the minor allele (MAF) frequency by comparison of two marker 
panels: А — final data set comprised 4456 SNPs for the domes-
tic and the wild reindeer (Rangifer tarandus) from the Bo-
vineHD BeadChip; B — 368 SNPs selected to create a custom 
DNA microarray. 
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However, differences in the pattern of distribution of the animal groups at K = 3 
were insignificant.  

Fig. 2. Results of the principal component analysis (А, B) and discriminant analysis of the principal 
components (C, D), conducted for the four populations of reindeer (Rangifer tarandus) based on data 
from two SNP panels: A, C — final data set comprised of 4456 SNPs detected with the BovineHD 
BeadChip; B, D — 368 SNPs selected to create a custom DNA microarray; WLD — wild popula-
tion (the Taimyr Peninsula, the Republic of Sakha-Yakutia), NEN — domestic reindeer of the Ne-
nets breed (the Nenets Autonomous Okrug), MUR — domestic reindeer of the Nenets breed (the 
Murmansk region), YAK — domestic reindeer of the Even and Evenk breeds (the Republic of 
Sakha-Yakutia) (2019). 

The effectiveness of using a DNA microarray designed for cattle to eval-
uate the reindeer has been demonstrated in foreign [26, 27] and domestic studies 
[8, 28]. Nevertheless, among all the genotyped SNPs, only approximately 5% of 
the SNPs are polymorphic and have been directly used for analysis: 1068 for the 
black-tailed and the white-tailed deer [26], 1532 for the representatives of the 
genus Cervus [27], and 512 for the Yakut domestic reindeer [28] when using the 
Bovine SNP50 BeadChip and 8357 and 8145, respectively, for the domestic and 
the wild reindeer from among 777,962 SNPs on the BovineHD BeadChip [8]. 

Despite the success of using these DNA microarrays to characterise the 
genetic structure of the reindeer populations and assess their genetic diversity 
and relationships, there are several factors that prevent the use of this approach 
for routine testing. First, the DNA microarray is costly. Second, nearly 95% of 
the content of a DNA microarray is uninformative for the reindeer. In addition, 
detailed genomic studies are not always required for practical applications in the 
reindeer husbandry. 

A B 

C D 
PC1 (11.80 %)  PC1 (36.28 %) 
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FST values calculated from 4456 and 368 SNPs in the four reindeer populations 
(Rangifer tarandus) (2019)  

Population NEN MUR YAK WLD 
NEN  0.025 0.184 0.218 
MUR 0.012  0.142 0.138 
YAK 0.043 0.040  0.215 
WLD 0.060 0.042 0.048   
N o t e. WLD — wild population (the Taimyr Peninsula, the Republic of Sakha-Yakutia), NEN — domestic rein-
deer of the Nenets breed (the Nenets Autonomous Okrug), MUR — domestic reindeer of the Nenets breed (the 
Murmansk region), YAK — domestic reindeer of the Even and Evenk breeds (the Republic of Sakha-Yakutia); 
FST — fixation index. The values calculated for 368 SNPs are above the diagonal, the values calculated for the 
4456 SNPs are below the diagonal.  
 

 

Fig. 3. Comparative ADMIXTURE 
analysis of the four reindeer popula-
tions (Rangifer tarandus) (2019) for 
two SNP panels: A — final data set 
comprised 4456 SNPs detected 
with the BovineHD BeadChip; 
B — 368 SNPs selected to create 
a custom DNA microarray; K —  
the number of most probable clus-
ters; WLD — wild population (the 
Taimyr Peninsula, the Republic 
of Sakha-Yakutia), NEN — domes-
tic reindeer of the Nenets breed 
(the Nenets Autonomous Okrug), 
MUR — domestic reindeer of the 
Nenets breed (the Murmansk re-
gion), YAK — domestic reindeer of 
the Even and the Evenk breeds (the 
Republic of Sakha-Yakutia). 

 

In this case, the development of a custom DNA microarray may reduce 
the cost of analysis without significantly decreasing its biological significance [29, 
30]. Similar SNP panels containing a limited number of informative markers 
have been designed for model farm animals, such as the sheep [31, 32], cattle 
[33], and horses [34]. 

Our study showed that 368 SNPs provided reproducible information for 
all detected polymorphic markers (4456), which was found to be consistent with 
previously obtained data for other mammalian species. According to Heaton et 
al. [33], 32 SNPs are sufficient to determine the origin with an accuracy of 
99.99% in the beef cattle populations (even in cases of highly mixed herds). Ki-
jas et al. [31] suggested using SNP panels of 88 markers for paternity confirma-
tion in more than 80 sheep breeds, and using 101 markers in horse breeding for 
the same purposes [34]. In addition, a panel of 163 markers is sufficient for de-
termining the breed and individual affiliation of a wide range of sheep breeds 
[32].  

The MAF is an important parameter in selecting SNPs for the subse-
quent development of an informative custom DNA microarray. Using the TRES 
bioinformatics approach [13], we selected 368 SNPs from among 4456 polymor-
phic SNPs. The calculations showed bias in the selected SNPs towards increas-
ing MAFs from 0.1 to 0.3-0.4. The observed trend was consistent with that ob-
tained by Kijas et al. [31] and Heaton et al. [32] in the development of panels 
for determining the origin of sheep (panels consisted of 88 and 163 markers, re-
spectively). According to Kijas et al. [31], choosing SNPs with a shift towards an 
MAF  0.3 for inclusion in the panel enhances the versatility of the panel, ena-
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bling its application to diverse breeds and population compositions of the inves-
tigated species. The 368 markers selected in this study met this criterion.  

We selected SNP markers from a DNA microarray developed for the 
cattle, in accordance with their localisation along the chromosomal characteris-
tics of the cattle. As the alignment of the nucleotide sequences of the reindeer 
genome was performed using the cattle genome as a reference [6] (without 
breakdown into the reindeer chromosomes), the SNP panel can provide the 
same amount of information as those developed based on the reindeer genome 
assembly proposed by Taylor et al. [6]. 

Thus, the minimum required number of SNPs was selected, allowing for 
genetic studies in the reindeer populations without the loss of bioinformatics 
content. To assess the information of a panel of 368 SNPs, the data obtained 
were compared to the results calculated using 4456 SNPs identified by a high-
density microarray. Among the markers included in the test panel, a clear bias 
towards SNPs with MAF of more than 0.3 was observed, corresponding to in-
ternational criteria for creating panels for various types of agricultural animals. 
All bioinformatics approaches (the principal component analysis, the discrimi-
nant analysis of principal components, the cluster analysis, and calculation of 
pairwise genetic distances by FST values) showed no loss in efficiency of the 368 
SNPs panel. Successful testing of the presented panel was performed in the three 
breeds of the domestic reindeer (the Nenets, the Even, the Evenk) and in the 
two populations of the wild reindeer (the Taimyr and the Yakut), demonstrating 
the universal nature of the selected SNPs. Selected SNPs may be recommended 
for inclusion during construction of a custom DNA microarray designed for ge-
nomic characterisation of the wild and the domestic reindeer.   
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A b s t r a c t  
 

Reindeer (Rangifer tarandus) is geographically isolated from other subspecies of the rumi-
nant family Cervidae. It is known that belonging to certain environmental conditions can have a 
significant impact on the composition of the ruminant rumen microbiome. With the use of molecu-
lar-biological analysis, we studied for the first time the patterns of formation of the reindeer’s rumen 
microbial communities for the Rangifer tarandus living in different natural and climatic zones of the 
Russian Federation. The purpose of the study is to assess the regional features of the reindeer’s ru-
men microbiome into the different Arctic regions of Russia using T-RFLP analysis and quantitative 
PCR. It was made a comparative analysis of the influence of a number of factors on the composition 
of the reindeer rumen microbiome, incl. gender and age peculiarities, regional habitat conditions and 
feeding ration features. Samples of the rumen content were collected in the summer-autumn period 
of 2017 from 58 individuals (n  3 from each age group) in the Yamalo-Nenets Autonomous District 
(AO), Nenets Autonomous District and the Murmansk region. The total number of bacteria, ar-
chaea, and fungi of the Neocallimastigales was analyzed by quantitative PCR, and the composition of 
the bacterial community by T-RFLP (terminal restriction fragment polymorphism) method. The 
main determinant of all components of the microbial community of the reindeer’s rumen is regional 
habitat conditions, which, apparently, is due to differences in the composition of the pasture diet and 
the epizootic situation in the herd. The smallest similarity with other regions was found for samples 
from the Murmansk region, which is probably due to differences in reindeer pasture ration in this 
region, i.e. the differences in the composition of vegetation and lower nutritional values. Gender and 
age differences of animals were less significant though made a certain contribution to the ratio of 
microorganisms in the rumen. The clearest differences in the rumen microbiota were detected be-
tween groups of animals under 2 years of age and older than 2 years. In general, significant changes 
in the representation of a taxa number were noted in connection with the nutritional value of 
pasture ration. A statistically significant relationship was established between the level of fiber in 
grazing feed and members of the families Veillonellaceae (r = 0.75), Nostocaceae (r = 0.52), Rivu-
lariaceae (r = 0.88), etc. in addition to traditionally associated with the processes of cellulose deg-
radation bacteria. There is no significant correlation between the content of conditionally pathogenic 
microorganisms from the Fusobacteria, Tenericutes (Mycoplasmataceae), Proteobacteria (Enterobacteri-
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aceae, Campylobacteraceae) and the nutritional value of feeds and other groups of microorganisms, 
which indicates the need for more research in this direction. The obtained data clarify aspects of the 
interaction and cohabitation of symbionts in the complex-component system of the reindeer rumen, 
which is characterized by the diversity of sources of plant polysaccharides and the variety of enzymes 
produced by microorganisms. 

 

Keywords: Rangifer tarandus, T-RFLP analysis, quantitative PCR, rumen microbiome, 
reindeer, Russian Arctic 

 

Reindeer (Rangifer tarandus) occupies a special place among herbivorous 
ruminants. The geographical isolation of this species from other subspecies of the 
Cervidae family [1] implies not only anatomical and morphological features in 
the structure of the digestive system but also the formation of specific rumen 
microbial communities [2-4]. Interest in the study of complex symbiotic com-
munities of the reindeer rumen is also associated with the study of the adaptative 
features of the organism of these animals to adverse factors, in particular, the 
ability to effectively use the scarce plant resources of the tundra, forest-tundra 
and northern taiga areas [5]. The formation of microbial communities in the 
rumen of ruminant animals is influenced by a complex of interdependent factors: 
a variety of sources of plant fiber, interactions between microorganisms of vari-
ous groups, taxonomic diversity of enzyme systems, the molecular structure of 
enzymes, physiology of microorganisms, as well as environmental aspects [6-8]. 
In this regard, the adaptive facilities of reindeer should be considered taking into 
account the conditions of their habitat, the availability of nutritional resources, 
and other factors [9]. 

Relation to certain environmental conditions affects the composition of 
the rumen microbiota in ruminants [10]. However, such studies focus mainly on 
the analysis of the representation of individual groups of microorganisms, for 
example, cellulolytic ones. Thus, a significant difference in the rumen microbial 
communities is shown for two geographically separated subspecies of the rein-
deer of Norway — Rangifer tarandus (Eurasian tundra reindeer, R. tarandus taran-
dus) of the continent part of the country and R. tarandus platyrhynchus (Svalbard 
reindeer, R. tarandus platyrhynchus) of the high Arctic Spitsbergen archipelago, 
located between Norway and the North Pole. At the same time, the representa-
tives of R. tarandus platyrhynchus, which during the 8-10-month winter period 
are forced to eat food with a high lignin content, have a 6-14 times higher con-
tent of cellulolytic bacteria than R. tarandus tarandus [1]. However, the bacteria 
associated with plant feed fermentation processes were similar in species compo-
sition: Peptostreptococcus anaerobius, Lachnospira multiparus, Butyrivibrio fibrisol-
vens, Eubacterium ruminantium, Selenomonas ruminantium, Fibrobacter suc-
cinogenes, Eubacterium pyruvovorans and Fusocillus sp. Moreover, according to 
Aagnes et al. [11], the subspecies of R. tarandus tarandus has serious limitations 
in the digestion of fiber. 

Molecular genetic technologies, such as T-RFLP analysis (terminal re-
striction fragment length polymorphism) and NGS sequencing (next-generation 
sequencing), provide new possibilities in studying the structure of microbial 
communities, which allows giving a deep characterization of their biodiversity, 
revealing not only dominant taxa but also other components, including uncul-
tured microorganisms [12-15]. However, there are few reports to date of the 
reindeer rumen microbiome [16, 17]. 

In the work, using molecular analysis, it was for the first time shown that 
one of the key factors affecting the formation of the reindeer (Rangifer tarandus) 
rumen microbiome was the habitat, which is probably related to the characteris-
tics of the feed base of animals. 
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The purpose of the work was to assess the regional and age-gender fea-
tures of the rumen microbiome of reindeer living in various climatic zones of the 
Russian Federation using T-RFLP analysis and quantitative PCR. 

Techniques. The object of the study was 58 reindeer animals (Rangifer 
tarandus) of the Nenets breed, calves (4-8-month old) and adult animals (males 
and females). The content of the reindeer rumen was samples in the summer-
autumn period of 2017 (n  3 from each age group) in the Yamalo-Nenets Au-
tonomous District (Kharp village, forest-tundra natural and climatic zone), the 
Nenets Autonomous District (Nelmin-Nos village, tundra natural and climatic 
zone) and the Murmansk Province (station Loparskaya, tundra natural and cli-
matic zone). 

The total number of bacteria, archaea, and fungi of the Neocallimasti-
gales class in the rumen content was analyzed by quantitative (real-time) poly-
merase chain reaction (qRT-PCR) using a kit for real-time PCR (RT-PCR) 
with intercalating colorant EVA Green (ZAO Syntol, Russia) and primers F — 5-
ACTCCTACGGGAGGCA-GCAG-3, R — 5-ATTACCGCGGCTGCTGG-3 
(bacteria), F — 5-AG-GAATTGGCGGGGGAGCAC-3, R – 5-GCCATGC-
ACCWCCTCT-3 (archaea), F — 5-GCACTTCATTGTGTGTACTG-3, R — 
5-GGATGAAACTCGTTGACTTC-3 (fungi) on the DT Lite-4 detection am-
plifier (NPO DNA-Technology, Russia) in the following mode: the first cycle – 
3 min at 95 °C (1 repetition); second cycle – 13 sec at 95 °C, 13 sec at 57 C, 
30 sec at 72 C (40 repetitions). 

The rumen bacterial community was studied using the T-RFLP method 
[18]. DNA was extracted from the samples with the Genomic DNA Purification 
Kit (Fermentas, Lithuania) in accordance with the manufacturer’s instructions. 
PCR (a Verity amplifier, Life Technologies, USA) was conducted with 63F bac-
terial primers (5-CAGGCCTAACACATGCAAGTC-3) with a fluorophore la-
bel at the 5-end (WellRed D4 fluorophore, Beckman Coulter, USA) and 1492R 
(5-TACGGHTACCTTGTTACGACTT-3), amplifying the 16S pRNA gene 
fragment from the 63rd to the 1492th position, the first cycle — 3 min at 95 °C 
(1 repetition); the second cycle — 30 s at 95 °C, 40 s at 55 °C, 60 s at 72 °C (35 
repetitions); the third cycle — 5 min at 72 °C. The final concentration of the 
total obtained DNA was determined by a Qubit 2 fluorimeter (Invitrogen, USA) 
using the Qubit dsDNA BR Assay Kits (Invitrogen, USA) according to the 
manufacturer's recommendations. 

Amplicons of the 16S rRNA gene fragment, marked by a fluorescent la-
bel, were purified in accordance with the standard procedure [19]. Then, 30-
50 ng of DNA were treated with restriction enzymes MspI, HaeIII, HhaI (Fer-
mentas, Lithuania) for 2 h at 37 °C. Restriction products were precipitated with 
ethanol, then 0.2 μl of Size Standart-600 molecular weight marker (Beckman 
Coulter, USA) and 10 μl of Sample Loading Solution formamide (Beckman 
Coulter, USA) were added. The analysis was performed using a CEQ 8000 se-
quencer (Beckman Coulter, USA); the error of CEQ 8000 is not more than 5 %. 
The height of the peaks and their area were measured with the Fragment Analy-
sis software (Beckman Coulter, USA), as a result of which subtypes (phylotypes) 
were identified and their relative amount in the microbial community was calcu-
lated. The taxonomic affiliation of bacteria was determined using the database 
(http://mica.ibest.uidaho.edu/trflp.php). 

The samples of pasture vegetation, which formed the basis of the diet of 
reindeer, were selected in each region and their botanical description was con-
ducted. In addition, the ratio of various plant species in the diet and their nutri-
tional value were determined. 



1180 

The results were statistically processed by the method of variance analy-
sis using the Microsoft Excel 2010 software. The mean values (M) and standard 
errors of the mean (±SEM) were determined, and the significance of the differ-
ences was evaluated by Student’s t-test. The calculation of the Pearson correla-
tion coefficients and the assessment of the similarity of bacterial communities by 
the Principal Component Analysis (PCA) method based on the Bray-Curtis co-
efficient, which accounts the number and relative abundance of certain taxa, 
were conducted using the Past program (http://folk.uio.no/ohammer/past/).  

Results. Figure 1 shows the regions where the sampling was conducted. 
The average composition and nutritional value of the summer-autumn pasture 
diet of reindeer are presented in Table 1. 

The physiology of rein-
deer, including the state of ru-
men microflora, experiences a 
much lower anthropogenic load 
than domesticated ruminants 
have, in particular, bovine cat-
tle. At the same time, the role of 
the microbial community of the 
rumen in ruminants in providing 
nutrition is especially significant, 
since their diet consists of ex-
tremely poor nutritionally valua-
ble plant feeds [20]. It is known 
that the digestive system of rein-
deer has unique adaptations for 
microbiological fermentation of 
scarce plant resources in natural 
habitats, which can exert signifi-

cant selection pressure on the structural and functional organization of the ru-
men microbiome.  

1. Averaged composition and nutritional value of the summer pasture diet of Nenets 
reindeer (Rangifer tarandus) in three zones of Russian Arctic in the summer-
autumn period (M±SEM, 2017) 

Indicator  
Yamalo-Nenets  
Autonomous District 

Murmansk 
Province 

Nenets Auton-
omous District 

N u t r i t i o n a l  v a l u e   
Soluble carbohydrates (sugars), g/kg 20.80±0.80 13.85±0.52 66.86±3.50 
Mass fraction of dry matter, % 76.74±1.60 73.28±1.73 82.04±1.46 
Crude fat, g/kg 16.90±0.61 12.39±0.84 15.46±0.54 
Crude protein, g/kg 95.90±4.70 54.96±3.10 64.03±3.50 
Crude ash, g/kg 36.40±1.10 24.99±2.20 23.95±1.80 
Crude fiber, g/kg 142.80±7.30 134.62±6.50 160.55±8.60 

D i e t a r y  c o m p o n e n t s К о м п о н е н т ы  р а ц и о н а, % 
Cladonia  5 10 10 
Nephroma 5 − − 
Betula pendula  5 20 20 
Sаlix borеalis  5 20 15 
Salix polaris 15 − − 
Vaccinium uliginosum 10 − 5 
Bеtula nаna 25 20 20 
Perennial grasses  30 30 30 
N o t е. Dashes indicate the absence of a component in the diet. 

 

The rumen of ruminants is inhabited by various groups of symbiotic mi-
croorganisms [4-7]. In our studies, in animals from the Yamalo-Nenets Auton-
omous District, a significantly larger (p < 0.05) number of bacteria and fungi 

Fig. 1. Regions for selecting the rumen contents of rein-
deer (Rangifer tarandus) of the Nenets breed: 1 — 
Yamalo-Nenets Autonomous District, 2 — Murmansk 
Province, 3 —  Nenets Autonomous District (2017). 
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(Chytridiomycetes) was noted compared to animals from other regions (Table 
2). In the rumen of reindeer from the Murmansk Region and the Nenets Auton-
omous District, a significantly larger (p < 0.05) counts of archaea was noted 
compared to animals from the Yamalo-Nenets Autonomous District. 

The age and gender differences in animals in terms of the abundance of 
the main groups of microorganisms appeared to be less significant in comparison 
to regional features. However, the detected microbiota changes were not the 
same for animal units from different regions. Thus, in reindeer older than 2 
years from the Murmansk Region and the Yamalo-Nenets Autonomous District, 
a significant increase in the number of bacteria (p < 0.05) was observed com-
pared with animal units from the Nenets Autonomous District. Significant 
changes in the number of Chytridiomycetes in animals from the Murmansk Re-
gion and the Nenets Autonomous District were not observed with age, while 
they were noted in animals from the Yamalo-Nenets Autonomous District. 

It can be assumed that the regularities that we found in the change in 
the number of microorganisms in the reindeer rumen community are interrelated 
with the structure of the summer pasture diet and its nutritional value, which is 
consistent with reports of foreign researchers. Thus, Olsen et al. [21] showed a 
decrease in the number of viable zoospores of Chytridiomycetes in winter, which 
have a wide range of multifunctional polysaccharide enzymes [22-23] in the ru-
men content of Norwegian reindeer living in natural pastures. Similar results 
were obtained for methanogenic archaea, the abundance of which decreased in 
the rumen of R. tarandus during the spring season compared to the autumn pe-
riod [24]. At the same time, the reindeer R. tarandus platyrhynchus of the Spits-
bergen archipelago showed the absence of significant changes in the rumen of the 
number of methanogens, bacteria and protozoa due to a change in the composi-
tion of the vegetation of natural pastures in the autumn and spring periods [25]. 

2. Abundance of microorganisms in the rumen community of Nenets reindeer (Ran-
gifer tarandus) younger (I) and older (II) than 2 years of age from Russian Arctic 
regions (M±SEM, 2017) 

Region, age Bacteria Archaea Fungi Neocallimastigales 
Yamalo-Nenets Autonomous District:   

I 1.56½109±5.38½107 d 1.20½108±3.94½106 d 2.81½106±8.24½104 b 
II 2.58½109±1.84½106 c 1.42½108±6.72½106 d 4.53½106±1.95½105 a 

Murmansk Province:    
I 8.10½108±4.01½103 e 1.03½109±5.25½104 b 2.07½105±8.09½102 c 
II 1.75½109±2.87½108 c. d 7.79½108±2.87½106 c 2.07½105±8.09½102 c 

Nenets Autonomous District:   
I 6.37½109±4.72½108 a 8.74½107±6.02½106 e 3.24½105±9.50½103 c 
II 4.41½109±2.12½107 b 2.15½109±1.56½108 a 3.39½105±5.10½104 c 

a-e Differences in indicators without a common upper index are statistically significant at p < 0.05. 
 

The analysis of the similarity of the bacterial rumen communities in the 
examined animals based on the principal component method (Fig. 2) showed 
that all samples were divided into three main groups corresponding to individual 
regions, the Murmansk Region, the Yamalo-Nenets and the Nenets Autono-
mous Districts. The revealed patterns were presumably caused by differences in 
the composition of the pasture diet and the epizootic situation in the herd, since 
the meteorological parameters in the regions were similar for the summer-
autumn period in which the study was conducted. Interestingly, the age and 
gender characteristics of animals, determined by the method of principal com-
ponents, showed a less significant division of samples into subgroups. In general, 
the most significant differences were detected in the composition of the bacterial 
rumen community between groups of young animals (up to 2 years old) and 
adult animal units (over 2 years old) (see Fig. 2). It is worth noting that the au-
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thors did not find any significant changes in the composition of the microbial 
rumen community in females and males.  

Regardless of the region of 
sampling in the studied animal units 
of R. tarandus, the representatives of 
the phylum Firmicutes were dominant 
in the rumen content; bacteria of the 
phyla Bacteroidetes, Proteobacteria, 
Actinobacteria were less detected, and 
the proportion of other identified taxa 
(Tenericutes, Fusobacteria, Cyanobac-
teria) in the community was minor; a 
significant number of bacterial se-
quences could not be identified up to 
the phylum level.  

The greatest interest among 
researchers in the study of microbial 
rumen communities of ruminants is 
associated with microorganisms, the 
producers of enzymes that are not syn-
thesized by the host organism, primari-
ly cellulolytic ones. Due to the use of 

various enzymes (cellulases, hemicelluloses, xylanases, glycoside hydrolases, 
etc.), these microorganisms participate in the degradation of plant biomass with 
the formation of metabolites, including volatile fatty acids (VFAs): propionate, 
acetate, butyrate, isobutyrate, valerate, isovalerate and 2-methylbutyric, hexanoic 
and heptanoic acids [6, 7]. 

Representatives of the bacterial phyla Firmicutes and Bacteroidetes com-
prise the predominant part of the microbial rumen community of the ruminants 
[26, 27], which suggests an important ecological role of these microorganisms, 
probably due to their wide metabolic potential, including fermentation of plant 
polysaccharides. A high proportion of the Firmicutes/Bacteroidetes phyla, accord-
ing to a number of authors, is characteristic of various ruminants [28, 29]. Nev-
ertheless, only 33% of Firmicutes phylum bacteria were present in the rumen of 
the North American elk Alces alces [29]. 

It was reported that in reindeer, the bacteria representation of these taxa 
varies depending on the habitat. In particular, in the subspecies R. tarandus 
tarandus from the continent part of Norway, the representation of Firmicutes 
phylum bacteria (71%) was higher than in the animal units of R. tarandus 
platyrhynchus (55%) living on the Spitsbergen archipelago [1]. The analysis of 
the rumen microbiota in the studied animal units of R. tarandus showed that the 
smallest percentage of representatives of the phylum Bacteroidetes was present in 
animals from the Nenets Autonomous District, and the largest – in reindeer 
from the Yamalo-Nenets Autonomous District (Fig. 3). The total share of Fir-
micutes phylum bacteria did not significantly differ in adult animal units from 
different regions, while in young animals from the Murmansk Region, the num-
ber of these microorganisms was significantly lower (p < 0.05) than in animal 
units from the Nenets and the Yamalo-Nenets Autonomous Districts. 

The data on the abundance of bacteria involved in fermentation of plant 
fiber in the rumen of reindeer are consistent with the estimates of nutritional 

Fig. 2.  T-RFLP-based Principal Component Analy-
sis of bacterial rumen community pattern of Nenets 
reindeer (Rangifer tarandus) from Russian Arctic 
regions: 1 – young animals (up to 2 years), 2 – 
adult animals (over 2 years old) (2017 год).  
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value of plants from pastures. The composition and nutritional value of multi-
component samples repeating the composition of the average summer pasture 
ration from three regions of the Russian Arctic zone varied. In general, the feed 
of reindeer was characterized by a high content of crude fiber and a low content 
of other nutrients. According to the composition of the rumen microbiome, 
reindeer from the Murmansk Region had the least resemblance to animal units 
from other regions, which is probably due to the peculiarities of the pasture diet 
of animals in this region – the composition of vegetation and lower nutritional 
values (see Table 1). 

It was reported that the proportion of the Firmicutes and Bacteroidetes 
phyla in the rumen of ruminants depends on the diet type. Thus, the representa-
tives of the phylum Bacteroidetes are mainly associated with the presence of easi-
ly fermentable carbohydrates (such as starch) and proteins in the diet of animals, 
while a number of representatives of the phylum Firmicutes (bacteria of the 
genera Ruminococcus, Butyrivibrio, Clostridium, etc.) are associated with the fer-
mentation of plant cellulose [7, 10, 30]. The difference in the enzymatic activity 
of these microorganisms can also affect the metabolism of the host through the 
production of VFAs as a result of fermentation of plant polysaccharides. 

Interestingly, compared to young animals, adult animals had a wider 
taxonomic diversity of bacteria associated with fiber enzymes, including the 
families Eubacteriaceae, Clostridiaceae, Lachnospiraceae of the phylum Firmicutes 
(p ≤ 0.05), which indicates an increase in the ability of the microbial community 
to ferment plant polysaccharides.  

We found a statistically significant correlation between the composition 
of R. tarandus rumen microorganisms, involved in the fermentation of plant pol-
ysaccharides and nutritional indicators of diets. In particular, the amount of fiber 
was significantly negatively associated with the presence in the rumen of animals 
of the families Bacteroidaceae (r = 0.75, p < 0.05), Rivulariaceae (r = 0.88, 
p < 0.05), Veillonellaceae (r = 0.75, p < 0.05) and significantly positively with 
the presence of the families Lachnospiraceae (r = 0.89, p < 0.05), Clostridiaceae 
(r = 0.51, p < 0.05), Nostocaceae (r = 0.52, p < 0.05), Eubacteriaceae (r = 0.46, 
p < 0.05), and Prevotellaceae (r = 0.56, p < 0.05).  

Prevalence of some cellulolytic microorganisms (for example, the fami-
lies Clostridiaceae, Lachnospiraceae, Eubacteriaceae) was positively interrelated 
(p < 0.05) with the proportion of bacteria from the families Nostocaceae, Enter-
ococcaceae, Lactobacillaceae and negatively (p < 0.05) with the representatives 
of the families Prevotellaceae, Bacteroidaceae, Veillonellaceae, and Streptococca-
ceae. Interestingly, the reindeer, studied by the authors, showed an inverse pattern 
between the content in the rumen of bacteria utilizing acids of the Veillonellaceae 
family and cellulolytic microorganisms such as Lachnospiraceae (r = 0.60, 
p < 0.05), Clostridiaceae (r = 0.55, p < 0.05), and Eubacteriaceae (r = 0.60, 
p < 0.05). Bacteria utilizing acids belong to the physiologically important group 
of microorganisms for ruminants, since they allow maintaining the necessary 
acidity in the rumen due to their ability to metabolize acids (including acetic, 
propionic, butyric, and lactic acids), formed as a result of fermentation of 
monosaccharides, oligo- and polysaccharides [31].  

The patterns we revealed confirm the opinion that during the evolution 
in the rumen of animals, certain relations were formed between microorganisms, 
which make it possible to clarify the relationship between the presence of a 
number of microorganisms in the rumen of reindeer. 
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Fig. 3. Bacterial phyla pattern in the rumen  
of Nenets reindeer (Rangifer tarandus) 
from Russian Arctic regions: 1 — young 
animals (up to 2 years), 2 — adult ani-
mals (over 2 years old) (2017 год). 

 
A significant relationship 

between the content of poten-
tially pathogenic microorganisms 
from the phyla Fusobacteria, 
Tenericutes (family Mycoplasma-
taceae), Proteobacteria (Entero-
bacteriaceae, Campylobacterace-
ae families) and other microor-
ganisms was not found. However, 

more research isrequired to study deeply this problem. The authors also did not 
find a direct pattern characterizing age-related changes in the content of poten-
tially pathogenic and pathogenic bacteria in the rumen of R. tarandus. Probably, 
the differences revealed in this case were associated with other factors, i.e. the 
particularities of the pasture diet and the epizootic situation in the herd. 

Thus, our studies showed that in reindeer (Rangifer tarandus) of the Ne-
nets breed older than 2 years from the Murmansk Region and the Yamalo-
Nenets Autonomous District (but not the Nenets Autonomous District), the 
number of bacteria increases significantly (p < 0.05) compared to calves. Re-
gardless of the region, the Firmicutes phylum dominates in the rumen contents; 
bacteria of the phyla Bacteroidetes, Proteobacteria, and Actinobacteria are less 
prevalent, and other detected taxa (Tenericutes, Fusobacteria, Cyanobacteria) 
are minor. Significant changes are identified for a number of taxa of microor-
ganisms in connection with the nutritional value of the pasture diet, depending 
on the region. A statistically significant relationship is found between the fiber 
content in pasture feeds and the abundance of the members of families Veillonel-
laceae (r = 0.75), Nostocaceae (r = 0.52), Rivulariaceae (r = 0.88). For condi-
tionally pathogenic microorganisms from the phyla Fusobacteria, Tenericutes 
(family Mycoplasmataceae) and Proteobacteria (families Enterobacteriaceae, Cam-
pylobacteraceae), such regularities are not observed. In general, the obtained re-
sults indicate that habitat conditions are the main factor influencing the micro-
bial community of the reindeer rumen from various regions of the Russian Arc-
tic. Most likely, this is due to the characteristics of feed rations of animals. Oth-
er factors (gender, age) have a lesser effect, although they make a certain contri-
bution to the ratio of microorganisms in the rumen. The results of meta-
genomic analyses (due to their high resolution), allow discovering new patterns 
and clarifying aspects of the interaction and cohabitation of symbionts in the 
complex ecosystem of the reindeer rumen of R. tarandus.  
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A b s t r a c t  
 

Assisted reproductive technologies allow effective preservation and use of endangered ani-
mal gene pool and creation of new breeding forms. In reindeer (Rangifer tarandus) herding, the 
technique of sperm cryopreservation is still under development. This is due to the difficulty of col-
lecting reindeer sperm in the Arctic conditions. Besides, the rutting season of reindeer begins in the 
autumn and lasts about a month. Only during this period is it possible to collect sperm as spermato-
genesis in reindeer stops after rutting season. The aim of the work was to study the effects of cooling 
and freezing-thawing on the physiological and morphological traits of reindeer sperm quality. Rein-
deer sperm was collected by electric ejaculator or by washing out of the epididymis. After assessing 
the quality of ejaculated and epididymal semen (volume, total and progressive motility and sperm 
concentration), the sperm was diluted with Steridyl medium to a final concentration of 100 mil-
lion/ml, packed in 0.25 ml straws and cooled to 5 C for 120 min.  After cooling and balancing, the 
straws were kept in liquid nitrogen vapors on a float at 110 С for 12 min and then lowered into 
liquid nitrogen. Semen was thawed at 37 C. The initial assessment of ejaculated sperm showed that 
the average volume of reindeer ejaculate was 0.5±0.08 ml, with concentration of 0.520±0.069 bil-
lion/ml, total motility of 64.3±4.07 %, and progressive motility of 47.9±4.24 %. The epididymal 
sperm cell concentration was on average 0.260±0.078 billion/ml, total and progressive motility was 
43.6±8.49 % and 20.8±5.25 %, respectively. There was a large variability between ejaculates on the 
extent of changes in sperm motility after cryopreservation. Thus, total motility decreased by 
41.9±5.38 % on average with fluctuations from 1 % to 89 %, progressive — by 36.8±5.29 % with 
fluctuations from 0 % to 75 %. A total of 42 % of ejaculates lost more than 50 % total motility. In 
some cases, there was a complete loss of motility after freezing, and in some samples the changes 
were insignificant. Large variability in changing cell motility was observed both in ejaculated and in 
epididymal semen. Epididymal sperm cells had higher motility after freezing than ejaculated sperma-
tozoa, but showed more pronounced disturbances in the motility character. Sperm morphology anal-
ysis showed that there is an increased percentage with wrinkled or missing acrosome as compared to 
other animal species, i.e. 6.9±0.76 % in both ejaculated and epididymal reindeer sperm cells. There 
was no significant increase in damages of the sperm tail, neck and acrosome. The number of cells 
with injuries in tail and neck increased by 4.2±1.05 % with a range from 0.01 % to 15.7 %, and 
acrosome — by 2.5±0.35 with a range from 0.6 % to 8.3 %. High variability in the increase of 
plasma membrane damages was observed, i.e. 10.9±5.02 % with fluctuations from 0.13 % to 45 %. 
Such a large variability is due to the peculiarities of the reindeer sperm cryoresistance and differ-
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ences between individual ejaculates. Significant difference in physiological and morphological 
changes in semen quality after cryopreservation between ejaculated and epididymal sperm were 
not found. Thus, the greatest changes in the cryopreserved reindeer semen are in motility and 
membrane integrity. The obtained data on physiological and morphological changes in reindeer 
semen during freezing should be taken into account when optimizing the composition of diluents 
and cryopreservation protocol. 

 

Keywords: Rangifer tarandus, reindeer, cryopreservation, sperm motility, acrosomes, cell 
membranes 

 

In the Russian Federation, there are about 2 million wild and domestic 
reindeer (Rangifer tarandus) whose habitat occupies more than half of the coun-
try’s territory. For the indigenous peoples of the Arctic, reindeer husbandry has 
become a major industry. Venison is a dietary product with a high content of 
important microelements and vitamins. Improving breeding methods aimed at 
improving meat productivity is an urgent problem for the breeding and selection 
of reindeer in Russia [1]. The existing methods do not provide the required 
growth rates for the production of reindeer-breeding products [1, 2]. In addition, 
the active development of the Arctic led to climate change, a reduction in the 
number of pastures and, as a consequence, a decrease in the number of domestic 
and wild reindeer [3-5]. 

Modern reproductive technologies make it possible to preserve and use 
the gene pool of endangered species indefinitely, to conduct intensive selection 
and choose the best animal units. However, these technologies have not yet 
found wide application in reindeer husbandry [6-8]. The high cost and com-
plexity of transporting deer in the conditions of the North, as well as an unfa-
vorable prognosis for male acclimatization, necessitate the development of 
methods for cryopreservation of reindeer semen and the creation of a sperm cry-
obank. The use of such sperm will allow the exchange of genetic material be-
tween remote regions of the Arctic [1, 5, 6]. 

There are references in the literature to only a few cases of artificial in-
semination in reindeer husbandry. Scottish researchers Dott and Utsi presented 
the data on artificial insemination of reindeer females with fresh sperm [9, 10]. 
Mkrtchyan and Deryazhentsev in the 1970s published the work on the assess-
ment and cryopreservation of reindeer sperm [11-13]. In the 1990s and 2000s, 
there were reports of artificial insemination with cryopreserved sperm [14-17]. 
Mkrtchan et al. [18] were the first people in the world who managed to get 
reindeer calves after artificial insemination with frozen-thawed sperm. Howev-
er, the technique of cryopreservation of reindeer sperm has not yet been devel-
oped [5, 19]. 

An important feature of the adaptation of the deer organism to the con-
ditions of the Arctic is the cessation of spermatogenesis outside the rutting sea-
son. The harsh Arctic climate and the short breeding season complicate the pro-
cedure for obtaining the sperm of these animals [17, 20, 21]. 

To develop a method for deep freezing of reindeer sperm as part of the 
program for the preservation of the Arctic biological resources, a comprehensive 
study of the processes occurring in spermatozoa under the influence of low tem-
peratures is required. However, there is no published data on the changes occur-
ring with the sperm of these animals during cryopreservation. 

In the present work, the quality of semen of reindeer before and after 
freezing was first characterized. It was shown that the largest changes during 
cryopreservation were undergone by the motor activity of germ cells, as well as 
membrane integrity. Reindeer have an increased proportion of sperm with a 
wrinkled or missing acrosome. After freezing, epididymal sperm cells retain 



1190 

higher motility compared to the ejaculated ones, but more disturbances in the 
nature of their movement are noted. 

The aim of the study was to assess changes in physiological and morpho-
logical indicators of reindeer sperm quality during cryopreservation. 

Techniques. In the experiments, the sperm of reindeer (Rangifer tarandus) 
aged 1.5 to 7.5 years living on the Taimyr Peninsula was used. From 11 animal 
units, sperm was obtained by electro-ejaculation (DC100-240V ejaculator, 
Minitüb GmbH, Germany), at least three samples from each. Moreover, sperm 
was received from the epididymis from two males aged 2.5 and 3.5 years, who 
were castrated and left in the herd to work in harness, and post-mortal from six 
wild animals (age from 1.5 years) after the shoot-off. Sperm was obtained with 
automatic dispensers after cutting the epididymis and then transferred to 1.5-ml 
tubes with Steridyl diluent (Minitüb GmbH, Germany). Blood was avoided from 
getting into the sample. 

After assessing the quality of ejaculated and epididymal sperm (volume, 
total and progressive motility, and sperm concentration), it was diluted in 
Steridyl medium to a final concentration of 100 million/ml, packed in 0.25-ml 
straws and cooled to 5 С within 120 minutes. After cooling and equilibration, 
the straws were kept in liquid nitrogen vapor on a float at a temperature of 
110 С for 12 min and then lowered into liquid nitrogen. The samples were 
thawed at 37 С. 

The concentration, general and progressive sperm motility were deter-
mined using the CASA method (Computer-Assisted Semen Analysis) using the 
Argus-CASA program (OOO Argussoft, Russia), and the morphology and condi-
tion of acrosomes were evaluated by phase-contrast light microscopy. The damage 
level of the sperm plasma membrane was studied using a Sperm VitalStain stainer 
(Nidacon International AB, Sweden). Staining was conducted in Eppendorf tubes 
(50 μl of sperm was mixed with 50 μl of stain), the smears were prepared on glass 
slides. The preparations were scanned with ½1000 zoom with oil immersion, 
counting at least 200 cells in each sample, white cells are intact, red or pink are 
sperm cells with damaged membranes. For visualization, the Argus-CASA system 
and a BA410 microscope (Motic China Group Co., Ltd., China) were used. 

The data were processed using the SigmaPlot 12.5 program (Systat Soft-
ware Inc., USA) and Microsoft Excel. The mean values (M), standard errors of 
the mean (±SEM), minimum (min) and maximum (max) values of indicators are 
given in the article. 

Results. Currently, there is a lot of data on the damage to spermatozoa of 
different animals during cryopreservation [22, 23]. For the most part, there are 
changes in the motility and nature of the movement of sperm, as well as damage 
to cellular structures – tails, acrosomes, and membranes. Cell damage occurs 
mainly due to the formation of ice crystals and osmotic stress [24]. For example, 
in bulls' sperm, even under optimal cooling and thawing conditions, 40-50% of 
cells cannot be frozen [25]. In horse sperm, the greatest damage after cryopreser-
vation was observed in the acrosome area [26]. Boar sperm has the lowest level of 
cryoresistance [23]. 

According to the data, the average volume of reindeer ejaculate was 
0.5±0.08 ml, the difference between ejaculates was from 0.02 to 2 ml, the concen-
tration was 0.520±0.069 billion/ml (with a difference of 0.195 to 1.2 billion/ml), 
total motility 64.3±4.07 (10-84%), progressive motility 47.9±4.24% (3-79%). For 
epididymal sperm, the concentration, total and progressive sperm motility were 
0.260±0.078 billion/ml (0.042-0.441 billion/ml), 43.6±8.49% (10-94%) and 
20.8±5.25% (3-45%), respectively. These results are consistent with the data of 
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foreign [16, 17] and USSR researchers [13, 18], as well as with the data, previous-
ly obtained by the authors [20]. For cryopreservation, 25 samples of sperm were 
taken with total motility of at least 65%. 

General and progressive sperm motility after thawing on average amounted 
to 23.2±5.25% (0-64%) and 16.3±3.46% (0-45%) in ejaculated sperm and 
40.8±6.92% (21-63%) and 18.0±3.6% (8-32%) in epididymal sperm. For compar-
ison, the total motility of thawed sperm of another Cervidae family member, the 
the Javan rusa (Rusa timorensis) was from 7.5 to 39.8%, the progressive one from 
2.5 to 14.7% [27]. The authors froze the sperm diluted in a Tris-based extender, 
similar in composition to that we used (Steridyl). In our tests, the total motility of 
spermatozoa in thawed ejaculated reindeer sperm was lower than in the epididy-
mal one, the progressive motility was almost the same, and the number of motile 
cells that had rectilinear-translational motion was 70 and 45%, respectively. Mar-
tínez et al. [28] note that although the cell motility of the epididymal and ejaculat-
ed deer sperm after cryopreservation does not differ much, the pattern of cell mo-
tion is better in ejaculated sperm. 

An important criterion in sperm selection is determination of the number 
of normal (Fig., A) and pathological spermatozoa in the ejaculate [25]. Spermato-
zoa can be damaged by rapid cooling or low temperature [29]. Spermatozoa with 
abnormalities in the structure of the head, neck, and tail are considered pathologi-
cal. There are several types of morphological changes in the acrosome. We noted 
such abnormalities as partial deformation of the outer membrane of the acrosome, 
ruptures and wrinkled outer membrane, as well as the absence of the acrosome.  

 

A B 

  
C  

 

Spermatozoa of reindeer (Rangifer tarandus), 
typical of the analyzed samples: A — normal 
spermatozoa, B — spermatozoa with a wrinkled 
or missing acrosome, C — spermatozoa with 
neck damage. Phase contrast, ½1000 zoom, mi-
croscope BA410 BA410 (Motic China Group Co. 
Ltd.», China), visualizing software Argus-CASA 
(ООО Argussoft, Russia). 

  
In both ejaculated and epidid-

ymal sperm of reindeer, an increased  
proportion of spermatozoa with a wrinkled or missing acrosome was observed 
(see Fig., B) compared to other animal species, on average 6.9±0.76% with fluc-
tuations from 1 to 15.2% (Table 2). Perhaps, this is a special feature of reindeer 
sperm. It should be noted that after freezing, there was no significant increase in 
the number of cells with acrosome damage, on average 10.1±0.78% with fluc-
tuations from 3.6 to 18.3%. The number of cells with injuries in the tail area (see 
Fig. C) on average amounted to 11.9±1.31% (1.6-33.2%) before freezing and 
15.5±1.15% (5.0-34.4%) after thawing. 

Membrane integrity is a prerequisite for the functioning of cells. In fresh 
(ejaculated and epididymal) reindeer sperm, an average of 15.5±4.09% (1.78-
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50.0%) of membrane damage was observed, with 21.8±4.44% (3.5-53.3%) for 
frozen-thawed sperm. 

According to the change in sperm motility after cryopreservation, the 
ejaculate significantly differed. General motility decreased on average by 
41.9±5.38% (the difference between ejaculates was from 1 to 89%), progressive 
motility by 36.8±5.29% (0 to 75%). Spermatozoa in 42% of ejaculates lost more 
than 50% of their total motility during cryopreservation, and in 25% of ejacu-
lates, less than 20% of their motility. In some samples, a complete loss of mo-
tility after freezing was observed; in some cases, the changes were insignificant. 
Such great variability is due to both the characteristics of the cryoresistance of 
deer sperm and the differences between animal units. Significant individual vari-
ability in cell motility after thawing is also noted in red deer [30]. 

We did not observe a noticeable increase in the frequency of damage in 
the tail and neck of spermatozoa and acrosome. The number of cells with dam-
age to the tail and neck increased on average by 4.2±1.05% (0.01-15.7%), with 
damage to the acrosome by 2.5±0.35% (0.6-8.3%). In other deer species, for 
example, in red deer, the number of damages in acrosomes by freezing and 
thawing increased on average by 20% [31]. In stallion sperm, the number of 
spermatozoa with acrosome hypoplasia and lack of internal contents after cryo-
preservation increased by 20.9%, and with acrosome degradation by 10.4% [32]. 
In the studies on the effect of cryopreservation and thawing on the sperm of red 
deer, the authors noted individual variability between males for the preservation 
of membrane integrity and acrosomes [33, 34]. 

We also did not reveal high variability between the samples in terms of 
their susceptibility to damage to the plasma membranes of spermatozoa. On av-
erage, the damage increased by 10.9±5.02% (0.13 to 45%). This confirms the 
theory that in reindeer sperm, membranes are most sensitive to low tempera-
tures, which also affects cell motility. There was no significant difference in 
changes in morphological indicators of reindeer sperm quality after cryopreserva-
tion between ejaculated and epididymal sperm. It should be noted that sperm 
retains its fertilizing ability, despite a sharp decrease in sperm motility after 
thawing. Thus, as a result of in vitro fertilization of reindeer egg cells that we 
conducted using thawed epididymal sperm of a male which sperm motility re-
duced after cryopreservation by more than 50% (from 96 to 40%), embryos at 
the blastocyst stage were obtained (data are not presented). 

Thus, the motor activity of the cells and the integrity of the membranes 
are subjected to the greatest changes during cryopreservation of reindeer sperm. 
The concentration of sperm cells in freshly obtained ejaculates is 0.520±0.069 
billion/ml, total and progressive motility is 64.3±4.07 and 47.9±4.24%, in epi-
didymal semen samples 0.260±0.078 billion/ml, 43.6±8.49 and 20.8±5.25%, re-
spectively. After cryopreservation, the overall motility decreases on average by 
41.9±5.38%, the progressive one by 36.8±5.29%. The frequency of damage to 
plasma membranes of spermatozoa on average increases by 10.9±5.02%. No sig-
nificant differences in changes in physiological and morphological indicators of 
sperm quality during freezing and thawing between ejaculated and epididymal 
sperm were found. However, after cryopreservation, high individual variability is 
observed for all indicators of sperm quality. The data obtained on changes in 
physiological and morphological quality indicators of reindeer sperm after freez-
ing and thawing expand the understanding of the reproductive biology of this 
species. The identified features should also be taken into account when optimiz-
ing the composition of diluents and the cryopreservation protocol to reduce 
damage in germ cells. 
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A b s t r a c t  
 

A magnetic storm is one of the most important factors affecting the biological objects. The 
magnetic storms have profound effects at the molecular level, affecting certain cell structures. Sper-
matozoa are affected by various biotic and abiotic factors inside and outside the body. During the 
period of geomagnetic activity, the frequency of exacerbations of chronic diseases increases, the 
functions of a number of systems are disrupted. However, the reports on the influence of geomagnet-
ic activity on the reproductive function, in particular on the quantity and quality of sperm, are objec-
tively quite limited, and for agricultural species of animals such information was not found in the 
available literature. The objective of the work was to study the relationships between the geomagnetic 
activity and the sperm production quality and quantity parameters. The subject to the survey was the 
sperm collected from the Holstein-Friesian bull sires (n = 10, Joint-Stock Company “Head Center 
for the Reproduction of Farm Animals”, Moscow Province, 2018). Monitoring the K-index reflect-
ing the geomagnetic conditions was carried out according to the data from the Pushkov Institute of 
Terrestrial Magnetism, Ionosphere and Radio Wave Propagation RAS. The statistical analysis was 
performed with SPSS v.15.0 for a one-way analysis of variance. The variables between the groups for 
К  1.0 (no geomagnetic disturbance) and K  5.0 (geomagnetic storm) were compared with the 
Scheffe’s test. The assessment of the sperm quality was performed with the Argus-CASA software (Ar-
gusSoft, Russia) with Nikon Eclipse Ni microscope (Nikon, Japan). Our data indicate that during the 
survey, the K-index was a factor affecting the biological adequacy of the bull sires. The results prove 
that the magnetic storm has a significant impact on the qualitative and quantitative parameters of 
the bull sire sperm production. We have established the statistically valid criteria for the ejaculate 
volumes (F = 6.49; p < 0.05) and the progressively motile sperm number (F = 8.36; p < 0.05) per 
ejaculate. The volume of the ejaculates of the bull sires tends to a 28.2 % decrease (p < 0.001) dur-
ing the magnetic storm period (K-index value  5.0 vs. K-index  1.0). The geomagnetic activity 
causes a 11.3 % decline (p < 0.001) in the sperm activity. 
 

Keywords: magnetic storm, spermatozoa, sperm motility, morphology, chromatin, nDNA, 
DNA fragmentation index, bull sires, CASA 
 

Magnetic storms are one of the natural abiotic factors affecting living or-
ganisms [1, 2]. The details of the dependence of biological processes on the state 
of the geomagnetic field have not been fully studied yet but it is recognized that 
most physiological rhythms are synchronized with solar and geomagnetic activity 
[3-6]. At the same time, both in individual cells and in the body as a whole, the 
reaction to external influences depends not only on their nature and strength but 
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also on the properties of the biological objects themselves [7]. 
During magnetic storms, chronic diseases of the cardiovascular and cen-

tral nervous systems become more acute, blood flow is disrupted [8-10], the ad-
renal secretion of adrenaline increases markedly, and the state of the autonomic 
nervous system changes, which regulates the work of internal organs and glands 
of internal secretion [11]. The change in geomagnetic activity is associated with 
the production of melatonin [12, 13], which is involved in the regulation of cir-
cadian rhythms, improves the work of the endocrine [14], immune [15], and 
reproductive [16, 17] systems. 

The influence of geomagnetic activity at the cellular level is explained by 
changes in the state and functions of cell membranes, disruption of transmem-
brane transport, the formation of free radical lipid oxidation products, and a de-
crease in the buffer capacity of the antioxidant system [18]. At the same time, data 
on magnetic field effects on cells are contradictory. Thus, the static magnetic field 
did not cause oxidative stress in mouse fibroblasts and even led to some increase 
in antioxidant activity [19]. Some cell compartments, such as mitochondria and 
endoplasmic reticulum, are more sensitive to magnetic fields [20]. 

Spermatozoa are affected by various biotic and abiotic factors inside and 
outside the body [21-23]. Most of these factors have an indirect and direct im-
pact on the reproductive qualities of bull sires. The influence degree of external 
factors on spermatozoa depends on the nature of these factors and the state of 
the spermatozoa themselves. External factors may cause changes in morphology, 
nucleus, acrosome, mitochondria, and other structures. Electromagnetic fields 
have a significant influence on sperm motility and morphology [24, 25]. 

The most important indicator that characterizes the biological full-value 
of spermatozoa is the state of nuclear DNA in chromatin, on which male fertili-
ty depends largely. Numerous biotic and abiotic factors influence the degree of 
sperm nuclear DNA fragmentation [26]. 

Thus, numerous, mostly medical, observations indicate the dependence of 
the physiological state, functional activity and risks of exacerbation of some pa-
thologies on the impact of magnetic storms on the body, but reports on the impact 
of geomagnetic activity on reproductive function, in particular on the quantity and 
quality of sperm, are objectively quite limited. We have not found such infor-
mation in the scientific literature for agricultural species of animals, although in 
modern livestock breeding, based on the large-scale use of cryopreserved sperm 
and artificial insemination, the problem of a sufficient number of biologically full-
fledged sperm of sires is very acute. An in-depth study of this topic in agricultural 
species is also important for understanding the effect of magnetic storms on male 
germ cells in vivo (on the body level), in addition to identifying the mechanisms 
of cellular responses to magnetic and electromagnetic fields in vitro. 

In this paper, we show that a magnetic storm has a statistically significant 
effect on the volume of ejaculate (F = 6.49, p < 0.05) and the progressively motile 
sperm number (F = 8.36, p < 0.05) in Holstein bulls. During a magnetic storm, 
the volume of ejaculate decreases by 28.2% (p < 0.001), and sperm activity de-
creases by 11.3% (p < 0.001). 

The purpose of the study was to determine whether the quantitative and 
qualitative indicators of sperm production in cattle change under the influence 
of geomagnetic activity.  

Techniques. A group of 10 Holstein bulls (JSC Head Center for the Re-
production of Farm Animals, Moscow Region, 2018) aged 3-5 years with a live 
weight of 900-1100 kg was tested. The conditions for feeding and keeping ani-
mals were similar and corresponded to the developed standards (Ernst Federal 
Science Center for Animal Husbandry). Sperm collection was carried out by the 
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operators of JSC Head Center for the Reproduction of Farm Animals following 
the national technology of freezing and using the sperm of bull sires [27]. Two 
ejaculates were taken from each bull with an interval of 10-15 minutes. Depend-
ing on the concentration, the ejaculates were diluted with OPTIXcell™ synthetic 
medium (IMV Technologies, France). The volume of ejaculates was taken into 
account and quality indicators of sperm were determined on freshly collected 
samples. Three samples of each ejaculate were examined (the total sample size 
was 360 samples). 

To determine the concentration and motility of spermatozoa, the authors 
used Makler's chamber (sperm counting chamber) (Sefi Medical Instruments, 
Israel) and a computerized analysis system, a Nikon Eclipse Ni microscope 
equipped with a Nikon DS-Qi2 camera with high resolution (4908½3264) (Ni-
kon, Japan) (Argus-CASA — Computerized Assisted Semen Analysis software, 
ArgusSoft, Russia). For motility analysis, data were obtained for at least 300 
spermatozoa. The following indicators were evaluated: VAP (average path veloci-
ty, mm/s) is the average velocity of head movement average path, µm/s; VSL 
(straight-line velocity, µm/s) is the speed of rectilinear movement of the head, 
µm/s (average velocity of a sperm head movement along the straight line seg-
ment between the start and end point of the trajectory); VCL (curvilinear veloci-
ty, µm/s) is the actual speed of the spermatozoa movement in a curvilinear path, 
µm/s, ALH (amplitude of lateral head displacement, µm) is the average deviation 
of the head, µm (amplitude of the lateral displacement of the spermatozoa head 
relative to the path of motion); BCF (beat-cross frequency, Hz), the averaged 
vibrational movements frequency, Hz (average frequency of intersection of the 
curved trajectory of the sperm cell with its average trajectory per unit of time); 
STR (straightness, VSL/VAP) is a measure of the straightness of spermatozoa 
directional movement (average of the trajectory, %; LIN (linearity, VSL/VCL, 
%), the degree of the tracks undulation (oscillations of the true motion path to 
the average trajectory), %. 

When preparing smears for morphological studies, a drop of sperm was 
applied to a defatted glass slide, distributed with a plastic spatula in a thin layer 
and dried at room temperature, and the resulting preparations were stained 
(Quick-Diff kit, Abris+, St. Petersburg) following the attached protocol. The 
preparations were analyzed automatically using the Argus-CASA software follow-
ing strict Krueger's criteria. The results were expressed in absolute values (the 
number of spermatozoa with abnormal morphology), as well as a percentage (the 
ratio of spermatozoa with abnormal morphology to the total number of sperma-
tozoa, expressed as a percentage). 

DNA fragmentation in spermatozoa (Sperm Chromatin Dispersion Test, 
SCD-test) was studied using the Halosperm® kit (Laboratories INDAS S.A.U., 
Spain) according to the attached instructions. Microscopy was performed at a 
magnification of ½40 using an Altami LUM-2 microscope equipped with a 
UCMOS14000KPA digital camera (Russia). 

Depending on the halo size, spermatozoa were divided into five classes: 
without DNA fragmentation for large halo, medium halo; with fragmented DNA 
for small halo, no halo; degenerate for the nucleus of an unusual shape or poorly 
colored. Classification according to the degree of fragmentation was performed 
using the Argus-CASA software. The percentage of spermatozoa with different 
degrees of DNA fragmentation was calculated automatically. 

Statistical analysis was performed with IBM SPSS Statistics 15.0 software 
(IBM Corp., USA). The mean values (M) and standard errors of means (±SEM) 
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were calculated. To assess the significance of the influence of the geomagnetic 
activity factor on spermatozoa parameters, a single-factor dispersion analysis 
(ANOVA) was performed, using F-test and determining p-significance. To iden-
tify the difference between groups, the Scheffe method of multiple comparisons 
was used. The differences were deemed statistically highly reliable at p < 0.001, , 
at p < 0.01 and p < 0.05 – reliable. 

Results. For 8 months of observation (from January to October 2018), ac-
cording to the Pushkov Institute of Terrestrial Magnetism, Ionosphere and Radio 
Wave Propagation RAS (Moscow) (http://geodata.izmiran.ru/), the magnetic 
storms with a K-index ≥ 5.0 (the K-index of the geomagnetic situation character-
izes the deviation of the Earth's magnetic field from the norm during a 3-hour 
interval; it has values from 0 to 9) were recorded in the study area 4 times (Febru-
ary 27, April 20, June 25, and August 27). 

Table 1 shows the average seminogram data of the studied bull sires in the 
dynamics depending on the geomagnetic activity. 

1. Average seminogram values of Holstein bulls depending on geomagnetic activity K-
index (M±SEM, JSC Head Center for the Reproduction of Farm Animals, Mos-
cow Province, January-October, 2018) 

Bull 
No. 

Volume, 
ml 

PR, % NP, % IM, % 
VAP, 
µm/s 

VSL, 
µm/s 

VCL, 
µm/s 

ALH, 
µm 

BCF, 
Hz 

STR, % LIN, % 

1   
5.1±0.12 88.3±2.6 7.2±0.9 4.5±0.3 89.5±1.9 77.0±1.5 127.5±3.7 5.3±0.9 28.5±1.1 80.0±3.2 62.5±0.9 
4.2±0.11 77.5±1.9 17.5±1.1 5.0±0.1 78.5±2.4 66.5±2.3 110.5±2.9 4.5±0.8 22.0±0.8 70.5±1.9 61.5±1.7 

2  
4.8±0.11 82.3±2.1 5.3±0.6 12.4±0.2 80.3±1.5 65.3±1.9 111.3±2.7 4.5±0.3 26.3±1.3 75.3±2.7 58.7±0.9 
3.8±0.08 71.3±1.8 15.6±1.2 13.1±0.2 69.5±1.8 59.7±3.5 100.4±3.5 3.9±0.7 20.5±0.8 72.5±1.5 60.3±1.1 

3  
5.1±0.12 86.2±2.2 6.8±1.1 7.0±0.1 88.2±2.7 72.4±1.8 125.5±4.7 5.2±0.9 28.1±1.1 80.0±2.1 61.8±0.5 
4.0±0.08 73.2±1.9 19.5±1.6 7.3±0.2 74.2±1.6 60.4±3.4 105.0±1.9 4.4±0.8 22.0±0.9 74.5±3.4 57.5±1.7 

4  
5.2±0.09 84.1±1.9 6.7±0.9 9.2±0.3 81.2±1.9 69.0±1.9 109.4±2.4 4.7±0.2 26.8±0.7 76.0±1.9 63.5±2.5 
4.2±0.16 70.3±1.9 19.9±1.8 9.8±0.1 74.3±2.7 59.5±2.5 104.0±3.5 4.2±0.3 22.6±1.1 68.5±0.8 58.1±1.9 

5  
4.2±0.11 82.3±2.3 5.3±0.9 12.4±0.2 81.8±1.6 73.5±1.5 120.0±2.5 5.1±0.3 29.2±0.9 78.0±1.5 62.8±0.9 
3.4±0.12 72.2±1.9 14.6±1.1 13.2±0.2 73.5±2.5 64.7±3.7 107.8±2.6 4.5±0.1 21.3±1.2 74.2±2.4 61.0±2.5 

6  
4.3±0.13 85.2±1.4 6.4±0.9 8.4±0.1 86.6±1.9 75.6±1.9 119.7±1.8 5.0±0.2 27.5±0.8 81.0±2.8 63.8±1.9 
3.4±0.11 74.2±1.9 16.8±1.5 9.0±0.1 72.2±1.7 62.0±2.8 109.5±2.9 4.3±0.2 20.5±0.9 73.1±3.6 57.2±2.5 

7  
4.9±0.12 88.2±2.6 7.8±1.1 4.0±0.2 88.3±2.4 75.0±3.6 123.0±3.8 5.2±0.1 28.0±1.6 80.0±1.9 62.5±1.5 
4.0±0.11 77.5±1.9 18.0±0.8 4.5±0.1 77.3±1.6 60.4±1.9 104.5±1.5 4.4±0.2 21.1±0.9 73.0±0.8 58.1±2.7 

8  
5.2±0.12 87.2±2.3 6.9±0.6 5.9±0.2 88.5±1.7 70.3±2.5 117.0±2.3 4.6±0.2 26.4±1.5 74.0±1.1 60.1±0.8 
4.1±0.11 76.5±2.1 17.0±1.1 6.5±0.1 77.5±3.5 64.5±1.9 108.4±4.9 4.1±0.1 21.0±1.7 73.2±2.7 60.1±0.9 

9 
4.6±0.12 87.5±3.6 7.6±0.9 4.9±0.2 88.0±2.8 70.0±1.8 116.0±3.8 4.8±0.2 26.5±0.8 75.0±0.9 60.4±1.8 
3.2±0.15 76.2±1.9 18.4±1.4 5.4±0.1 77.5±1.6 65.0±3.1 107.0±1.3 3.9±0.2 20.6±1.1 72.0±2.6 60.3±2.7 

10  
4.8±0.16 85.1±2.5 7.2±0.9 7.7±0.1 85.0±1.9 67.6±2.5 115.0±2.5 4.4±0.2 26.1±2.1 76.5±1.5 58.8±0.9 
3.3±0.08 74.5±1.8 17.5±1.8 8.0±0.2 73.0±3.8 62.0±3.4 104.0±3.5 3.8±0.2 20.4±0.9 72.3±2.4 58.1±1.7 

N o t e. PR — progressive motile; NP — non-progressive motile; IM — stationary; VAP — the average speed of 
head movement along the average trajectory, VSL — the speed of rectilinear movement of the head, VCL — actual 
speed of sperm movement along the real trajectory, ALH — average deviation of the head, BCF (beat-cross frequen-
cy) — frequency of oscillatory averaged movements, STR — degree of straightness of the directed movement of 
sperm, LIN — degree of undulation tracks. Above the line indicators at K  1.0, below the line at K  5.0. 

 

The ANOVA analysis showed that the magnetic storm had a reliable sig-
nificant effect on the volume of ejaculate (F = 6.49, p < 0.05) and the progres-
sively motile sperm number (F = 8.36, p < 0.05) in the ejaculate of bull sires 
(Table 2). During the magnetic storm, the volume of ejaculate received de-
creased by 28.2% (p < 0.001, the Scheffe test, see Table 2) compared to that 
obtained during the period when the magnetic situation was normal and the K-
index  1.0. Under the influence of a magnetic storm, when the geomagnetic ac-
tivity index was 5 points or higher, sperm motility decreased by 11.3% (p < 0.001). 
Increased geomagnetic activity is accompanied by an increase in the proportion 
of spermatozoa with affected and oscillatory movement. On days with disturbed 
geomagnetic conditions, the parameters characterizing the activity of spermato-
zoa reduced significantly: for VAP by 10.9 µm/s (p < 0.01), for VSL by 9.1 µm/s 
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(p < 0.01), and for ALH by 0.7 µm/s (p < 0.01) (see Table 1). 

2. The volume of ejaculates and sperm motility in ejaculates of Holstein bulls during 
periods of different geomagnetic activity (M±SEM, n = 360, JSC Head Center 
for the Reproduction of Farm Animals, Moscow Province, 2018)  

Indicator 
Geomagnetic activity index 

K 1.0 (quiet geomagnetic environment) K 5.0 (magnetic storm) 
Volume, ml 4.82±0.14 3.76±0.15*** 
PR, % 85.60±1.20 74.30±1.50*** 
NP, % 6.70±1.30 17.50±1.90** 
IM, % 7.70±1.80 8.20±2.10 
VAP, µm/s 85.70±1.60 74.80±2.10** 
VSL, µm/s 71.50±2.30 62.40±1.70** 
VCL, µm/s 118.40±3.20 106.10±2.10** 
ALH, µm 4.90±0.10 4.20±0.20** 
BCF, Hz 27.30±0.90 21.20±1.20** 
STR, % 77.70±3.10 72.40±2.40** 
LIN, % 61.50±2.50 59.20±1.70* 
N o t e. PR — progressive motile; NP — non-progressive motile; IM — stationary; VAP — the average speed of 
head movement along the average trajectory, VSL — the speed of rectilinear movement of the head, VCL — actual 
speed of sperm movement along the real trajectory, ALH — average deviation of the head, BCF (beat-cross frequen-
cy) — frequency of oscillatory averaged movements, STR — degree of straightness of the directed movement of 
sperm, LIN — degree of undulation tracks. Above the line indicators at K  1.0, below the line at K  5.0. 
*, **, *** Differences with indicators at K  1.0 are statistically significant at р < 0.05, р < 0.01 and р < 0.001, re-
spectively. 
 

3. Single-factor variance analysis of frequency (%) of sperm morphology abnormali-
ties in ejaculates of Holstein bulls as per K-index groups in periods of different 
geomagnetic activity (M±SEM, n = 360, JSC Head Center for the Reproduction 
of Farm Animals, Moscow Province, 2018) 

Pathology type  Comparison SS df MS F  р 
Spermatozoa pathologi-
cal forms 

Between groups 84.535 2 42.267 3.509 0.039 
Within groups 493.897 34 12.046   
Total 578.432 36    

Head pathology  Between groups 0.200 2 0.100 0.385 0.699 
Within groups 1.300 34 0.260   
Total 1.500 36    

Neck pathology Between groups 26.449 2 13.224     1.515 0.234 
Within groups 296.794 34 8.729   
Total 323.243 36    

Tail pathology   Between groups 6.451 2 3.225 2.324 0.034 
Within groups 19.432 34 1.388   
Total 25.882 36    

N o t e. SS — the sum of squares, df — number of degrees of freedom, MS — mean square, F — Fisher test, p —
statistical significance; Group I for K  1, Group II for K  5.  

 

One-factor analysis of variance of morphological changes in spermatozoa 
depending on geomagnetic activity showed that the differences between the 
groups by average values for the content of all pathological forms and pathologies 
of the spermatozoa filament were reliable, and the levels of statistical significance 
were p = 0.039 and p = 0.034, respectively (Table 3). The statistical significance 
of the F-criterion for the incidence of the pathology of a head p = 0.699 and a 
midpiece p = 0.234 > 0.05; therefore, for these indicators, the zero hypothesis of 
the difference between the groups is not refuted. 

On days with increased geomagnetic activity, the number of spermatozoa 
with pathology increased. At K  5.0 (magnetic storms), their share was 8.14%, 
which is 59.9% more than at K  1.0 (calm geomagnetic situation). Statistically 
significant differences in the frequency of filament pathologies were revealed 
(Fig. 1) depending on the geomagnetic activity. During a magnetic storm, the 
number of such sperms increased by 40.7% (p < 0.05), which led to an increase 
in the number of cells with affected oscillatory movement (non-progressive mo-
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tile cells) (Table 4). 
 

 
Fig. 1. Sperm Chromatin Dispersion Test (SCD-test) in Holstein bulls: a — tail pathology, b — 
spermatozoid without DNA fragmentation, c — spermatozoid with fragmented DNA (JSC Head 
Center for the Reproduction of Farm Animals, Moscow Province, 2018). Microscope Altami LUM-2 
with a digital camera UCMOS14000KPA (Russia), ½40 zoom). 
 

4. The proportion of sperm abnormalities in ejaculates of Holstein bulls as per K-
index groups in periods of different geomagnetic activity (M±SEM, n =360,  JSC 
Head Center for the Reproduction of Farm Animals, Moscow Province, 2018) 

Indicator, % 
Geomagnetic activity index 

К  1.0  K  5.0 
Spermatozoa pathological forms 4.88±0.55 8.14±0.36* 
Head pathology 1.25±0.16 1.28±0.19 
Neck pathology 1.64±0.30 2.30±0.24 
Tail pathology 4.51±0.49 6.35±0.35* 
* Differences with indicators at K  1.0 are statistically significant at р < 0.01. 
 

 

Fig. 2. Sperm DNA fragmentation 
index in ejaculates of Holstein bulls 
in periods of different geomagnetic 
activity: a — at К  1.0; b — at 
К  5.0 (JSC Head Center for the 
Reproduction of Farm Animals, 
Moscow Province, 2018). 

 
In samples obtained 

from bull sires on days 
when magnetic storms were 
recorded, the fragmentation 
index of nuclear DNA ex-
ceeded the values at K 1.0 
significantly (Fig. 2). 

 

Studies of the impact of the magnetic storm on biological objects indi-
cate the existence of a close dependence of physiological rhythms on geomag-
netic activity [4-6]. Our investigation of the connection between the biological 
integrity of sperm in ejaculates and geomagnetic activity shows that magnetic 
storms negatively affect the quantitative (decrease in the volume of ejaculate by 
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an average of 22%) (p < 0.001) and qualitative indicators of ejaculate. The pro-
portion of progressively motile sperm decreased by 11.3% at p < 0.001, of non-
progressive motile sperm increased by 10.8% at p < 0.01. Sperm motility is one of 
the main parameters that characterize male fertility. Bull sires are used for repro-
duction depending on the spermatozoa motility [28]. Ejaculates with sperm motili-
ty values below 70% are rejected. The progressive movement of spermatozoa is 
necessary for them to reach the ovum. The absence or low content of sperm in the 
ejaculate with a straight-forward movement causes infertility [26, 28, 29]. 

The effect of geomagnetic disturbances is complex and depends both on 
their strength and the state of the biological objects themselves and their systems 
[24]. Analysis of the seminogram of bull sires in dynamics shows that the studied 
animals had decreased sperm production indicators during the days of geomagnet-
ic activity. It should be noted that the reaction of bull sires to the geomagnetic 
situation was individual. The decrease in the number of progressively motile sper-
matozoa in individuals ranged from 11 to 16% (p < 0.05). 

Numerous studies confirm the influence of abiotic factors on spermato-
zoa both when exposed to such agents on the paternal body, and in ejaculates or 
when found in the female tract [21-23]. Changes occur in the general morpholo-
gy, the state of the nucleus and acrosome, in the mitochondria, filament, and oth-
er structures of spermatozoa [24, 25]. We observed an increase (by 40%, p < 0.05) 
in the proportion of sperm with abnormal morphology during the period of ge-
omagnetic activity. At the same time, the share of spermatozoa with filament 
pathology increased the most (by 40.1%, p < 0.05). 

The integrity of nDNA in the sperm chromatin is the most important 
characteristic of the biological full-value of spermatozoa [30, 31], it also deter-
mines fertility, the effectiveness of ovum fertilization and embryo development 
[32]. This study confirmed an increase in the index of DNA fragmentation in 
spermatozoa from ejaculates collected during the days of geomagnetic disturb-
ances. The fragmentation degree varied from 1.80 to 38.84%, also indicating that 
the response to geomagnetic activity depends on the individual characteristics of 
the organism to a certain extent. It is known that one of the factors that cause 
DNA fragmentation in spermatozoa chromatin is oxidative stress [32, 33]. The 
plasma membrane of the spermatozoa contains a large amount of polyunsaturat-
ed fatty acids, which makes these germ cells more sensitive to such stress. 

Thus, the data obtained in the present study indicate the influence of ge-
omagnetic activity on the qualitative and quantitative characteristics of bull 
sperm obtained during the days of the magnetic storm. Comparative analysis of 
sperm biological full-value indicates an increase in the frequency of morphologi-
cal anomalies and an increase in the index of nuclear DNA fragmentation in 
sperm from such ejaculates. These data obtained in vivo are important for the 
practice of using reproductive technologies. The observed effects should be con-
sidered as a result of the magnetic field influence on the organism level. A more 
detailed understanding of the processes occurring, in this case, can be obtained 
by an in-depth study of the physiological status of animals and the functional 
activity of the body systems, primarily reproductive and neurohumoral. Experi-
ments with ejaculated cattle spermatozoa in vitro will be continued to funda-
mentally study the molecular mechanisms involved in these interactions and 
provide a cellular response to the action of geomagnetic fields. 
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A b s t r a c t  
 

In vitro maturation (IVM) of the oocytes is an important step for in vitro embryo produc-
tion (IVP). In vitro culture during maturation decreases oocyte quality and therefore, IVM condi-
tions need to be improved. Routinely, IVM of bovine oocytes is performed using one-step medium, 
the TC-199 complemented with fetal bovine serum (FBS) and gonadotropins. However, the asyn-
chrony of oocyte nuclear and cytoplasm maturation processes may require the differential hormonal 
environment during IVM. In the present work, for the first time we have compared the efficiency of 
the two-step IVM protocols, which include the first step in standard conditions and final maturation 
in hormone-free mediums TC-199 or Fert-TALP; the last one is a routine medium for in vitro ferti-
lization (IVF). The objective was to study the effects of two-step IVM protocols to chromosome 
modifications and apoptotic events in mature oocytes and a quality of in vitro produced embryos. 
Oocyte-cumulus cells complexes (ОСС) were in vitro matured during 16 h in medium TC-199 com-
plemented with 10 % FBS, 10 g/ml follicle-stimulating hormone and 10 g/ml luteinizing hormone, 
and then transferred to either medium TC-199 without gonadotropins (System 1) or Fert-TALP medi-
um (System 2) for additional 8 h of IVM. After final IVM, nuclear state and apoptosis were checked in 
a part of the mature oocytes. IVF was performed on remaining OCC to analyze in vitro embryo devel-
opment. No difference was observed in nuclear maturation rates between the systems 1 and 2 after 24 h 
IVM: 83.3 % and 84.7 % of the oocytes reached metaphase-II. Apoptosis rate were significantly lower 
(p < 0.05) in the oocytes matured in System 2 (11.7±0.7 %) compared to System 1 (19.4±1.1 %). In 
addition, blastocyst rate after 7 days of in vitro embryo development was significantly higher (p < 0.05) 
in System 2 (30.0±2.9 %), than in System 1(17.4±0.4 %). Oocyte cleavage rate, cell number and apop-
tosis rate in the blastocysts were similar in both IVM systems. In conclusion, two-step IVM system 
using final 8-hour maturation in Fert-TALP medium is more advantageous compared to a system in-
cluding hormone-free TC-199 medium at the end of IVM. Fert-TALP IVM system decreased apoptosis 
rate in the oocytes and increased their competence to in vitro embryo development after IVF. 

 

Keywords: bovine oocytes, in vitro maturation, maturation media, apoptosis, embryo de-
velopment 

 

In bovine cattle, reproductive cellular technologies, including in vitro em-
bryo production (IVP), have extensive scope of application in scientific research, 
as well as in supporting reproduction, maintaining genetic diversity and breeding 
of animals possessing the preset properties [1-3]. By now, there has been a signifi-
cant advancement in development of IVP technology; the usefulness of embryos 
developed in vitro, however, is still considerably lower than of those developed in 
vivo. Moreover, many issues relating to the vitality of the new breed are still un-
solved [4, 5]. 

Standard IVP technology involves several phases, the first of which is in 
vitro ovum maturation. In immature oocytes, in response to extraction from a fol-
licle and placement in culture medium, meiosis restarts and nuclear transfor-
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mations from diplotene stage to metaphase II stage (MII) commence. Oocytes 
also undergo various structural and molecular transformations at cytoplasm level 
(cytoplasmic maturation) which are necessary to prepare an oocyte for fertilization 
and further embryonic development [6]. As is commonly known, when the oo-
cytes restart meiosis in vitro, the same processes of nucleus maturation as in oo-
cytes in vivo occur in them, while the level of cytoplasm maturity remains insuffi-
cient, affecting the quality of ova and, after their fertilization, the quality of IVP 
embryos. The attempts to resolve that issue, despite persistent effort of the re-
searches, have still not yielded a desirable result. The conditions in which oocytes 
mature remain suboptimal and require further simulations [4, 7, 8]. 

Most times, one-step culture in TC-199 medium supplemented with fe-
tal bovine serum (FBS) and gonadotropic hormones is used for in vitro matura-
tion of cow oocytes. It was demonstrated that in such conditions, the average of 
80% of immature oocytes reach metaphase II of the second meiotic division [9] 
but only 15-40% develop to the blastocyst stage [10, 11]. Low production of 
embryos may be caused by a combination of factors. First, one-step culture 
omits the temporal mismatch (asynchrony) between nuclear and cytoplasmic 
transformations. Second, TC-199 is a complex medium developed for culturing 
somatic cells, and although the serum contained in it serves as a source of 
growth factors, amino acids and endotoxins [12], which is important for maturity 
level, it is a variable component that can be the cause of reduction in the num-
ber of IVP embryos [13]. 

Earlier, for the first time we demonstrated that two-step culture of cow 
oocytes, when the standard system is used at the first step and is followed by 
oocytes being moved to a fresh medium free of gonadotropic hormones, can in-
crease the number of nuclei in embryos at the blastocyst stage [14]. Such im-
provement could be caused by corresponding cytoplasmic transformations occur-
ring during the final stage of maturing, on which the oocytes’ capacity for fur-
ther embryonic development ultimately depends. We have assumed that two-step 
culture in media differing in composition at the initial and final stages of oocyte 
maturation may be an alternative (differentiated) approach in the methodology 
of in vitro embryo production, and that further research may be required to im-
prove its efficacy [14]. 

In this paper we have for the first time assessed the expediency of use 
during the second maturation stage of Fert-TALP [15], which, unlike TC-199, is 
a less complex serum-free solution. In addition, Fert-TALP medium is further 
used to fertilize the mature ova, thus its use during the period of maturing may 
reduce the stress arising in oocytes upon forced change in culture conditions 
when transitioning from maturing stage to in vitro fertilization. 

The purpose of this paper is studying the state of chromosomes and de-
gree of apoptotic generation in oocytes maturing in two different two-step cul-
ture systems and the assessment of effect of these conditions on development 
and quality of IVP embryos. 

 Techniques. In all experiments, except for the expressly stated cases, the 
Sigma-Aldrich (USA) reagents were used. 

Cow ovaries (Bos taurus taurus) collected after slaughtering, were delivered 
to the laboratory within 3-5 hours at 30-35 С, were freed of adjacent tissue and 
washed multiple times in a sterile physiological solution containing antibiotics 
(100 MU/ml penicillin, 50 μg/ml streptomycin). Oocyte-cumulus cells complex-
es (ОСС) were isolated from the ovaries by dissecting the follicle walls with a 
blade, flushed 3 times in TC-199 medium containing 5% of fetal bovine serum 
(FBS), heparin (10 μg/ml), sodium pyruvate (0.2 mM) and gentamicin 
(50 μg/ml), and morphologically studied. For further culture, orbed oocytes with 
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homogenous cytoplasm, regular-width pellucid zone surrounded by multilayer 
compact cumulus were selected. All oocyte manipulations were performed under 
SMZ stereomicroscope (Nikon, Japan) at 37 С.  

After selection, OCC were cultured in groups, 20-30 each, in 500 µl me-
dium at 38.5 С in the atmosphere containing 5% CO2 at 90% humidity. To pro-
duce mature oocytes, a two-step system was used. For the first 16 hours, OCC 
were cultured in TC-199 medium containing 10% FBS, sodium pyruvate (1 mM), 
gentamicin (50 μg/ml), follicle-stimulating hormones (FSH) (10 μg/ml) and lutein-
izing hormones (LH) (10 μg/ml) (standard maturation medium), whereafter they 
were moved to a fresh medium for another 8 hours. During the second matura-
tion stage, TC-199 containing 10% FBS, sodium pyruvate (1 mM) and gen-
tamicin (50 μg/ml), or a medium for further fertilizing Fert-TALP [15] that 
contained 114 mM NaCl, 3.2 mM KCl, 0.4 mM NaH2PO4, 2 mM CaCl2, 0.5 
mM MgCl2, 25 mM NaHCO3, 10 mM HEPES, 10 mM sodium lactate, 0.25 
mM sodium pyruvate, bovine serum albumin (BSA, 6 mg/ml) and gentamicin 
(50 μg/ml). 

After 24 hours of maturing, a portion of oocytes was freed from cumulus 
cells, fixed and used for cytological analysis of maturity and apoptosis as per the 
protocol described [16]. Another portion was moved to Fert-TALP medium sup-
plemented with BSA (6 mg/ml), heparin (10 μg/ml), penicillamine (20 μM), 
hypotaurine (10 μM) and epinephrine (1 μM) for in vitro fertilization and as-
sessment of capacity for further embryonic development.  

Then, 1.5 hours prior to fertilization of oocytes, the straws containing 
frozen semen were unfrozen, active spermatozoa were produced by “swim-up” 
method in Sperm-TALP medium [17] containing sodium pyruvate (1mM) and 
BSA (6 mg/ml). For this purpose, the contents of straws were underlaid, in 
220 μl portions, to the 1.8 ml test tubes (Nunc, Denmark) with 1 ml of Sperm-
TALP medium and were incubated (a MCO-18AIC, Sanyo, Japan) for 
50 minutes. In the end of incubation, 750 μl of the upper layer was collected, 
diluted with fresh medium and centrifuged at 300 g for 10 minutes. The resulting 
pellet containing motile sperm were added to the fertilization medium contain-
ing OCC (spermatozoa concentration: 1.5½106/ml).  

Gamets were incubated jointly for 18-20 hours, whereafter the prospec-
tive zygotes were moved to the embryo-development medium [14] and cultured 
for 7 days. On day 2 after fertilization of oocytes cleaved zygotes were morpho-
logically analyzed, and in the end of culturing the number of embryos that have 
developed to the stage of blastocyst was counted.  

The resulting blastocysts were fixed with 4% paraformaldehyde solution 
and subjected to permeabilization in Triton Х-100 solution. The extent of apop-
totic changes of nuclear material in embryos was determined by TUNEL meth-
od using the In Situ Cell Death Detection Kit, fluorescein (Roche Diagnostics, 
Switzerland) in accordance with the instructions of the manufacturer. The em-
bryos were then stained with DAPI solution (1 μg/ml) for localizing the nuclei, 
and transferred to the glass slide for analysis. Microphotography and evaluation 
of preparations was carried out under Axio Imager.M2 fluorescent microscope 
equipped with 65 HE filter (for TUNEL, excitation at  = 445-470 nm) and 49 
(for DAPI, excitation at  = 365 nm) using digital camera Axiocam 506 and 
ZEN 2 pro application (Carl Zeiss, Germany). The apoptosis rate in the embry-
os was evaluated by the TUNEL-positive nuclei percentage of the total number 
of nuclei. 

In statistical processing, one-way analysis of variance was applied (Sig-
maStat application by Systat Software, Inc., USA). The results are given as means 
(M) and standard errors of the means (±SEM). To evaluate the significance of 
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differences between the compared means, Tukey’s test was used  
Results. The medium surrounding oocytes in vitro critically affect the 

quality of ova, which makes these conditions a subject of targeting. In the paper 
presented, in order to induce the maturation of cow oocytes, instead of standard 
one-step IVM protocol we used two-step oocyte cultivation that implied their 
maturation for the first 16 hours in TC-199 medium containing 10% FBS and 
gonadotropic hormones and for the next 8 hours either in TC-199 free of hor-
mones (system 1) or in Fert-TALP medium [15] (system 2). The time of chang-
ing the medium of 16 hours was selected on the basis of previous data on the 
initial shows of deterioration of oocyte quality occurring by that period of their 
in vitro maturing [18].  

 

Fig. 1. Microphotographs of cytological preparations of mature cow oocytes (Bos taurus taurus) after 24 
hrs of in vitro maturing: A, D — oocyte morphology, B, E — staining nuclear material using DAPI 
(blue color), MII — chromosomes at the stage of metaphase of the second meiotic division, PB — 
polar body; C, F — staining nuclear material using TUNEL method, upper section (C) — oocytes 
without any shows of apoptosis, lower section (F) — with shows of apoptosis (TUNEL-positive MII 
chromosomes and PB are stain green). ½400 zoom, fluorescent microscope Axio Imager.M2 
equipped with 65 HE filter (for TUNEL, excitation at  = 445-470 nm) and 49 (for DAPI, excita-
tion at  = 365 nm) with color digital camera Axiocam 506 (Carl Zeiss, Germany). 

 

1. State of chromosomes and frequency of apoptotic degeneration in cow oocytes (Bos 
taurus taurus) after maturing for 8 hours in different culture systems (M±SEM) 

Test group  
(system) 

Count Percentage 
experiments total oocytes oocytes at MII stage MII oocytes with shows of apoptosis 

System 1 4 85 83.3±5.6 19.4±1.1 
System 2 4 83 84.7±2.4 11.7±0.7* 
N o t e . MII — metaphase II; system 1: oocyte maturing for the first 16 hours in TC-199 medium containing 
10 % fetal bovine serum (FBS) and follicle-stimulating hormones (FSH) and luteinizing hormones (LH), and for 
the next 8 hours in TC-199 medium free of hormones; system 2: oocyte maturing for 16 hours in conditions simi-
lar to those of system 1 and for the next 8 hours in Fert-TALP fertilization medium free of heparin, hypotaurine 
and epinephrine. 
* Differences between the compared groups are statistically significant at p < 0.05. 

 

Cytological analysis did not reveal any impact of the culture system on 
completion of nuclear maturation. Percentage of oocytes at MII meiosis stage 
(Fig. 1, B-E) after 24 hours of maturing (16 + 8 hrs) was similar in both groups 
and made 83.3 and 84.7 % (Table 1). At the same time, the percentage of oo-
cytes with the shows of apoptosis (see Fig. 1, F) was lower (11.7±0.7 %) when 
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maturing in Fert-TALP medium, while for those cultured in TC-199 containing 
FBS this value increased by 7.7% (p < 0.05) (Table 1). 

Capacity of 
mature oocytes for 
development after in 
vitro fertilization that 
serves a criterion of 
the level of cyto-
plasmic maturity was 
evaluated by the oo-
cytes’ capability to the 
first cleavage division 
(Fig. 2, A) and reach 
blastocyst stage (see 
Fig. 2, B) (Table 2). 

  

2. Cow oocyte (Bos taurus taurus) embryonic developmental capability in different 
systems for in vitro maturing   (M±SEM) 

Test group  
(system) 

Count Oocyte cleavage 
rate, % 

Development to blastocyst stage, % 
experiments total oocytes of number of oocytes  of number of embryos 

System 1 5 150 65.4±1.1 17.4±0.4 26.6±0.9 
System 2 5 123 71.7±1.7 30.0±2.9* 42.1±4.9** 
N o t е. For experiment design (media and systems) see Table 1.  
*, ** Differences between the compared groups are statistically significant at р < 0.05 and р < 0.01. 

 

The percentage of cleaved oocytes determined on the 2nd day of cultivat-
ing did not vary between the experimental groups and made 65.4±1.1 and 
71.7±1.7 % for system 1 and 2, respectively. Nevertheless, the impact of condi-
tions of the second step of oocyte maturing (8 hours) on their development to 
blastocyst stage was found. In case of transfer of OCC after 16 hours of cultivating 
to TC-199 medium, the production of blastocysts was 17.4±0.4 %. Use during the 
relevant period of cultivation of Fert-TALP medium increased this value up to 
30.0±2.9 % (p < 0.05) (see Table 2). 

Use of two compared protocols of two-step oocyte culture did not signif-
icantly change the quality of IVP embryos that were assessed by the nuclei count 
on day 7 after fertilization (Fig. 3, C), however when culturing during the sec-
ond stage of maturing in Fert-TALP medium, the tendency towards increase of 
this value was observed (Table 3). The percentage of embryonic nuclei with 
shows of apoptosis (see Fig. 3, C) did not also change between experimental 
groups and made 5.1±0.9 and 4.6±0.4 % for system 1 and system 2 respectively 
(see Table 3). 

 

Fig. 3. Microphotographs of cytological preparations of bovine embryos (Bos taurus taurus) on day 7 
of culture: A — blastocyst morphology; B — staining blastocyst nuclei using DAPI (blue color); 
C — staining apoptotic nuclei in blastocyst using TUNEL method (TUNEL-positive nuclei are 
stained green). ½200 zoom, Axio Imager.M2 fluorescent microscope by Carl Zeiss, Germany. 

 

Fig. 2.  Microphotographs of cow oocytes (Bos taurus taurus) cleaved after 
in vitro fertilization and of embryos developed to the blastocyst stage (B) 
(½200 zoom, Eclipse Ti-U microscope by Nikon, Japan). 
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3. Quality of IVP (in vitro embryo production) embryos after 8 hours maturing of 
cow oocytes (Bos taurus taurus) in different culture system followed by in vitro 
fertilization (M±SEM) 

Maturing medium 
(system) Experiments Total blastocyst count 

Blastocysts nuclei count 
total apoptotic, % 

TCM + 10 % FBS (1)  5 26 62.9±5,2 5,1±0,9 
Fert-TALP (2) 5 37 72,2±5,1 4,6±0,4 
N o t е. For experiment design (media and systems) see Table 1.  

 

The expediency of application of two-step bovine IVM protocol has been 
actively studied over the past few years. In order to resolve the problem of asyn-
chrony between nuclear and cytoplasmic maturation, OCC extracted from folli-
cles are for some time cultured in maturation medium supplemented by meiosis 
inhibitors, and then without them [19]. However, cytoplasmic transformations, 
on which the oocytes developmental capability ultimately depends, occurs not 
on the initial but on the final stage of IVM, which demonstrates the relevancy of 
research of the specific needs of female gametes during this very period [4]. 

Therefore, this work for the first time compares two-step IVM protocols 
that include cow oocyte maturation during the first step in the standard medium 
and maturation in one of two hormone-free media (ТС-199 and Fert-TALP) dur-
ing the final step. Although TC-199 medium containing FBS is commonly used in 
the majority of one-step IVM protocols and is capable of sustaining the high ova 
capability for further development [15], in our two-step system during the final 
maturation stage it turned out to be less effective in terms of embryo production 
than Fert-TALP medium. Moreover, its use in the similar conditions has adversely 
affected the apoptotic degradation in ova. The cause of such effect could be not 
only the fact that TC-199 medium, unlike Fert-TALP, is a complex solution, but 
also the fact that it is blood serum instead of BSA that is used there as a source of 
protein. It is believed that adding the serum results in uncertain and changing 
conditions of cell cultivation [11, 13, 20, 21]. In addition, it is shown that adding 
the serum to the embryo cultivation medium negatively affects their development 
at early cleavage stages and alters the ultrastructure and the nature of gene expres-
sion during the later stages of in vitro embryo development [22-24]. 

Thus, in two-step in vitro maturation (IVM), culturing oocytes during the 
second-step maturation (8 hrs) in Fert-TALP medium is more preferable than in 
TC-199 medium containing fetal bovine serum. Such conditions improve the 
quality of mature oocytes and their embryonic developmental capability after in 
vitro fertilization. 
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A b s t r a c t  
 

Multipotent mesenchymal stem cells (MMSCs) of farm animals, whose growth in culture is 
determined by attachment to a solid substrate, are promising cellular material for veterinary medicine 
and biotechnology, as well as virology. One of the methods to overcome cell adhesion in suspension 
bioreactors in order to obtain a large number of cells with permanent properties of acceptable quality 
is the use of porous carriers formed from polymers of natural origin. Thus, for the first time we ob-
tained data that allow us to make a scientific substantiation of the parameters for the cultivation of 
adhesive cultures of animal MMSCs using spatial protein-based cryogel carriers for subsequent sus-
pension cultivation of the obtained constructs. The purpose of the work is to study the possibility to 
culture MMSC of farm animals in three-dimensional matrix sponges, i.e. the cryogels based on gela-
tin, blood plasma total protein and fetal bovine serum (FBS). MMSCs isolated from bovine bone 
marrow (BM) and adipose tissue (АТ) and ovine BM, as well as mouse fibroblast STO cell line were 
used. We found that the optimal cell concentration for the settlement of the cell suspension by the 
method of natural absorption with swelling of squeezed sponges (0.24 cm3 in volume) is 1.0106 cells 
per 100 µl of medium for 2 hrs of saturation. The loading efficiency of MMSCs in sponge scaffolds is 
98 %. The analysis of histological slices (at least 10 per sample) of three cryogels demonstrated the 
ability of all three-dimensional porous scaffolds to maintain cell culture for 14 days. Sponges were 
filled with cells that preserved morphology and proliferated in places of attachment to the polymer 
surface. The results of experiments on the effect of the matrix material on cell migration showed that 
all cells migrate from the monolayer in the volume of cryogel from the bottom and are not detected 
on the upper sides of the cryogels under study. On day 10 of culture, fibroblast STO cell line were de-
tected in the volume of sponge scaffolds based on gelatin, blood plasma and FBS protein at a distance 
of 2990, 2871 and 1930 μm, respectively. MMSCs isolated from bovine AT migrated into the porous 
structure of matrix sponges to a depth of 607, 1364 and 657 μm, respectively. Expansion of MMSCs 
isolated from bovine and ovine BM in cryogels on the basis of different materials did not differ signifi-
cantly from the migration of AT-MMSCs. The ability of farm animals’ MMSCs on the early passages 
(2 to 3) and late passages (9 to 10) to attach to macroporous cryogels was not significantly different. 
Comparative analysis of the results of the experiments obtained in three replicates showed that the 
macroporous matrices based on gelatin, bovine blood plasma proteins and FBS support the viability of 
MMSCs during short-term culture, promote cellular adhesion, proliferation and migration. The ob-
tained data allow us to predict the use of these cryogels as matrices for MMSCs of farm animals for 
research and practical use. 

 

Keywords: multipotent mesenchymal stem cells, adipose tissue, bone marrow, farm ani-
mals, adhesion, migration, viability, cryogels, gelatin, bovine protein of blood plasma and serum-
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derived scaffolds 
 

The multipotent mesenchymal stem cells (MMSCs) capable of self-
renewal and having the potential for adipogenic, osteogenic and chondrogenic 
differentiation in vitro are promising for veterinary medicine, cell and tissue en-
gineering, virology and drug screening [1, 2]. The fundamental criterion for us-
ing the MMSCs’ potential is reproducible and low-cost production of a suffi-
cient amount of cells of consistently high quality. Common way of MMSCs 
production is adhesive culture in the presence of serum. However, current adhe-
sive methods cannot ensure a suitable culture because of the dissimilar condi-
tions that leads to changing the cells quality between batches. Besides, the meth-
odology is laborious and cell yield is limited by substrate area for their growing 
that leads to limitations in scalability [3-5]. Microcarriers used in suspension 
bioreactors allow cell adhesion problem to be overcome [6-8]. Such systems 
need the improvement of the matrixes and adaptation of the cells culture param-
eters [9].  

Porous gels are a promising substrate for matrixes in cell culture owing 
to their ability to imitate the main properties of most soft tissues. The cross-
linked polymer chains detain a large amount of water, they facilitate the trans-
portation of oxygen, nutrients, metabolites and soluble factors. Many of gels can 
be formed under conditions favorable for living cells, and can easily be modified 
for bestowing the desired physical and mechanical properties and the rate of 
degradation. Using natural biopolymers in bioengineered scaffolds makes it pos-
sible to most exactly imitate the structure, properties of tissues and organs, as 
well as to reproduce the microenvironment with the structure similar to that of 
natural cell niches. This provides optimal artificial niches for MMSCs popula-
tion and contributes to their almost complete differentiation into the desired cell 
types [10]. 

In bioengineered structures, the pores inside the three-dimensional carri-
er must be interconnected, have the dimensions optimal for cells and sufficient 
area for their growth. The macroporous cryogels, formed in slightly frozen medi-
um, meet these requirements [11]. They have some specific features compared to 
ordinary gels formed at the temperatures above the crystallization point of the 
solvent. Cryogels are characterized by macroporosity, and their macropores are 
interconnected [12, 13]. Depending on the initial concentration of components, 
their properties and regimes of cryogenic treatment, it is possible to obtain the 
macroporous matrixes with the pores with the cross section from tenths to 10 μm 
and supermacroporous (sponge) systems with the pores of tens and hundreds of 
micrometers. The cryogels based on materials of natural origin, which are the 
components of the extracellular matrix (ECM), for example, collagen, gelatin, 
etc., are of particular interest [14-17].  

In a series of experiments, it was demonstrated that the protein-based 
cryogels (serum albumin, total blood serum protein) owing to their macroporous 
morphology can be used as porous substrates for cells cultivation [18, 19]. The 
main criteria of a biocompatible matrix must be the absence of cytotoxicity, 
maintenance of adhesion, migration, proliferation or the differentiation of the 
cells on its surface [20-22], as well as the mechanical strength and bioresorbabil-
ity optimal for further use [23].   

In this report, for the first time we present the data substantiating pa-
rameters of animal MMSCs adhesive cultures with bulky protein-based cryogel 
carriers for suspension culturing the obtained structures in a bioreactor.  

Our objective was to assess suitability of cryogels based on gelatin, total 
blood plasma protein and blood serum of cattle fetuses culture as three-
dimensional sponge matrixes for cell culture of mesenchymal stem cells of farm 
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animals. 
 Techniques. The experiments were carried out (2016-2019) with MMSCs 

from cattle bone marrow (BM) and adipose tissue (AT) isolated and character-
ized by us previously [24], from sheep BM [25], and with mouse fibroblasts of 
the STO line have been used.   

For cells culture, the materials and reagents produced by the PanEco 
company (Russia) were used. The MMSCs were cultured in DMEM with the 
low glucose concentration (1 g/l), 10% fetal bovine serum (FBS) (GE 
Healthcare, USA) and 1½ nonessential amino acids and antibiotics. The fibro-
blasts of the STO line were cultured in DMEM with 4 g/l glucose, 10% FBS, 
2 mM L-glutamine; 50 μg/ml streptomycin, 50 U/ml penicillin (final concentra-
tions). The cells were cultured at 37 C in humidified atmosphere with 5% CO2. 
For the long-time culture the MMSCs (5½103 cells/cm2) were subcultured. 

The porous matrixes for cells culturing were gelatin-based cryogels pro-
duced as previously published [26], and cryogels based on cattle total plasma 
protein or blood serum protein [27, 28].  

Matrix sterilization procedure was as follows. The samples were placed in 
the wells of the sterile 24-well plate (Nunc, Denmark) and covered with ethyl 
alcohol for 1 hour. The alcohol was decanted, and the samples were washed 
three times with the Hanks’ solution by adding 2 ml into each well. Then 1.5 ml 
of DMEM was added into wells and the plate was allowed overnight in an incu-
bator for the complete removal of the ethyl alcohol. Before adding the cells, the 
cryogel was squeezed out with tweezers, and 100 μl of the cell suspension con-
taining 1½106 cells was applied to the upper surface of the squeezed out matrix. 
Due to the rapid swelling of the sponge material, the cell suspension was pulled 
by capillary forces into the pore inner space and filled the carrier. The sponges 
were saturated with the cells for 2 hours in the Petri dish preventing the cells 
adhesion to the plastic at 37 С in the CO2 incubator, followed by transfer into 
50 ml tubes with untreated surface and gas-tight covers, which simulated a mini-
bioreactor. 

Cattle and sheep MMSCs immobilization on the polymer matrixe pore 
surface was assessed by counting of the non-adsorbed cells. The efficiency of cell 
seeding was calculated as the difference from subtraction (cell number in the 
initial suspension minus cell number after immobilization) divided by the initial 
cell number.  

 The express analysis of the localization of the viable cells in the three-
dimensional matrixes цфы performed using the fluorescein diacetate stain (FD) 
(Thermo Fisher Scientific, USA). FD was added to the culture medium at a fi-
nal concentration of 25 μg/ml and incubated for 5 min at 37 С. Then the 
sponges with cells were washed with the serum-free medium and examined (a 
fluorescence microscope, Carl Zeiss, Germany) at the fluorescence excitation 
wavelength of  = 450 nm with closing filter G 247. 

 For studying cells migration ability, the MMSCs and STOs were seeded 
into the 24-well plates and grown up to a monolayer. The square 10½10 mm 
pieces of the cryogel cut out aseptically and washed with DMEM were placed 
on the surface of the cells monolayer with slightly pressing and cultured under 
the standard CO2 conditions in the incubator for 10 days. Then the cryogels 
were washed with the Dulbecco’s phosphate-buffered saline with the Ca2+ and 
Mg2+ ions (PBS-1) and fixed in the solution of 4% paraformaldehyde in PBS-1. 
At least 10 areas from the lower and upper sides of the cryogel, as well as the 
cross sections of the investigated matrixes were analyzed. 

 The cell analysis in the three-dimensional matrixes was performed using 
standard techniques for histological studies [29]. To prepare sections (a Mikrom 
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HM 525 cryotome, Thermo Scientific, Germany; fixation on the cryotome spec-
imen stage with Neg-50 mounting medium, Thermo Fisher Scientific, USA), 
specimens were frozen at 15...22 С for 30-40 minutes, and 10-20 μm slices 
were made with one-off blades Microm Sec35e (Thermo Fisher Scientific, 
USA). The slices were mounted on Surgipath X-tra Adhesive slides with the ad-
hesive coating (Leica Biosystems, Germany). Immediately after drying, they 
were fixed with methyl alcohol, washed and stained with hematoxylin and eosin 
or Giemsa stain (PanEco, Russia) according to the manufacturer’s instructions. 
After the clarification in xylene, the stained preparations were embedded into 
the mounting medium. The morphological analysis was performed visually using 
the Axio Observer D.1 phase-contrast microscope (Carl Zeiss, Germany) with 
AxioVision Rel. 4.8 software (Carl Zeiss, Germany) for measurements. 

The statistical processing was performed using the GraphPad Prism soft-
ware (GraphPad Software, USA). The tables show the mean arithmetic values 
(M) and their standard errors (±SEM). The significance of the differences was 
assessed according to the Student’s t-test at p < 0.05. 

Results. The macroporous cryogels (sponges) based on the A type com-
mercial gelatin were white-transparent 0.2-0.7 cm thick round disks 2.2-3.5 cm 
in a diameter (see Fig. 1, A) with the pore sizes from 50 to 100 microns. The cry-
ogels from bovine blood plasma total protein and FBS had the similar cylindrical 
shape with the diameter of 1 cm and thickness of 0.6-1 cm (see Fig. 1, B, C). 

 

 
Fig. 1. Macro- and microstructure of the spongy cryogels based on gelatin (A, D), pro-
teins of bovine blood plasma (B, E) and serum of the blood of cows’ fetuses (C, F). Giem-
sa staining, scale 500 μm (Axio Observer D.1, Carl Zeiss, Germany).  

 

Cryogels have a system of branched interconnected pores ranging from 
20 to 200 μm, which are resulted from formation of ice crystals in a frozen medium 
[11]. In our work, we found the 10 μm thick slices obtained at 20...22 С to be 
more suitable for histological analysis of cell distribution in cryogels. If a sponge 
has the greater porosity, the thickness of 20 microns is suitable for better visuali-
zation. 

Histological analysis showed a macroporous structure of the matrixes, 
their strength and long-time stability during incubation in CO2 (see Fig. 1, D-
F). The gelatin-based sponges had interconnected large pores, 80-130 microns. 
The distinctive feature of such matrixes was the gradient changing of a pore size 
from the periphery toward the interior part as the result of the formation of ice 
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crystals while freezing of the initial solution of the biopolymer. The matrixes 
based on the total protein of bovine plasma and of FBS also had a macroporous 
structure with pores 70-170 microns in a diameter.  

Within 24 hours after seeding MMSCs, the protein substrate had no cy-
totoxic effect on the cells. Our observations are consistent with the data obtained 
by other authors [13, 28, 30]. 

Experimental estimates of 
proper cells concentration and 
volume of the medium for seed-
ing cells into cryogels have been 
made using the gelatin matrixes 
as an example (Table 1). The 
medium volume of 100 μl turned 
out to be optimal for saturation 

of gelatin matrixes. The optimum cells concentration for seeding by natural 
swelling of squeezed out 0.24 cm3 sponges was 1.0½106 cells/100 μl of the medi-
um during 2-hour saturation. The efficiency of MMSCs seeding into the matrix 
was 98%. The increase of the medium volume resulted in the loss of cellular ma-
terial, probably due to an excess amount of the liquid phase. Previously, the dy-
namic (perfusion) seeding method was used for gelatin cryogels with high effi-
ciency [30]. 

Cell seeding was performed with a special device which consists of two 
vessels connected by the flexible plastic tube. The porous carrier was placed into 
one of the vessels, wherein the porous matrix diameter matched the vessel’s in-
ner diameter, and about 100-200 μl of the cell suspension (1.3½106 cells/ml) was 
placed into the second vessel, after that the matrix was slowly saturated with the 
cells containing the growth medium by force of the gentle back-and-forth mo-
tion of the pistons in cylinders. The saturated matrix was allowed for 3 hours in 
the vessel placed into the CO2 incubator, thereafter it was moved into the plate 
wells containing about 1 ml of the growth medium. To seed the cryogels with 
the cells, the technique of the sponge squeezing after the sterilization was ap-
plied. After the squeezing out for the removal of the medium residuals, the carri-
ers quickly and easily restored their shape due to the elasticity of their material, 
while absorbing the cell suspension applied on their upper surface. Such method 
of loading the cells into the macroporous spongy matrixes by its efficiency was 
not inferior than the perfusion method and also was simple in performance.  

 

 
Fig. 2. Large-porous matrixes derived from gelatin (A, B) and bovine plasma proteins (C) with mul-
tipotent mesenchymal stem cells from cattle bone marrow attached to the macropore walls. MMSCs 
are stained with the fluorescein diacetate (A) and with the Giemsa stain (B, C) (Axio Observer D.1, 
Carl Zeiss, Germany, zoom ½200 (A) and ½400 (B, C). 

 

The cell viability inside the spongy matrixed in dynamics, on day 7 and 
day 14 of culture has been studied. The results of the analysis of histological 

1. Efficiency of seeding multipotent mesen-
chymal stem cells into the gelatin cryogels 
(0.24 cm3 matrix, 1/4 part of the cryogel) 

Cell counts Growth medium, μl Seeding efficiency, % 
5½105 100 87 
5½105 500 76 
1½106 100 98 
1½106 500 86 
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staining of the slices (at least 10 for each sample) demonstrated the ability of 
three-dimensional porous matrix to maintain cells in culture for 14 days. These 
data were confirmed by staining cells with FDA (fluorescein diacetate), a hydro-
phobic non-fluorescent compound easily penetrating through the cell membrane 
into cells, where it is metabolized by cell esterases to fluorescein stain. The FDA 
having the green fluorescence appears only in the cytoplasm of the viable cells 
which have an intact cytoplasmic membrane, since FDA cannot penetrate 
through damaged cell membranes.  

The histological comparison of slices of three cryogels showed the suita-
bility of both gelatin matrixes and the matrixes based on total protein of bovine 
blood and of FBS for culturing MMSCs of farm animals. The sponges were 
filled with the cells which retained their morphology and proligerated at the 
places of their attachment to the macropore walls (Fig. 2). 

 

 
Fig. 3. The depth of cells spreading inside the matrixes on day 10 of culturing: the STO fibroblasts in 
the matrixes based on gelatin (A), protein of bovine blood plasma (B), FBS (C); the multipotent 
mesenchymal stem cells from adipose tissue in the matrixes based on gelatin (D), protein of bovine 
blood plasma (E), FBS (F). Staining with hematoxylin and eosin (A, D), and Giemsa staining (B, 
C, E, F), scale 500 μm (Axio Observer D.1, Carl Zeiss, Germany).  

 

Histological examination of the effect of the matrix material on the cells 
migration (Fig. 3) revealed that all cells migrated from the monolayer’s lower 
side into the cryogel depths and were absent on the upper sides of the sponges. 
The number of cells inside the cryogel was increasing when culturing. Thus, on 
the day 10, the STO fibroblasts penetrated into the matrixes based on gelatin, 
blood plasma protein and FDS to the distance of 2,990, 2,871 and 1,930 μm 
respectively (see Fig. 3, A, B, C). The MMSCs from cattle adipose tissue mi-
grated to a depth of 607, 1,364, and 657 μm (see Fig. 3, D, E, F). MMSCs from 
bone marrow of cattle and sheep in the studied cryogels did not not differ signif-
icantly from migration of the AT MMSCs. The comparative analysis of the re-
sults obtained in three repeated experiments showed that the spongy cryogel ma-
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tric based on gelatin, proteins of bovine plasma and FBS provided the MMSCs 
viability during the short-term culturing and promoted the cell adhesion, prolif-
eration and migration. The structure of these cryogels turned out to be biocom-
patible for both mouse fibroblasts and MMSCs of farm animals. However, in 
case of this method, the immortalized mouse fibroblasts showed the significantly 
higher ability of adhesion and migration in all the cryogels. 

Earlier, we showed the effect of the long-term culturing of the MMSCs 
from human AT on the efficiency of cells adhesion to the extracellular matrix 
proteins. The cells on the passages 2 and 17 of culturing differed in their ability 
to attach to the surface with previously applied ECM proteins, the fibronectin, 
collagen, and laminin. The cells attached to fibronectin and collagen on the pas-
sage 2 exceeded those on the passage 17 2 and 5 times respectively. At the same 
time, the number of cells adhering to laminin on the passage 17was 2 times 
more compared the passage 2 [31]. 

It was of interest to compare the bovine and sheep MMSCs on the early 
and late passages by their ability of adhesion to the investigated matrixes. For 
this, 1½106 cells/100 μl medium was layered on the cryogel surfaces. The cells 
adhesion on the early and late passages of culturing in the macroporous cryogels 
did not differ significantly (Table 2). This indicates that the bovine and sheep 
MMSCs retained their adhesive properties during culturing 

 

The analysis of the scientific literature showed that gelatin cryogels are 
used for culturing primary keratinocytes and human fibroblasts [31]. They 
formed the continuous layer of epithelium on the surface of the obtained in 
vitro spongy substrates. It was found out that fibroblasts are able to easily 
migrate deep into the porous structure of these carriers. The preclinical trials 
on pigs demonstrated the biocompatibility of gelatin cryogels and their non-
toxicity to animals’ organisms. There is the data on the addition to gelatin of 
other components which increase the strength of gelatin cryogels, for exam-
ple, on the introduction into the initial composition of chitosan which con-
tributes to maintaining the cells adhesion and proliferation [32-35].  

MMSCs are considered a promising cellular material for the regenera-
tion of animal joints and ligaments [1, 2]. The implantation of cellular 
preparations based on porous biodegradable matrixes is a method of intro-
ducing cells into the organism. Protein-based cryogels are used as porous 
substrates for tridimensional culturing of MMSCs and subsequent implanta-
tion of the obtained samples of certain tissue owing to their macroporous 
morphology and biodegradability [4, 9]. There is the data on using different 
cryogels based on gelatin [17], serum albumin [21] and total protein of 
blood serum [18-20] for this purpose. It was of interest to test cryogels in 
relation to the development in our laboratory of the method of creating 
“cultured meat in vitro” [10]. For this, we used a number of protein cryo-
gels which served as the substrates for three-dimensional culturing the 
MMSCs from bovine and sheep bone marrow and adipose tissue. The re-

2. Effect of early and late passages of the bovine and sheep multipotent mesenchy-
mal stem cells on the adhesion to matrixes (M±SEM, n = 3) 

Source of the MMSCs Passage 
Counts of  cells attached to matrix, ½105 

gelatin-based based on  bovine blood plasma protein  
Bovine adipose tissue 2 8.0±0.10 7.8±0.13 

9 7.5±0.30 7.9±0.10 
Bovine bone marrow 2 9.0±0.20 8.5±0.70 

10 8.7±0.01 8.5±0.23 
Sheep bone marrow 3 7.2±0.17 7.0±0.50 

10 6.9±0.70 7.1±0.12 
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sults we got allow us to assume that the serum (plasma) of bovine blood includes 
the factors enhancing the adhesion and proliferation of MMSCs. As a result of 
cryotropic formation of gels based on blood plasma proteins, such components 
are embedded into the matrix of the formed cryogels, which create more favora-
ble conditions for culturing stem cells compared to albumin-based carriers [19]. 

So, to date, the methods of cell biology including the three-dimensional 
culturing of mammalian cells is gaining research and practical priority im-
portance in various fields of science and technology. We showed that using the 
cryogels based on gelatin and proteins of bovine blood plasma and fetal bovine 
serum makes it possible to adapt the adhesive culture of bovine and sheep mul-
tipotent mesenchymal stem cells (MMSCs) to the suspension culturing in a bio-
reactor. The data we got allow us to forecast the using of these cryogels as the 
matrixes for large-scale technologies of growing the MMSCs of farm animals. 
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A b s t r a c t  
 

Peste des petits ruminants (PPR) is an acute febrile viral disease of small ruminants. In se-
vere cases of PPR, when animals manifest clinical signs, virus-specific antigens can be detected in 
blood and/or tissue samples. In subclinically infected animals, PPR can only be diagnosed using 
serological testing. Taking into account their simplicity, high sensitivity and cost-effectiveness, the 
test systems for carrying out indirect or competitive enzyme-linked immunosorbent assay (c-ELISA) 
are considered most suitable to be used both for the disease diagnosis and seroepidemiological sur-
veillance. The up-to-date techniques for PPR serodiagnosis are developed on the basis of a recombi-
nant nucleocapsid (N) protein. Various options are being worked out to create test systems for PPR 
serodiagnosis, in particular, using polyclonal sera against N-protein for c-ELISA or some modifica-
tions of indirect ELISA. This work was aimed at studying the characteristics of the components of 
some ELISA experimental test systems for PPR diagnosis using a recombinant N-protein in indirect 
ELISA with a protein A peroxidase conjugate or in competitive ELISA using a peroxidase IgG con-
jugate obtained from polyclonal rabbit sera against the nucleocapsid protein. Owing to immunization 
of rabbits with the purified recombinant N-protein, sera with titers of 1:512 to 1:1024 in c-ELISA 
were obtained. The potential of constructing a test system for PPR diagnosis through indirect ELI-
SA, in which the peroxidase protein A conjugate was used to identify the PPR-specific antibodies 
bound to the antigen, has been demonstrated in experiments with sera from convalescent goats, as well 
as from rabbits immunized with the N-protein. It is important that the protein A peroxidase conjugate 
reacts with goat sera antibodies in immune complexes. The antibodies obtained from the blood serum 
of a rabbit immunized with the purified recombinant N-protein have been shown to react with the 
same epitopes as the positive goat serum antibodies. To construct c-ELISA test system for PPR serodi-
agnostics, a peroxidase conjugate was prepared using the IgG isolated from an N-protein specific rabbit 
serum. The sera from pigs immunized with the purified PPR virus and vaccinated against caprine PPR 
with the titers  1:64 as observed in the neutralization test (NT) were positive in c-ELISA in which the 
components of the experimental test system were used. The obtained results make it possible to posi-
tively evaluate the prospect of the developed test systems for PPR diagnostics.  

 

Keywords: peste des petits ruminants, serodiagnosis, ELISA, recombinant nucleocapsid 
protein 

 

Peste des petits ruminants (PPR) is an acute, contagious and economi-
cally significant viral infection of small ruminants (goats, sheep, gazelles, oryxes, 
white-tailed deer) manifesting the morbidity and mortality rate respectively 100 
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and 90% [1]. Clinically, the disease resembles the cattle plague and is character-
ized by severe hyperthermia, necrotic and erosive stomatitis, enteritis and pneu-
monia [2]. The transmission of the virus occurs through the secretions and ex-
cretions of infected animals when the close contacting to them of susceptible 
animals. Cattle, buffalos and pigs may be infected with the PPR virus through 
the natural way or experimentally, but in both cases, they become dead-end 
hosts because the virus cannot transmit from them to other animals [3, 4]. The 
immune defense of young animals for the period up to 4 months is acquired 
with the intake of colostral milk [5].   

The PPR virus belongs to the Morbillivirus genus of the Paramyxoviridae 
family [6-8]. The spread of one (Line 4) of the four known PPR virus lines is 
limited to Asia, and the other ones are spread in Africa (9]. 

In the laboratory diagnosing of the disease, the virus neutralization tests 
(NT) [10], the diffusion precipitation [11], counter immunoelectroosmophoresis, 
indirect immunofluorescence [12, 13] reactions, direct and indirect enzyme-
linked immunosorbent assay (ELISA) [14] as well as the competitive ELISA (c-
ELISA) based on monoclonal antibodies [15-18] are used for the detection of 
virus-specific antigens and antibodies.  

In severe cases of PPR lesion, when the clinical signs appear in animals, 
the viral antigens are detected in blood and tissue samples. In subclinically in-
fected animals, the PPR can only be diagnosed by serological testing. The neu-
tralization test for detecting the antibodies to the PPR virus is laborious, expen-
sive and requires using the infectious virus. It implies working with the cell cul-
tures and availability of qualified personnel. For these reasons, using NT for 
large-scale routine investigations is problematic. The alternative to NT is quick, 
inexpensive and sensitive serological tests based on various ELISA variants which 
are successfully used in the diagnosing of many diseases.   

In terms of simplicity, high sensitivity and cost-effectiveness, the test 
systems for indirect and competitive ELISA are considered the most suitable for 
diagnosing and seroepidemiological surveillance of PPR. They can be oriented 
for detecting the presence of hemagglutinin (H) [15, 16, 19] or nucleocapsid (N) 
protein [20-25]. 

It should be noted that in most of single-stranded RNA viruses including 
the PPR virus, the N protein is a highly conservative and the most immunogenic 
protein. This is conditioned by the fact that the N proteingene is located close to 
the 3-end of the virus genome and therefore is translated in the amounts ex-
ceeding any other structural proteins of the PPR virus [26]. The antibodies to N-
protein do not protect animals from the disease, but, given its immunogenicity 
and high production level, the N protein is considered the most acceptable anti-
gen for the development of the means for diagnosing PPR [27].  In addition, the 
N-protein apparently has both type-specific and cross-reactive epitopes which 
are preserved in the PPR virus from the lines originated from different geograph-
ical regions. Given these, modern means of the PPR serodiagnostics are devel-
oped basing on the recombinant N protein [28]. The peroxidase conjugates for 
the test systems based on various ELISA variants are prepared using the IgG of 
anti-species sera or monoclonal antibodies (MABs) to animal immunoglobulins, 
as well as the MABs to N protein. However, the accidental loss of MAB-
producing hybrid clones due to a laboratory accident or inappropriate storage 
conditions may cause problems in the test systems production [29]. Therefore, 
different test systems for the PPR serodiagnosis, in particular, those with using 
the polyclonal sera to N protein for c-ELISA or the modifications of indirect 
ELISA are studied. 

In this paper, we present the results of study of two modifications of the 
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test systems for PPR serodiagnosis, which we have created based on the recom-
binant N protein in comparison with the commercial ID Screen® PPR Compe-
tition kit (IDvet, France). The verification of the components of these test sys-
tems for the indirect and competitive ELISA based on the PPR-positive antisera 
of goats and pigs allow us to positively assess the perspective of using the test 
systems recommended by us for the PPR serodiagnosis. 

The objective of this research was the construction of test systems for 
diagnosing PPR basing on the recombinant N protein in the indirect ELISA 
with the peroxidase conjugate of protein A and in the competitive ELISA with 
the peroxidase conjugate of IgG of the polyclonal rabbit serum to nucleocapsid 
protein.  

Techniques. The animals (goats, pigs, rabbits) taken from the animal 
preparation sector (Federal Research Center for Virology and Microbiology,  
FRCVM) were kept under standard conditions and used in accordance with the 
requirements of GOST R 53434-2009 dated 02.12.2009 “Principles of Good La-
boratory Practice (GLP)”. During the period of acclimatization and experiment, 
the animals were placed in individual quarters and cages in accordance with the 
GLP requirements [30]. The briquetted compound feed and purified water were 
given ad libitum into feeders and drinking bowls. 

The goats were vaccinated with the dry cell-derived virus-vaccine against 
the Peste des petits ruminants (FRCVM) according to the vaccine administra-
tion manual.  

The vaccine strain 45G37/35-K of the PPR virus was taken from the 
FRCVM State Collection of Microorganisms. PPR virus proliferation and the 
determination of its infectious activity were performed respectively in polystyrene 
mattresses and 48-well plates (Costar, France). We used the Vero cell culture 
(collection of the Federal Research Center of Virology and Microbiology) in the 
Eagle MEM maintenance medium (PanEco, Russia) with 2.5% fetal bovine se-
rum. To assess titers, virus-containing material was sequentially diluted 10-fold 
in 4 replicates. The infected and control Vero cells cultures were kept at the 
temperature of 37 С in an air atmosphere with 5% CO2 with the replacement of 
the maintenance medium every 2-3 days. The results were estimated by the cy-
topathic effect during 10 days. The titer of the virus was calculated according to 
the Kerber’s method in the modification of Ashmarin and expressed in lg 
TCD50/cm3 [31].  

Two female goats (Nos. 1 and 2) of the Russian White breed were vac-
cinated 1 time subcutaneously at the age of 1 year. The blood was sampled from 
the goatlet (No. 3) born from the vaccinated female goat No. 1 at the age of 1 
month. The blood samples for investigation were collected from the adult female 
goats on the day 28 after the vaccination.  

Four pigs (Nos. 1-4) of the Large White breed weighing 25-30 kg were 
immunized 1 time with the purified concentrated PPR virus (strain 45G37/35-K) 
by 2.5 cm3 injections intramuscularly and intranasally, the titer 105 TCD50/cm3. 
The virions were purified by differential centrifugation method. For this, the vi-
rus cultural 30 cm3 suspension with the titer of 105 TCD50/cm3 was centrifuged 
at 5,000 g for 40 minutes (J68, Beckman Coulter, USA) to remove cell debris, 
the supernatant fraction was re-centrifuged through the sucrose cushion (20%, 
weight/volume) at 45,000 g for 4.5 hours (Avanti JXN-30, Beckman Coulter, 
USA). The supernatant fraction was decanted, and the precipitate was resus-
pended in 20 cm3 phosphate buffer (PBS, pH 7.2). The serum samples were ob-
tained from the blood taken from the pigs on days 0 and 28.  

Four rabbits (Nos. 1-4) of the Chinchilla breed weighing 1.5-2.0 kg were 
immunized with the purified recombinant N protein according to the following 
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scheme: No. 1 — on day 0 by intracutaneous injection into the foot pads of all 
four legs, 200 μg of N protein with the Complete Freund’s Adjuvant (CFA), and 
second time on day 25 by the intramuscular injection into the upper part of the 
thigh, then on days 50 and 57 by intravenous injection into the ear, 200 μg of N 
protein without adjuvant; No. 2 — injection of 40 μg of N protein to each leg 
similarly to No. 1; No. 3 – similarly to No. 1, but with the Incomplete Freund’s 
Adjuvant (IFA) No. 4 — similarly to No. 2, but with IFA. On day 64, the rab-
bits were dehematized post mortem. The IgG from the antisera was purified ac-
cording to the description [32]. The recombinant N protein of the PPR virus 
from the cell lysates of the pET32а/N/10 clone of E. coli obtained by us previ-
ously was purified by the metal chelate chromatography (Ni Sepharose HIS-
Select Nickel Affinity Gel, Sigma-Aldrich, USA) under native conditions. The 
protein was eluted stepwise with the aqueous solutions of imidazole (50, 100, 
250 and 500 mM). In the eluate fraction with 500 mM imidazole, the final con-
centration of the recombinant N protein after the dialysis against PBS was 
brought up to 2 mg/cm3. 

The neutralization test (NT) was performed with the 45G37/35-K strain 
of the PPR virus according to the recommendation of the OIE (World Organi-
zation for Animal Health), 2016 [2].  

The peroxidase conjugates of horseradish (Sigma, USA) with IgG or A 
protein (Sigma, USA) for the developed ELISA-based test systems were pre-
pared according to the description [33]. 

For the competitive or indirect ELISA on strips (Eppendorf, Germany) 
the purified recombinant N protein at the concentration of 0.25 μg/m3 was im-
mobilized in the carbonate-bicarbonate buffer (pH 9.6) (50 μl per well during 16 
hours at 4 С; 96-well plates, Corning, USA). Then, the wells were washed 
three times for 1.0 minute with 300 μl of PBS with 0.1% Tween 20 (PBS-t), 
then the active sites of polystyrene were blocked with PBS-t with 1% casein 
(blocking solution, 100 μl per well) during 1 hour at 37 С. Then the wells were 
washed once with PBS-t and moisture was removed. The sera were diluted in 
the blocking solution, poured into the wells (50 μl per well) and kept for 2 hours 
at 37 С. Then, after three-time washing with PBS-t, the conjugate from the 
commercial kit or the investigated conjugates diluted in the blocking solution 
were poured into the wells and incubated for 1.5 hours at 22 С, the wells were 
washed 3 times with PBS-t and then 100 μl of the chromogenic substrate ABTS, 
the 2,2'-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt, 
(Thermo Scientific, USA) was added into the wells with H2O2. After 15-20 
minutes of incubation in the dark at 22 С, the results were recorded using a 
Sunrise spectrophotometer (Tecan, Austria) at  = 405 nm (OD405).  

The commercial ID Screen® PPR Competition kit (IDvet, France) de-
signed for detecting the antibodies to the PPR virus nucleoprotein in blood 
sheep and goats was the control test system. The conjugate in this kit is the pe-
roxidase-labeled monoclonal murine antibodies to the recombinant N protein of 
the PPR virus. 

The statistical processing of the obtained data was carried out using the 
Microsoft Excel 2010 software. We determined the mean values (M) and stand-
ard errors of the mean (±SEM). The average values of the indices were com-
pared according to the Student’s t-test. The differences were considered statisti-
cally significant at p < 0.05. 

Results. Initially, in order to obtain the rabbit polyclonal antibodies to 
the nucleocapsid protein of the PPR virus, four immunization schemes differing 
in the dose of the N protein administered to the animal (40 and 200 μg) and the 
Freund’s adjuvants type (complete or incomplete) were tested. The activity of 
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blood antibodies to the N protein in rabbits was investigated by the c-ELISA 
method using the commercial ID Screen® PPR Competition kit (Fig. 1). All 
the studied sera had the titer values 1:512-1:1024. When the dilution in these 
ratios the OD405 values were more than 2.5 times lower than when the last dilu-
tion at 1:8192 or with the control sera obtained before the immunization. The 
serum after immunization of rabbit No. 1 with N protein at the dose of 200 μg 
with the complete Freund’s adjuvant turned to be the most preferred. When its 
dilution at 1:1024 the OD405 = 0.2, whereas the similar optical density according 
to the interpolation results was achieved at the dilution of 1:172 for No. 2, 1:768 
for No. 3, and 1:256 for No. 4. 

 

  
Fig. 1. Activity of blood antibody to the N protein 
in rabbits No. 1-4 (1-4) immunized with the puri-
fied recombinant nucleocapsid protein of the peste 
des petits ruminants virus (lab infection). 

Fig. 2. Titration of protein A peroxidase conjugate 
using experimental strips with the negative (a) and 
positive (b) blood sera of rabbit No. 1 diluted 1:1024 
(indirect ELISA, M±SEM, n = 4, lab infection). 

 

In the model experiment, the positive and negative blood sera of the 
rabbit No. 1 in different dilutions were added into the wells with the immobi-
lized purified recombinant N protein. After the incubation and washing, protein 
A peroxidase conjugate in dilution of 1:500 was added. The results presented in 
Figure 2 confirm that the protein A peroxidase conjugate does not interact with 
the N protein directly and detects the rabbit antibodies positive to the N protein 
up to the serum dilution at 1:16384 that testifies about high analytical sensitivity 
of this indirect ELISA. The highest ratio of the OD405 for the positive and nega-
tive serum of the rabbit No. 1 was at their dilutions at 1:2048 (see Fig. 2).  

In order to detect the antibodies to the PPR virus in goats, the strips 
were sensitized with the purified recombinant N protein. Then, the negative and 
positive goat sera taken from the commercial kit or from the rabbit No. 1 in the 
dilution of 1:2048 were separately added to the wells. After the incubation with 
protein A peroxidase conjugate, according to the reaction results, the ratio of the 
OD405 values with the positive and negative goat sera amounted to 5.54, and 
with the sera of the rabbit No. 1 to 7.99. It is important that in our experiments 
the protein A peroxidase conjugate reacted with the goat sera antibodies being a 
part of the immune complexes. Thus, the obtained results testify about the pos-
sibility to use the protein A peroxidase conjugate in the test systems for diagnos-
ing PPR by the method of indirect ELISA (see Fig. 2).  

When developing the с-ELISA, it was necessary to assess the corre-
spondence of the antigenic determinants on the N protein, with which the anti-
bodies from the goat sera and the antibodies from the serum of the rabbit No. 1 
immunized with N protein interact. We found out, whether the antibodies of the 
positive goat serum from the commercial kit block the interaction of the anti-
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bodies of the positive serum from the rabbit No. 1 with the antigenic determi-
nants of the recombinant N protein. For this, the negative or positive goat sera 
were separately added into certain wells of strips with the immobilized N pro-
tein, and into other wells — first the negative or positive goat sera from the 
commercial kit were added, and then (after the incubation for 2 hours and 
three-time washing) the negative or positive serum of the rabbit No. 1 in dilu-
tion of 1:2048 was added. After washing, protein A peroxidase conjugate in dilu-
tion of 1:2000 was added into all wells. The results are presented in Figure 3. 

 

 

Fig. 3. Indirect ELISA with immobilized recom-
binant N protein, protein A peroxidase conjugate 
and different sera: 1 and 2 — the negative and 
positive goat sera, respectively, from the com-
mercial ID Screen® PPR Competition kit 
(IDvet, France); 3 — adding the negative goat 
serum from the commercial kit followed by 
adding the negative serum of the rabbit No. 1; 
4 — adding the positive goat serum from the 
commercial kit followed by the negative serum 
of the rabbit No. 1; 5 — adding the negative 
goat serum from the commercial kit followed by 
the positive serum of the rabbit No. 1; 6 — add-
ing the positive goat serum from the commercial 
kit followed by the positive serum of the rabbit 
No. 1 (М±SEM, n = 4, lab infection). 

 

The pre-incubation of the immobilized N protein with the negative or 
positive goat serum from the commercial kit followed by incubation with the 
negative blood serum of the rabbit No. 1 leads to an unreliable change (p > 
0.05) of the OD405 indices. The successive incubation of the positive goat serum 
and the positive serum of the rabbit No. 1 led to the increase of OD405 from 
0.70 to 1.00 (p < 0.05) (see Fig. 3). It follows from the aforesaid that in the rab-
bit immunized with the purified recombinant N protein the antibodies react 
mainly with the same antigenic determinants as the antibodies from the positive 
goat serum. At the same time, there is a probability that the antibodies from the 
serum of the rabbit ¹ 1 react with the antigenic determinants which are inac-
cessible for the antibodies from the PPR-positive goat serum.  

 

Fig. 4. Titration of the of rabbit IgG-based pe-
roxidase conjugate on the experimental strips 
with the negative (a) and positive (b) sera of the 
rabbit No. 1 in dilution of 1:1024 (competitive 
ELISA, М±SEM n = 4, lab infection). 

 
For creating the test system for 

the PPR serodiagnosis in c-ELISA, 
the peroxidase conjugate based on the 
IgGs isolated from the positive serum 
of the rabbit No. 1 has been prepared. 
The prepared conjugate was titrated on 
the experimental strips with the puri-
fied recombinant N protein immobi- 

lized in wells in the dose of 0.0125 μg per well and with using the negative and 
positive sera of the rabbit No. 1 in dilution of 1:1024 (Fig. 4). 

According to the results of c-ELISA, the ratio of OD405 with the nega-
tive and positive sera of the rabbit No. 1 with the conjugate amounted to 2.66 at 
1:500 dilution, to 3.60in at dilution 1:1000 , 3.38 at 1:2000, 4.25 at 1:4000, and 
1.59 at 1:8000. The 1:4000 dilution of the conjugate has been adopted as the 
operating dilution. The conjugate has not reacted with the control antigen pre-
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pared from the untransformed 16-hour E. coli culture Rosetta 2(DE3)pLysS. 
Then, in c-ELISA on the experimental strips with using the conjugate 

we prepared or the commercial conjugate, we compared the commercial goat 
sera with the sera of the rabbit No. 1 (Table 1). In case of both conjugates the 
results were positive, but the ratio of the OD405 values for the negative and posi-
tive goat sera with the commercial conjugate was higher than with the peroxidase 
conjugate of the IgGs of the rabbit No. 1. 

1. Comparison of the negative and positive goat sera from the commercial ID 
Screen® PPR Competition kit (IDvet, France) and the sera of the rabbit No. 1 
(competitive ELISA, M±SEM, n = 3, lab infection) 

Serum 
Experimental conjugate, 1:4000 Commercial conjugate 

serum of the rabbit 
No. 1 

commercial goat sera 
serum of the rabbit  
No. 1 

commercial goat sera 

Negative () 0.63±0.04 0.46±0.03 0.56±0.05 0.59±0.03 
Positive (+) 0.08±0.01 0.17±0.01 0.07±0.01 0.10±0.00 

/+ 7.9 2.7 8.0 5.9 
 

2. Comparison of neutralization test and competitive ELISA (experimental test sys-
tem) for vaccinated goats and pigs inoculated with the peste des petits ruminants 
virus (M±SEM, n = 3, lab infection) 

Serum 
Animals  

pigs goats 
No. 1 No.  2 No.  3 No.  4 No.  1 No. 2 No. 3 

N e u t r a l i z a t i o n  t e s t  
Titer  1:64 1:128 1:64 1:128 1:32 1:128 1:4 

C o n c u r r e n t  E L I S A  t e s t   
Negative () 1.21±0.13 1.17±0.09 0.89±0.07 0.90±0.08 0.30±0.02 0.32±0.02 0.33±0.04 
Positive (+) 0.33±0.05 0.32±0.02 0.30±0.02 0.33±0.01 0.18±0.01 0.10±0.01 0.17±0.01 

/+ 3.7 3.6 3.0 2.7 1.7 3.2 1.9 
 

Using the components of the experimental test system, i.e. the strips with 
the immobilized purified recombinant N protein and IgG peroxidase conjugate of 
the rabbit No. 1 immunized with N protein, the sera of four pigs inoculated with 
the purified vaccine PPR virus (Nos. 1-4), two vaccinated female goats (Nos. 1 
and 2) and a 1-month-old baby goat (No. 3) born from the vaccinated goat (No. 
1) were investigated (Table 2). All sera of the pigs inoculated with the purified 
PPR virus turned out to be positive in the c-ELISA because the ratio of the OD405 
values for the negative and positive sera was more than 2.5. Among the two vac-
cinated goats, the antiserum of the goat No. 2 turned out to be positive. According 
to NT data, all investigated sera were positive, however, the titer of the virus-
neutralizing antibodies in goat No. 2 was higher than in goat No. 1. The obtained 
data testify that in the competitive variant of ELISA, the peroxidase conjugates 
obtained on the basis of IgGs of the rabbits immunized with the purified recombi-
nant N protein of the PPR virus can be used for diagnosing the PPR virus. 

The advantage of serological analysis of PPR is that antibodies to the 
PPR virus can be detected in convalescence animals [34]. We compared the re-
sults of indirect ELISA obtained with the system developed by us and with the 
test system of Indian specialists, in which the purified virions of the attenuated 
PPR virus grown in the Vero cell culture were used as the antigen, and the pe-
roxidase conjugate of the rabbit IgG was used against the goat IgG [17]. The test 
system included the standard controls (conjugate, negative goat and sheep serum 
with high and low antibodies’ titer values). The average values of OD405 in goats 
in the case of negative sera and sera with high and low antibody titer values were 
respectively 0.19±0.07, 1.13±0.09 and 0.75±0.08. However, OD405 values with 
the samples of control panel of the sheep serum were 0.15±0.05, 0.95±0.08 and 
0.49±0.07. In the opinion of the authors of that paper, this is due to the incom-



1232 

plete cross-reactivity of the anti-goat conjugate with the sheep antibodies. The 
average values of OD405 for the “zero” control reaction (the reaction between 
the convalescent goat antibodies to the PPR virus and the conjugate in the ab-
sence of the antigen) and for the control with the conjugate without antibodies 
were respectively 0.14±0.05 and 0.12±0.02 [17]. In our researches with the ex-
perimental test system for indirect ELISA with the negative and positive goat 
sera from the commercial kit, the OD405 value amounted to 0.13 and 0.70, and 
with the negative and positive rabbit sera No. 1 when the dilution in 1:1024 ra-
tio, it was 0.09 and 0.74. It is known that goat immunoglobulins weakly bind to 
A protein [35]. It was also reported that binding of the antigen by the Fab frag-
ments increases the affinity between the Fc fragment of IgG and A protein [36]. 
This expands the possibility of using A protein in ELISA because it makes it 
possible to use animal IgGs weakly interacting with it. Thus, the goat and sheep 
IgGs bound to the antigen interact with A protein 100 times more intensive 
than without the antigen. It is important to note that in our experiments, the A 
protein’s peroxidase conjugate have reacted with the goat serum antibodies. So, 
the obtained results testify about the possibility of using of the A protein’s pe-
roxidase conjugate in the test systems for diagnosing PPR by the method of 
indirect ELISA.  

In order to replace the neutralization test when wide-scale investigation 
of animal blood, it was previously proposed to use the c-ELISA based test sys-
tem in which the lysate of the cell culture infected with the attenuated strain of 
the PPR virus and the monoclonal antibodies obtained for the neutralizing 
epitope of H protein were used as the antigen [37]. In the opinion of the cited 
publication’s authors, the advantages of the said test system are the simplicity, 
quick obtaining of the result, less dependence on the serum samples’ quality 
and convenience when investigating a large number of samples. Its sensitivity 
relative to the NT (neutralization test) was 92.2%, specificity – 98.4%. The 
authors note that usually in blood, the antibodies’ titers in c-ELISA were by 1-
3 log2 lower than in NT. Typically, the antibody titers in NT after the vaccina-
tion, especially in sheep, ranged from 1:8 to 1:16. The sera with low antibody 
titer values in NT were negative in c-ELISA. Therefore, for identifying positive 
samples it was proposed to choose the low cut-off (average negative value +2 
standard deviations) [38]. 

So, it was found that in rabbits immunized with the purified recombinant 
N protein of the peste des petits ruminants (PPR) virus, the antibodies which 
react mainly with the same antigenic determinants of this protein as the antibod-
ies of the PPR-positive goat serum are produced. We have created and tested the 
experimental test system for the PPR serodiagnostics by competitive ELISA (c-
ELISA) based on the recombinant N protein and peroxidase conjugate based on 
IgGs from the N-protein-specific rabbit serum. When using the proposed test 
system, it was shown that the animal sera with titers of the antibodies to the 
PPR virus in the neutralization test of 1:64 and higher in c-ELISA were positive. 
In terms of the ratio of the OD405 values for negative and positive goat sera, the 
results obtained using the commercial ID Screen® PPR Competition test system 
(IDvet, France) were 2 times higher than with the experimental one. The ob-
tained results allow us to positively evaluate the perspective of indirect and com-
petitive ELISA-based test systems we created for the PPR serodiagnosis.  
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A b s t r a c t  
 

Classical swine fever (CSF), the highly contagious viral disease, remains the major threat to 
pork industry in top ten pork producing countries save the United States. Disease outbreaks and 
following restrictions in international trade are causing major economic losses worldwide. Wild boars 
are the natural reservoir of the virus. They represent high danger to pork industry in regions with 
high density of wild boar population. Live attenuated vaccine has been used in Russia for decades for 
the total swine population vaccination. Today Russia belongs to world leaders in the pork produc-
tion, but it still has to be recognized as CSF virus (CSFV) free country (or region) to be incorpo-
rated in a global market. The first step in this direction would be the implementation of non-
replicating marker vaccines, allowing the differentiation between infected and vaccinated animals 
(DIVA). Here we first report results of recombinant E2 protein-based vaccine formulations trial in 
Russian Federation, where optimal administration protocol, adjuvant, dosage of specific component 
were selected. From the formulations tested, safe and effective vaccine formulation was selected, that 
needs to be tested for antigen stability and immunity duration in vaccinated animals, and then un-
dergo clinical trial on farm. The aim of our study is the development of the vaccine based on CSFV 
recombinant surface glycoprotein E2 according to requirements for the country/region free of CSFV. 
We performed the series of animal trials on Sus scrofa Landrace-Duroc breed (total number of pigs 
84, divided into 9 experimental and 2 control groups) to assess the vaccination schedule, antigen 
dosage, and choice of adjuvant. Highly pathogenic CSFV Shi-Men strain was used for challenge in 
5½105 LD50 dose (ARRIAH collection). Double parenteral administration of 10 g or 30 g of anti-
gen as well as single administration of 30 or 60 g of E2 had not provided sufficient level of protec-
tion. Oil adjuvant was reactogenic at the inoculation spot even when used once, while polymeric 
adjuvant has not produced local or systemic reactions after the administration single time or twice. 
Double administration with the vaccine containing 60 µg of the antigen and polymeric adjuvant has 
completely protected pigs from the death after the challenge, while in non-vaccinated/challenged 
control group 5 out of 11 animals died within 14 days post-challenge. Vaccinated animals had less 
pronounced fever that lasted shorter (rise of the rectal temperature was delayed for 2 days, release of 
fever 2 days before the control challenge group), frequency and longevity of viremia and virus shed-
ding in nasal swabs were significantly (p  0.05) reduced as compared to inoculated control piglets. 
Animals in this vaccinated group gained weight every day after the challenge, being slightly behind 
non-vaccinated/non-challenged controls. The high levels of antibodies against E2 protein were detected 
in sera of vaccinated animals before the challenge and they all were negative for antibodies to Erns pro-
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tein. After the challenge antibodies to Erns proteins started to raise in sera of all animals save non-
vaccinated/non-challenged controls, thus we developed the product that may be implemented as a 
marker vaccine against CSFV. 
 

Keywords: Classical swine fever, subunit vaccine, CSF E2, adjuvant, vaccine development 
 

Classical swine fever (CSF) is a highly contagious viral disease of domes-
tic and wild pigs, which proceeds in acute, chronic and subclinical forms and 
causes significant economic damage to many countries with developed swine 
industry [1-3]. Thus, as the result of the CFS outbreaks in 1993-1998, more than 
13 million pigs were eliminated out of necessity in a number of EU countries 
(Netherlands, Germany, Spain, Belgium, Italy), and the total damage exceeded 
5 billion euros [4]. 

The causative agent of the disease is the RNA-containing virus belonging 
to the Pestivirus genus of the Flaviviridae family. The same genus includes the 
bovine diarrhea virus of I and II types and the border disease virus [5]. The ge-
nome of the CSF virus (CSFV) is represented by the single-stranded RNA mol-
ecule of positive polarity with the length of 12.3 thousand nucleotides, which 
encodes 4 structural and 8 non-structural proteins [6, 7]. The CSFV virions are 
in the form of spherical particles with the diameter of 40-60 nm. They consist of 
a nucleocapsid and a lipoprotein envelope. The nucleocapsid consists of RNA 
and C protein, the envelope is formed by three glycoproteins: Еrns (gр44/48), Е1 
(gр33) and Е2 (gр55), which owing to disulfide links form the complexes (Erns is 
homodimer, E1-E2 is heterodimer and E2 is homodimer) [8]. The protein of 
Erns has a ribonuclease activity [9]. The heterodimeric complex E1-E2 ensures 
the virus’s penetration into a cell [10]. CSFV E2 protein possesses antigenic 
epitopes on its surface that are involved in cellular and humoral immune re-
sponses to the virus: the monoclonal antibodies to this protein have the virus-
neutralizing activity [11, 12]. Besides the antibodies to the E2 protein, the anti-
bodies to Erns and non-structural NS3 protein are detected in the infected ani-
mals’ organisms [13].  

The specific CSF prevention measures in Russia are based on using safe 
and highly immunogenic live vaccines. The most effective is the CS vaccine, 
which differs from other similar drugs with the high virus content in one vac-
cination dose (no less than 105 ImD50) [14]. However, classical live vaccines do 
not allow differentiation of the vaccinated and infected animals [5, 15, 16]. This 
problem can be solved with using marked vaccines: subunit, chimeric, vector and 
DNA vaccines, among which only the subunit vaccine is available as commercial 
drug and the chimeric vaccine is licensed for use [15]. In terms of effectiveness, 
chimeric vaccines are comparable to traditional live vaccines [15, 16]. Imple-
mentation of live vaccines is related to the potential risks of recombination of 
the vaccine virus with the field one and sometimes is forbidden under the rules 
of importing animal products, therefore, the subunit recombinant vaccines based 
on the surface glycoprotein E2 of the CSF virus have been developed as a safe 
alternative to live vaccines. Subunit vaccines cause shorter immunity, require 
more time for its formation, are administered 2 times and do not ensure the 
sterile immunity [16]. Nevertheless, they are safe, ensure the animals protection 
from the control infection with the virulent virus and make it possible to apply 
the DIVA (differentiating infected from vaccinated animals) strategy [15, 17, 
18]. In vaccinated pigs, by using the method of enzyme-linked immunosorbent 
assay (ELISA) the antibodies only to E2 protein can be detected, and in animals 
that were infected with field strains of the CSF virus the antibodies to both Erns 
and E2 proteins can be detected [19, 20].  

Previously, we have obtained and characterized the recombinant E2 en-
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velope protein of the Shi-Men strain of the CSF virus [21], and the laboratory 
sample of the recombinant subunit vaccine against CSF, which protected pigs 
from infection with the virulent Shi-Men strain of the CSF virus has been de-
veloped basing on this protein [22]. In current study, we have improved the 
technology of obtaining of the CSF virus’s recombinant E2 protein, created the 
construction for the coexpression of the genes of the surface E2 glycoprotein of 
two genotypes of the CSF virus, circulating in the territory of Russia, and have 
determined the composition and dosage of the preparation, which is safe and 
able to protect the experimental animals from infection with the highly patho-
genic Shi-Men strain of the CSF virus.  

Our objective was the evaluation of optimal composition of preparations, 
recombinant protein dosage, and administration schedule for the laboratory 
samples of the recombinant subunit vaccine against the classical swine fever.  

Techniques. The laboratory samples of the recombinant subunit vaccine 
were prepared from the E2 protein of the 8Z, Shi-Men (genotype 1.1) and Al-
fort-Tübingen strains (genotype 2.3) previously obtained in the baculovirus gene 
expression system in our laboratory. The sequence encoding the ectodomain of 
the CSF virus’s surface glycoprotein E2 was amplified from the field material 
(spleen) received by the laboratory in 1997. After determining the primary nu-
cleotide sequence of the amplified fragment, the CSF virus’s field isolate (work-
ing title 8Z) was classified to the genotype 1.1 along with the highly pathogenic 
Shi-Men strain (8Z differs from the latter by 8 amino acid substitutions). Then 
the commercial vector pFastBacHTc (Life Technologies, USA) was modified. 
On the CpoI and NcoI restriction sites we cut off a fragment between the pro-
moter and the polylinker of the plasmid with the encoded histidine tag and the 
TEV-protease recognition site, and inserted the sequence encoding the signal 
peptide of secretion of the melittin bee venom toxin, which has been assembled 
from three synthetic oligonucleotides. Using the primers containing the NheI 
and EcoRI restriction sites, we amplified the part of the sequence of the E2 gene 
of the 8Z isolate (the fragment encoding the 31st amino acid at the C-terminus 
of the protein forming the transmembrane domain was excluded). As the result 
of expression of the obtained construct, we observed the production of the E2 
surface glycoprotein ectodomain of isolate 8Z secreted into the culture medium. 
The construct, which simultaneously carries two genes encoding the E2 surface 
glycoproteins of the Shi-Men (genotype 1.1) and Alfort-Tübingen (genotype 2.3) 
CSF viruses, has been was obtained synthetically (Eurogen, Russia), both genes 
are preceded by the sequence of the signal peptide of the melittin secretion and 
also have been devoid of the region encoding the transmembrane domain. The 
transfection of insect cells by the recombinant baculovirus genome, infection of 
the cells, and accumulation of the recombinant protein in the Sf-9 cell culture 
has been performed according to the technique we described previously [22]. 
Besides, we used the commercial preparation of recombinant E2 (Prionics AG, 
Switzerland). The synthetic polyacrylate (Vet-Biohim LLC, Russia), and the 
incomplete Freund’s adjuvant (Sigma Aldrich, USA) have been used as adjuvants. 
The obtained vaccines have been stored at 4 С.  

The effectiveness of different variants of recombinant subunit vaccine 
against CSF has been studied at the research facilities of the Lisiy Ostrov 
(branch of FSC VIEV RAS, Vyshny Volochyok). Piglets (n = 84) of 50-days age 
(taken from the CSF-free farm in which the prophylactic immunization with the 
live vaccine against CSF is carried out) have been used for the tests. According 
to the results of the enzyme immunoassay (ELISA), before the immunization, 
most piglets did not contain the antibodies to the CSF virus. The animals were 
distributed into groups depending on the vaccine composition, antigen content 
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and vaccination schedule.  
The vaccine preparations (2 ml) were injected intramuscularly once or 2 

times. In case of 2-times administration, the first vaccination of piglets was car-
ried out at 50-days age, the second one in 21 days. In case of one-time admin-
istration, the animals were vaccinated 21 days before the challenge. 14 days after 
the second vaccination (or 21 days after the one-time vaccination), the animals 
of all groups, except for the X group, were intranasally and intramuscularly in-
jected with 2 ml of the Shi-Men strain (1.25½105 LD50/ml) (All-Russian Re-
search Institute for Animal Health, Vladimir, Russia). Before the challenge, the 
animals of the X group (negative control) were transferred to other building in 
order to exclude the possibility of accidental infection with the CSF virus. After 
the control challenge, every second day during 2 weeks, the piglets’ body tem-
perature was measured, nasal swabs and blood samples were taken and weighing 
was performed. On day 14 after the challenge, all piglets were euthanized; the 
samples of spleen, tonsils and mesenteric lymph nodes were taken from each 
animal.  

The authors confirm that the permission to conduct the experiments 
from the Committee on Ethics and Humane Treatment of Animals of the FSC 
VIEV RAS has been received, and all the requirements for working with animals 
have been met. 

The blood sera have been investigated for the presence of the antibodies 
to the E2 protein of the CSF virus by the ELISA method in the commercial test 
systems (CSF-SEROTEST, Vetbiochem, Russia) and the antibodies to Erns pro-
tein (Priochek CSFV Еrns, Thermo Fisher Scientific, USA) according to the at-
tached instructions. For registering the reaction results, the iMark plan-table 
photometer with the 450 nm filter (Bio-Rad, USA) has been used. The results 
have been expressed as the coupling ratio (Crat.) which has been calculated ac-
cording to the instruction of the test system’s manufacturer. The data have been 
interpreted (positive or negative serum) according to the criteria of the test sys-
tem’s manufacturer. The CSF virus RNA in the nasal swabs and sera were de-
tected by the method of polymerase chain reaction (PCR) using the commercial 
test system for the detection of classical swine fever virus by the PCR method 
(Vetbiochem, Russia); the results were designated as “+” or “”.  

The obtained data have been processed by the analysis of variance 
(ANOVA). The mean values (M) and standard errors of the mean (±SEM) have 
been calculated. In the Results section, the differences between the indices for 
the group I (the vaccine preparation recommended by us for further tests) and 
group IX (challenge control) were statistically significant at p  0.05.  

Results. Animal assignment to groups, vaccine composition, antigen con-
tent and vaccination schedules are described in Table 1. 

1. Design of the experiment on comparison of different vaccination schedules and 
subunit vaccines against the classical swine fever (CSF) (research facilities of 
Lisiy Ostrov, FSC VIEV RAS, Vyshny Volochyok)  

Group Vaccines  
Piglets number per group  

total 
E2 seropositive on day of  
the 1st or single immunization 

D o u b l e  v a c c i n a t i o n  
I  E2 protein of8Z, 60 μg, synthetic polyacrylate 15 6 
II  E2 protein of 8Z, 30μg, synthetic polyacrylate  10 4 
III  E2 protein of 8Z, 10 μg, synthetic polyacrylate  5 2 
IV  E2 protein of Shi-Men + Alfort-Tübingen, 30 μg, 

Freund’s incomplete adjuvant 5 2 
V  E2 protein of 8Z, 30 μg, Freund’s incomplete adjuvant 15 5 
VI  Commercial E2 preparation, 60 µg, synthetic polyacrylate 5 0 
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Continued Table 1 

S i n g l e  v a c c i n a t i o n  
VII  E2 protein of 8Z, 60 µg, synthetic polyacrylate 4 2 
VIII  E2 protein of 8Z, 30 µg, Freund’s incomplete adjuvant 5 2 

C o n t r o l s   
IX  Challenge control (unvaccinated animals infected  

at the 84-days age) 11 4 
X  Negative control (unvaccinated and uninfected animals)  8 5 
N o t e. Under double vaccination of piglets, the 1st one was performed at the age of 50 days, the 2nd one — 21 
days after the 1st vaccination; the control challenge was made 14 days after the second vaccination. Single vac-
cination was performed at the age of 64 days, the control challenge — 21 days after the vaccination.  
 

2. Effectiveness of different vaccination schedules and CSF subunit vaccines (re-
search facilities of Lisiy Ostrov, FSC VIEV RAS, Vyshny Volochyok) 

Group Vaccines  
Piglets 

infected 
with fever 
above 41 С 

sick dead 

I (n = 15) E2 protein of 8Z, 60 μg, synthetic polyacrylate 15 6 0 0 
II (n = 10) E2 protein of 8Z, 30μg, synthetic polyacrylate  10 3 1 0 
III (n = 5) E2 protein of 8Z, 10 μg, synthetic polyacrylate  5 5 5 1 
IV (n = 5) E2 protein of Shi-Men + Alfort-Tübingen, 30 μg, 

Freund’s incomplete adjuvant 5 0 0 0 
V (n = 15) E2 protein of 8Z, 30 μg, Freund’s incomplete 

adjuvant 15 4 2 2 
VI (n = 5) Commercial E2 preparation, 60 µg, synthetic poly-

acrylate 5 3 0 0 
VII (n = 4) E2 protein of 8Z, 60 µg, synthetic polyacrylate,  

single vaccination 4 4 4 3 
VIII (n = 5) E2 protein of 8Z, 30 µg, Freund’s incomplete 

adjuvant, single vaccination 5 5 1 0 
IX (n = 11) Challenge control (unvaccinated animals infected  

at the 84-days age) 11 11 11 5 
X (n = 8) Negative control (unvaccinated and uninfected 

animals)  0 0 0 0 
  

Fig. 1. Rectal temperature (A) and 
increase in body weight (B) in piglets 
upon different vaccination schedules 
and CSF subunit vaccines (research 
facilities of Lisiy Ostrov, FSC VIEV 
RAS, Vyshny Volochyok). See groups’ 
descriptions in Table 1. The aster-
isks indicate the points for which 
the differences between groups I 
and IX are statistically significant at 
p < 0.05. 

 
The experiment re-

sults showed (Table 2) that 
the injection of all samples of 
the vaccine against the CSF 
has not followed by general 
suppression of the condition 
and the increase in body tem-
perature of the piglets. The 
control challenge of the un-
vaccinated animals (group IX) 
led to the development of the 

typical clinical manifestations. On day 14 after the challenge, 5 of 11 piglets in 
this group died (mortality 45.5%), the rest ones showed a significant decrease in 
body weight. In groups III and VII, the mortality rate was 20.0 and 70.0% re-
spectively. Up to 8th day after the challenge, a fever was found in the animals 
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of group VIII, after that the temperature returned to normal value. In groups 
I, II, IV, V and VI, a moderate and short-term increase in temperature oc-
curred, and only in some animals the temperature of 41°C was registered (Fig. 
1, A, see Table 2). 

The maximum decrease in body weight was observed in piglets of groups 
III and VII: the registered values were identical to those in group IX (challenge 
control) – the uniform decrease of these indices was observed from the 1st to 
the 14th day after the challenge (see Fig. 1, B). In groups I, II, IV, V, VI, and 
VIII, either there was no any decrease in the animals’ body weight, or it mani-
fested in a significantly lesser extent (p  0.05). Moreover, from days 4-8 after 
the challenge, in groups I, IV, V and VI the complete restoration of the dynam-
ics of increase in body weight occurred that is characteristic for the control (un-
infected) piglets.  

3. Blood level of antibodies to CSFV proteins Erns and E2 (Cbind. as per instructions 
of test kit manufacturers) in piglets upon different vaccination schedules and CSF 
subunit vaccines (research facilities of Lisiy Ostrov, FSC VIEV RAS, Vyshny Volo-
chyok) 

Group Vaccines 
Vaccination Challenge with Day 14 after the challenge 

1st/single 2nd Е2 Еrns Е2 
Еrns 

Cbind. “+”, % 
I  E2 protein of 8Z, 60 μg, 

synthetic polyacrylate 60.72 (+) 67.10 (+) 104.89 (+) 18.59 () 107.35 (+) 47.42 (+) 73.3 
II  E2 protein of 8Z, 30μg, 

synthetic polyacrylate 53.17 (+) 57.05 (+) 105.29 (+) 17.94 () 108.37 (+) 45.95 (+) 70.0 
III  E2 protein of 8Z, 10 μg, 

synthetic polyacrylate 70.00 (+) 57.90 (+) 81.44 (+) 23.14 () 108.40 (+) 52.98 (+) 80.0 
IV  E2 protein of Shi-Men + Al-

fort-Tübingen, 30 μg, 
Freund’s incomplete adju-
vant 69.66 (+) 67.50 (+) 71.96 (+) 27.88 () 105.28 (+) 50.84 (+) 60.0 

V  E2 protein of 8Z, 30 μg, 
Freund’s incomplete adju-
vant 62.95 (+) 71.11 (+) 86.51 (+) 22.48 () 103.65 (+) 31.88 () 53.8 

VI Commercial E2 preparation, 
60 µg, synthetic polyacrylate 43.94 () 40.36 () 101.78 (+) 0.12 () 112.26 (+) 35.10 () 60.0 

VII E2 protein of 8Z, 60 µg, 
synthetic polyacrylate,  
single vaccination 62.83 (+) nd 47.93 () 24.78 () 107.40 (+) 55.70 (+) 100 

VIII  E2 protein of 8Z, 30 µg, 
Freund’s incomplete adju-
vant, single vaccination 60.26 (+) nd 81.64 (+) 25.10 () 108.84 (+) 44.50 (+) 60.0 

IX Challenge control (unvac-
cinated animals infected  
at the 84-days age) 51.00 (+) 41.15 () 39.89 () 14.25 () 51.07 (+) 30.30 () 33.3 

X Negative control (unvac-
cinated and uninfected 
animals) 63.64 (+) 50.17 (+) 47.58 () 5.51 () 41.38 () 9.70 () 0 

N o t е. nd — no data; “+”/“”— presence/absence of the relevant antibodies in ELISA test.  
 

The average values of the relative content of antibodies (Cbind., %) to E2 
and Erns proteins in the piglets’ blood serum are given in Table 3. 2 weeks after 
the second immunization, the seroconversion to E2 protein was found in all 
vaccinated animals, while in unvaccinated animals by this time the status was 
seronegative. After the control challenge, in vaccinated animals, the content of 
antibodies to E2 continued to increase. As of the moment of the challenge, the 
antibodies to Erns protein have not been detected in all piglets, however, on the 
14th day after the challenge such antibodies were found in most infected ani-
mals. The minimum share of the animals which manifested the positive response 
to Erns has been found in groups IV, V, VI, VIII and in the challenge control 
group. It is necessary to remember that seronegative animals should be vaccinat-
ed (in our case, most animals reached this status by the age of 50 days), because 
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a high level of maternal antibodies may adversely affect the development of the 
immune response after the vaccination [23, 24]. 

 

 

Fig. 2. Detection of CSF virus RNA in 
nasal swabs (A) and viremia (B) in pig-
lets upon different vaccination schedules 
and CSF subunit vaccines (research 
facilities of Lisiy Ostrov, FSC VIEV 
RAS, Vyshny Volochyok). For PCR 
analysis; see the description in Table 
1; the differences of the patterns 
when detecting the virus in the nasal 
swabs and blood of animal groups I 
and IX are statistically significant at 
p < 0.05.  

 
The data on viremia 

and detection of CSF virus 
in nasal swabs after the con-
trol challenge of the piglets 
are given in Figure 2. The 
vaccine preparations have 
not ensured the sterile im-
munity: viremia and presence 
of CSF virus in nasal swabs 
were detected in all experi-
mental groups. The highest  

values were in groups II, III, and VII, and the lowest in groups I, IV and V (see 
Fig. 2, A). It is noteworthy that the data on virus isolation are positively corre-
lated with the clinical manifestations of CSF. In the blood serum of the animals 
of groups III, VII and IX, the CSF virus was detected on the 6th and 8th day, 
then the viremia was found in at least 80% of the animals of these groups. At the 
same time, in the groups I, II, IV, V and VI, the peak of viremia occurred on 
the 6th day, and already from the 8th day less than half of the animals contained 
the virus in the blood, after that the share of positively reacting animals contin-
ued to decrease (see Fig. 2, B). It is known that the absence of sterile immunity 
is characteristic of both live and subunit vaccines against CSF, however, a signif-
icant decrease in viral load allows us to conclude that this vaccine is highly ef-
fective [25]. 

The analysis of the obtained data shows that the vaccine preparations 
used in groups I, IV, and VI have ensured a sufficient degree of protection after 
the control challenge. However, the emulsified preparation with the antigen dose 
of 30 μg, having demonstrated good results in average, has not prevented the 
lethal development of the disease in two piglets. Moreover, even a single applica-
tion of this preparation was followed by the development of reactogenicity (Fig. 3, 
A, B) that excludes the possibility of using such preparations in production condi-
tions. The comparison of the efficiency of the application schedules with 1-time 
and 2-time vaccination testifies about the advantage of the latter one that is con-
sistent with the data previously obtained from other researchers [1, 26]. 

 Some authors report that single application of the E2-based recombi-
nant subunit vaccine showed itself to be effective [27, 28] that may be due to the 
successful choice of the adjuvant, the introduction in the vaccine composition of 
additional immunostimulating molecules and using the piglets being completely 
naive to the CSF virus.  

It is worth noting individually that it is necessary to include in the vac-
cine composition of the E2 proteins of both genotypes (group IV). Only one of 
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the four antigenic epitopes of E2 in the main genotypes of the CSFV is con-
servative [1, 29, 30] that may lead to lowered efficiency of the recombinant vac-
cine when infection with heterologous strains of the CSFV [31]. Considering the 
fact that in the territory of Russia the circulation of: 1 (historical) and 2 [32, 33] 
CSFV genotypes are shown, the necessity to include in the vaccine composition 
of the E2 proteins of the both CSFV genotypes is not in doubt. The researches 
we performed have shown that such vaccine by its efficiency is not inferior to 
the preparation based on the E2 protein of the genotype 1 of the CSF virus. 
However, the oil adjuvant used in the manufacture of this preparation caused a 
reactogenicity, therefore, it is necessary to compare the efficiency of the prepa-
rations based on synthetic polyacrylate including those when inoculation of the 
animals with highly virulent strains of different CSFV genotypes.  

 

Fig. 3. Reactogenicity upon immunization and pathological changes in piglets challenged with CSF 
virus upon different vaccination schedules and CSF subunit oil adjuvant vaccines (research facilities 
of Lisiy Ostrov, FSC VIEV RAS, Vyshny Volochyok; see the description in Table 1). 

A: The muscle tissue is unchanged, the animal of group VIII. 
B: Muscle tissue, the injection site, the animal of group VIII. Diffusely spaced white milliary 

nodules are visible. 
C: Muscle tissue, the injection site, the animal of group V. Diffusely spaced white diffuse mil-

iary nodules are visible. 
D: Tonsil of the animal of group I. Without changes. 
E: Tonsil of the animal of group IX. Erosive-ulcerative lesion of the mucous coat with the area 

of necrosis (black) and the strongly pronounced inflammatory reaction around the pathological re-
gion. 

F: Spleen of the animal of group I. Elastic consistency. The edges are sharp. 
G: Spleen of the animal of group IX. From the parietal and visceral surface of the necrosis area 

of gray-white color, local regions of hemorrhages located mainly along the organ’s edge. 
H: Mesenteric lymph node of the animal of group I. Without changes. 
I: Mesenteric lymph node of the animal of group IX. The capsule is sharply tense, the paren-

chyma at the section has extensive hemorrhages. 
 

So, as the result of the researches, the preparation based on the recom-
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binant vaccine against the classical swine fever (CSF), which combines safety 
and high efficiency, has been found. The two-time immunization with the vac-
cine containing E2 (60 μg/dose) of the 8Z strain of genotype 1 of CSFV and 
based on synthetic polyacrylate as an adjuvant ensured the apparent humoral 
immune response with the high degree of defense against the clinical manifesta-
tions of CSF and has not followed by the manifestation of reactogenicity. The 
application of the recombinant vaccine against the CSF has made it possible to 
differentiate the vaccinated and infected animals. 
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A b s t r a c t  
 

Schmallenberg disease, a transmissive vector-borne arbovirus infection affecting cattle, 
sheep and goats of all age groups, which may lead to significant economic losses. In the Russian 
Federation, specific antibodies against the causative agent of Schmallenberg disease were first detect-
ed in April 2013 and 2014 in the Andreapolsky and Konakovsky districts of the Tver region. In Oc-
tober 2014, specific antibodies were detected in cattle blood in one of the farms of the Novo-
sokolnichesky district of the Pskov region. In this study we provide an overview of the serological 
and molecular surveillance for Schmallenberg virus (SBV) in the Russian Federation in 2014-2016. 
Testing of serum samples from cattle born and raised in regions sharing border with previously af-
fected EU countries demonstrated seroconvertion in sentinel animals. The current findings raise 
concerns with regard to a possible SBV distribution and circulation in Russian cattle. We for the first 
time report the detection and isolation of SBV in cattle imported into Russia from EU. The virus 
was isolated on Vero cells and sequenced. The S gene sequence analysis showed 100 % identity of 
the recovered SBV strain to those isolated in Northern Europe in 2012. 

 

Keywords: Schmallenberg virus (SBV), continuous Vero cell culture, polymerase chain 
reaction (PCR), phylogenetic analysis, sequencing 

 

For the first time, the disease caused by the Schmallenberg virus was dis-
covered in North Rhine-Westphalia (Germany) and in the northwest of the 
Netherlands. It is a transmissive arbovirus infection affecting cattle, sheep and 
goats of all age groups, which is characterized by fever, exhaustion and decrease 
of milk yield. The distinctive feature of the disease is that the contamination of 
animals at the stage of pregnancy leads to abortions and stillbirths that entails 
significant economic losses in case of mass spread of the infection [1]. 

The causative agent of the ShV belongs to the Bunyaviridae family of the 
Orthobunyavirus genus of the Simbu serogroup. ShV has the genome consisting 
of S (short), M (medium) and L (long) segments and is represented by single-
stranded RNA [1, 2]. The disease’s incubation period lasts from 1 to 4 days, and 
the viremia – from 1 to 5 days. Upon the experimental challenge of sheep and 
goats, the clinical signs appear on the 3rd and 5th days [3]. In infected fetuses, 
the virus is primarily found in the brain. In sick animals, the virus can be isolat-
ed from the blood. In molecular studies, the genome of the Schmallenberg virus 
can be detected in the blood, organs of infected fetuses, in placenta, amniotic 
fluid, and meconium [4]. 

The ShV is transmitted in a vector-borne way through blood-sucking in-
sects which are spread throughout the territory of the Russian Federation [5]. 
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The significance of the ShV transmitting agents under agroclimatic conditions of 
Russia (taking into account the found out biodiversity of biting midges) is cov-
ered in the review of A.V. Sprygin et al. [6]. The important role in the animals’ 
contamination is played by the season of a year, depending on which the popu-
lation of blood-sucking insects varies. The main biological transmitters of the 
Schmallenberg virus are the biting midges belonging to the Ceratopogonidae 
family of the Culicoides genus, which are ones of the smallest blood-sucking dip-
teran insects of gnats [5]. It was found out that this virus replicates in the sali-
vary glands of female biting midges for 4-16 days depending on the ambient 
temperature and humidity [3, 7]. Previously, entomological studies showed that 
ShV has been found out in the pools of biting midges (Сulicoides obsoletus, C. 
dewulfi, C. pulicaris, C. punc-tatus), selected in the territories of a number of 
European countries (Denmark, Norway, Netherlands, Germany, Belgium, Italy 
and Poland) [8-11]. It is known that ShV is transmitted also by bites of other 
bloodsucking insects including mosquitoes of the Culicidae family [12, 13]. To 
date, the vertical transmission of this virus through a placenta has been proven, 
wherein the direct transmission is unlikely. Also, ShV is found in the semen and 
embryos taken from infected farm animals [14]. The properties of ShV are de-
scribed in more detail in the review of A.V. Sprygin et al. [7].  

The distinctive epidemiological feature of ShV is a high interherd and 
low intraherd prevalence. The researches conducted in the period from June to 
September 2016 on sheep in Belgium showed the significant increase in the total 
(from 25 to 62%) and interherd (from 60 to 96%) seroprevalence in respect of 
the Schmallenberg virus that indicates the most widespread recirculation of this 
pathogen since its first appearance in 2011. The ShV circulation has been con-
firmed by the detection of the virus’s RNAs in the pools of Culicoides obsoletus 
biting midges collected around the Antwerp city (Belgium) in August 2016, 
wherein the minimum morbidity rate of the animals reached 3% [15].  

The ShV outbreaks were detected in 2012-2014 in the EU countries 
(Netherlands, Germany, Belgium, England, France, Italy, Spain, Denmark, 
Luxembourg, Switzerland, Sweden, Austria, Poland, Finland, Ireland, Norway, 
Greece, Slovenia, Latvia and other ones) [15, 16]. In the period of 2011-2012 in 
the territory of Russia, the monitoring of the imported and local animals had 
been carried out, which has not found the antibodies to ShV in the local farm 
animals [17]. For the first time in the territory of the Russian Federation, the 
specific antibodies to ShV were detected in April 2013 and 2014 in the Andre-
apolsky and Konakovsky districts of the Tver region when investigating the blood 
serum from cattle in the course of the epizootic monitoring [18, 19]. In October 
2014, the specific antibodies to ShV were also found in the blood of cattle in 
one of the farms in the Novosokolniki district of the Pskov region [20]. 

The Schmallenberg virus is diagnosed basing on the clinical signs and 
detection of the viral genome by the PCR method in real-time [21], as well as 
basing on the virus isolation in insect cell cultures (KC), Syrian hamster kidney 
(ANC), African green monkey kidney (Vero) or its detection (as the virus kin-
dred to the Akabane disease virus) when intracerebral infection of sucking mice. 
ShV can be isolated from the blood of infected adult animals and from different 
tissues of an infected fetus, in particular, from brain biomaterial [22]. For sero-
logical diagnostics, the enzyme-linked immunosorbent assay (ELISA), indirect 
immunofluorescence and the virus neutralization test are used [23].  

The insufficient knowledge of the causative agent of ShV and unavaila-
bility of the precise data about its transmitters in the territory of Russia stimulate 
the monitoring studies of both the farm animals bred in the territory of the Rus-
sian Federation and the animals imported from the EU.  
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In this publication, for the first time we have summarized the results of 
the monitoring studies on ShV conducted in Russia from 2014 to 2016. Also, the 
detection of the PCR-positive animals imported from the EU in 2016 and the 
discovery in 2015 and 2016 of the seroconversion to Schmallenberg virus in cat-
tle animals born and raised in the regions of Russia, which border on the EU 
countries where the situation with the Schmallenberg virus is adverse, are de-
scribed for the first time.  

The objective of our work is to accomplish the monitoring molecular-
biological investigations of the samples of blood serum and blood from the im-
ported and native cattle animals for the presence of the Schmallenberg virus. 

Techniques. We used the samples of stabilized blood and serum from the 
quarantine animals (heifers) imported from EU countries to Russia, as well as 
from the local cattle animals. A total of 33,542 stabilized blood samples and 
16,749 serum samples of the animals from Voronezh, Vladimir, Kaluga, Bry-
ansk, Ryazan, Rostov, Kirov, Kaliningrad, Leningrad, Ivanovo, Kirov, Tyumen, 
Rostov, Yekaterinburg, Vologda, Moscow, Pskov, Smolensk, Volgograd, Tver, 
Lipetsk, Sverdlovsk, Novosibirsk, Tula, Nizhny Novgorod and Kursk regions, 
Altai Krai, Krasnoyarsk Krai, Karachay-Cherkess Republic, Republic of Bash-
kortostan, Republic of Crimea, Chuvash Republic, Republic of Dagestan, Re-
public of Tatarstan, from the Republic of Tajikistan, as well as from the EU 
countries: France, Germany, Hungary, Austria, Poland, Denmark, Netherlands, 
Czech Republic, Slovakia and Finland have been investigated. All the samples 
were taken within the period from 2014 to 2017.  

The antibodies to ShV had been detected in these bovine sera using the 
ID Screen® Capripox Double Antigen Multi-species commercial kit according 
to the instructions of the manufacturer (“IDvet”, France). 

To assess the serological status of the cattle animals born and raised in 
the territory of the Russian Federation (aboriginal cattle) in some regions, the 
blood serum samples taken from the animals in the spring and autumn periods 
have been used. The cases when the antibodies were absent in such samples tak-
en in the March-May period, but were detected in the autumn period in the 
animals which before were seronegative, have been considered as seroconversion.  

The total RNA had being isolated from 100 μl of stabilized blood using 
the QIAamp Viral RNA kit (“Qiagen”, Germany).  

The PCR in real-time (RT PCR) has been performed according to the 
protocol described hereinbefore [21].   

The isolate of Schmallenberg virus isolated from the cattle animals im-
ported to the Kaliningrad region from Germany had being identified in regards 
to the S segment using the described primers [24]. The primary nucleotide se-
quence had being determined with the forward and reverse primers (Applied Bi-
osystems® 3130l Genetic Analyzer, “Applied Biosystems, Inc.”, USA). The nu-
cleotide sequences had being equalized using the BioEdit program 
(https://softfamous.com/bioedit/), the dendrograms have been plotted using the 
ME-GA 4 software (http://www.megasoftware.net/). 

The ShV was isolated from stabilized blood. The blood cells were precip-
itated by centrifugation for 10-15 minutes at 2,000 rpm, then resuspended with 
overbuffer saline (OBS, pH 7.2-7.4) and reprecipitated; this procedure was re-
peated three times. The washed cell fraction was resuspended in sterile OBS 
having adjusted the volume to the original value. In the obtained samples, the 
cells were destroyed by ultrasonic vibration (Sonopuls HD 3100, “Bandelin elec-
tronic GmbH & Co. KG”, Germany) under the amplitude of 16-18 μm (2 times 
for 30 seconds each with the time interval of 60 seconds). The resulting material 
was used for the virus isolation in the passaged cell culture of the cells of African 
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green monkey (Vero). The stages of isolation had being monitored by the real 
time PCR method.   

The cells were grown in 50 cm3 plastic culturing bottles (“SPL Life Sci-
ences Co., Ltd”, Korea) until the formation of a monolayer. After that, the 
growth medium (manufactured by the FSBI ARRIAH (Federal State Budgetary 
Institution “All-Russian Research Institute for Animal Health”) was removed, 
the virus-containing material was added and the resulting mixture was incubated 
for 1 hour at 37°C to adsorb the virus on the monolayer, then the supporting 
nutrient medium (SNM, manufactured by the FSBI ARRIAH) was added. The 
infected cell culture had been being examined daily using the microscope for the 
presence of the characteristic morphological changes. Upon the manifestation of 
the cytopathic effect (CPE) in 70-80% of the monolayer’s area, the virus-
containing material was frozen at the temperature of –80°С. The infectious ac-
tivity of the viral material was determined by microtitring in the Vero cell cul-
ture using the conventional method. The virus’s titer was calculated by the Reed 
and Mench method and expressed as lg TCD50/cm3. The presence of the virus’s 
genome had been confirmed by the real time PCR [21].  

Results. In order to monitor the spreading of the Schmallenberg virus, in 
the period from 2014 to 2016, the monitoring investigations of the bovine blood 
sera samples taken from the aboriginal animals from the regions of the Russian 
Federation, as well as of the blood serum samples taken from the animals im-
ported to Russia from the EU countries (a total of 16,749 samples) had been 
being performed (Table 1, 2). The most part of seropositive animals have been 
identified in the Kaliningrad, Voronezh and Pskov regions (see Table 2). 

1. Prevalence of blood antibodies to Schmallenberg virus in cattle imported into 
Russia (ELISA test, 2014)  

Exporting country Importing region 
Test samples 

total seropositive ones, % 
France Voronezh region 522 73.9 
Germany Voronezh region, Kaliningrad region 137 5.8 
Czechia  Kursk region 10 0 
Sweden Voronezh region, Tyumen region 160 47.5 
Hungary Kaliningrad region 140 2.8 
Austria Voronezh region 21 0 
Poland Republic of Tatarstan 74 40.5 
Denmark Republic of Tatarstan 408 12.5 
Netherlands Vladimir region 53 0 
Slovakia Kaliningrad region 32 0 
 

2. Prevalence of blood antibodies to Schmallenberg virus in domestic cattle (ELISA 
test) 

Region 
Total/positive samples  

2014  2015  2016  
Voronezh region 1345/744 ni  ni  
Vladimir region 340/0 ni  ni  
Tyumen region 642/263 ni  ni  
Tver region ni 71/0 ni  
Kaliningrad region 2273/1488 500/297 431/163 
Pskov region 1756/368 645/196 504/50 
Nizhny Novgorod Region 1476/107 ni  443/0 
Kursk region 296/0 ni  ni  
Republic of Tatarstan 1933/63 500/63 ni  
The Republic of Dagestan 457/16 ni ni  
Republic of Crimea ni 621/0 ni  
Karachay-Cherkess Republic 959/106 ni ni  
N o t e. ni — not investigated. 

 

Due to the fact of detection of the antibodies to ShV in the local cattle 
animals, which have been raised in the territory of Russia, in 2015-2016, within 
a framework of the state monitoring, the paired samples of blood sera taken 
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from the aboriginal cattle animals of the Kaliningrad and Pskov regions have 
been investigated (see Table 3). 

3. Prevalence of antibodies to Schmallenberg virus in paired blood samples of do-
mestic cattle from two Russian regions (ИФА-тест) 

Province District 
Total/positive samples 

2015  2016  
spring autumn  spring autumn  

Kaliningrad  

Slavsk 36/0 36/2 36/0 36/7 
Nemansk 36/0 36/1 ni ni 
Bagrationovsk 36/0 36/7 36/0 36/10 
Nesterov 36/0 36/0 36/0 36/0 
Pravdinsk 36/0 36/0 72/0 72/17 
Krasnoznamensk ni ni 36/0 36/9 
Ozyorsk ni ni 36/0 36/0 

Pskov  

Krasnogorodsk 32/0 32/2 36/0 36/0 
Sebezh 55/0 55/2 36/0 36/12 
Palkino  55/0 55/1 ni ni 
Usvyaty ni ni 36/0 36/2 
Kunya  ni ni 36/0 36/0 
Dedovichi  ni ni 36/0 36/0 

N o t e. ni — not investigated. 
 

A B 

 
 

Fig. 1. Districts of Kaliningrad (A) and 
Pskov (B) provinces with detected serocon-
version to Schmallenberg virus: 1 — Slavsk, 
2 — Nemansk, 3 — Krasnoznamensk, 4 — 
Bagrationovsk, 5 — Pravdinsk, 6 — Palki-
no, 7 — Krasnogorodsk, 8 — Dedovichi, 
9 — Sebezh, 10 — Usvyaty (2015-2016). 
 

When the spring-autumn inves-
tigation of the paired samples of blood 
sera taken from the animals of the Ka-
liningrad region, in 2015, the antibod-
ies to ShV were detected in 10 animals, 
in 2016 in 34 ones, and in the Pskov re- 
gion in 5 and 14 animals, respectively. In each of the regions, the seroconversion 
was observed in 5 districts (Fig. 1).  

When isolating ShV in the Vero cell culture, cytopathic changes were 
detected at 4th passage 96 hours after the inoculation. The virus’s cytopathic 
effect in the Vero cell culture was initially manifested as the formation of pseu-
do-syncytium with the fusion of the outer membranes of the cells, later they 
rounded and merged into conglomerates. Upon the increase of the number of 
passages, the manifestation of cytopathic effect was found out after 48 hours of 
culturing (Fig. 2).   

The matrasses with the infected cell culture of each passage were frozen, 
thawed, and the virus’s infectious activity was determined in the Vero cell cul-
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ture. The titer of infectious activity amounted to 2.83±0.14 lg TCD50/cm3 at the 
5th passage, 3.33±0.00 lg TCD50/cm3 at the 6th passage, and 3.31±0.07 
lg TCD50/cm3 at the 7th passage. 

 

 
Fig. 2. Monolayers of the 2-day non-infected culture of Vero cells (leftward) and the cells 48 hours 
after the infection with the Schmallenberg disease virus (rightward). Light microscopy (Olympus mi-
croscope, Japan). 

 

The 256 bp length fragment of the S segment encoding the nucleocapsid 
protein was amplified to confirm the isolates’ belonging to certain species [24] 
(Fig. 3). The performed phylogenetic analysis showed that the Kaliningrad/2016 
(diagnostic) isolate of ShV has 100% homology with the isolates of ShV found in 
the Northern Europe countries (see Fig. 3) (the isolate are deposited to the AR-
RIAH strains collections). 

 

 

Fig. 3. Phylogenetic position of the Schmallenberg virus Kaliningrad/2016 (diagnostic) isolate. The 
dendrogram shows the comparison of the nucleotide sequences of the 256 bp fragment of the ge-
nome S segment 

 

Also, in the period from 2015 to 2017, the samples of bovine blood were 
examined for the presence of the Sh. virus’s genome. The genome of this patho-
gen was found in three of 33,542 analyzed samples taken from the animals im-
ported from Germany and Hungary in 2016-2017. Mainly the cattle animals im-
ported from the Netherlands, Germany, Czech Republic, Hungary, Slovakia, 
France and the animals of local origin were investigated.  

Since the detection of the Sh. virus in the territory of a number of EU 
countries in 2012 [1, 7], in the Russian Federation there has been a problem of 
the possible bringing in of this pathogen together with the breeding cattle. The 
course of infection is peculiar with the short duration of the viremia (3-5 days) 
[7] that significantly reduces the chances of detection of the virus’s genome in 
sick animals during the intravital diagnostics [4]. Because of the absence of 
mandatory ShV notification in the EU, it is almost impossible to assess the risks 
of bringing in of this infection into our country due to the wide spread of the 
virus in the EU countries.  
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The situation with the spread of ShV is primarily due to the absence of 
dew attention to the problem from the veterinary and phytosanitary services of 
European countries despite the scale of the disease spread in these countries and 
the opinion of the experts of the European Food Safety Authority (EFSA) and 
the fact  that without monitoring and mandatory notification of new cases of 
ShV it is impossible to assess the situation in a country in regard to this disease. 
The EU representatives continue to argue that the disease does not cause signifi-
cant economic damage and does not pose a risk for the livestock sector. That is 
why the EU countries do not conduct transparent monitoring studies, and in a 
case of detection of the infection, a country just confines itself to recognizing its 
territory as endemic [15].  

The results of researches of European scientists testify that since the ces-
sation of the mass spread of Sh. virus, it has firmly entrenched itself in the terri-
tory of EU [15, 25-27]. In the period from March 3 to 10, 2017, in dairy herds 
of Ireland, the antibodies to this virus were detected in a total of 256 animals. 
Also, in the Belgian sheep population an increase in seroprevalence was also 
noted between June and September 2016 [15].  

The Russian Federation is the main trading partner of a number of EU 
countries in the import of breeding cattle. Moreover, the transit of farm animals 
to Kazakhstan and other countries gets through the Russian Federation. Since 
the main transmitters of the Sh. virus are biting midges of the Culicoides genus, 
which are widespread throughout Russia, according to the reviews of the Russian 
entomofauna and analysis of the situation regarding the possible spread of ShV 
by its transmitters [6], this may potentially be the factor of the virus spreading in 
throughout the territory of the Russian Federation.   

The serological researches performed in a number of regions of the Rus-
sian Federation (see Table 1) have showed that the aboriginal cattle animals are 
seropositive to the Schmallenber virus, however, according to the official statis-
tics, any signs of congenital malformations in calves have not been found. In 
order to exclude the error, the analysis of paired samples of blood sera taken 
from the animals selected in the spring and autumn periods has been performed 
among the local (aboriginal) cattle animals of the Kaliningrad and Pskov regions. 
The results have demonstrated the circulation of the virus among the livestock 
without the manifestation of the clinical signs of the infection (see Table. 3) that 
testifies about necessity to perform in the listed regions of the entomological in-
vestigations of the biomaterial samples in the cases of clinical manifestation of 
teratogenic effect in pregnant animals. The largest number of seropositive aborig-
inal animals has been found in the Kaliningrad, Pskov and Voronezh regions in 
the areas bordering the EU countries. It is possible that the virus circulating in 
the border countries with the adverse situation is actively brought in to the terri-
tory of the Russian Federation by the transmitters or have already entrenched in 
the said regions. It is important to note that the results of the work of the scien-
tists from the EU countries [15, 26-28] testify that the Schmallenber virus possi-
bly became endemic in Europe. 

The antibodies to Sh. virus have also been detected in cattle animals in 
the Republic of Dagestan (see Table 2). It is likely that the virus entered the ter-
ritory of the republic from neighboring states (for example, Turkey), which re-
ported the spread of ShV in their territory [27]. Currently numerous data about 
the spreading of the Sh. virus outside Europe and the Caucasus appear. Thus, in 
Ethiopia and Mozambique, a mass spread of this pathogen among cattle has 
been detected [29, 30]. Moreover, the antibodies to ShV have also been detected 
in cattle animals in China [31].  

When investigating the blood sera for the presence of the Sh. virus’s ge-
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nome, it has been detected in the cattle animals imported from Hungary and 
Germany to the territory of the Kaliningrad and Tyumen regions. The detection 
of the antibodies to and the genome of the Schmallenber virus in cattle shows 
that this pathogen is already circulating in the territory of the Russian Federa-
tion and poses a serious threat in case of further spreading.  

The S segment of the Kaliningrad/2016 isolate turned out to be 100% 
homologous to the S segment of the Schmallenber virus isolates found out in 
Europe (see Fig. 5). The Sh. virus is characterized by high genetic stability de-
spite the fact that its genome is represented by single-stranded RNA. Previously, 
it was found out [32] that the Sh. virus isolates found in Hungary had 99.3% 
nucleotide homology. A group of scientists from Turkey also have found out that 
the Sh. virus was identical by its S segment to the isolates from Germany and 
Belgium (one nucleotide substitution) [24]. 

So, as the result of the researches we performed, for the first time since 
the detection of the Schmallenber virus (ShV) in the EU, it has been reported 
about detection of the seroconversion of this pathogen in the aboriginal animals 
in the regions of Russia which border on the EU countries where the situation 
with ShV is adverse, that testifies about possible bringing in and uncontrolled 
spreading of the virus in the territory of the Russian Federation. Moreover, the 
conclusion that the virus could have been brought in earlier both with the im-
ported animals and by the virus transmitters has been confirmed by the fact of 
detection of the PCR-positive animals imported from the EU. The sequencing 
of S segment in the viral isolate we isolated showed that it is identical to the 
ShV isolates circulating in the EU countries. The firm conclusion can be made 
upon the performance of the relevant entomological studies and the detection of 
the Schmallenber virus’s genome in the virus-transmitting blood-sucking insects. 
Therefore, we plan the further studying of the potential virus transmitters which 
support the virus’s persistence in the areas where the cases of seroconversion in 
the animals born and raised in Russia including those obtained from the import-
ed animals have been detected. 
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A b s t r a c t  
 

The emergence of multiresistant strains has sharply escalated in recent decades due to the 
wide use of antimicrobials. The infections caused by Staphylococcus aureus are most common in 
highly productive dairy animals. The aim of our work was to assess the phenotypic resistance of 
S. aureus strains isolated from cow milk to the main antibacterial drugs used to treat various forms of 
mastitis in the Russian Federation, as well as to determine their minimum inhibitory concentrations 
(MIC, MIC50 and MIC90). From January to December 2018 milk samples were taken from cows of 
black-motley Holstein breed at the farms of the Central region of the Russian Federation. A total of 
314 milk samples were examined and 447 potential staphylococci were isolated. All isolates were 
evaluated by conventional phenotypic methods. Only 103 isolates met all the identification criteria 
and were used for further analysis. The disk diffusion method (DDM) was used to test the suscepti-
bility of the isolated strains to the following antibiotics: penicillin (PEN, 10 U), oxacillin (OX, 10 
μg), gentamicin (GN, 10 μg), erythromycin (ER, 15 μg), and lincomycin (LN, 15 mcg), rifampicin 
(RF, 5 mcg), ciprofloxacin (CP, 5 mcg), vancomycin (VA, 30 μg), fusidine (FZ, 10 μg) (Pharma-
cotherapy Research Center, Russia; Mueller Hinton Agar, HiMedia Laboratories Pvt. Ltd., India). A 
method of double (Log2) serial dilutions of antibiotics (penicillin, erythromycin, gentamicin, and 
ciprofloxacin) in TSB medium (from 64 to 0.125 mg/l) with 5½105 CFU/ml inoculum was used to 
determine the minimum inhibitory concentrations (MIC, MIC50, MIC90) and LD50. The incubation 
was carried out at 37 C for 20 hours (220 rpm). The bacterial growth in TSB medium with antibiot-
ics was evaluated by plating on Baird Parker Agar medium (HiMedia Laboratories Pvt. Ltd., India). 
The interpretation of the results was carried out according to the recommendation of The European 
Committee on Antimicrobial Susceptibility Testing (EUCAST). The highest degree of resistance was 
observed to erythromycin (82.5 %) and fusidine (75.7 %). Seven of 103 strains tested were susceptible 
to all studied antibiotics, 96 isolates were resistant to at least one of them. When assessing multiple 
resistance (MAR), 65 (63.1 %) strains were resistant to four or more antibiotics. The predominant 
phenotypes for the isolates were ER + LN + FZ and ER + CP (58.3 % and 47.6 %, respectively). A 
total of 31 strains of the 47 isolates DDM-resistant to penicillin grew at  64 mg/l penicillin, while in 
the concentration range of  1.0 mg/l, the growth was observed in 33.0 % of the strains. Fifteen of the 
85 erythromycin-resistant isolates showed growth at MIC  64 mg/l; only 7 strains out of 18 DDM-
susceptible ones were in the MIC  0.5 mg/l range. A total of 29 (28.2 %) of the 103 studied strains 
were DDM-resistant to gentamicin, 72 (60.2 %) showed growth at MIC  0.5 mg/l, and 5 strains at 
MIC  64.0 mg/l. Only 2 of the 49 DDM-resistant strains grew at MIC  64 mg/l. It is important to 
point out that the MIC50 was not in the susceptible range for any of the studied antibiotics, and the 
MIC90 showed the susceptible range for penicillins, aminoglycosides, and fluoroquinolones (> 0.5, 
> 0.25, and > 0.25 mg/l, respectively). In our study the high phenotypic resistance indices of S. aureus 
isolates from cow milk emphasizes the importance of routine screening of S. aureus isolates for in-
ducible phenotype resistance. 

 

Keywords: mastitis, Staphylococcus aureus, antibiotics, antimicrobial susceptibility, MIC, 
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phenotypic resistance 
 

Although emergence and spread of resistant bacteria is a natural and an 
inevitable process, its rate is directly related to selective pressure of antibiotics, 
which expression, in turn, is associated with rate of their application both in 
medicine and in agriculture (animal production and health) [1].  The infections 
caused by Staphylococcus aureus are most common in highly productive dairy an-
imals. The emergence of multiresistant strains has sharply escalated in recent dec-
ades due to the constant use of antimicrobials, increasing the relevance of antibi-
otic treatment of mastitis. 

Macrolide, aminoglycoside, and penicillin groups, including such antibi-
otics as benzyl-penicillin, erythromycin, amoxicillin, and gentamicin are often 
used to treat mastitis in cows in the Russian Federation [2-4]. Findings of recov-
ery studies in vitro are an important tool at selection of the most effective anti-
microbial agent for therapeutic and preventative interference. Subinhibitory con-
centrations (sub-MIC) of antibiotics result in broad transcriptional changes in a 
bacterial cell, affecting the adhesive ability and development of antibiotic re-
sistance [5, 6]. In such a case, antibiotics are acting as signal molecules and are 
able to modulate bacterial phenotypes. It is known that sub-MIC of antibiotics, 
underlying mechanism of which lies in DNA damage, reinforce mutations in 
bacteria. Gene expression controlling formation of bio-film (BF) is induced in S. 
aureus in presence of macrolides (erythromycin, clarithromycin, and azithromy-
cin) and -lactam antibiotics (penicillin, oxacillin, cephalexin, cephalothin, and 
vancomycin) [7-9]. Cephalosporins initiate protein synthesis but do not influ-
ence on gene expression of Quorum Sensing (QS) system modulating BF for-
mation [10, 11]. Formed bio-films are resistant to wide spread antimicrobials, 
which calls for more effective approach and development of BF control strategies 
in medicine and animal health fields. 

Availability of representative sample during the microbiological analysis 
of milk is of paramount importance for making a correct diagnosis [12]. Mecha-
nisms for developing antibiotic resistance vary from spontaneous producing of 
enzyme and antimicrobial selectivity of a cell wall to efflux-systems [13, 14]. 
Traits of resistance to antimicrobial agents are encoded by genes, which may be 
transferred on bacterial chromosome, plasmids, transposone or on gene cassettes 
included in integrons [15-17]. Resistance genes rpoB, blaZ, mecA [18], aacA-D, 
tetK, tetM, ermA [19, 20], msrA (21), linA, vatA, vatB, dfrA, gyrA, grlA, cat1 to 
antibiotics of ansamycin, penicillin, aminoglycoside, tetracycline, macrolide-
lincosamide-streptogramin B, lincosamide, streptogramin, and fluoroquinolone 
groups were found in S. aureus strains [22, 23]. Penicillin resistant isolates bear 
plasmid-located gene blaZ, which encodes -lactam enzyme called penicilli-
nase [24, 25]. 

Emergence and spreading of penicillinase resistance in S. aureus is called 
the first wave of resistance, whilst development of methicillin resistance is called 
the second wave. The latter is mediated by presence of mecA gene encoding low 
affine protein binding penicillin (PBP2a) [26]. Quinolone resistance in S. aureus 
emerges stepwise due to point mutation (mainly, in topoisomerase IV subunit 
GrlA gene and helicase subunit GyrA gene), as well as expression of norA gene 
encoding NorA protein with main pumping function (NorA efflux pump). S. au-
reus isolates resistant to aminoglycosides produce three types of aminoglycoside-
modifying enzymes (AME) [27] — aminoglycoside-3-O-phosphoryltransferase 
III [aph(3)-III] [28], aminoglycoside-4-O-phosphoryltransferase I [ant(4)-I] 
[29], and aminoglycoside-6-N-acetyltrans-ferase/2O-phosphoryltransferase 
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[aac(6')/aph(2)] [30], which accordingly modify aminoglycosides kanamycin, 
tobramycin, and gentamicin [31, 32]. Study of macrolide resistance in S. aureus 
shows that erm encoding ribosomal methylase are the most common genes de-
termining the erythromycin resistance [33, 34].  

Current work for the first time describes daily activity dynamics of S. au-
reus strains isolated from milk of highly productive cows in the environment with 
high concentrations of antimicrobials. Direct correlation between the strain re-
sistances was found at evaluation by disk diffusion method (DDM) and by mini-
mum inhibitory concentrations. This work introduces information on combined 
antibiotic resistance in S. aureus strains found in cow milk in the Central region 
of Russia. 

The aim of our work was to assess the phenotypic resistance of Staphylo-
coccus aureus strains from cow’s milk to the main antibacterial drugs used to 
treat various forms of mastitis in the Russian Federation, as well as to determine 
their minimum inhibitory concentrations (MIC, MIC50 and MIC90). 

Techniques. From January to December 2018 milk samples were collrct-
ed from cows of black-motley Holstein breed (Bos taurus taurus) at the farms of 
the Central region of the Russian Federation. Samples were taken aseptically in 
milking period (from each cow in 60-70 days after calving). Samples were deliv-
ered to the laboratory in 2 hours at temperature of +4 С or in frozen state at 
temperature of 20 С.  

All isolates were assessed by commonly accepted phenotypic methods: 
microscopy evaluation of colonies by Gram coloration; growth in Baird Parker 
Agar medium (HiMedia Laboratories Pvt. Ltd., India); hemolysis in Azide 
Blood Agar Pronadisa medium (Conda, Spain); coagulase positive take (CJSC 
ECOlab, Russia); biochemical identification with the use of microbiological me-
diums and API 20 STAPH panel (BioMerieux, France). Strains for further stud-
ies were kept in vials with Trypticase Soy Broth (TSB, Merck, Germany) with 
30 % sterile glycerin (Sigma, USA) at  18 С.  

Strain sensitivity to penicillin (PEN, 10 U), oxacillin (OX, 10 μg), gen-
tamicin (GN, 10 μg), erythromycin (ER, 15 μg), and lincomycin (LN, 15 μg), 
rifampicin (RF, 5 μg), ciprofloxacin (CP, 5 μg), vancomycin (VA, 30 μg), fusidine 
(FZ, 10 μg) (Pharmacotherapy Research Center, Russia) was tested by disk diffu-
sion method (DDM) on Mueller Hinton agar medium (HiMedia Laboratories 
Pvt. Ltd., India). Screening of methycillin-resistant isolates of S. aureus (MRSA) 
was performed using disks with cefoxitin (CF, 30 μg) [35].  

Minimum inhibitory concentrations (MIC, MIC50, MIC90) and LD50 of 
antibiotics were determined by method of serial dilutions in TSB medium. To 
that effect, inoculum of tested S. aureus strains with density of 0.5 based on 
McFarland Standard was made from agar culture. Antibiotics were diluted in 
physiological solution. Double (Log2) serial dilutions of antibiotics (penicillin, 
erythromycin, gentamicin, and ciprofloxacin) in concentrations from 64 to 0.125 
mg/l were made according to methodological guidelines [36]. Approximately 
5½105 CFU/ml of tested microorganism was tested in 1 ml of each dilution of 
antimicrobial drug (AMD). The incubation was carried out at nutator at 37 C 
for 20 hours (220 rpm). The bacterial growth in TSB medium with antibiotics 
was evaluated by plating on Baird Parker Agar medium. The results were inter-
preted based on recommendation of The European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) [37].  

Biometrical processing was carried out with the use of Microsoft Excel 
2010, SAS version 6.12 (SAS Institute, USA). 



1260 

Results. A total of 314 milk samples from high productive cows were ex-
amined and 447 potential staphylococci were isolated, of which only 103 met all 
identification criteria and were used for further analysis. Such level of contami-
nation is similar to that noted during previous studies in Russia [37, 38] and 
other countries [39-41]. 

The highest degree of S. aureus isolate resistance in vitro was observed in 
case of erythromycin (82.5 %) and fusidine (75.7 %) (Table 1). Sensitivity to all 
studied antibiotics was found only in 7 isolated strains (6.8 %), whilst 96 isolates 
were resistant to at least one of them. Other authors found evident development 
of S. aureus resistance to penicillin, ampicillin, and erythromycin [40, 42, 43]. 

1. Antibiotic sensitivity of Staphylococcus aureus strains isolated from cows of black-
motley Holstein breed at the farms of the Central region of the Russian Federa-
tion (2018) 

Antibiotic Concentration  
MSSA (n = 47) Total strain number (n = 103) 

resistant  susceptible resistant  susceptible 
n % n % n % n % 

Pen 10 U 47 100 0 0 47 45.6 56 54.4 
OX 10 µg 0 0 47 100 0 0 103 100 
GN 10 µg 20 42.6 27 57.4 29 28.2 74 71.8 
ER 15 µg 41 87.2 6 12.8 85 82.5 18 17.5 
LN 15 µg 31 66.0 16 34.0 61 59.2 42 40.8 
RF 5 µg 30 63.8 17 36.2 49 47.6 54 52.4 
CP 5 µg 37 78.7 10 21.3 49 47.6 54 52.4 
VA 30 µg 0 0 47 100 0 0 103 100 
FZ 10 µg 42 89.4 5 10.6 78 75.7 25 24.3 
CF 30 µg 0 0 47 100 0 0 103 100 
N o t e . Pen — penicillin, OX — oxacillin, GN — gentamicin, ER - erythromycin, LN — lincomycin, RF — 
rifampicin, CP — ciprofloxacin, VA — vancomycin, FZ — fusidine, CF — cefoxitin; MSSA — methycillin-
susceptible S. aureus. 

 

Frequency of staphylococci resistance related to production of -
lactamase comprises from 55.7 to 92.6 % worldwide [44]. In our studies, pheno-
type traits of resistance to -lactam antibiotics were found in 47 out of 103 iso-
lates. All 47 (45.6 %) strains were resistant to penicillin (100 %), which is con-
sistent with findings of Shi et al. [45] that had tested 206 strains of S. aureus in 
Mongolia, but which is inconsistent with findings of Aarestrup et al. [46] denot-
ing low frequency (10 %) of benzyl-penicillin resistance in Denmark, Northway, 
and Sweden. Share of penicillin resistant isolates in other part of Europe varied 
from 23 to 69 % [47].  

We had not found resistance to oxacillin and cefoxitin in all tested 
strains, making them methycillin-susceptible S. aureus MSSA. In case of MSSA, 
it is assumed that penicillin surpasses oxacillin by its effect, but only if strains do 
not produce penicillinase [48]. A total of 12 out of 47 strains (25.5 %) had sim-
ultaneous resistance to 7 antibiotics (gentamicin, erythromycin, lincomycin, ri-
fampicin, ciprofloxacin, and fusidine).  

It was found that 100 % strains isolated from cow’s milk in the Central 
region of the Russian Federation were sensitive to vancomycin. Such drug is not 
used in veterinary medicine anymore in many countries, including Russia, which 
may explain the presented findings. 

Multiple antibiotic resistance (MAR) phenotypes were identified for 103 
strains of S. aureus (Table 2). Hence, 65 (63.1 %) strains were resistant to four 
and more antibiotics. Maximum frequency of combined resistance was observed 
in case of erythromycin + lincomycin + fusidine) (58.3 %) and erythromycin + 
ciprofloxacin (47.6 %). Penicillin resistant strains had higher phenotype re-
sistance that resistance to other antibiotics. Multiple resistances were developed 
in 60 out of 103 strains. 
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2. Combined resistance to various antibiotics in Staphylococcus aureus strains isolat-
ed from cows of black-motley Holstein breed at the farms of the Central region 
of the Russian Federation (n = 103, 2018) 

Antibiotic 
Susceptible strains per sample  
n  % 

Pen + GN 20 19.4 
Pen + ER 41 39.8 
Pen + LN 31 30.1 
Pen + CP 37 35.9 
Pen + FZ 42 40.8 
ER + CP 49 47.6 
Pen + GN + ER 20 19.4 
Pen + GN + ER + LN 16 15.5 
Pen + GN + ER + LN + RF + CP + FZ 12 11.7 
ER + LN + FZ 60 58.3 
N o t e . Pen — penicillin, 10 U; OX — oxacillin, 10 µg; GN — gentamicin, 10 µg; ER - erythromycin, 15 µg; 
LN — lincomycin, 15 µg; RF — rifampicin, 5 µg; CP — ciprofloxacin, 5 µg; VA — vancomycin, 30 µg; FZ — 
fusidine, 10 µg; CF — cefoxitin, 10 µg. 

 

3. Minimum inhibitory concentrations (MIC, mg/ml) for coagulose-positive Staphy-
lococcus aureus strains isolated from cows of black-motley Holstein breed at the 
farms of the Central region of the Russian Federation (n = 103, 2018) 

Antibi-
otic  

MIC  Suppressed isolates for different MIC  
MIC50 MIC90 TV PV  64 32 16 8 4 2 1 0,5 0,25  0,125 

ER 0.5 0.25-1.0 15 10 27 14 10 9 11 3 4 0 > 16.0 > 1.0 
Pen 0.25-0.5 0.125-1.0 31 10 7 6 8 7 14 12 8 0 > 8.0 > 0.5 
GN 0.25 0.125-0.5 5 13 14 13 11 6 10 13 10 8 > 4.0 > 0.25 
CP 0.5-1.0 0.25-2.0 2 8 12 12 13 10 12 14 11 9 > 2.0 > 0.25 
N o t e . TV — target values, AV — permitted values; ER erythromycin, Pen — penicillin, GN — gentamicin, CP — 
ciprofloxacin; MIC50 and MIC90 — concentrations at which 50 and 90% strains were killed, accordingly. Target 
values were calculated by The European Committee on Antimicrobial Susceptibility Testing (EUCAST) [49]. 
Permitted values are consistent to ISO 20776-1: 2006 (as updated based on the latest version of CLSI M100).  

 

MIC values for coagulate positive S. aureus strains are provided in Table 
3. Due to insignificant difference (2-3 %) in specificity and sensitivity of S. aureus 
strains to cefoxitin at assessment by MIC and DDM methods, which reliably 
predicts the resistance to methycillin, MIC studies for such antibiotic were not 
carried out [50]. A total of 31 strains of the 47 isolates DDM-resistant to penicil-
lin grew at  64 mg/l penicillin, while in the concentration range of  1.0 mg/l, 
the growth was observed in 33.0 % of the strains. MIC50 and MIC90 for penicil-
lin comprised > 8.0 and > 0.5 mg/l, much higher than the established standard 
for susceptible strains. High penicillin resistance among S. aureus strains could be 
due to the use of intramammary drugs containing combinations of various broad-
spectrum antibiotics and antimicrobials [51]. 

A total of 15 out of the 85 erythromycin-resistant isolates showed growth 
at MIC  64 mg/l; only 7 strains out of 18 DDM-susceptible ones were in the 
MIC  0.5 mg/l range. MIC50 and MIC90 for erythromycin were maximal as 
compared to all studied antibiotics (see Table 3). A total of 29 (28.2 %) of the 
103 studied S. aureus strains were DDM-resistant to gentamicin, 72 (60.2 %) 
showed growth at MIC  0.5 mg/l, and 5 strains at MIC  4.0 mg/l.  Ciproflox-
atin was the most effective regarding the isolated S. aureus strains. Thus, only 2 
of the 49 DDM-resistant strains grew at MIC  64 mg/l; MIC50 and MIC90 for 
such antibiotic comprised > 2.0 and > 0.25 mg/l, respectively. Finally, it is im-
portant to point out that the MIC50 was not in the susceptible range for any of 
the studied antibiotics, and the MIC90 showed the susceptible range for penicil-
lins, aminoglycosides, and fluoroquinolones. 

A total of 12 multiresistant S. aureus strains, susceptibility of which was 
described above, were selected out of 103 strains as samples to study the antibi-
otic effect as anti-growth factor. Active growth at average for all strains began by 
the 7th hour of culturing (Fig.). Antibiotics in the medium suppressed or inhibit-
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ed growth. The observed effect depended upon the time of culture growth and 
type of antibiotics. Penicillin in concentration of 64 mg/l resulted in decrease of 
the number of viable cells in 83.3 % cases, whilst complete suppression of 
growth by 20 hour was observed only in two cultures. Gentamicin, ciprofloxat-
in, and erythromycin in concentration of 64 mg/l did not render full suppres-
sive effect on any of 12 strains. After 24 hours, number of S. aureus cells in the 
medium with gentamicin was not lower than 2.84 log10 CFU/ml, and with eryth-
romycin not lower than 2.97 log10 CFU/ml. Viability of S. aureus in ciprofloxatin-
containing medium comprised from 18.5 to 84.0% for various strains, which im-
plies a presence of cells with genes resistant to such group of antibiotics. Similar 
dependence in antibiotic effect we observed in all 12 studied strains.  

  

 
Growth of Staphylococcus aureus strains 615 (A) and 1839 (B) isolated from cows of black-motley 
Holstein breed at the farms of the Central region of the Russian Federation depending on time and 
type of antibiotics: 1 — control, 2 — ciprofloxatin, 64 mg/l, 3 — gentamicin, 64 mg/l, 4 — penicillin, 
64 mg/l, 5 — erythromycin, 64 mg/l. 

 

In our work, high phenotype resistance of S. aureus isolates from cow’s 
milk emphasizes the importance of routine screening of S. aureus isolates for 
identification of inducible resistance of phenotypes. Observations of changes in 
count of viable cells exposed to high antibiotic concentrations during 24 hours 
allow tracing development of the resistance.  

Therefore, 23.0% of all isolates from milk of cows of black-motley Hol-
stein breed at the farms of the Central region of the Russian Federation were 
classified as Staphylococcus aureus, of which 63.1 % strains were resistant to four 
and more antibiotics. MIC50 and MIC90 for penicillin comprised > 8.0 and > 
0.5 mg/l, much higher than the established standard for susceptible strains. Out 
of DDM-resistant Staphylococcus aureus to penicillin, erythromycin, gentamicin, 
and ciprofloxatin at MIC  64.0 mg/l growth potential was confirmed in 65.96; 
17.65; 17.24, and 4.08 % respectively. Antibiotics in maximum dosages (64 mg/l) 
did not render complete suppressive effect in viable strains: cell count for all 12 
studied isolates was not lower than 2.84 log10 CFU/ml in gentamicin medium 
and 2.97 log10 CFU/ml in erythromycin medium. Count of viable cells com-
prised 16.7 % for penicillin and 84.0 % for ciprofloxatin. Practical use of pheno-
typic estimates  makes it possible to identify antibiotic resistance in mastitis etio-
logic agent in high productive cows. This findings allowed us to select strains for 
further studies aimed at searching resistance genes. 
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A b s t r a c t  
 

Blood-sucking mosquitoes and blackflies belonging to the order Diptera cause sanitary-
epidemiological and veterinary-epizootological damages in humans and animals and serve as the 
carriers of various dangerous transmissible diseases. The productivity and milk yield of livestock as 
well as egg production in poultry birds are significantly affected by harmful Diptera species. The 
problem of bioprotection from harmful insects is extremely relevant in crop production, including 
the cultivation of seeded fodder crops. Currently, the spore-forming bacterium Bacillus thuringiensis 
Berliner (Bt) represents the most common agent for biological control of the number of insect spe-
cies and is considered as the basis for the production of insecticides. Biological preparations are of 
particular importance due to their significant advantages over chemical pesticides and are considered 
in modern agricultural systems as environmentally and socially beneficial alternatives to agrochemi-
cals. A liquid form of larvicidal preparation against blood-sucking and herbivorous mosquitoes based 
on the original strain Bacillus thuringiensis var. israelensis 7-1/23А was developed at the ARRIAM. 
Under registration number RCAM 00626 (RF patent 2539732 dated 12/09/2014), the strain was 
deposited in the ARRIAM Collection of beneficial agricultural microorganisms (RCAM). The com-
position of the liquid form of the biopreparation includes a spore-crystalline complex, 5 % sodium 
chloride, 2 % coniferous extract (as a preservative and perfume, respectively), and the remains of a 
nutrient medium. The titer was 4.25½109 CFU/ml. Larvicidal activity expressed in LC50 for Aedes ae-
gypti IV instar larvae was 0.11½103 % (biotest proposed by the World Health Organization). The strain 
was previously isolated from an anophelogenic reservoir in the Leningrad region, studied for physiologi-
cal and cultural features, and characterized according to Н. De Barjac’s and А. Bonnefoi’s classifica-
tion. In this work, for the first time, a comprehensive analysis of a larvicidal preparation based on 
BtH14 7-1/23A was performed, including the molecular characterization of the strain, determination 
of its larvicidal activity against a number of harmful dipterans, and an assessment of its effects on the 
growth and development of non-target objects (oyster mushroom mycelium and champignon). Se-
quencing of the gene encoding B subunit of the DNA gyrase (GyrB) confirmed that the isolated 
strain belongs to B. thuringiensis var. israelensis. The presence of the cry4 and cry11 genes encoding 
protein insecticidal toxins was detected by PCR analysis. We also studied the spectrum of action of 
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the larvicidal biopreparation against the blood-sucking mosquitoes of the genera Aedes, Anopheles, 
Culex, and harmful herbivorous dipterans: rice (Сricotopus sylvestris Fabr.) and mushroom (Lycoriella 
fucorum Frey) flies. The analysis was carried out in laboratory and field conditions (2014-2016, Len-
ingrad and Moscow regions, Krasnodar Territory, aedogenic, anofelogenic ponds, raw basement 
rooms, rice checks) and also included an assessment of the effect of the preparation on the growth of 
mycelium of oyster mushrooms (Pleurotus ostreatus) and champignon (Agaricus campestris) as bio-eco 
indicators. LC50 values in laboratory tests were 0.11½103 and 0.12½103 % for Culex and Аеdes, 
respectively, and 0.29½103 % for Anopheles maculipennis Meigen. Field tests in water reservoirs 
against malarial (Anopheles maculipennis) and non-malarial mosquitoes of the genus Aedes — com-
munis, dorsalis, punctor, caspius, and flavescens; in moist basement rooms (Culex pipiens Linnaeus f. 
molestus Forskål), rice fields (Сricotopus sylvestris Fabr.) showed 90.2-100 % mortality of larvae. The 
effect of the biological preparation on the growth of mycelium of oyster mushrooms and champignon 
was studied in three concentrations (5, 10, and 20 %). The most efficient was 5 % concentration 
which stimulated the growth of fungal mycelium by 28.2-32.5 %. The analysis of the separate and 
combined applications of the 7-1/23А-based biopreparation and the chemical insecticide, chitin 
synthesis inhibitor Dimilin («Arysta LifeScience S.A.S.», France) against the larvae of the mushroom 
fly of the family Lycoriidae (L. fucorum Frey) demonstrated that combined use of these insecticides in 
4-8 times reduced dozes caused death of 97.2 % larvae and led to an increase in the yield by 38.6 %. 
Thus, a preparation based on the BtH14 7-1/23A is promising for sanitary ecology and veterinary. In 
addition, it is advisable to study the possibilities of its use against insect pests of seeded forage crops. 

 

Keywords: Bacillus thuringiensis var. israelensis (BtH14), titer, larvicidal activity, growth-
promoting activity, biologiсal preparation 

 

Blood-sucking dipteran species cause significant economic damage to live-
stock. In the regions of its outbreaks dairy yield is decreased by 20-30 % and over, 
body weight gain in growing stock is decreased by 20-40 %, and morbidity and 
loss of stock from exhaustion, especially in reindeers and fur animals, is increased. 
Besides, such insects cause sanitary-epidemiological damage as infective and inva-
sive sources and agents in humans and animals (malaria, yellow fever, den-
gue fever, filariasis, cattle anaplasmosis, anthrax, tularaemia, brucellosis, plague, 
onchocerciasis, and etc.) [1]. For a long time, blood-sucking mosquitoes were 
combated by variety of ways, up to petrolization and treatment by non-specific 
high-toxic chemicals. It resulted in adverse consequences: massive loss of fish, 
birds, amphibian, and many other organisms, in making ponds unsuitable for wa-
ter supply, watering, and bathing purposes, as well as in development of chemical 
insecticide resistance in mosquito populations [2, 3].  

A highly promising alternative to conventional chemicals for control of 
the population of harmful diptera are biological preparations based on Bacillus 
thuringiensis var. israelensis (BtН14) [4]. Following the discovery of insecticide 
effect of Bti on blood-sucking mosquitoes and flies in 1976, many studies con-
firming safety of such bacteria for vertebrates and non-target invertebrates shar-
ing single habitat with mosquito larvae have been carried out [4, 5]. Selective 
effect of BtН14 is insured by availability of certain intestinal pH, specialized en-
zymes, and specific BtН14 toxin attachment receptors in susceptible mosquito 
larvae. Thus, toxins responsible for pathogenic effect in mosquito larvae do not 
affect non-target organisms and, accordingly, are suitable for common use in the 
recommended dosages [4, 6].  

B. thuringiensis forms spores, produces crystalline endotoxins [7], ther-
moresistant exotoxins [8], and other proteins and combinations with insecticide 
and antifungal properties [9-11], whilst some of them have growth stimulating 
effect [12, 13]. B. thuringiensis bacteria were found in Europe, North America, 
Middle East, India, and Japan [14-16]. Bt-based preparations take the leading 
place by production volumes [17-19]; its share at the biopesticide market ex-
ceeds 60 %. Among its advantages are technological effectiveness, broad-
spectrum [20-22], and safety for human beings and environment [23, 24], and 
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non-target insects [25-27]. Nowadays, this line of research in the scientific world 
is one of the most relevant and prioritized [28, 29]. Recently, scientists from 
different countries had isolated and identified over 70 variants of Bt effective 
against Lepidoptera, Coleoptera, Diptera, and Hymenoptera orders [30, 31], with 
high technologic effectiveness, virulence, and broad-spectrum effect. 

The novelty of our work is due to molecule-genetic identification of phy-
logenic position of B. thuringiensis var. israelensis 7-1/23А (BtH14 7-1/23А) strain 
by sequencing of gyrB gene, identification of cry4 and cry11 genes encoding pro-
tein insecticide toxins by polymerase chain reaction, as well as by data on assess-
ment of BtH14 7-1/23А effect on growth and development of non-target objects 
(oyster mushroom mycelium and champignon), carried out for enhancement of 
preparation based on such strain. 

Our purpose was to study the spectrum of effect of insecticide prepara-
tion based on BtH14 7-1/23А strain. 

Techniques. Bacillus thuringiensis var. israelensis 7-1/23А (BtH14 7-
1/23А) strain was isolated from sample taken in anophelogenous pond in the Len-
ingrad Region and was characterized according to H. De Barjak and A. Bonnefoi 
classification [32] (patent of the Russian Federation No. 2539732 dated 
09.12.2014).  

For isolation of genomic DNA, BtH14 7-1/23А strain was grown on agar 
Luria-Bertani plates (LB, 2 % bacteriological agar) at 30 С during 16-18 hours. 
Afterwards, bacterial cells were suspended in Tris-EDTA buffer (1 M Tris-HCl, 
pH 7.5 + 0.5 M EDTA, pH 8.0) and heated during 10 minutes at 102 С. Cell 
debris was removed by centrifugation (15000 g during 3 minutes). Supernatant 
fluid was transferred to clean Eppendorf tubes and used in further studies (33). 
Concentration of obtained DNA was measured by Qubit™ 4 Fluorometer 
(Thermo Fisher Scientific, Inc., USA).  

Protocol for polymerase chain reaction (PCR) was selected based on 
primer annealing temperature and size of amplified fragment. Initial denaturation 
lasted 5 min at 95 С, followed by 30 cycles including 30 sec denaturation at 
95 С, 30 sec annealing at selected temperature, elongation at 72 С during the 
time meeting the time set for primers (target fragments); 10 min final elongation 
at 72 С ended by storage at 12 С (amplifier T100, Bio-Rad, USA). Reaction 
mixture (20 µl) contained genome DNA (100 ng), 10 µl FermentasDreamTaq 
green PCR master mix (Thermo Fisher Scientific, Inc., USA), and primers in 
final concentration of 1 pmol/µl each. PRC products were analyzed electropho-
retially in 1 % agarose (staining with 0.002 % ethydium bromide, molecular 
weight marker  DNA/HindIII, Thermo Fisher Scientific, Inc., USA). B. thurin-
giensis var. darmstadiensis 56 (BtH10 56) strain was a negative control. 

Amplified fragment of gyrB gene was sequenced by Sanger method [34] 
(CEQ 8000, Beckman Coulter, USA). The Basic Local Alignment Search Tool 
(BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to analyze nucleo-
tide sequences. 

For examination by light microscopy method (Zeiss Axio Imager A2, 
Carl Zeiss, Germany), BtH14 7-1/23А culture was plated on fish agar (FA, 
State Research Center of Applied Microbiology and Biotechnology, Russia), 
grown at 28-30 С until formation of spores and crystalline endotoxin, and stained 
by aniline black (Lucar, Russia) [35]. Strain productive capacity was determined 
in a modified yeast-polysaccharide medium (ratio of components and additives 
is a commercial secret) by a submerged culture in Erlenmeyer flasks with aeration 
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(220 rpm) after 68-hour growth at 30 С. Cell titer was counted by commonly 
accepted serial dilution method with further counting on FA. Liquid BtH14 7-
1/23А-based biopreparation containing spore-crystal complex, 5% NaCl (preserv-
ative), 2% spruce extract (flavor), and the medium residues was produced (Ecos 
Branch of the All-Russian Research Institute for Agricultural Microbiology — 
ARRIAM, St. Petersburg-Kolpino). 

Larvicidal activity of the preparation was tested on larvae of Aedes aegypti 
IV mosquitoes at the age of insect population, as well as on larvae of mosquitoes 
genus Aedes, Culex pipiens pipiens forma molestus, Anopheles maculipennis II and 
IV from the natural populations. Larvae of Aedes genus was caught during May in 
aedogenic ponds, Anopheles maculipennis larvae — during July in anophelogenous 
ponds, Culex pipiens pipiens f. molestus — in raw basement rooms during a year. 
On collection date, larvae were separated by ages and were tested according to 
recommendations of the World Health Organization (as revised in 2002). Prepara-
tion based on В. thuringiensis var. israelensis 33 strain with titer 3,12½109 CFU/ml 
and LC50 for А. аegypti 0.17½10-3 % was used as control [36]. 

At obtainment of larvae of insect population Aedes aegypti (population is 
maintained in ARRIAM for nearly 40 years), imago was kept at 28 С and mois-
ture of 70-75 % accounting for day and night intervals. Eggs laid by imago on wet 
blotting paper disks were put in glazed crystallizers and poured by settling running 
water of room temperature. Larvae was fed by 0.5-1.0 ml of 5 % sterile protein-
vitamin concentrate (PVC, Kirishskiy Biochemical Plant, Russia) and left in 
thermostat at 28 С. Larvae (IV instar) were selected and placed in test bacterial 
suspension. The suspension was made based on tap water (dilutions 1:200000, 
1:400000, 1:800000, and 1:1600000, which corresponded to conventional bacte-
rial count 0.5½103; 0.25½103; 0.125½103 and 0.0625½103 %, or 5.0; 2.5; 
1.25; 0.625 µl/l). A total of 50 ml of relevant diluted fluid was poured and 25 
mosquito larvae species were placed in Petri dish (4-fold replication). Dishes 
were left in thermostat at 28-30 С with count of larvae loss in 24 hours. Death 
rate for each concentration adjusted by death of larvae in control was calculated 
by formulae:  

Х = (Мо  Мc) : (100  Мc) ½ 100 %, 
where Mt и Mc are arithmetic means of dead insects in test and control, re-
spectfully. LC50 expressed in percentage of larva death was calculated by formu-
lae:  

lg LC50 = lg Cm  σ(∑Х2  0.5),  
where Сm is maximum concentration amongst tested; σ is dilution factor loga-
rithm (ratio of each previous dilution to the next one); ∑Х2 is the sum of ratios of 
the dead insects to total insects exposed to corresponding dilution of preparations 
[37]. 

Field studies of preparation effectiveness against blood-sucking mosqui-
toes of Aedes and Anopheles genes were carried out in ponds at the territory of 
Saint Petersburg conservation parks (Pushkin and Pavlov parks) in places of mas-
sive breeding, against Culex pipiens Linnaeus f. molestus Forskål in raw basement 
rooms in the Leningrad Region, against rice flies Cricotopus sylvestris Fabr. on 
rice fields (rice checks) in the Krasnodar Territory. Application rate of the 
preparation against Culex pipiens molestus, genus Aedes, Anopheles maculipennis 
Meigen and Сricotopus sylvestris was 0.25; 0.35; 0.50 and 0.30 ml/m2, accord-
ingly. Ponds settled by mosquito larvae were selected for field studies, their area 
was measured, larvae were counted (equivalent to 1 m2 of water surface) prior to 
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processing, and treatment was carried out by manual sprayer accounting for the 
preparation application dosage. The untreated pond settled by larvae served as 
control. Preparation efficacy (E) was assessed on the 3rd day after treatment by 
formulae:  

E = (C1  C2)  C1
1

 ½ 100 %,  
where C1 and C2 are larva counts prior and post treatment, respectfully. 

To assess preparation effect on growth of oyster mushroom (Pleurotus os-
treatus) and champignon (Agaricus campestris), fungal mycelium on wheat grain 
was soaked in bacterial suspension with concentration 5, 10, 20 % (in yeast-
polysaccharide medium in control) for 2 hours. After soaking, one grain at a 
time was placed in the center of Petri dish with medium (2 % wort agar) and 
transferred to thermostat (25 С, moisture 85 %; 4-fold biological replication). 
Diameter of fungal mycelium colonies was measured on day 7. Preparation and 
chemical insecticide, the inhibitor of chitin synthesis Dimilin® (250 g/kg 
diflubezuron, Arysta LifeScience S.A.S., Austria) were tested in mushroom 
house against mushroom flies (Lycoriidae fucorum Frey) in dosages of 200 ml 
and 3 g/m2, respectively, at separate application [38], and 50 ml and 
0.375 g/m2 at joint application. Larvae were counted before treatment in a 
5 m2 area (mean count of larvae per one sample of 5 g substrate; calculated as 
5 samples per 1 m2). First treatment was carried out by spraying in 3 days after 
application of cover mix according to mushroom cultivation technology (0.5 l 
of working suspension per 1 m2), second treatment was performed in 2 weeks 
after the first one. Preparation efficacy (E) was assessed by formulae:  

E = [1  (a ½ b)/(c ½ d)] ½ 100 %, 
where a is mean arithmetic count of live insects after treatment, b is mean arith-
metic count of live control insects before treatment, c is mean arithmetic count of 
live test insects before treatment, d is mean arithmetic count of live control insects 
after treatment. 

Findings were processed by standard dispersion analysis method at con-
fidence interval of 95 % [39]. Mean (М) and standard error mean (±SEM) were 
calculated. Statistical significance of differences was assessed by t-Student test at 
confidence interval of 95 % (p < 0.05). 

Results. Based on classic approach proposed by H. Då Barjac and А. 
Bonnefoi, we had characterized BtH147-1/23А [32] strain as B. thuringiensis var. 
israelensis. To confirm systematic position of the studied strain, PCR-product of 
gyrB gene was obtained and sequenced by using relevant primers (Table 1).  

1. Primers used in the study of Bacillus thuringiensis var. israelensis 7-1/23А ge-
nome characteristics  

Primer Gene Oligos (5´3´) PCR product, bp 
Tm, С Elonga-

tion, sec 
Refer-
ence 

GyrB gyrB CTTGAAGGACTAGARGCAGT (f) 
1500 55 90 [40] 

CCTTCACGAACATCYTCAC(r) 
Cry11 сry11 TTAGAAGATACGCCAGATCAAGC(f)  

305 45 50 [41]  
CATTTGTACTTGAAGTTGTAATCCC (r) 

Cry4 cry4 GCATATGATGTAGCGAAACAAGCC(f) 
439 62 60 

[42] 
ACCTGGAACATCTGACAACCAATC (r)  [43]  

 

As noted, analysis of nucleotide sequence of gene encoding 16S RNA 
used for separation of most bacteria does not allow differentiating B. thurin-
giensis subspecies due to conservative property of such gene [43]. At the same 
time, sequence analysis of gyrB gene by BLAST program had shown full se-
quence identity of gyrB gene in 7-1/23А strain and sequences of the same gene 
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in reference B. thuringiensis var. israelensis AM65-52 strain out of GenBank 
NCBI (https://www.ncbi.nlm.nih.gov/, accession number CP013275.1) and had 
revealed significant deviations from sequence of relevant fragment of gene B. thu-
ringiensis var. thuringiensis (accession number CP004123.1) selected as negative 
control (Fig. 1). Thus, it was established that studied strain is in fact B. thuringiensis 
var. israelensis. 

  

Fig. 1. Alignment of nucleotide sequences of Bacillus thuringiensis var. israelensis 7-1/23А gene gyrB 
and reference strains AM65-52 B. thuringiensis var. israelensis and IS5056 B. thuringiensis var. thu-
ringiensis. Positions completely identical in all three strains are colored in blue, single nucleotide 
replacements in white. 
 

Positive amplifications with Cry 4 и Cry 11 primers occurred for ge-
nomic DNA of B. thuringiensis var. israelensis 7-1/23А. As expected, DNA am-
plification of B. thuringiensis var. darmstadiensis strain 56 (negative control) did 
not render positive result with these primers (Fig. 2).  

 

 
Fig. 2. Gel electrophoresis of PCR products with primers to cry4, cry11 and gyrB genes for strains 
Bacillus thuringiensis 7-1/23А и 56. М — marker of molecular weight  DNA/HindIII (Thermo 
Fisher Scientific, Inc., USA). Genes (subject to used primers), strain numbers, and weight of con-
trol DNA fragments are specified. 

 

Such findings confirm presence of cry4 and cry11 genes encoding protein 
insecticide toxins in 7-1/23А strain. Based on references, both toxins relate to 
main Bt toxins specific for Diptera. Herewith, Cry4 toxin is highly toxic for lar-
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vae of Anopheles and Aedes mosquito genus (to the lesser extent it had effect 
against Culex larvae), and Cry11 manifests high efficacy regarding Aedes and Cu-
lex and low against Anopheles [44]. Therefore, composition of toxins identified in 
our work in 7-1/23А strain ensures its effect against three key mosquito genera, 
the vectors of dangerous transmissive diseases (Anopheles, Aedes and Culex). 

2. Morphocultural traits of Bacillus thuringiensis var. israelensis 7-1/23А strain 

Trait Description 
Gram staining Gram-positive 
Form and size of vegetative cells Even or slightly sulcated rods of 2.9-3.8½0.9-1.1 µm 
Mobility Peritrithous flagellation 
Cell connection Chains (short, long) 
Spore formation Sub-terminal  
Spore form and size Elliptic, 0.9-1.1 µm in diameter 
Form and size of crystalline protein 
endotoxin Odd, from 0.4-0.5 to 1.2-1.4 µm  
Colony characteristic: 

diameter  0.8-1.2 cm 
surface Finely-rough 
profile Flat 
optical properties Matted  
color  Grayish-white 
substrate color Persistent 
edge Rolling 
structure Fine-grained 
consistence Viscous 

 

Analysis of morphocultural traits of 7-1/23А strain (Table 2) revealed 
that, as per complex of featurea, the strain is similar to reference strain 
B. thuringiensis var. israelensis AM65-52. In 48 hours of growth on FA at 
30 С, B. thuringiensis var. israelensis 7-1/23А formed large colonies of uneven 
form, while formation of spores and crystalline endotoxin occurred on day 5 
(Fig. 3). Productive capacity of BtH14 7-1/23А in yeast-polysaccharide medium 
comprised 4.25½109 CFU/ml. 

 

 

Fig. 3. Growth of colonies in 48 hours (А) and formation of spores and endotoxin on day 5 of growth (B) of 
Bacillus thuringiensis var. israelensis 7-1/23А strain on fish agar. Staining by aniline black (Lucar, 
Russia); Zeiss Axio Imager A2 microscope (Carl Zeiss, Germany, ½2000 zoom); spores are marked 
by blue arrows, crystals by red arrows. 

 

In lab tests high activity of biopreparation based on BtH14 7-1/23А 
strain against the natural populations of mosquito larvae of various genus Ae-
des, Аnopheles maculipennis and Сulex pipiens molestus was established (Table 
3). Such data of laboratory biotests align with results of PCR identification of 
the toxic composition of the strain. Larva of genus Аedes and Culex pipiens mo-
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lestus were the most susceptible. Activity of the preparation expressed in LC50, for 
L4 of mosquitoes genus comprised (0.12±0.015)½103 and (0.11±0.015)½103 % for 
Аedes and Culex pipiens molestus, respectively, and (0.29±0.01)½103 % for 
Anopheles maculipennis, thus yielding to the first two in 2.4-2.6 times (differ-
ences were statistically significant at р < 0.05). The same trend was demon-
strated by preparation based on BtH14 33 (taken as control), but its activity 
was 1.27-1.40 times lower than in BtH14 7-1/23А-based preparation. 

3. Larvicidal activity of liquid on Bacillus thuringiensis var. israelensis-based prepa-
rations against natural populations of blood-sucking mosquitoes (М±SEM, lab 
test, n = 4) 

Mosquitoes  
LC50 for mosquito larvae, ½103 % 

II instar IV instar 
BtH14 7-1/23А BtH14 33 (etalon) BtH14 7-1/23А BtH14 33 (etalon) 

Genus Aedes  0.078±0.010 0.096±0.015 0.120±0.015 0.180±0.015 
Culex pipiens Linnaeus  
f. molestus Forskål 0.062±0.015 0.084±0.020 0.110±0.015 0.140±0.015 
Anopheles maculipennis Meigen 0.180±0.020 0.250±0.020 0.290±0.010 0.400±0.020 
N o t e. Natural population of Aedes genus included A. communis, A. dorsalis, A. punctor, A. flavescens, A. сaspius 
species. Data was processed by dispersion method at 95 % confidence interval. LC50 for L4 Anopheles maculipennis 
in 2.4-2.6 times yielded LC50 for L4 of mosquitoes genus Aedes and Culex pipiens molestus (the differences were 
statistically significant at р < 0.05). 

 

Mosquitoes susceptibility to BtH14 was high species-specific, which, evi-
dently, relates to specific features of the composition of toxin complex in various 
strains of the bacteria. Thus, the BtH14 7-1/23А-based preparation was highly 
effective against blood-sucking mosquito genus Aedes, Аnopheles, and Сulex 
(90.2-100 % death). Susceptibility of the above insect genus, according to the 
literature sources, is due to presence of main insecticide toxins Cry4, Cry11 and 
Cyt and Cry10 in strains [44]. PCR analysis (see Fig. 1) revealed presence of 
cry4 и cry11 genes in BtH14 7-1/23А, which are in charge for production of the 
same toxins determining the spectrum of entomocide action and efficacy towards 
dipteral larva stages.  

According to Kandybin et al. [2], bactoculicide (preparation based on B. 
thuringiensis var. israelensis) LC50 for L4 towards Aedes cantans and A. vexans is 
0.035 mg/l, Anopheles messeae 1.05 mg/l (over 3-fold excess). Bactocolucide in 
dosage of 0.02 g/m2 water surface caused 59 and 80 % loss in larvae of 
Anopheles culicifaciens and A. stephensi in 48 hours and 99 % of loss of larvae 
Culex quinquefasciatus in 24 hours [2]. Liquid bactoculicide in dosages 0.25; 
0.40 and 0.50-0.75 ml/m2 caused 90-96 % of loss of larvae of Culex pipiens mo-
lestus, Aedes communis, and Anopheles maculipennis, respectively [45]. BtH14 
preparation in concentration of 1 ml/l caused 72% death of Anopheles maculi-
pennis III instar larvae of Crimean population. It should be noted that the ac-
tivity of this preparation was 1.7 times inferior to BtH14 7-1/23А-based prepa-
ration with LC50 against L4 Anopheles maculipennis of 0.29½10-3 % [46].  

4. Effectiveness of Bacillus thuringiensis var. israelensis 7-1/23А-based liquid prepara-
tion against blood-sucking mosquitoes and rice flies (n = 3, 2013-2015, field trials) 

Genus, species Test sites Biological effectiveness, % 
Aedes Aedogenic ponds (Saint Petersburg)  92.8-100 
Anopheles maculipennis Meigen Anofelogenous ponds (Saint Petersburg) 94.8-98.4 
Culex pipiens Linnaeus  
f. molestus Forskål Moist basement premises (Leningrad Region) 90.2-100  
Cricotopus sylvestris Fabr. Rice checks (Krasnodar Territory) 94.9-97.8 
N o t e. Untreated sites were used for each mosquito species at the test territory as a negative control. 

 

Field trials of biopreparation showes (Table 4) that its effectiveness in 
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ponds against mosquito genera Aedes and Anopheles, Culex pipiens molestus and 
rice flies Cricotopus sylvestris comprises 90.2-100 %. 

Polyfunctionality of insecticide biopreparations based on В. thurin-
giensis strains deserves special attention. It was reported that cultures of B. thu-
ringiensis strains promote development of aerial parts of salad plant by 24.5 %, 
roots by 7.2 % and an 84.8 % increase of plant weight [47]. Similar effect is 
inherent in several other microorganisms: endophytic bacteria genus Pseudo-
monas renders positive effect on plant growth [48], growth acceleration and 
vegetative reproduction of wild strawberry occur under the effect of B. subtilis 
strains [49]. В. thuringiensis may also affect various fungi groups. Previously we 
have found fungistatical activity of BtН10, BtH1 and BtH14 on model fungi Bo-
trytis cinerea [50] and shown that it varies for various serotypes (in BtH14 inhi-
bition of B. cinerea is lower than in BtН10 and BtH1).  

In this work, to analyze the perspectives for extension of the scope of 7-
1/23А-based biopreparation, we examined its effect on growth of mycelium in 
edible fungus, the oyster mushroom and champignon (Table 5), in lab tests. It 
was noted that BtH14 7-1/23А-based preparation in concentration of 5 % did not 
suppress but, rather, accelerate fungal growth by 28.2 and 32.5 % (р < 0.05), re-
spectively. 

5. Effect of liquid Bacillus thuringiensis var. israelensis 7-1/23А-based preparation 
on growth of oyster mushroom mycelium and champignon (М±SEM, n = 4, lab 
test)  

Concentration, % 
Growth of fungus colonies on day 7  

diameter, cm of control, % diameter, cm of control, % 
5.0 5.30±0.25 132.5 4.50±0.25 128.2 
10.0 5.00±0.50 125.0 4.20±0.20 119.7 
20.0 4.70±0.25 117.5 − − 
Control (yeast-polysaccharide medium) 4.00±0.35  3.51±0.35  
N o t e. Dashes mean absence of data. The data were processed by dispersion method at 95 % confidence interval. 
All differences from control are statistically significant at р < 0.05. 

 

Of critical importance is that use of bioinsecticides in combination with 
chemical pesticides allows decreasing ecological load of each preparation. We 
have compared the effectiveness of BtH14 7-1/23А-based preparation and chemi-
cal inhibitor of chitin synthesis (Dimilin® WP) against moss fly Lycoriella fucorum 
when used separately and jointly. Biological effectiveness at joint use of prepara-
tion in dosages decreased by 4-8 times was at least equal to chemical preparation 
(97.2 % death of larvae Lycoriella fucorum) while providing a 38.6 % yield gain. 
The observed high protective effect was due to synergic effect of preparations 
[51-53]. The fact that combination of biologicals and chemicals decreases their 
application rates and, consequently, reduces costs, making their co-use more 
favorable not only ecologically, but also economically. Ability of the proposed 
BtH14 7-1/23А-based preparation not only to suppress larvae of dipteral agricul-
tural crop pests, but also positively affect plant growth and development in com-
bination with a reduced pesticide load will be in demand in integrated plant pro-
tection. 

Our findings allow us in the aggregate to consider BtH14 7-1/23А strain 
as a perspective producer of larvicidal biopreparation with multifunctional prop-
erties. It should be noted that, in global, the practice of use of B. thuringiensis var. 
israelensis-based preparations to control various blood-sucking dipteral species 
constantly grows due to high efficacy, specificity, and safety for many economical-
ly valuable organisms [54-56]. The same is confirmed by findings of this study.  

Therefore, the suggested Bacillus thuringiensis var. israelensis 7-1/23А-



1276 

based preparation has high larvicidal activity (90.2-100 %) against blood-sucking 
mosquitoes, the vectors of dangerous infections in humans and animals, and is 
perspective for sanitary ecology and animal health control. It could also be used 
for rice crop protection from rice fly Cricotopus sylvestris Fabr. and against Ly-
coriella fucorum Frey on commercial mushroom cultures (over 90% effective-
ness). Herewith, the strain renders positive effect on growth of oysters and 
champignons. Also, it is reasonable to learn possibilities of use of the bioprepara-
tion based on such strain against feed pest insects. Joint use of developed bio-
preparation with chemical pesticide is economically reasonable due to reduction of 
the application rates of preparations and yield increase. 
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A b s t r a c t  
 

Currently, the bacterium Bacillus thuringiensis var. israelensis represents a key agent for bio-
logical protection against dipteran species, which are harmful to livestock and crop production and 
transmit infectious diseases of economically important animals. The production strains can be ob-
tained by isolation from natural resources, selection of previously used isolates, screening of genetic 
collections, and genetic or genomic engineering. The issue of preservation and control of practically 
valuable properties of strains is of high importance. Biologicals are of significant interest due to their 
substantial advantages over chemical pesticides and are considered in modern agricultural systems as 
environmentally and socially priority alternatives to agrochemicals. In the present work, we per-
formed the first comprehensive comparative analysis of crystallogenic and acrystallogenic variants of 
Bacillus thuringiensis var. israelensis (BtH14) isolated after storage of the strain in different modes. For 
crystallogenic variants, genes encoding the target insecticidal toxins, Cry4 and Cry11, were detected 
by the polymerase chain reaction (PCR), and it was shown that the acrystallogenic variants are de-
void of these genes. It was found that the culture fluid of crystallogenic variants is approximately 
7000 times more active against the Aedes aegypti larvae than the same of acrystallogenic. The aim of 
this work was to compare the morphological, biochemical, technological, larvicidal properties of the 
crystal-forming and acrystallogenic variants of the strains of Ваcillus thuringiensis var. israelensis 
(BtH14) and testing for the presence of genes encoding Cry insecticidal toxins, which are key deter-
minants of virulence. We studied the strains 404 and 87 stored for 28 years by freeze-drying, then 2 
years in fish agar (FA) slant tubes with re-inoculation every 6 months; the 7-1/23 strain stored for 28 
years in crystals of NaCl, then 2 years in culture liquid (CL) at 3 С. Bacterial strains were inoculat-
ed on Petri dishes to obtain separate colonies. On day 7 of growth, the 404/14, 87/21, 7-1/23-4 
(crystal-forming) and 404/19, 87/33, 7-1/23-8 (acrystallogenic) variants were selected by microscop-
ic analysis using aniline black dye. The differences in the colony morphology were not revealed: the 
colonies were flat, opaque, grayish-white, rough, rounded, the structure was fine-grained, and the 
consistency was viscous. The differences either in the morphology of the vegetative cultures, or in 
the main biochemical properties (the formation of acetylmethyl carbinol, lecithinase, the use of 
carbohydrates, the splitting of starch, etc.), or in the titer on the yeast-polysaccharide medium 
were not shown as well. The productivity of the 404/14, 87/21, 7-1/23-4 and 404/19, 87/33, 7-
1/23-8 strains varied from 3.36½109 CFU/ml to 4.02½109 CFU/ml and from 3.74½109 CFU/ml 
to 4.13½109 CFU/ml, respectively. The larvicidal activity of the crystal-forming variants, expressed in 
LC50 for L4 Aedes aegypti, was (0.12-0.16)½103 %, while acrystallogenic variants were inactive within 
the standard dilutions (½10-3 %) 1.0; 0.5; 0.25; 0.125; 0.06. Only their 1 % suspension (7000-fold higher 
concentration) caused 22-39 % death of the Aedes larvae after 24 hours; the same concentration of 
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active variants resulted in 100 % death in 15 minutes. It was established that cultural liquid of the acrys-
tallogenic variants formed a precipitate and a supernatant layer after 12 hours, while the crystal-forming 
variants remained suspended. The investigated variants of BtH14 were analyzed for the presence of 
genes encoding insecticidal toxins. The results of the PCR analysis with the Bti-specific primers con-
firmed the belonging of the both crystal-forming and acrystallogenic variants to BtH14. It has been 
found that the 404/14, 87/21, 7-1/23-4 strains carry genes encoding the Сry4 and Cry11 insecticidal 
toxins, while 404/19, 87/33, 7-1/23-8 acrystallogenic variants are devoid of these genes agreeing with 
the absence of larvicidal activity against A. aegypti. 

 

Keywords: Bacillus thuringiensis, culture liquid, larvicidal activity, insecticidal toxins, Cry4, 
Cry11 

 

Blood-sucking mosquitoes and flies of the order Diptera, transmitters of 
dangerous infections in humans and animals, significantly damage animal hus-
bandry. Bacillus thuringiensis subsp. israelensis (BtH14) is an effective bacterial 
agent of dipteral larvae control used worldwide. Preparations based on such 
bacteria are used in wide range of habitat of target insects, not causing their re-
sistance and not rendering negative effect on ecosystem [1]. BtH14 is considered as 
priority bioagent in fighting blood-sucking mosquitoes, the parasites of animals 
and humans and transmitters of diseases, including anaplasmose in cattle stock. 
Blood-sucking dipteral species can cause a 20-30 % decrease in milk yields and 
20-40 % decrease in body weight gain [2].  

In plants, including seeded forages, “green” biologicals against harmful or-
ganisms based on bacteria [3-5], actinomycetes [6], entomorphtorales and ento-
mopathogenic nematodes [7, 8] as a factor of optimization of agricultural plant 
protection and nutrition is also an important trend. One of such bioagents is 
spore-forming bacteria Bacillus thuringiensis (Bt) [9, 10] with a complex of useful 
features. Bt can protect agricultural crops from phytophagans [11, 12] and plant 
pathogens [13-15], may stimulate plants growth [16, 17], whilst being safe for 
humans [18] and useful entomofauna [19, 20]. Bt-based biopreparations take the 
priority place at the market as the most effective and safe for environment [21-
23]. Their active substance is spore-crystalline complex [24, 25], in some cases 
also the thermostable exotoxin [26, 27], as well as a series of other lesser studied 
metabolites and protein factors of virulence [28-30]. 

Optimal profitable preparations are obtained at use of producer strain of 
high virulence, technological effectiveness, and safety. However, any culture of 
producers is subjected to population diversity [31, 32]. Long storage, frequent re-
inoculations on solid agar mediums result in formation of colonies of various 
morphotypes and lead to slight decrease of virulence [33]. Thus, Bt strains stored 
for 28 years in crystals of sodium chloride or in lyophilized form, and 10 years 
(observation term) in cryopreserved state remained 100 % viable, but manifested 
larvicidal activity at a level of 78-90 % as compared to the initial values. 

In presented work we for the first time performed comprehensive analysis 
of isolated crystallogenic and acrystallogenic variants of Bacillus thuringiensis var. 
israelensis (BtH14) by polymerase chain reaction (PCR) method at early devel-
opment stage of culture (18 hours). Genes encoding insecticide toxins Cry4 and 
Сry11 were identified in studied crystallogenic variants, whereas such genes were 
not found in acrystallogenic ones. Herewith, variants did not differ by main bio-
chemical properties, culture morphology, and colonies on fish agar (FA), as well 
as by productive capacity. It was established that cultural fluid (CF) in 12 hours 
after incubation does not form sediment in crystallogenic variants as opposed to 
acrystallogenic ones, and is approximately 7000 times more active against Aedes 
aegypti larvae. 

The purpose of the study was to compare morphological, biochemical, 
technological, and larvicidal features and presence of entomocidal toxins Cry in 
vilurent and avirulent variants of BtH14 strains. 
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Techniques. Strains BtH14 404 and 87 were stored for 28 years in lyophi-
lized state, and afterwards 2 years on fish agar (FA) slant tubes with re-
inoculation every 6 months; 7-1/23 strain was stored for 28 years in NaCl crys-
talls, and afterwards for 2 years in its CF at 3 С. Initial productive capacity was 
characterized by the following values (½109 CFU/ml): 3.96±0.28; 4.4±0.22; 
4.25±0.30; LK50 for L4 Aedes aegypti comprised (0.135±0.01)½103 %; 
(0.115±0.015)½103 %; (0.128±0.01)½103 %, respectively. 

BtH14 strains were cultured on slant FA at 30 С until full formation of 
spores and crystals. 

Morphology of BtH14 colonies was studied on standard fish agar (FA) in 
Petri dishes using streak plate method on day 7 of growth at 30 С. Preparations 
for light microscopy (microscope Zeiss Axio Imager A2, Carl Zeiss, Germany, 
immersion lens ½100) were stained with aniline black (Lucar, Russia). Crystallo-
genic and acrystallogenic variants [34] were selected to analyze for crystalline 
toxin genes [35]. 

Technological efficacy of BtH14 was assessed in yeast-saccharine medi-
um, after 68-hour submerged growing at 30 С and 220 rpm aeration. The num-
ber of сells plated on FA was determined by standard serial dilutions. LK50 (larvi-
cidal activity) for Aedes аеgypti mosquitoes was assessed as described [33]. 

Biochemical properties (utilization of carbohydrates, formation of acetyl 
methyl carbinol, indol, etc.) were studied with indicator disks (Paper-Based Sys-
tems for Identification of Microorganisms, Microgen, Russia) according to the 
attached instruction. Cultures grown on FA for 1 day at 30 С were collected by 
microbiological loop and placed into sterile sodium chloride (0.85 %). Biochem-
ical analysis of strains was performed in 5-18 hours. 

For genomic DNA extraction of for PCR analysis, bacteria were cul-
tured on standard Luria-Bertani (LB) medium during 16-18 hours at 30 С. 
Cells were suspended in Tris-EDTA buffer (1 M Tris-HCl, pH 7.5 + 0.5 M 
EDTA, pH 8.0) and heated during 10 minutes at 102 С. Cell debris was re-
moved by sedimentation during 3 minutes at 15000 g. Supernatant fluid contain-
ing genomic DNA was transferred to eppendorfs and used for PCR analysis (a 
DNA amplifier T100, Bio-Rad, USA) [35, 36]. Program for PCR analysis was 
selected based on the annealing temperature of known primers and size of the 
amplified DNA fragment. Reaction mix (20 µl) contained 1 µl water solution 
of bacterial DNA (80 ng DNA), 10 µl of Fermentas DreamTaq green PCR 
master mix (Thermo Fisher Scientific, USA), and 0.3 µl of each primer, final 
concentration of 1 pmol/µl). Virulent strain BtH10 56 of B. thuringiensis var. 
darmstadiensis group was a negative control. PCR products were analyzed by 
electrophoresis in 1 % agarose gel with 0.002 % ethydium bromide staining. 

Data were processed by dispersion analysis [37] with 95 % confidence 
interval. Tables provide means (M) and standard error of means (±SEM). 

Results. After long-term storage, BtH14 404, 87, and 7-1/23 strains were 
plated on FA in Petri dishes and selected for formation of crystalline endotoxin 
and spores and for spore formation only.  

Variants BtH14 404/14, 87/21, 7-1/23-4 (crystallogenic) and 404/19, 
87/33, 7-1/23-8 (acrystallogenic) were used in further study.  

Cultures did not differ morphologically. In all variants colonies were 
rough, flat, matt, and grayish-white, of undular edge, fine-grain structure, and 
viscous consistence. Light microscopy of 16-hour cultures also did not find any 
differences [Fig. 1, А]. Besides, 7-day cultures of BtH14 forms did not significant-
ly differ by morphological properties (see Fig. 1, B). 

Table 1 provides data on larvicidal properties in BtH14 variants. Findings 
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show that technological efficacy of crystallogenic and acrystallogenic variants of 
BtH14 strain was practically similar, accordingly (3.36±0.25-4.02±0.15)½109 and 
(3.74±0.19-4.13±0.15)½109 CFU/ml, respectively. 

 

A B C D 

 
Fig. 1. Crystallogenic (А, C) and acrystallogenic (B, D) Bacillus thuringiensis var. israelensis (BtH14) 
variants after 16 hours (A, B) and 7 days (C, D) of culturing. Light microscopy (model Zeiss Axio 
Imager A2, Carl Zeiss, Germany, immersion lens ½100) of preparations stained by aniline black 
(Lucar, Russia). 
 

Larvicidal activity of crystallogenic variants of BtH14 (LK50 for L4 A. aegypti) 
was practically similar within the range (0.120±0.012-0.160±0.018)½103 %. 
Acrystallogenic BtH14 variants were inactive to L4 A. aegypti in commonly ac-
cepted dilutions (1.0; 0.5; 0.25; 0.125; 0.06)½10-3 % CF, and only 1 % suspen-
sion (concentration is 7000 times more) caused 22-39 % death in mosquito lar-
vae in 24 hours, whereas in active variants the same concentration caused 100 % 
death in 15 minutes. 

It was interesting that CF of acrystallogenic variants in 12 hours strati-
fied into pellet and supernatant, whilst in crystallogenic variants it remained sus-
pended (Fig. 2). According to our observations, CF of virulent BtH14 7-1/23А 
strain in suspension preserved for up to 3 years. 

1. Larvicidal properties of studied variants of Bасillus thuringiensis var israelensis  
(BtH14) (M±SEM, lab test)  

Variant Results of light microscopy 
of 7-day culture  

Spore titer, ½109/ml LC50 for L4 Aedes aegypti, ½103 % 

404/14 Spores, crystals 3.36±0.25 0.160±0.018 
404/19 Spores 3.74±0.19 0 
87/21 Spores, crystals 4.02±0.15 0.120±0.012 
87/33 Spores 4.13±0.15 0 
7-1/23-4 Spores, crystals 3.95±0.10 0.150±0.020 
7-1/23-8 Spores 4.00±0.18 0 
N o t e. Results were processed by ANOVA with confidence interval of 95 %. Differences in productive capacity of 
crystallogenic strains between each other and as compared to acrystallogenic were statistically insignificant. Crys-
tallogenic strains statistically significantly differed from acrystallogenic strains in larvicidal activity.   

 



 

1285 

 

Fig. 2. Culture fluid of crystallogenic Bacillus thuringiensis var. israelensis (BtH14) variants in 12 
hours at room temperature remains a suspension, whereas acrystallogenic variants form pellet. 

 

Crystallogenic (virulent) and acrystallogenic (avirulent) variants of 
BtH14 did not differ in analyzed complex of biological properties. Thus, they 
have formed acetyl methyl carbinol and lecithinase, hydrolyzed starch, have 
manifested proteolytic activity and did not have urease activity. Strains me-
tabolized glycerin, glucose, laevulose, maltose, and mannose, did not utilize 
arabinose, galactose, dulcitol, xilose, salicine, saccharose, sorbitol, cellobiose, 
and esculite. Moreover, they did not form pigment, but form film on meat 
peptone broth. 

2. Primers used for PCR analysis of crystallogenic and acrystallogenic variants    

Primer Gene Oligos (5´3´) Тm, С Reference 
Cry11 сry11 TTAGAAGATACGCCAGATCAAGC(f)  

45 [38] 
CATTTGTACTTGAAGTTGTAATCCC (r) 

Bti  CAAACATTTCATTCCAATAACA (f) 
59 [39] 

ATACTGTGTGGGATGCTTATTA (r)  
Cry4 cry4 GCATATGATGTAGCGAAACAAGCC(f) 

62 
[40] 

ACCTGGAACATCTGACAACCAATC (r)  [35] 
 

Since morphologically crystallogenic (virulent) and acrystallogenic (aviru-
lent) variants of BtH14 did not demonstrate visual differences, and crystal for-
mation occurs only in few days of incubation, we have characterized crystallogen-
ic and acrystallogenic variants of BtH14 strain by PCR using 18-hour cultures. 
Used primers are presented in Table 2. 

Bti primers amplify the nucleotide sequence which is specific for B. thu-
ringiensis var. israelensis and located on chromosomal DNA. Positive result of 
amplification with Bti primers (Table 3, Fig. 3) confirmed that the studied vari-
ants belong to B. thuringiensis var. israelensis. PCR analysis revealed cry4 and 
cry11 genes in variants 404/14, 87/21 and 7-1/23-4. In case of variants 404/19, 
87/33, 7-1/23-8, no amplification occurred, which confirms absence of crystalline 
endotoxin and larvicidal activity against A. aegypti. 

3. Comparative characterization of crystallogenic and acrystallogenic variants of 
Bacillus thuringiensis var. israelensis by PCR test 

Variant 
Primers 

Crystallogenicity 
Bti Cry 4 Cry 11 

404/14 + + + + 
404/19 +    
87/21 + + + + 
87/33 +    
7-1/23-4 + + + + 
7-1/23-8 +    
N o t e. «+» and «» mean presence and absence of positive reaction or manifestation of the train.  
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Fig. 3. Gel electrophoresis of PCR products from Bacillus thuringiensis var. israelensis DNA fragment 
amplification with Bti, Cry4 and Cry11 primers for crystallogenic and acrystallogenic strains. М — 
molecular weight marker  DNA/HindIII (Thermo Fisher Scientific, USA). Genes (as per used 
primers) and strain numbers are specified. 

 

Therefore, the obtained data draw us to conclude that virulent variants of 
Bасillus thuringhighiensis var. israelensis 404/14, 87/21, 7-1/23, as opposed to 
avirulent 404/19,87/21, 7-1/23-8, carry genes encoding insecticide toxins Cry4 
and Cry11, form crystalline endotoxins, have higher larvicidal activity (1 % sus-
pension of culture fluid of crystallogenic variants caused 100 % death of A. aegypti 
larvae in 15 minutes, whilst acrystallogenic variants caused only 22-39 % death in 
24 hours) and remain suspended in culture fluid as opposed to avirulent variants 
forming pellet in 12 hours. Fast PCR screening to identify genes encoding main 
protein toxins of B. thuringiensis may be helpful in assessing production proper-
ties of B. thuringiensis var. israelensis strains. Since virulent and avirulent variants 
do not show significant morphological and biochemical differences during long-
term culturing, presence or absence of cry genes is the most convenient indicator 
to select promising strains. Molecular genetic methods do not exclude the need 
for accounting the spore formation rate and ratio of spores to protein crystalline 
inclusions by light microscopy method, and to control strain titer as indicator of 
its technological efficacy.  
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A b s t r a c t  
 

Lipases are capable of changing the quantitative and/or qualitative characteristics of fat-
containing raw materials and widely used for various tasks in modern food and agricultural industries. 
To meet the growing demand for these enzymes, highly effective producers are needed, especially 
those exhibiting multiple activity to lipids of different structure and origin. The aim of the study was 
to search for a new yeast strain with high production of lipase with broad substrate specificity, and to 
optimize its fermentation conditions. This work objectives also included obtaining an enzyme with a 
high grade of hydrolysis of various oils, and the study of its technological properties. Lipolytic char-
acteristics were studied in 110 yeast isolates obtained from natural sources and the collections of 
Moscow State University of Food Production and State Research Institute of Genetics and Selection 
of Industrial Microorganisms. Qualitative assay of lipase activity was carried out using a differential 
nutrient medium with tributyrin and dye methyl red; quantitative analysis was carried out in accord-
ance with the modified Y. Ota & K. Yamada method at pH 5.5. Of the 23 strains with lipolytic ac-
tivity (LA), 12 had sufficiently high LA indices from 2.5 to 7.5 U/cm3, of which M10 isolate with 
maximum activity was selected. For this isolate, morphological, cultural, physiological and biochem-
ical properties were studied and molecular genetic identification was performed. The strain was iden-
tified as Candida parapsilosis (99 % of homology) using phylogenetic analysis and deposited in the 
All-Russian Collection of Industrial Microorganisms under the number Y-4055. After UV mutagene-
sis, a highly active mutant C. parapsilosis M10-10 was obtained. Using mathematical planning meth-
ods, the optimal nutrient medium for its growth and lipase production was determined as, %: mustard 
oil — 2.6, yeast extract — 1.8, soy flour — 1, glucose — 0.5, Tween 80 — 0.42, CaCO3 — 0.3, 
KH2PO4 — 0.03, MgSO4  7H2O — 0.02. An enzyme with a purification grade of 20½ and lipolytic 
activity of 30630 U/g was obtained after culturing the strain M10-10 at a 30-40 С temperature and pH 
of the nutrient medium 5.5-6.5. It was found that by 48 hours of fermentation, lipase reaches the 
highest activity in the culture medium when inoculum M10-10 is in an amount of 5%. Optimal 
conditions for the enzyme were determined as 37 С and pH 5.5. In terms of activity, the resulting 
product is not inferior to commercial domestic and foreign enzymes, including Novozym 435 
(Sigma-Aldrich, USA) with a lipolytic activity of 24020 U/g. The fatty acid specificity of the new 
lipase was determined by enzymatic treatment of various vegetable oils and gas chromatography of 
lipid products using a Shimadzu GC 2010 (Shimadzu, Japan). Modification of vegetable oils with 
M10-10 lipase in an oil/water emulsion significantly reduced 2.4, 4.6, 2.9 and 1.5 times the satu-
rated fatty acids fraction (including palmitic and stearic acids) and increased 1.5, 1.6, 1.1 and 12 
times the polyunsaturated fatty acids fraction (including -3 linolenic and -6 linoleic acids) for 
olive, mustard, sunflower and coconut oils, respectively. 
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Modification of raw materials or alteration of the original raw material 
components is used in order to improve quality of food and agricultural products. 
One of the objectives of modern food industry is to obtain fats and oils with re-
quired physical and chemical properties (consistence, plasticity, hardness) by 
modification thereof [1, 2], which is achieved by changing the fatty acid compo-
sition of lipids. Transformation of vegetable oils by lipases is the most perspec-
tive method of its modification [3, 4].  

In recent years, lipases (EC 3.1.1.3) are actively used in food industry, 
namely in bakery, fermentation, and milk enrichment products, in processing of 
vegetable oil, and in production of margarine [2, 5]. Lipase treatment fosters 
better taste and texture of food products, extended shelf life, and increased soft-
ness of several products. Besides, lipases are used for creation of new functional 
ingredients and functional food products such as equivalents of cacao oil or 
equivalents of human milk fat [5]. As additives or biocatalysts, for instance, in 
production of coffee additives, lipases are used to modify taste and to obtain ar-
omatic notes due to synthesis of compound ethers of short-chain fatty acids and 
spirits [6]. At processing of eggs such enzymes improve emulsifying properties of 
egg yolk lipids [5]. While demand for improved quality of meat grows at the 
global market, use of lipase in production of feed is actualized [7]. In dairy in-
dustry such enzymes are used for lipolysis of fats, improvement of taste and ac-
celeration of cheese maturing, and production of cheese-like products [8]. Vari-
ous cheese types could be produced by using lipases from various sources, for 
instance, pregastric lamb enzyme for Romano cheeselipase from Penicillium cam-
emberti for Camembert cheese, enzymes from P. roqueforti for blue cheese, and 
Aspergillus niger or A. oryzae enzymes for Cheddar cheese [9, 10]. 

The perspectives of lipase use in food and agricultural industries [11, 12] 
necessitate studying practically significant characteristics of such enzymes, i.e. sub-
strate specificity, optimum activity, and stability at alteration of external parame-
ters such as, for instance, acidity of environment and temperature. 

Known lipolytic enzyme preparations (EP) of microbial origin in Russia 
and abroad usually have fungal origin (mainly, representatives of genus Candida 
C. rugosa, C. lipolytica, actinomycetes Streptomyces and Thermoactinomyces) 
and bacterial origin (members of Pseudomonas, Bacillus genus) and optimum 
activity at neutral and alkali pH. Food industry needs new producers of such 
enzymes preserving functionality at acid pH and having significant lipolytic 
activity (LA) [13, 14]. 

Although recombinant genetically engineered enzymes are recently often 
proposed to food productions, issues on the safety of use of such strains and 
their metabolites in foods are still unsolved. Thus, the use of induced mutagene-
sis method with further sampling by target traits remains relevant. The main ad-
vantage of such method is that it is relatively simple and practically does not 
require detailed information both on genetics and metabolism of producer strain, 
as well as on properties of desired product.  

In this work we have isolated yeast strain secreting lipase with high activ-
ity and wide substrate specificity, having characterized its technological proper-
ties and properties of enzyme preparation as compared to known Russian and 
foreign analogues. 

Our purpose was to get highly effective lipase producer by UV-
mutagenesis and selection, to determine terms of cultivation required for maxi-
mum enzyme biosynthesis, and to create enzyme preparation on its basis ensur-
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ing high level of hydrolysis of various oils. 
Techniques. Lipolytic properties were analyzed in 110 yeast isolates of taxa 

Candida interace, C. maltose, C. tropicalis, Debaryomyces huansenii, Rhodotorula 
rubra, Zygosaccharomyces bailii, Z. rouxii, Saccharamyces cerevisiae, Yarrowia lipo-
lytica. Part of strains was received from collection of microorganisms at the Facul-
ty of biotechnology and technology of bioorganic synthesis products of Moscow 
State University of Food Productions and the GosNIIgenetica, while other cul-
tures were isolated from products with high content of lipids (samples of oils, meat 
and dairy products, fruits), and natural habitats (soil). 

Cultural and morphological traits of strains and isolates were described us-
ing agar and liquid Saburo mediums (a thermostat TSO-1/80 SPU, OJSC Smo-
lensk Special Design and Technological Bureau of Programmed Control Systems, 
Russia); light microscopy was used to study morphological characteristics (MIK-
MED 5, LOMO JSC, Russia). 

The following basic nutrient media (NM, ingredients in percentage) were 
used. NM No. 1 (selective medium for strains capable of olive oil utilization as 
the only source of carbon) contained olive oil — 1, Na2HPO4 — 0.6, KH2PO4 — 
0.3, NH4Cl — 0.1, NaCl — 0.05, agar — 2 (pH = 7.2±0.1). NM No. 2 differential 
medium with tributyrin and methyl red contained Na2HPO4 — 0.6, KH2PO4 — 
0.3, NH4Cl — 0.1, tributyrin — 0.3, NaCl — 0.05, agar — 2, methyl red — 0.2 
(pH = 6.5±0.1). NM No. 3, the Saburo medium, liquid or with 2% agar (HiMe-
dia Laboratories Pvt., Ltd, India, included peptone — 1, glucose — 4, (pH = 
5.6±0.1). NM No. 4 liquid medium for yeast fungi culture contained yeast ex-
tract — 2.0, glucose — 2.0, СаСО3 — 0.5, КН2РО4 — 0.05 (pH = 5.4±0.1). 
NM No. 5 supplemented with lipase synthesis inducers included mustard oil — 
2, yeast fungi extract — 2, soya flour — 1, glucose — 0.5, Tween 80 — 0.2, 
СаСО3 — 0.3, КН2РО4 — 0.03, MgSO4  7H2O — 0.02 (pH = 5.5±0.1). For 
optimization of NM composition, we used the Gausse-Seidel method of suc-
cessive displacements implying an experimental search for function extremum 
of many variables presupposing stepwise finding of private extremums of target 
function for each factor. Mediums were sterilized by autoclaving during 30-40 
minutes at 0.25 MPa. 

Samples taken for isolation of potential lipase producers were kept for at 
least 1 month at 4 С. Afterwards, samples were suspended in sterile 0.9% sodi-
um chloride (ratio 1:10), with addition of 4% gentamicin sulphate  (0.1% final 
concentration) to exclude development of related bacteria, and incubated for 
1 hour at 30 С. Next, enriched cultures were obtained using Saburo medium 
(NM No. 3), then the cultures were re-plated on the selective NM No.1 and in-
cubated for 72 hours at 30 С. Obtained pure yeast cultures, after control micros-
copy, were plated on differential NM No. 2 with indicator to reveal lipolytic 
property. Lipase synthesis potential of strain was assessed after growing for 48 
hours at 30 С by transparent areas around colonies and by changing the color of 
solid NM from yellow to orange and in furtherance to red. Pure cultures of lipo-
lytically active microorganisms were re-plated on Saburo agar for further storage. 

To quantify LA in CF centrifugates and to select the most lipolytically ac-
tive strains, east isolates were grown in Erlenmeyer 750 cm3 flasks with 100 cm3 

NM No. 4 for 48 hours at 30±2 С and shaking. Water suspension of yeasts 
(5½106 cells/cm3) from NM No. 3 agar slants grown for 48 hours at 30 С was an 
inoculum. The inoculum made 5 % of NM No. 4 volume per flask. At the end 
of culturing, CF was clarified for 15-20 min at 8000 rpm (laboratory centrifuge 
Dastan, OJSC TNK Dastan, Russia). LA was assessed by titrimetry using olive 
oil as a substrate as per modified method of Ota and Yamada [15] at pH 5.5. 
The method is based on the rate of olive oil fermentolysis quantified by titration 
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of resultant organic acids with 0.05 N NaOH. Lipase activity unit means quanti-
ty of enzyme hydrolyzing 40% emulsion of olive oil to produce 1 µmol oleic ac-
id for 1 hour at 37 С and pH 7.0. 

Selected producer strain was identified by sequencing variable region of 
gene encoding 18S rRNA [16]. Sequences encoding 5.8S rRNA and internal tran-
scribed spacers ITS1 and ITS2, as well as nucleotide sequences of D1/D2 domain 
of 26S rRNA were compared to establish phylogenic homology [17, 18]. Biomass 
for DNA extraction was grown on Saburo agar. Standard PCR kits (Applied 
Biosystems, Inc., USA) were used to extract chromosomal DNA according to 
producer’s instruction. Conservative primers NS1 and NS4; ITS1 and ITS4; 
NL1 and NL4 were used for 18S rRNA, primers ITS1 (5´-TCCGTAGGTGAA-
CCTGCG-3´) and ITS4 (5´-TCCTCCGCTTATTGATATGC-3´) for 5.8S-ITS 
region, and CTB6 (5´-GCATATCAATAAGCGGAGGAAAG-3´) with TW13 
(5´-GGTCCGTGTTTCAAGACGG-3´) for D1/D2 domain [16]. Fragments were 
amplified as per the following protocol: 3 minutes at 95 С (1 cycle); denaturation 
for 30 sec at 95 С, primer annealing for 30 sec at 57 С, elongation for 30 sec at 
72 С (35 cycles); 5 minutes at 72 С (1 cycle) (a Mastercycler gradient, Eppen-
dorf, Germany). Obtained fragments were subjected to gel electrophoresis 
(5 V/cm3, 30 min; Bio-Rad Laboratories, Inc., USA). Amplicons stained with 
10 mg/ml ethydium bromide were UV-visualized. For DNA sequencing (an au-
tomatic sequencer ABI 373A, Applied Biosystems, USA), fragments were purified 
using DNA Extraction kit (Thermo Scientific, Lithuania).  

Specialized BLAST server software (https://blast.ncbi.nlm.nih.gov/Blast.cgi) 
and GenBank NCBI (https://www.ncbi.nlm.nih.gov/) were used to analyze sequenc-
ing data and to construct phylogenetic trees. Homology of nucleotide sequences of 
at least 97% served as criteria for taxonomic classification. 

UV-mutagenesis was carried out in Petri dishes on NM No. 2 with tribu-
tyrin. Cell suspension was spread on plates in sterile conditions. Open Petri dishes 
were exposed for maximum 50 minutes to UV-lamp (Mineralight, USA; 30 W, 
1 m distance from the lamp to plate surface). Samples were taken with 10 min 
interval and incubated in tubes on Saburo agar (NM No. 3) slants during 48 
hours at 30 С for culture enrichment.  

Lipase-producing strain was cultured in semi-industrial conditions 
(OJSC Biohimmash, Moscow) in a 16 l lab fermenter, operating volume 11 l 
(Bioengineering AG, Switzerland) with NM No. 4 for 48 hours at 30±2 С, pH 
5.5 and airflow of 16 dm3/min. Yeast suspension containing 5½106 cell/cm3 was 
used as an inoculum in amount of 5 % (volume/vilume). Culture fluid was sepa-
rated by centrifuging (SL 40, Thermo Scientific, USA). To purify supernatant 
from low-molecule admixtures and to concentrate EP, ultrafiltration (UVMT-5-
20, polymer membrane with cut off 10 kDa, temperature 10-15 С, input pres-
sure 0.3 MPa, output pressure 0.2 MPa) was used followed by sterilizing filtra-
tion at 15-17 С. The obtained residue was lyophilized. In pursuance of steriliz-
ing filtration, stainless steel filter support of 142 mm in diameter (Milipore, 
USA) was used. Hydrophilic polyester-sulfone membrane filters with 0.22 µm 
pores (Pall Corp., USA) were used as filtering element. The assembled filter 
support was sterilized in autoclave for 30 min at 121 С. Operating pressure at 
sterilizing filtration of EP concentrate comprised 0.1 MPa. Lyophilization (USP-
20, FRG) was carried out at 1 cm layer depth, freezing temperature comprised 
50 С, coolant temperature was 70 С in the first 1.5 h with temperature in-
crease up to 20-30 С during the next 1.5 h, and final drying during 3-4 hours 
at heat carrier temperature of 40 С. 

Experimental EP of lipase was compared to commercial Russian and 
foreign analogues, i.e. the preparations based on strains Y. lipolytica Pold, S. cere-
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visiae FDS101, Y. lipolytica RNCIM Y-3600, Candida spp. L3170, Pichia pastor-
is DVSA-PLC-004, as well as with Pancreatin (PJSC Biosintez, Russia), Cre-
on®10000 (Abbott Products GmbH, Germany), Mezym® forte 10000 (Berlin-
Chemie AG, Germany), and Novozym 435 (Sigma-Aldrich, USA). In these 
tests, 1% solutions of studied preparations in distilled water were made and their 
LA was determined by modified method of Ota and Yamada [15]. 

To clarify fatty-acid specificity of the enzyme and to obtain lipid prod-
ucts rich in polyunsaturated fatty acids (PUFAs), olive, mustard, sunflower, and 
coconut oils were hydrolyzed [19]. To determine conditions of effective fermen-
tolysis of vegetable oils, the effect of EP amount, oil to water ratio, temperature, 
and time of exposure were assessed. Free fatty acids (FA) were extracted by cold 
refining method. Hydrolysates were rinsed by water (1:3), and cooled up to 7±1 С. 
NaOH water solution (2.5%) also cooled up to 7±1 С was gradually added to a 
hydrolysate (10:1 volume/volume). The mixture was separated during 30 min at 
7±1 С. Resultant sodium salts of fatty acids were rinsed by water. The isolated 
neutral fat was neutralized with 5 % H2SO4, the remaining salts were separated. 
The obtained FA methyl ethers were analyzed by liquid gas chromatography 
(Shimadzu GC 2010, Shimadzu, Japan) with mass-detector GCMS-QP 2010 and 
column MDN-1 (l = 30 m,  = 0.25 mmN; solid-phase-bound methyl silicone 
filler). Operating parameters: injector temperature 200 С, interface temperature 
210 С, detector temperature 200 С; helium carrier, flow rate of 1 cm3/min, 
split ratio of 1:5. Mass-detector parameters: registration mode — TIC, with m/z 
range of mass analyzer 45-500. Sample components were identified using the mass-
spectrum library NIST 02 (https://www.nist.gov/srd). Identification validity com-
prised over 93 %.  

Results are presented as 
means (М) at 3-fold replication with 
standard error of mean (±SEM). 
Confidence interval of arithmetic 
mean for p = 0.05 was determined 
using Statistica 6 software (StatSoft, 
Inc., USA) and Microsoft Excel 
2010. The difference between two 
mean values was statistically signifi-
cant if their confidence intervals 
were not overlapped. 

Results. It was established 
that only 23 out of 110 yeast iso-
lates plated on NM No. 1 can uti-
lize olive oil as a single carbon 
sourceа. A total of 12 yeast culture 

isolates (Table 1) were selected by activity, where CF of M10 isolated from the 
surface of dairy butter brick had the highest LA. The M10 isolate was selected 
for further studies. As per morphological, cultural, physiological and biochemical 
traits (Table 2), the M10 strain was referred to Candida genus. 

2. Morphocultural and physio-biochemical characterization of Candida sp. М10 
isolate  

Trait Description  
M o r p h o l o y  

Culture morphology on the 1st day Round or oval cells, 2.5-4.5 µm in width and 2.5-9.0 µm in length 
Culture morphology on the 2nd day Budding of most cells; formation of pseudo mycelium. 

 

1. Lipolytic activity (LA) in culture fluid cen-
trifugates of strains and isolates (nutrient 
medium No. 4) 

Strain, isolates LA,  U/cm3 
Candida interace1 2.5±0.13 
C. maltosa1 2.5±0.13 
C. tropicalis1 5.0±0.25 
Rhodotorula rubra1 2.5±0.13 
Yarrowia lipolytica2 5.0±0.25 
П-РОС3 (P-ROS3) 5.0±0.25 
П-М3 (P-M3) 5.0±0.25 
М103 (M103) 7.5±0.38 
П53 (P53) 2.5±0.13 
П83 (P83) 2.5±0.13 
Ж13 (J13) 5.0±0.25 
Ол3 (Ol3) 5.0±0.25 
N o t e. 1 — collection of the Moscow State University of Food 
Productions, Moscow, 2 — RNCIM collection of GosNIIge-
netica, Moscow; 3 — strains isolated from high-lipid products 
and natural sources. 
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Continued Table 2 

C u l t u r a l  t r a i t s  
Growth on Saburo agar  Round colonies with ruffled border; 1-7 mm in diameter; large-wrinkled 

surface, flat profile built in substrate; shiny and non-transparent colonies; 
light dingy-beige color; wave-shaped edges; coarse-grained structure; tight-
leathery consistence 

Growth in liquid Saburo medium Opaqueness; residue and rink on tube walls; no medium pigmentation; no 
gas formation; yeast odor 

Spore formation Absent 
P h y s i o - b i o c h e m i c a l  t r a i t s  

Nitrate assimilation Negative 
Growth ability in vitamin free medium Positive (biotin serving as a strong growth stimulator) 
Gelatin liquefaction Positive 
Urea hydrolysis Positive 
NaCl concentration  Intensive growth at 8%, 10%, and 12% of NaCl 
pH  Good growth at pH from 3 to 9  
Temperature  Weak growth at 20 С; intensive growth at 25-37 С; weak growth at 50 С 

 

The nucleotide sequence of variable 18S rRNA gene region of М10 
strain genome was as follows: 
CATACATGTCTAAGTATAAGCAATTATACAGTGAAACTGCGAATGGCTCATAAA-
TCAGTTATCGTTTATTTGATAGTACCTTACTACTTGGATAACCGTGGTAATTCT-
AGAGCTAATACATGCTTAAAATCCCGACTGTTTGGAAGGGATGTATTTATAGA-
TAAAAAATCAATGCCTTCGGGCTCTTTGATGATTCATAATAACTGAATCACAT-
GGCCTTGTGCTGGCGATGGTTCATTCAAATTTCTGCCCTCGATGGTAGGATA-
GTGGCCTACCATGGTTTCAACGGGTAACGATAAGGGTTCGATTCCGGAGAG-
GGAGCCTGAGAAACGGCTACACATCCAAGGAAGGCACAGGCGCCAAATTAC-
CCAATCCCGACACGGGGAGGTAGTGACAATAAATAACGATCAGGGCCCTTTC-
GGGTCTTGTAATTGGAATGAGTACAATGTAAATACCTTAACGAGGAACAATT 
GGAGGGCAAGTCTGGTGCGCAGCCGCGGTAATTCCAGCTCCAAAACGTATA-
TTAAAGTTGTTGCAGCAGTTAAAAAGCTCGTAGTTGAACCTTGGGCCTTGGC-
CTGCCCGG. 

 

Initially, the primary screening of nucleotide sequence using GenBank 
databases and ВLАSТ server had shown that М10 strain belongs to groups: Eukar-
yota, Fungi, Ascomycota, Saccharomycotina, Saccharomycetes, Saccharomycetales, 
mitosporic Saccharomycetales, Candida. Analysis of variable DNA region of 18S 
rRNA gene allowed this strain to be referred to several species of Candida genus 
with probability of less than 97 %. Thus, to specifically identify the strain, we 
carried out a comparative analysis of DNA encoding 5.8S rRNA and internal 
transcribed spacers IТS1 and IТS2, and also comparative analysis of 26S rRNA 
gene sequences encoding D1/D2 domain.  

For DNA region of 5.8S rRNA gene and internal transcribed spacers 
IТS1 and ITS2 the following nucleotide sequence was obtained: 
GCGGGGTAGTCTACCTGATTTGAGGTCGAATTTGGAAGAAGTTTTGGAGTTTG- 
TАССААTGAGTGGAAAAAACСTATCCATTAGТTTАТАСTCCGCCТТТСТТТСАА- 
GCААAСССAGCGTATCGCTCAACACCAAACCCGAGGGTTTGAGGGAGAAATG- 
АСGCTCAAACAGGCATGCCCTTTGGAATACCAAAGGGCGCAATGTGCGTTCAA- 
AGATTCGATGATTCACGAATATCTGCAATTCATATTACTTATCGCATTTCGCTG- 
CGTTCTTCATCGATGCGAGAACCAAGAGATCCGTTGTTGAAAGTTTTGACTATT- 
АAATAATCGGTTGACATTААAТАAAАТТTGGТТGАGТTTАTCTCTGGCAGGC- 
CCCATATAGAAGGCCTACCAAAGCAAAGTTTTCAAAAAAAGAAAAACACATG- 
TGTAAGAAAAAATGCAGTTAAGCACTTTTCATTCTGTAATGATCCTTCCGCAG- 
GTTCACCAGGAAGAATATTAAGAATGAAAAGTGCTTACTGCATTTTTTCTAAC- 
ATGTGTTTT. 

The sequence for region of 26S rRNA gene was as follows: 
GGATTGCCTTAGTAGCGGCGAGTGAAGCGCAAAAAGCTCAAATTTGAAATCT-
GGCACTTTCAGTGTCCCGAGTTGTAATTTGAAGAAGGTATCTTTGGGTCTTGC-
TCTTGTCTATGTNTCTTGGAACAGAACGTCACAGAGGGTGAGAATCCCGTGC-
GATGAGATGTCCCAGACCTATGTAAAGTTCCTTCGAAGAGTCGAGTTGTTGG-
GAATGCAGCTCTAAGTGGGTGGTAAATTCCATCTAAAGCTAAATATTGGCGA-
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GAGACCGATAGCGAACAAGTACAGTGATGGAAAGATGAAAAGAACTTTGAAA-
GAGAGTGAAAAAGTACGTGAAATTGTTGAAAGGGAAGGGCTTGAGATCAGA-
CTTGGTATTTTGTATGTTACTCTCTCGGGGGTGGCCTCTACAGTTTACCGG-
GCCAGCATCAGTTTGAGCGGTAGGATAAGTGCAAAGAAATGTGGGACTGCT-
TCGGTAGTGTGTTATAGTCTTTGTCGATACTGCCAGCTTAGACTGAGGACTG-
CGGCTTCGGCCTANGA. 

 

Therefore, according to clarified data, M10 strain is close to Candida 
parapsilosis (homology level 99 %) [20]. Based on the results of molecular iden-
tification, strain C. parapsilosis М10 was deposited to All-Russia Collection of 
Industrial Microorganisms (GosNIIgenetica) under accession number RNCIM 
Y-4055. 

Enzyme biosynthesis by a producer mainly depended on NM composi-
tion, physiological state of microorganism, terms of culturing, and the amount of 
inoculum [21, 22]. At submerged culturing of C. parapsilosis М10 strain, we have 
gradually varied concentrations and types of carbon, nitrogen, phosphor, and 
microelement sources in nutrient medium No. 5, since such factors may affect 
lipase production [23]. 

 

 

Fig. 1. Lipolytic activity (LA) of producer 
strain Candida parapsilosis М10 at different 
concentrations of carbon sources in nutrient 
medium:  — glucose,  — saccharine, 

 — fructose,  — maltose,  — galac-
tose.  

 
Different sugars, which con-

centrations were changed at cultur-
ing of M10 strain on NM No. 5, 
were used as carbon source (Fig. 1). 
Maximum LA occurred in variant 
with 0.5% glucose concentration as 
yeast fungi prefer glucose out of 
sugars. 

 

 

Fig. 2. Lipolytic activity (LA) of producer 
strain Candida parapsilosis М10 depending on 
inducer (oil) type and concentration ////:  
— olive,  — mustard,  — pure sunflow-
er,  — refined sunflower,  — flax seed. 
 

It is known that various 
vegetable oils are often used to in-
duce lipase synthesis and as an ad-
ditional carbon source. It has been 
reported that Y. lipolytica DSM 3286 
strain produced 34.6±0.1 U/cm3 li-
pase on medium with olive oil with 
addition of yeast extract [24]. 

It was established in previous work [25] that maximum LA in 48 hours 
of culturing C. rugosa (DSM 2031) strain comprised 4.43; 3.29; 2.86; 1.74; 1.23, 
and 1.03 U/cm3 for sesame, peanut, sunflower, palm, coconut, and castor oils, 
respectfully. In our study we have also tested various oils and varied concentra-
tions thereof (Fig. 2). Thus, upon addition of 2% mustard oil LA of M10 strain 
comprised 80 U/cm3. According to results, mustard oil contains FA inducing 
lipase synthesis in C. parapsilosis М10. 

Fickers et al. [26], having studied the ability of various mineral nitrogen 
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sources, for instance, NH4Cl and (NH4)2SO4, and organic substrates (casamino 
acids, trypton, urea, yeast extract, various peptones) to maintain lipase growth 
and production in Y. lipolytica LgX64·81 strain, had shown that enrichment of 
the medium by mineral nitrogen did not significantly affect cell growth or en-
zyme biosynthesis, whilst lipase production was notably increased at addition of 
several sources of organic nitrogen. The highest yield (166-fold yield increase up 
to 484.7±59.1 U/cm3) was noted at presence of Hycase SF with trypton N1. 

 

Fig. 3. Lipolytic activity (LA) of producer strain 
Candida parapsilosis М10 depending on nitro-
gen type and concentration in nutrient medium: 
а — yeast extract, b — soya flour, c — pep-
tone, d — (NH4)H2PO4. 

 
As a nitrogen source, we 

used yeast extract, soya flour, pep-
tone, and NH4H2PO4 in different 
concentrations (Fig. 3). The highest 
lipase activity of producer strain was 
noted on nutrient medium No. 5 
with 2 % yeast extract. Possibly, it 
was due to the fact that yeast extract 
contains essential amino acids and B 

group vitamins required for enzyme biosynthesis. 
Soya flour containing up to 

30% fat could render positive effect 
on lipase biosynthesis [27]. During 
the additional experiment on NM 
No. 5 with yeast extract (2.0 %), we 
have introduced different quantity of 
soya flour (Table 3). The most ac-
tivity of producer was obtained on 

medium with 1.0% soya flour. 
 

Fig. 3. Lipolytic activity (LA) of producer strain 
Candida parapsilosis М10 depending on P type 
and concentration in nutrient medium:  — 
K2HPO4,  — KH2PO4,  — (NH4)2HPO4, 

 — (NH4)H2PO4. 

 
Phosphorus is required for 

microorganism activity and enzyme 
biosynthesis [28]. We have studied 
the effect of K2HPO4, KH2PO4, 
(NH4)2HPO4, and (NH4)H2PO4 on 
LA of CF centrifugate of C. para-
psilosis М10 strain (Fig. 4). The best 
indices of lipase activity were on me- 

dium No. 5 with 0.03% KH2PO4. The graph also allows tracing such fact that 
potassium ions are required for lipase biosynthesis.   

Due to optimization by mathematical method of experiment design the 
following NM (No. 6), % was established: mustard oil — 2.6, yeast extract — 
1.8, soya flour — 1, glucose — 0.5, Tween 80 — 0.42, СаСО3 — 0.3, КН2РО4 — 
0.03, MgSO4  7H2O — 0.02, pH 5.5±0.1. Due to optimized NM, LA of C. par-

3.  Lipolytic activity (LA) of Candida para-
psilosis М10 depending on soya flour 
concentration in nutrient medium   

Concentration, % LA, U/cm3 
0.5 80±4.0 
1.0 90±4.5 
1.5 85±4.3 
2.0 70±3.5 
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apsilosis М10 strain CF increased up to 204 U/cm3. 
Enzyme concentration in microbial cell could be significantly increased 

by changing the growth conditions, by mutagenesis or genetic manipulations [22, 
23, 32]. Mutant C. parapsilosis М10-10 with LA in CF of 235 U/cm3 was ob-
tained due to UV-mutagenesis of C. parapsilosis М10 strain (Fig. 5). UV expo-
sure lasting over 10 min rendered negative effect on enzyme biosynthesis. Simi-
larly, Chen et al. [29] had isolated Trichosporon fermentans WU-C12 strain from 
soil showing maximum yield (nearly 30 U/cm3) at culturing during 4 days at 
30 С. Afterwards 2PU-18 strain with higher enzyme activity (up to 70 U/cm3) 
was obtained by UV-induced mutagenesis and by changing the medium compo-
sition. Other authors, when working with Aspergillus niger, have used nitrogen 
acid in addition to UV-treatment as a mutagen (both methods used twice) and 
have obtained the 20.7 and 39.1 % increase in lipase production, respectively, 
after double UV and nitrogen acid treatment as compared to parent strain hav-
ing yield of 34.8 U/ml [30]. 

 

 

Fig. 5. Lipolytic activity (LA) of producer strain 
Candida parapsilosis М10 CF depending on UV-
exposure. 

Fig. 6. Lipolytic activity (LA) of producer strain 
Candida parapsilosis М10 CF depending on time 
of culturing. 

 

We have experimentally estab-
lished that the highest lipase activity in 
CF is attained in 48-hour М10-10 cul-
ture, 5% inoculum volume to growth 
medium volume (Fig. 6), 30-40 С 
and рН 5.5-6.5 (Table 4). Production 
of dry EP in fermenter culture com-
prised 7.92 g/cm3 with LA 30630 U/g. 

Comparison of LA in Russian 
and foreign lipase preparations and 
obtained EP implies (Table 5) that 

М10-10 G20½ lipase was not inferior to other preparations. We have experimen-
tally established the following optimal conditions for enzyme hydrolysis of oil 
using of М10-10 G20½ lipase EP, the 0.1% enzyme (61.2 U/g lipids), oil to wa-
ter ratio 1:1, 37 С, рН 5.5, and 4-hour incubation.  

5. Comparison of lipolytic activity (LA) of the developed Candida parapsilosis М10-
10-based lipase preparation and known commercial preparations  

Preparation  Collection, producer LA, U/g 
Lipase М10-10 G20½ Obtained in this work 30630±18.5 
Preparation based on Yarrowia lipolytica Po1d 
 strain [30] 

Collection of Moscow State University of Food 
Productions 2400±8.5 

Preparation based on Saccharomyces  
cerevisiae FDS101 strain [31] 

Collection of Moscow State University of Food 
Productions 1800±6.7 

 

4. Lipolytic activity (LA) of producer 
strain Candida parapsilosis М10 CF 
depending on рН  

pH  LA, U/cm3 
4.0 145±7.25 
4.5 170±8.5 
5.0 220±11.0 
5.5 235±11.75 
6.0 230±11.5 
6.5 228±11.4 
7.0 200±10.0 
7.5 150±7.5 
8.0 40±8.0 
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Continued Table 5 

Preparation based on Y. lipolytica strain RNCIM  
Y-3600 [32] 

RNCIM of GosNIIgenetica, Russia  
2700±6.2 

Lipase from Candida spp. L3170   Sigma-Aldrich, USA 5000 
PLC lipase BD16449 (based on Pichia pastoris 
DVSA-PLC-004 strain) [33] 

Collection of Moscow State University of Food 
Productions 205±0.7 

Pancreatin   Biosintez, Russia 4300 
Kreon® (10000 U)   Abbott Products GmbH», Germany 10000 
Mezym® forte 10000 Berlin-Chemie AG, Germany 10000 
Novozym 435  Sigma-Aldrich, USA 24020±10.2 

 

Identification of fatty-acid specificity of enzyme had shown that maxi-
mum yield of free FA in 4 hours comprised 30.0% for olive oil, 30.5% for mus-
tard oil, 32.2% f sunflower oil, and 35.6% for coconut oil (of total acid content 
in oils). Thus, it was inferred on lipase enzyme specificity to the residues of satu-
rated FA. Hydrolysis by lipase М10-10 G20½ and further refining of vegetable 
oils allowed us validly to reduce the relative content of saturated FA 2.4; 4.6; 2.9 
and 1.5 times and to increase PUFAs 1.5; 1.6; 1.1 and 12 times for olive, mus-
tard, sunflower, and coconut oils, respectively (Table 6). Accordingly, modifica-
tion of vegetable oils by lipase preparation М10-10 G20½ in oil:water emulsion 
allows us to obtain lipid products enriched with -3 and -6 linoleic and linolen-
ic PUFAs valuable for human health.  

6. Fat components and fatty acid composition of vegetable oils and modified lipid 
products derived from М10-10 G20½ lipase hydrolysis  

Component 
Olive Mustard Sunflower Coconut 

O M O M O M O M 
M a s s  c o n t e n t  o f  f a t  c o m p o n e n t s, % 

FA 20.0±4.00 8.3±1.66 14.3±2.86 3.1±0.62 12.0±2.40 4.1±0.82 89.1±17.82 60.8±12.16 
PUFAs 11.4±2.28 17.5±3.50 37.3±7.46 58.1±11.62 58.5±11.70 65.4±13.08 1.6±0.32 19.4±3.88 
PUFAs -6 6.9±1.38 7.9±1.58 24.0±4.80 27.9±5.58 58.5±11.70 65.4±13.08 1.6±0.32 19.4±3.88 
PUFAs -3 4.5±0.90 9.7±1.94 13.3±2.66 19.0±3.80 – – – – 

M a s s  c o n t e n t  o f  f a t t y  a c i d s, % 
Capric С10:0 − − − − − − 7.3±1.46 2.3±0.46 
Lauric С12:0 − − 1.3±0.26 − − − 45.3±9.06 35.2±7.04 
Myristic С14:0 − − − − − − 21.2±4.24 18.3±3.66 
Palmalite С16:0 15.5±3.10 6.8±1.36 9.4±1.88 1.4±0.28 7.7±1.54 1.3±0.26 12.3±2.46 10.7±2.14 
Stearic С18:0 4.2±0.84 1.6±0.32 3.1±0.62 1.8±0.36 4.0±0.80 2.7±0.54 3.0±0.60 2.8±0.56 
Oleic С18:1 61.3±12.26 64.7±12.94 34.5±6.90 38.3±7.66 26.3±5.26 27.6±5.52 9.3±1.86 19.9±3.98 
Linoleic С18:2 6.9±1.38 7.9±1.58 24.0±4.80 27.9±5.58 58.5±11.70 65.4±13.08 1.6±0.32 10.9±2.18 
Linolenic С18:3 4.5±0.90 9.7±1.94 13.3±2.66 19.0±3.80 − − − − 
Arachic С20:0 0.3±0.06 − 0.6±0.12 – 0.4±0.08 − − − 
Gondoinic С20:1 0.3±0.06 − 5.5±1.10 2.8±0.56 − − − − 
Erucidic С22:1 − − 4.8±0.96 3.2±0.64 − − − − 
N o t e . FA — fatty acids, PUFA — polyunsaturated fatty acids; O — original, M — modified products. Dashes 
mean trace amounts or absence of components. 
 

During the last years, yeast genus Candida (for instance, C. antarctica, 
C. rugosa, C. tropicalis, C. curvata, C. parapsilosis strains), as well as Galactomy-
ces geotricum, Saccharomyces cerevisiae, Yarrowia lipolytica, Arxula adeninivorans, 
Trichosporon fermantans, T. asahii, Rhodotorula mucilaginosa, Aureobasidium pul-
lulans are deemed the most perspective microbial producers of lipase with high 
enzyme activity [35, 36]. However, only some of lipases are commercially used 
for mass production purposes [37]. Such enzymes have high activity and wide 
temperature and рН optimums. 

Activity of new lipase М10-10 G20½ is close to such in Novozym 435 
preparation (Sigma-Aldrich, USA) obtained based on C. antarctica strain. Lit-
erature sources confirm that lipase synthesized by C. antarctica strains manifest 
high LA. Lipase CALB with activity of 117 U/g of dry weight [38], as well as 
genetically engineered strain of Pichia pastoris synthesizing lipase of С. antarctica 



1300 

CALB with activity of 220 U/g of dry weight are known [39]. Few more com-
mercially successful EP such as Chirazyme® L-2 (Boehringer Mannheim 
GmbH, Germany) and SP 525 (Novo-Nordisk A/S, Denmark) are obtained 
based on the same microorganism [37]. 

In 2004, Y. lipolytica Pold (CLIB 139) and Y. lipolytica Polf (АТСС 
MYA-2613) widely used for metabolic engineering were derived from Y. lipolyti-
ca W29 (АТСС 20460) strain [40]. Moreover, genetically engineered Saccharo-
myces cerevisiae strains producing lipases Lip7 and Lip8 of Y. lipolytica with ac-
tivity of 283 and 121 U/g (per dry weight) are also known [41]. In experiments, 
optimal pH for hydrolysis of olive oil by Y. lipolytica lipase comprised nearly 
8.0. At temperature below 37 С and pH 4.5-8.0, these enzymes remain stable 
for 20 minutes, at 5 С — for 22 hours. Lipases synthesized by C. rugosa are one 
of mostly used in the industry due to high enzyme activity. Indian researchers 
have extracted and characterized three different C. rugosa lipase forms [4]. Puri-
fied isoforms of extracellular lipase (lipA, lipB and lipC) had molecular weights of 
64, 62, 60 kDa and temperature optimum within the range of 35-40 С. Ge-
otrichum candidum lipases are of commercial interest due to high specificity to 
long-chain cis-9-unsaturated fatty acids in substrates. G. candidum is known as 
producer of extracellular lipase stable at рН 6.5-8.5 [42]. Ciafardini et al. [43] had 
established that yeast strain Williopsis californica 1639 isolated from virgin olive 
oil produces extracellular lipase with activity optimum at pH 6. Böer et al. [44] 
had cloned AL1P1 gene encoding lipase of yeast Arxula adeninivorans. It was 
shown that the enzyme is a 100 kDa dimmer with amino acid sequence similar 
to such in lipases from C. albicans and C. parapsilosis. Its maximum activity is at 
30 С and pH 7.5. 

Commercial lipase preparations often are a mix of various isoforms. 
Thence, low reproducibility of biocatalytic processes when using commercial 
lipases, for instance, С. rugosa (CRL), could be due to presence of different 
isoforms, which complicates the interpretation of findings [45]. 

Our study of thermal- and pH-stability of lipase M10-10 G20½ EP had 
shown that preparation, unlike the abovementioned, completely preserves its 
high activity in the range of 30-40 С and pH 4.0-7.0, which is the advantage 
for industry and agricultural application. In addition, the potential of modern 
metabolic engineering of lipase producers, which we discussed above, can be 
applied to strain M10-10. 

Thus, the following conclusions could be drawn based on performed 
studies. A new yeast lipase producer Candida parapsilosis М10-10 with lipolytic 
activity (LA) in cultural fluid (CF) of 235 U/cm3 was derived from UV-
exposure of an isolate from surface of butter brick. Culture conditions for the 
optimal enzyme biosynthesis have been developed. Production of enzyme prepa-
ration (EP) involves submerged culturing of C. parapsilosis М10-10 strain in 
fermenter with further separation of cultural fluid, ultrafiltration, sterilizing fil-
tration, and lyophilization. The technology allows 7.92 g/dm3 yield of dry EP 
with LA of 30630 U/g. The lipolytic activity of М10-10 G20½ EP is enough to 
ensure high hydrolysis of various vegetable oils. The EP LA is inferior to that of 
domestic and foreign analogues, i.e. Novozym 435, Chirazyme® L-2, SP 525, 
CALB and С. antarctica CALB lipases. The developed preparation can be used 
for modification of raw material components in agricultural production. 
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A b s t r a c t  
 

Among grass stands of perennial forage legume crops, alfalfa is a preferred leguminous 
plant for the creation of cultivated pastures and restoration of degraded soils. Medicago sativa L. 
nothosubsp. varia (Martyn) Arcang is a high-yielding crop and tolerant to adverse cultivation condi-
tions, which is important for risky farming zones in Russia. Alfalfa productivity greatly depends on 
the success of the formation of a plant-microbial symbiotic system with root nodule bacteria (rhizo-
bia), due to which it becomes able to fix atmospheric nitrogen. Modern symbiogenetics has shown 
that the effectiveness of symbiotic systems depends on the complementary interactions of the plant 
and microsymbiont genomes. Proceeding from this, the biological products that are used to treat 
legume seeds should also contain selected rhizobia strains with corresponding genotypic characteris-
tics. In the present work, a comparative analysis of the grass yield of 73 variety-strain combinations 
formed by Sinorhizobium meliloti isolates from salt affected areas and by two strains 425a and 415b of 
commercial importance, with alfalfa varieties obtained by classical and symbiotically depended plant 
breeding approaches was performed. The prospects of selecting highly effective strains which are 
complementary to economically valuable varieties of alfalfa in model field trials experiments have 
been shown. The strains A1 and A2 were found to be symbiotically more active with tested alfalfa 
varieties than strains of commercial importance. It has been evaluated that variety-strain combina-
tions based on varieties obtained by a symbiotically depended plant breeding approach are character-
ized by increased adaptability, and the potential to increase their yield significantly exceeds 50 %. It 
was revealed that productivity of variety-strain combinations formed by strain 425a are under the 
influence of uncontrolled factors as it was shown by two-factor analysis of variance (two-way ANO-
VA). A high complementarity of strains A1 and A2 to the variety Agnia, and symbiotic characteristics 
of the strain 425a, led us to study genomic characteristics of these strains. A comparative analysis of 
genomes done by using DNA biochips approach revealed significant differences between symbiotical-
ly highly effective strains. It was established that genes related to symbiotic activity and stress toler-
ance in strains recovered from salinized soils had mainly a divergent structure. The data of the first 
stages of the molecular genetic analysis of highly effective strains strongly indicate the need to con-
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tinue research that will allow targeted selection of microsymbiont strains for modern varieties of al-
falfa. Data produced through the research of a number of variety-strain combinations growth in vari-
ous climatic conditions of the Russian Federation clearly demonstrate the benefit for symbiotically 
depended plant breeding approach in order to create new economically valuable varieties of legumes 
claimed by developing a sustainable forage base for farmers. 

 

Keywords: Medicago varia, Sinorhizobium meliloti, alfalfa varieties, plant breeding ap-
proaches, symbiotic genes and stress tolerance genes, DNA biochip SM6kOligo, genomic islands, 
symbiotically effective variety-strain combinations, two-way ANOVA, sustainable forage base 

 

Formation of sustainable feed supply in the field of livestock and poultry, 
including the improvement of feed quality, is a prerequisite for effective develop-
ment of modern agricultural complexes. Cultivation of perennial forage grasses as 
pasture crops, and inclusion there in cereal and row crop rotation crops can great-
ly satisfy the meadow farming request in nitrogen and can significantly reduce the 
ecological risks associated with the use of mineral fertilizers.  

Alfalfa is a forage crop providing high-protein feed for livestock and 
poultry enriched by all necessary vitamins, carbohydrates, mineral salts and mi-
croelements, with digestibility reaching up to 70-80 % [1, 2]. Alfalfa has long 
been cultivated in almost all main soil and climatic areas of Russia. Currently, 
125 varieties of alfalfa of three species Medicago sativa L. nothosubsp. varia 
(Martyn) Arcang (variegated alfalfa), Medicago sativa L. subsp. sativa (dark blue 
alfalfa), and Medicago sativa L. subsp. falcata (L.) Arcang (yellow alfalfa) are 
approved for to use [3]. The practical preference is given to variegated alfalfa (hy-
brid of dark blue and yellow alfalfa), in which high-yielding crop typical for dark 
blue alfalfa with high quality of dry substance and tolerance to unfavorable culti-
vating conditions present in yellow alfalfa are successfully combined [1]. Modern 
winter-hardy varieties of Medicago varia could be cultivated in cold humid climate 
conditions on non-black soils of Russia. M. varia is widely used as a green manure 
to restore soil fertility, including degraded soils. Growing of this forage crop allows 
accumulation of ecologically safe biological nitrogen in roots and crops residues up 
to 120-200 kg/ha [4].   

Alfalfa nitrogen accumulated in a biologically available form is a result of 
symbiotic synergy of plants with soil microorganisms – nodule bacteria. It is 
known that varieties of leguminous plants differ in response to inoculation by 
strains and even one and the same strain [5-8]. Nodule bacteria (rhizobia) 
strains used for treatment of plant seeds vary in symbiotic ability with 
one/several varieties/species of host plants (host specificity) [7, 9]. In many 
studies aimed to gain yield of leguminous plants, the priority is given to micro-
symbiont strains [10, 11]. At that, authors note that strains should successfully 
compete with local strains in rhizoplane of host plant roots both in standard 
conditions of alfalfa culturing, as well as under the effect of various abiotic fac-
tors (aridity, salinity, low or high pH of soil) [8, 12-17]. A number of studies 
show that strains tolerant to abiotic stress factors more often form effective sym-
biosis with host plants [15, 18-20]. However, research on selection of plants and 
microsymbiont strains are carried out independently from each other until pre-
sent (11, 21), when publications discussing the need for joint studies are also in 
place [7, 14, 21]. 

According to the latest symbiogenetic achievements, genetic resources of 
plants and microorganisms are functionally integrated into one symbiotic system 
[23]. The fact that legume plant and microbial components and their integration 
play a key role in formation of symbiotic systems was considered in a number of 
publications [23-25]. Accordingly, host specificity of strains towards host plant 
species/varieties should be accounted for at directional obtainment of symbiotic 
systems, but the number of such studies at present is scarce [7, 21, 26, 27]. In 
practice, despite the fact that the economic feasibility of using biological prod-
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ucts for legumes has been proven [28-32] and for certain types of legumes they 
use the appropriate biological products, strain-specificity is still not taken into 
account. As a result of inoculation of crops of different varieties of one type of 
legume by strain, which is part of the biological product, the formation of "ran-
dom" variety-strain combinations characterized by significant variation of symbi-
otrophic indices like plant density, accumulation of plant green mass, protein 
content (protein nutritional value of the feed), root system development, size 
and a number of nodules on roots. Finally, it results in reduction of crop yield 
according to available data [6, 15, 33-35].  

It is the principle of complementarity of genomes of legume-rhizobial 
symbionts that forms the basis of modern biotechnological method for creation of 
legumes varieties with improved their symbiotrophic indices. For the first time, 
positive results were obtained at selection of new clover varieties [36]. Works on 
creation of modern alfalfa varieties, such as Agnia and Taisia [37], were recently 
initiated. These varieties are already included into the State Register for Selec-
tion Achievements and admitted for use in the Russian Federation in 2012 and 
2015, accordingly [3]. Due to the fact that new biotechnological approach allows 
reducing the duration of selection process for 5-7 years it became possible to 
create legume varieties of new generation with high-yield indices (increase of 
feed mass and crop yield) faster [37]. 

Present work resulted in a highly yield alfalfa variety - strain combina-
tions with narrow and wide adaptability based on results of field plot trials car-
ried out within the scope of Geographical Trials Network (GTN) of All-Russia 
Research Institute of Agricultural Microbiology (ARRIAM). It presents the first 
data of comparative analysis of complete-genome sequences of two highly effec-
tive and one commercial strain (425a) denoting the potential of future genome 
strain studies aimed at creation of high-yield plant -microbial symbiotic systems.  

The purpose of this study was to assess the contributions of alfalfa and 
microbial components and their interaction to increase yield of symbiotic sys-
tems formed by different alfalfa varieties obtained by traditional method of selec-
tion and by selection method accounting symbiotrophic indices (joint symbiotic 
selection method) and highly effective Sinorhizobium meliloti strains from ecosys-
tem of Aral Sea region in comparison with commercial strains 425a and 415b 
used in production of Rhizotorphin for alfalfa.  

Techniques. Commercial strains 425a and 415b of Sinorhizobium meliloti 
are used for the bioproduct Rhizotorphin is made (development of ARRIAM); 
the 141 native strains (isolates) of S. meliloti were originally recovered from 
nodules of wild alfalfa growing on soils with sulfate-chloride type of saliniza-
tion [38]. Salt tolerance of S. meliloti strains was determined by cell growth 
(OD600 = 0.005) in liquid rich medium TY [39] containing 3.5 % NaCl (w/v) 
during 96 hours at 28 С and 180 rpm according to [38, 40]. Rm1021 S. meliloti 
strain was used as a reference.  

Mo le cu l a r  g ene t i c  ana l y s i s  o f  s t r a in s . Total DNA of bacteria 
was isolated by using NucleoSpin Tissue Kit (Macherey-Nagel GmbH, Germany). 
DNA was marked by Bio Prime kit with Klenow fragment of DNA-polymerase I, 
by accidental octamers and aminoalkyl-dUTP and fluorophores Cy3 and Cy5 
(Thermo Fisher Scientific, USA). DNA-samples were cleaned in Microcon col-
umns (Millipore, USA), quantitatively included mark was determined by 
Nanodrop spectrophotometer (Thermo Fisher Scientific, USA). 

Genomes of the strains А1, А2 and 425а were sequenced by MiSeq 
method (Illumina, USA). From the 7 to the 15 contigs were obtained for each 
strain. Sequences corresponding to genome islands (GIs) in contigs were 
searched by using Mauve (http://darlinglab.org/mauve/mauve.html). Presence of 
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GIs in genomes wass tested by PCR-method according to [41]. DNA-
microchips for hybridization done on full genome nucleotide sequence of the 
reference Rm1021 strain (NC_003037, NC_003047, NC_003078) were provided 
by the Center for Biotechnology, Bielefeld University, Germany. Each chip con-
tained 6205 gene specific 70-dimensional oligonucleotide probes in three replica-
tions. Chips were hybridized according to standard terms [42], scanning was car-
ried out by using Tecan HS 4800 Pro (Tecan, Switzerland), scans were analyzed 
by programs Genepix (Molecular Devices, USA) and EMMA (Bielefeld Universi-
ty, Germany). Probabilities of gene presence/absence and dynamic cutoff thresh-
old for each trial were calculated by using programs GACK [43] and Statistica 6.0 
(Dell Software Company, USA). 

Asse s smen t  o f  s ymb io t i c  a c t i v i t y  o f  s t r a in s . The variety Ve-
ga of M. varia inoculated by tested strains were grown in tubes 85 cm3 with 
vermiculite and Krasilnikov-Korenyako medium without nitrogen (standard con-
ditions) or in tubes 60 cm3 with 0.7 % agar with the same medium but with 
adding 0.6 % NaCl (model salinity conditions) in 8-fold replicas in microvegeta-
tive plant tests [13]. Symbiotic effectiveness of strains was assessed by dry mass of 
inoculated plants (DMP) calculated by aerial-dry mass (each plant sample was 
dried for 7 days at 37 С up to constant mass) as regards to mass of non-
inoculated plants (Inoculation Free Control, (IFC).   

Field plots trials were carried out in ARRIAM Geographical Trials Net-
work (GNT) in four geographical locations on plots with area from 1.8 to 24 m2 

during 2003-2018. In total the 10 varieties of M. varia produced by traditional 
method of selection (further TS) or by joint symbiotic selection method (further 
JS) and variety Mira of M. lupulina (yellow clover) were used for vegetative tests. 
The varieties Vega 87, Lada, Lugovaya 67, Pastbishchnaya 88, Selena, Marus-
inskaya 425, Syulinskaya, and Kuzbasskaya were produced by traditional method 
of selection, whereas Agnia and Taisia, as well as varietal-sample L10/2 were 
obtained by joint symbiotic selection method. Alfalfa of varieties Marusinskaya 
425 (originated by Morshanskaya Selection Station) and Kuzbasskaya (originated 
by Siberian Federal Research Center of Agrobiotechnologies RAS) were obtained 
by sampling of wild alfalfa ecotypes, with further selection of plants with high-
yield on fertile soil (these varieties included into the State Register for Selection 
Achievements in 1938 and 1957, respectively) [3]. The variety Syulinskaya 
adapted to cold climate of central region of Yakutia, it do not include into the 
State Register. The varieties Vega 87, Lada, and Lugovaya 67 were created for 
planting on soil with high dosages of mineral fertilizers [3, 44]. The varieties 
Pastbishchnaya 88 and Selena were obtained by crossing of genotypes with high 
adaptability and were oriented for planting on weak-acid and moderately culti-
vated soils [3, 44]. Such varieties were included into the State Register in 1998 
and 2000, correspondingly. The varieties Agnia and Taisia were created by using 
joint symbiotic selection biotechnology for planting on moderately cultured and 
non-cultured soils (included in the State Register in 2012 and 2015, accordingly 
[3, 44]. The variety Mira of M. lupulina was obtained by chemical mutagenesis of 
local wild-growing alfalfa plants from Moscow Region [3, 44]. 

Seeds passed preplanting treatment by powdering or working solution of 
the preparation; wide-row planting, with row spacing of 0.3-0.7 m, on depth of 2-
3 cm; 3-fold or 4-fold replication of plots; seeding rate is 2.4 mil. seeds/ha; ferti-
lizers were not applied (data of GTN) [29]. Statutory reporting on each trial in-
cluded data of dry matter values (DM; plant mass dried at 105 С until constant 
mass) and/or plant green mass (GM) obtained by separate mowing or total val-
ues of grass mowing for vegetation period. Experiments on planting of alfalfa 
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varieties could have significantly differed by schemes, but, usually, lasts at least 
2-3 years, and number of independent experiments could have varied from 2 to 
6. The value of DM and/or GM for each experiment replica and for IFC, as 
well as the mean value (average) and the errors of the mean value of DM and/or 
GM were calculated based on the values of DM and/or GM obtained for indi-
vidual plants of each experiment replica and for IFC. 

In addition, the least significant difference (LSD05) showing the signifi-
cance of differences between the experiment values and the IFC was provided 
for each field plot experiment [45]. Statistical significance between tested field 
plots variants and IFC was calculated by Lowest Significant Difference (LSD05; 
[45]. Upon conduction of experiments with 5-6 years duration with such varie-
ties as Agnia, Taisia, Selena, Marusinskaya 465, Vega 87, Lada, Pastbishchnaya 
88 and varietal sample Lugovaya L10/2 the green mass data, mean values, 
standard error means and LSD05 were calculated for each year. 

S t a t i s t i c a l  p roce s s in g. Yield assessments for variety-strain combi-
nations formed on the basis of the above mentioned alfalfa varieties and Sinorhi-
zobium strains were obtained for each plot trial or plant test by evaluation the 
gain of yield of green (GR) or dry mass of inoculated plants (DPM) or by dry 
matter (DM), correspondingly, according to the following formula: 

CYi = [(PMi – MIFCi)/ MIFCi] ½ 100 %, 
where CYi is crop yield in i-th experiment, PMi is plant mass in i-th experiment, 
MIFCi is IFC weight in the i-th experiment according to Geographical Trials Net-
work. Mean crop yield (MCY) was calculated by GM and DM as  

MCY = (∑CYi/n), 
where i is trial serial number, n is total number of trials. Outlying yields deter-
mined based on relative deviation were ignored at calculation of MCY [45]. 
MCY error was calculated based on formulae:  

x = S/n,  
where х is MCY error, S is standard deviation calculated for CY values, n is total 
number of trials. For only one CY (result of one trial), error was 5%.  

One-way ANOVA was used to assess the validity of dry mass yields of 
plants inoculated by nodule bacteria strains, at  = 0.05 [46]. Two-way ANOVA 
[46] was carried out for quantitative assessment of contributions of host plant gen-
otypes and genotypes of studied strains to crop yield evaluated by GM or DM. 

Correlation coefficient was determined based on description [47], 2 with 
PAST software [48]. 

Results. Asse s sment o f  symb iot ic  proper t ie s  o f  s t ra in s in  
micro vege ta t ive  p lan t  te s t s . Upon studying of 141 strains of S. meliloti in 
symbiosis with the variety Vega 87 of M. varia under standardized conditions of 
sterile microvegetative plant tests, we have found the 36 strains forming highly 
effective symbiosis (mean dispersion of DM yield in inoculated plants was within 
the range from 77.0 to 157.9 % regarding the reference strain). 

The most perspective was given to the six strains (А1-А6) differing by sa-
line tolerance (Table 1). Yields of DMP from inoculation by strains А2, А4 and 
А5, differed by phenotype, was in averaged 317 %, by strains А3 and А6 (saline 
sensitive phenotype) — over 180 % in comparison to inoculation free control 
(IFC). The most yields were established at using of the А1 strain of salt tolerant 
phenotype in comparison to IFC and reference strain, those were > 500 and 
360 %, accordingly (see Table 1). The increase of yield mass in relation to the 
reference strain was similar in case of А6 strain, exceeding by 70 % in case of 
А3 strain and was more than twice higher the latter upon inoculation by А2, А4 
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and А5 strains (see Table 1). Under conditions of model salinization, inoculation 
of plants by tested strains also promoted the increase of green mass in plants. 
Statistically valid gain of yields in comparison to reference strain was obtained 
only in case of А2, А4 and А5 strains (in average over 180 %; p < 0.05). An ex-
ception was made to А1 strain formed highly effective symbiosis in plant tests 
under standard conditions, whereas under saline conditions the assessed yield 
of GM was by more than 20% lower than values obtained for А3 and А6 
strains, but similar with data obtained for the reference strain (see Table 1). 

1. Symbiotic activity of Sinorhizobium meliloti strains with the variety Vega 87 of 
Medicago varia L. in microvegetative plant tests 

Strain P 
Standard conditions Model saline conditions 

DPM, mg 
error  
MG, mg 

DPM, % 
error  
MG, % 

DPM, mg 
error  
MG, mg 

DPM, % 
error  
MG, % 

A1 R 52,5 5,49 508,64 63,71 11,1 1,44 58,4 20,6 
A2 S 35,7 2,41 314,23 27,94 17,8 1,41 155,0 20,2 
A3 S 28,0 2,87 224,47 33,28 15,2 1,99 118,0 28,5 
A4 R 36,0 3,72 317,89 43,17 23,2 1,85 232,7 26,6 
A5 S 36,2 3,42 320,19 39,60 20,9 2,66 198,8 38,2 
A6 S 21,2 2,50 146,27 28,93 12,6 0,91 81,2 13,1 
Rm1021 S 21,2 0,88 146,26 10,26 10,5 0,79 50,4 11,3 
IFC 8,63 0,57 0,00 6,58 6,98 0,46 0,0 6,6 

LSD05 11,76  4,64  
N o t e . P — phenotype (R — tolerant, S — sensitive to NaCl); DPM — dry mass of inoculated plants  (mean 
value for 10 replications); error MG — error of mean yield of DMP; IFC — inoculation free control; Rm1021 — 
reference strain; LSD — the least significant difference.    

 

Therefore, analysis of symbiotic properties of the six strains, two of 
which had salt tolerant, and four were of salt sensitive phenotype, does not yield 
the relationship between the own salt tolerance of strains and their possibility to 
form stress tolerant symbiotic systems, that data, does not inconsistent with our 
previous results [38]. At the same time, analysis of yields of DM obtained under 
non saline and under saline conditions had revealed a positive correlation: 
strains, inoculation by which promoted significant increase in crop yield without 
salinization, also formed highly productive symbiotic systems at saline conditions 
(correlation coefficient r comprised 0.89). 

Asse ssment o f  symb iot ic  proper t ie s  o f  s t ra in s in  f ie ld  
p lo t  t r ia l s . Symbiotic effectiveness and host specificity of the above strains 
were tested in symbiosis with 10 varieties of M. varia produced by traditional 
methods of selection or by modern joint symbiotic selection methods, and with 
the variety Mira of M. lupulina (Table 2). Commercial strains 425а and 415b 
were used as a reference group of strains. A total of 73 variety-strain combina-
tions were tested, of which 32 were tested in 2-6 independent field plots trials 
within the scope of GTN (see Table 2).   

2. Regions of field plots trials with alfalfa varieties (ARRIAM GTN)  

Field plot trials Soil characteristics 
Alfalfa (Medicago varia L.) 
varieties 

Bryansk Region1, Bryansk State Agricultural 
Academy (Bryansk SAA; since 2014 — Bry-
ansk State Agrarian University), 2002-2009 

Grey forest weaky-loamy moderately 
cultured soil  
(рН 5.7) 

Marusinskaya, Selena, Vega 
87, Lada, Lugovaya 67 

Moscow Region1, Federal Scientific Center 
for Feed Production and Agroecology n/a 
V.R. Williams (FWRC FPA), 2002-2018  

Sod-podzol, moderately loamy, 
weakly  cultured soil (рН 4.49-5.08), 
uncultured soil 

Pastbishchnaya, Agnia,  
Taisia, Selena, Lugovaya 67 
(L10/2), Mira (yellow clover 
M. lupulina L.) 

Federal State Novgorod Scientific Research 
and Design Technological Institute of Agricul-
ture (NSRDTIA)2, 2005-2009, 2018 

Sod-podzol, weakly-loamy on clay, 
moderately cultured soil 

Pastbishchnaya, Vega 87, 
Selena, Lada, Lugovaya 67 

“RosAgro” LLC, Volosovskiy District of 
Leningrad Region2, 2015  

Sod-carbonated cultured soils (pH 
6.5) 

Agnia, Taisia 

Tomsk State Pedagogic University (TSPU)3, 
2002-2006 

Grey forest soil Kuzbasskaya 
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Continued Table 2 

Primorsk R&D Institute of Agriculture (Pri-
morsk NIISH)4, 2014  

Meadow-brown,  clay loam Vega 87 

Federal State Budgetary Scientific Institution 
Yakut  R&D Institute of Agriculture n/a M.G. 
Safonov (Yakut NIISH), State Medical Uni-
versity4, 2011  

Taiga pale-yellow, cryomorphic soils, 
dark grey sod-podzol moderately 
loamy, on light-pale clay loam 

Syulinskaya 

N o t e . 1 — Central, 2 — North-Western, 3 — West-Siberian, 4 — Far East regions of performance of plot trials 
by Geographic Trials Network (ARRIAM GTN). Soil characteristics, period, and conditions of trials, and varieties 
of alfalfa are provided subject to reporting cards of GTN (see section Techniques). 

 

3. Symbiotic parameters of plant-microbe symbiotic systems formed by Sinorhizobi-
um meliloti strains and Medicago varia L. varieties in field plots trials (ARRIAM 
Geographic Trials Network) 

Alfalfa variety Y 
The gain of plant yield after inoculation with strains (to IFC, %) 

А1 А2 А3 А4 А5 А6 425а 415б 
C e n t r a l  g e o g r a p h i c  r e g i o n  

Agnia 1 132.13 163.73 nd nd nd 45.03 11.43 33.02 
2 50.5±7.6 

172.54 
43.5±10.5 

109.34 
134.94 198.94 nd nd 35.84 nd 

Taisia 1 nd 95.6±0.5 102±10.1 79.3±0.8 99.1±0.9 45.7±0.3 nd 82.3±0.7 
2 nd 62.5±11.4 

198.29 
nd nd nd nd 36±1.8 

143.59 
33.0±1.6 

87.09 
Pastbishchnaya 88 1 nd nd nd nd 10.39 nd nd 17.19 

2 nd 51.7±2.5 nd nd nd nd nd nd 
Selena 1 nd 47.4±16.3 nd nd nd nd nd nd 

2 nd 115.2±5.8 nd nd nd nd 26.31 nd 
Vega 87 1 nd 31.73 nd nd nd nd nd nd 
Lada 1 nd 36.73 nd nd nd nd nd nd 
Lugovaya 67 1 nd 6.03 nd nd nd nd nd nd 
Lugovaya 67 
(L10/2) 

1 170.3±20.5 
78.68 

136±14.3 
40.28 

149±2.6 
80.18 

1717 
73.58 

80.18 nd nd 65.4±3.3 

2 133.88 51.08 148.18 nd nd nd nd 50.88 
Marusinskaya 425 1 9.9±1.6 

27.94 
17.0±3.9 17.8±1.2 21.4±0.9 31.74 nd 24.0±4.6 nd 

Mira  2 95.7±4.8 nd nd nd nd nd nd nd 
N o r t h - W e s t e r n  g e o g r a p h i c  r e g i o n  

Agnia 1 nd nd nd nd nd 163.410 nd 18.310 
2 nd nd 17.2±7.4 61.8±11.9 

142.97 
149.3±27.4 143.5±20.1 9.8±0.5 22.9±5.0 

Taisia 1 nd nd nd nd nd 176.610 nd 14.110 
2 nd nd nd 29.68 

62.87 
nd 98.0±7.3 

150.010 
nd 15.010 

Pastbishchnaya  
88 

1 84.3±4.2 63.0±11.2 
8.03 

nd nd nd nd 17.1±5.9 
39.25 

52.011 

2 nd 7.43 nd nd nd nd 22.23 nd 
Selena 1 nd 63.73 61.813 25.913 nd nd 59.63 50.513 

2 nd 63.33 nd nd nd nd 58.33 nd 
Vega 87 1 120.1±6.0 81.3±18.3 

6.45 
44.313 nd nd nd 4.03 25.513 

13311 
2 nd 31.93 nd nd nd nd 5.83 nd 

Lada 1 nd 45.4±8.7 nd nd nd nd 27.35 nd 
2 nd 37.33 nd nd nd nd nd nd 

Lugovaya 67 1 nd 5.93 nd nd nd nd 12.63 nd 
2 nd 6.43 nd nd nd nd 20.53 nd 

Mira 1 nd 77±3.9 nd nd nd nd nd 63±3.2 
W e s t - S i b e r i a n  g e o g r a p h i c  r e g i o n  

Kuzbasskaya 1 nd 14.52 nd nd nd nd 17.3 ± 0.3 nd 
F a r  E a s t  g e o g r a p h i c  r e g i o n  

Syulinskaya 1 42.39 48.59 nd nd nd nd 38.19 73.29 
Vega 87 1 15.36 nd nd 18.36 nd nd 12.26 nd 
N o t e. Variety Mira of Medicago lupulina L. Y — yield: 1 — green mass of plants (GM), 2 — dry matter (DM). 
Table provides mean yield gain and standard error of mean gain of plant mass calculated vs. the inoculation free 
control (IFC) and expressed in percentage (see section Techniques). Years of trials: 1 — 2003, 2 — 2006, 3 — 2007, 4 
— 2008, 5 — 2009,(6 — 2011, 7 — 2012, 8 — 2013, 9 — 2014, 10 — 2015, 11 — 2016, 12 — 2017, 13 — 2018; na — 
no data available. 

 

Since schemes of field plots trials varied (control strains, number of mow-
ing and trials, years of trials, accounted parameters), comparative analysis of sym-
biotrophic effectiveness of variety-strain combinations formed based on the 
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above-mentioned varieties and nodule bacteria strains was conducted by gain of 
yields of green mass crops (GM) and/or dry matter (DM), the gain of yields are 
provided in Table 3. Yields obtained for trials lasting for 2-3-years are provided 
with indication of the result reporting year (see Table 3). 

Assessment of crop yield of the variety Syulinskaya in symbiosis with 
strain А1 or А2 or with commercial strain 425а did not yield valid differences 
(р > 0.05) between such three variety-strain combinations in conditions of Far 
East Geographic region (see Table 3). At the same time, the variety Syu-
linskaya responded to inoculation by commercial strain 415b, since GM yield 
was approximately 2 times higher than in case of the above-indicated strains 
(see Table 3). It is interesting to note that statistically valid yields in GM for 
symbiotic systems of Syulinskaya-А2 and Selena-А2 planted in geographically 
distant regions (Far East and Central regions, accordingly) were similar (mean 
value 47.7±9.4 %). Inoculation of the variety Selena by strain А2 promoted 4-
fold increase in DM of plants as compared to the use of commercial strain 
425а in conditions of the Central region, as symbiotic systems formed by Sele-
na variety with strains А2 or А3 or with commercial strains 425а or 415b did 
not validly differ by gain of yields in GM in conditions of North-Western geo-
graphical region (р > 0.05). Yield by DM for combination Selena-А2 was val-
idly higher than for combination Pastbishchnaya 88-А2 (2 times higher) in 
conditions of the Central region (see Table 3). 

High gains of yields (by GM) of the variety Pastbishchnaya 88 was 
achieved by using strains А1 or А2 in North-Western geographic region (mean 
value 70.4±8.3 %), that gain was by more than 3 times exceeded mean gain of 
yields when commercial strain 425а was applied (р < 0.05; see Table 3). Here-
with, gain of yields by GM obtained for symbiotic systems Selena-А2 and Sele-
na-А3 were similar to yields established for system Pastbishchnaya 88-А2, how-
ever by more than 3 times higher than for combination Pastbishchnaya 88-425а. 
It should be noted at the good response of Pastbishchnaya 88 to inoculation by 
strain 415b (yields by GM), whilst gain of yields from inoculation by strain 
425а could significantly differ by years of trials (2009, see Table 3) in North-
Western region. According to findings, symbiotic system Selena-А2 could be 
recommended for planting in Central and North-Western regions as highly-
effective with a wide adaptive potential, and combinations Selena-А3, Past-
bishchnaya 88-А1/А2 are — for North-Western region. Also, inoculation of 
varieties Selena and Pastbishchnaya 88 by commercial strain 415b or 425а 
could be of interests for last of mentioned geographic region, while the ex-
pected gain of crop yields could possibly be significantly lower (see Table 3). 

The variety Marusinskaya 425 was tested in symbiosis with the five 
strains, the variety Kuzbasskaya — with the А2, and both varieties were assessed 
in symbiosis with commercial strain 425а. Gains of yields for symbiotic systems 
of the variety Kuzbasskaya with the strain А2 or with commercial strain 425а (the 
average yields gain was 14.5 and 17.3 %, accordingly, see table 3), and like for 
Marusinskaya 425 in symbiosis with strain А2 or А3 (mean value 17.9±2.7 %) did 
not validly differ. Slightly higher gains of yields were registered in case of inocu-
lation of the same variety by strain А4 or commercial strain 425а (see table 3). 
We should note extremely low symbiotic response of the variety Marusinskaya 
425 to inoculation by strain А1, along with gain of yield could have significantly 
varied by years of trials (2008, see Table 3). The highest gains of yields were ob-
tained for Marusinskaya 425-А5 (yields by GM were in 1.3 times higher than for 
strain 425а) (see Table 3).   

Vega 87 was mainly tested in North-Western regions with strains А1, А2, 
А3 and with both commercial strains, while with A2 only in the Central region. 
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Gain of crop yield of combination Vega 87-А2 assessed by GM was in 2.5 times 
higher in North-Western region than in the Central region, herewith we should 
note instable yields by years of trials (2009, see Table 3). Higher crop yields were 
obtained for combination Vega 87-А1 (gain of yield in GM 120.1±6.0 %) and in 
approximately 2 times lower — for combination Vega 87-А3 in the same geo-
graphic region (see Table 3). At the same time, inoculation of the variety Vega 
87 by commercial strain 425а did not result in statistically valid gain of yields 
(4.0±0.2 %; see Table 3). Whereas the usage of commercial strain 415b allowed 
obtaining gain of mean yield of 25.5 %, the latter meaning could be also in-
creased in few times in conditions of North-Western region depending on year 
of trials (2016, see Table 3). Combinations Vega-87-А1 and Vega 87-А2 could be 
considered as high-yield symbiotic systems for North-Western region.  

Crop yield of the variety Lada from inoculation by А2 strain in condi-
tions of the Central region, as well as in North-Western region, was similar (gain 
of mean value was 42.5±2.2 %; see Table 3). Inoculation of plants of the variety 
Lugovaya 67 was accompanied by formation of effective symbiotic system only 
when commercial strain 425а was used (DM yield comprised 20.5 %) in condi-
tions of the North-Western region (see Table 3). Accordingly, combination Lada-
А2 could be considered as effective with wide adaptability, whereas Lugovaya 
67-425а symbiotic system provided statistically valid, but not high gain of yields 
at planting in the North-Western region.   

Therefore, use of commercial strain 425а allows getting gain of crop yields 
(by GM), varying from 4 to 27.3 % for varieties Vega 87, Kuzbasskaya, Lada, 
Lugovaya 67, Marusinskaya 425 and Pastbishchnaya 88. Significant yields of in 
varieties Vega 87 and Pastbishchnaya 88 could be obtained at inoculation by 
commercial strain 415b. Statistically valid yields of the variety Selena (at least 50 
%) was achieved when inoculation was done by any of two mentioned above 
strains, whereas responsiveness of the variety Syulinskaya to inoculation by strain 
415b was in 2 times higher (over 70 %). Tested highly effective strains allowed 
getting gains of yields by GM from 40 to 80 % for 5 from 8 varieties obtained by 
traditional selection methods, herewith in case of varieties Pastbishchnaya 88 
and Selena strain-varieties combinations were of high adaptive potential. 

It should be noted that strain А1 selected as super effective in symbiosis 
with the variety Vega 87 done in microvegetative plant tests but it also produced 
the highest gain of yields with this variety in field trials too. Strains А1 and А2 
were also tested in symbiosis with yellow clover of the variety Mira. The produc-
tivity of the corresponding variety-strain combinations was not inferior but even 
exceeded the increase in value obtained using commercial strain 415b. Strains 
А1 and А2 could be considered as perspective for use as a microbial bioproducts 
for the variety Mira cultivated as siderate on slightly acidic soils. 

Thus, the presented results on the symbiotic activity of strains with al-
falfa varieties which were produced by traditional selection methods proved 
that selection of highly effective strains in model plant tests is reasonable and 
an assessing of the genetic complementarity of micro- and macrosymbionts is 
important.  

Agnia and Taisia are varieties of new generation which were by joint 
symbiotic selectin method. The productivity of the variety Agnia was evaluated 
with strain A1, which was used in the process of creating the variety. Crop yield 
of the variety Agnia was assessed with strain А1 used in process of creation of 
variety, and with strains А2-А6 in field plots trials in the Central and North-
Western regions.  

It should be noted the high responsiveness of the variety Agnia for in-
oculation by strains A1-A4 (average increase in SV of 153.9%; see Table 3) and 
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the variety Taisia towards strains A2-A5 in the Central region. However, the 
productivity of the same varieties when they were inoculated with strain A6 were 
comparable to or lower than those when strain 415b was used for inoculation 
(see Table 3). The variety Agnia was zoned in the Central region, while its 
planting in other region could provide different gain of yield values. High yields 
by DM were obtained at inoculating variety Agnia by strains A5 or A6 (average 
value 146.1%), as well as by strain A4 (more than 60%; see table 3). While strain 
A6 formed a highly effective symbiosis with the variety Taisia (gain of yields by 
GM and DM, accordingly 176.6 and 98.0%) in the North-West region. It should 
be noted that the yield (by DM) of varieties Agnia and Taisia could increase by 
2.5–4 times in some years as it was observed in Central region (2008, 2014) and 
by 1.5–2 times in the North-West region (2012, 2015; see Table 3).  

Similar high gains of yields were obtained in experiments with new varie-
tal-sample L10/2 (Stepanova G.V., personal data) inoculated by strains А1-А5. 
Crop yields by GM for strains А1-А4 were similar and averaged to 154.3±9.0 %, 
which is 2-fold increased yields obtained when strain 415b was used. In case of 
strain А2, yield of the varietal-sample L10/2 was in 7 and 23 times higher (de-
pending on year of trial; see Table 3) that yield obtained at inoculation of the 
original variety Lugovaya 67.  

Thus, the increase in DM was no more than 10% and 23% when inocu-
lation of crops of the variety Agnia was done by commercial strains 425a or 
415b, respectively, in the North-West region, as well as less than an average of 
35% in the case of the variety Taisia inoculated by strain 415b in the Central 
region. However, in different years, the yield gain was increased by 4.0 and 2.6 
times, respectively (2014, see table 3). In case of inoculation of the variety Agnia 
or varietal-sample L10/2 by strains А1-А4, yields gain varied from 130 to nearly 
200 % by years of trials (by DM or by GM). Yields gain in case of variety Taisia 
inoculated by strains А2-А5 comprised from 79 to 102 % in the Central region 
(see Table 3).  

Two strains A6 and A3 formed highly effective symbiotic systems with 
varieties Agnia or Taisia in only one of the two geographical regions of the 
study. The strain A3 formed highly effective symbiosis in the Central region, and 
strain A6 in the Northwest region. High yield of combination Agnia-А6 was 
confirmed in commercial trial on plots of 0.1 ha done by “RosAgro” LLC locat-
ed in Volosovskiy district, Leningrad Region [54]. Gain of crop yield by GM in 
such trial, comprised 163.4±8.7 % (see Table 3). Strains А4 and А5 (in contrast 
to the above-mentioned strains) formed high-effective symbiotic systems with 
both varieties in both geographical regions of study. Summarizing, our findings 
show that varieties created by joint symbiotic selection method are highly re-
sponsible to inoculation, which allows to increase yield 2-3 times due to high 
specificity of plant-microbe interaction in tested variety-strain combinations.  

Two-way  ANOVA ana l y s i s  o f  p lo t  t r i a l  d a t a. Purpose of 
analysis was to determine the role (contribution) of variability factors from the 
side of plant symbiont, of microsymbionts, of their variety-strain combinations 
and of non-controlled factors in formation of crop productivity. An analysis of 
the gain yield values obtained for varieties Pastbishchnaya 88, Syulinskaya, Vega 
87, Marusinskaya 425 (TS varieties) and for Agnia, Taisia, varietal-sample L10/2 
(JS varieties) which were inoculated by studied highly effective strains allowed to 
show that productivity of variety-strain combinations based on JS varieties is 
largely depended on genetic characteristics of rhizobia strains (contribution value 
was 11.58%), while the productivity of combinations based on TS varieties, on 
the contrary, depended on genetic characteristics of corresponding varieties of 
alfalfa (6.99 %; Fig., А).  
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Uncontrolled factors in both cases had a similar effect on variety-strain 
combinations formed based on JS or TS varieties. Assessment of strain contribu-
tion had shown that highly effective native strains А1-А4 had actively formed 
symbiosis on studied alfalfa varieties (contribution was 56.6 %). In case of com-
mercial strains 425а and 415b their genome characteristics had certain contribu-
tion (6 %) in gain of productivity of symbiotic systems with considered plant 
varieties (see Fig. B).  

 

A B 

  
C 

 
Two-way analysis of crop yield gain of plant-microbe systems formed by alfalfa varieties produced by 
traditional breeding or by joint symbiotic selection method with highly effective Sinorhizobium meliloti 
strains: А — contributions of varieties derived traditionally and by symbiotically depended selection, 
in symbiosis with studied highly effective strains; B — contributions of native and commercial 
strains to crop yield gain formation with studied alfalfa varieties; C — contributions of strains А1, 
А2 and 425а to crop yield gain formation with studied alfalfa varieties; а — variety-strain combina-
tion, b — plant varieties, c — strain, d — uncontrolled factors. JS — alfalfa varieties obtained by 
joint symbiotic selection (Agnia, Taisia, varietal L10/2); TS — alfalfa varieties obtained by tradition-
al method of selection (Pastbishchnaya 88, Syulinskaya, Vega 87, Marusinskaya 425); А1, А2 and 
425а — highly effective strains S. meliloti. 

 

The same approach was applied to assess variation factors for formation 
of crop yields in variety-strain combinations formed by particular strains А1, А2 
and 425а and by TS (Pastbishchnaya 88, Syulinskaya, Vega 87, Marusinskaya 
425) and JS varieties. As a result, it was found that a significant contribution to 
productivity of variety-strain combinations was made by both host plant variety 
and the microsymbiont strain A1 or A2 (31.5 and 44.4% in yield gain, respec-
tively). The contribution of genotype characteristics of host plant varieties to 
gain crop yield of variety-microbial combinations varied from 14.2 to 18.4 %, 
accordingly (see Fig., C). It should be noted that the contribution of genotype 
characteristics of strain А1 on yield gain was 3.96 %. By contrast, analysis of va-
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riety-425а combinations showed that uncontrolled factors are main factors by their 
effect on yield production. The contribution of genotype characteristics of strain 
425а was 10.80 % and of host plant was 4.59 % and contribution of both was at 
least 16 % in crop yield production.  

Therefore, we for the first time shown that genotype characteristics of 
strain 425а more significantly affects formation symbiotic systems, whilst its host 
specificity regarding to this or other variety is not clear. These findings are giving 
some explanations why this strain used in bioproducts was so successful in differ-
ent agrocenosis. At the same time, varieties Agnia, Taisia, and L10-2, created by 
the joint selection method, showed increased responsiveness to inoculation with 
strains of nodule bacteria. Further selection of complementary genotypes of 
plants and microsymbionts will increase their productivity by at least 50%. New 
variety-microbial systems tolerant to abiotic uncontrolled stress factors will have 
benefits for various agroclimatic conditions.  

Since the high symbiotic complementarity of strains А1 and А2 to the va-
riety Agnia created for planting on moderately cultured and uncultured soils, and 
the significance of genotypic characteristics of strain 425а was revealed, the study 
of the genomic characteristics of such highly effective strains became relevant. 

Mo le cu l a r  g ene t i c  ana l y s i s  o f  s t r a in s .  We have conducted 
comparative analysis of genomes of highly effective strains А1, А2 and 425а by 
using DNA-biochip SM6kOligo, constructed on the bases of the reference strain 
Rm1021 [49]. It was established that genome of strain СХМ1 (streptomycin-
resistant mutant of the strain 425а) [49] lack 508 ORF (open reading frames), 
and genomes of the strains А1 and А2 lack 601 and 432 ORF, accordingly, 
while these sequences may have divergent structure. These ORFs, as estab-
lished, are localized on chromosome, as well as on two megaplasmids, which 
are typical for S. meliloti. A group of 72 ORF, which are important for symbi-
otic activity was evaluated. The 17 nod genes from indicated group are involved 
in virulence, competitiveness, nodule formation, and host specificity, while oth-
er 31 fix and 8 nif genes are responsible for nitrogen fixation and effectiveness. 
All indicated nod genes are present in genome of СХМ1, whereas sequences of 
nodD3 and nodN genes in genome of strain А1 have divergent structure. Analy-
sis done for fix genes shown that fixL, fixT2 and fixM in genome of СХМ1, 
fixO3, fixT2, fixP2, fixX in genome of strain А1 and, fixO3, fixL, fixN3, fixP3, 
fixI2, fixH in genome of strain А2 may have divergent structure or had been lost. 
Similar structural changes were found for nifD and nifN in genome of strain А1. 
Analysis of a group of six nod genes localized on megaplasmid II of the refer-
ence strain Rm1021 revealed structural changes in two genes (SMb20775 and 
SMb20825) in all tested native strains. Product of SMb20825 is predicted 
acetyltransferase of NodL family, localized on external cell membrane, which is 
related to signal receptor of nodule formation process. Blot hybridization of the 
sequence of six genes localized on chromosome (three nod, two fix and one nif 
gene) which are important for formation and functioning of symbiosis showed 
that their structure is conservative in the genomes of all the studied strains. 

Besides genes related to symbiosis, the 23 genes responsible for to salt 
tolerance of rhizobia strains were analyzed. Six groups of genes: kup, kdp, trk 
and kef, responsible for intracellular concentration of potassium cations, ots/tre 
(encoding trehalose accumulation system) and bet genes (encoding betaine ac-
cumulation, biosynthesis, and catalysis systems) were studied. It was established 
that four groups of above mentioned genes are present in genomes of all studied 
strains. Significant structural changes with predicted functional importance were 
revealed for bet and trk genes in strains CXM1 and А1, while genes betB2 and 
trkD are absent (or their sequences are divergent) in CXM1 and А1, correspond-
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ingly. Therefore, genes from the considered groups that have divergent sequences 
(or absent) are most often found in strains adapted to soil saline conditions at 
which they form a symbiosis with alfalfa plants. 

Genomes of strains А1 and А2 and 425а were screened for accessory el-
ements of genome — for genomic islands (GIs), which are phage related se-
quences participating in horizontal gene transfer [49]. Analysis of contigs ob-
tained for strains А1 and А2 and 425а allowed revealing the six GIs, which pres-
ence was confirmed by PCR-detection method (see Techniques section). It was 
found that, in contrast to the reference strain which harboring the three GIs, in 
highly effective native strains the three, the two and the one GIs were detected 
by PCR detection (see Techniques section). Lengths of GIs in the reference 
strain varied from 19 to 80 kbp, while in highly effective native strains from 10.6 
to 44 kbp. Analysis of nucleotide sequences of GIs by sequencing data had 
shown that one of genomic islands (10.6 kbp) of strain А2 had homology with 
GI Sme80S (80 kbp) of the reference strain and with genomic island of 10 kbp 
in strain 425а (82 % homology). The second island of strain A2 is 44 kbp in size 
was homologous to GI (27 kbp) of strain A1 (85 % homology), while the other 
two GIs of the same strain did not have homologous sequences between each 
other and with the third island of the same strain. Presented data designated 
that GIs revealed in highly effective strains contain various genetic infor-
mation, that fact confirm GIs participation in horizontal transfer of genes and 
transfer of new genetic information to recipient strains. 

A significant structural and functional differences between gene pools of 
highly effective strains A1, A2 and commercial strain 425a according to the first 
data of done molecular genetic analysis are important for the formation of stress 
tolerant symbiotic plant-microbial systems. Finally, we would like to outline that 
we have carried out comparative analysis of highly effective strains from Aral Sea 
region exposed to salinization, and commercial strains 425а and 415b used for 
bioproduct Rhizotorphin for alfalfa by symbiotic activity and genome character-
istics. For the first time it was shown that highly effective strains selected by 
symbioptophic characteristics in microvegetative laboratory tests are forming 
productive symbiosis with alfalfa varieties obtained by traditional and by joint 
symbiotic selection methods. At the same time, plant-microbial systems based on 
modern varieties are more adaptive and productive (yields gain by over 50 % as 
compared to varieties of traditional selection). Obtained data denoting that yield 
gain capacity of variety-microbial systems formed by commercial strain 425а 
mainly depends on uncontrolled factors (over 80 %). Genomic characteristics of 
this strain play more significant role in varying the yield increase than combina-
tion of this strain with varieties, that, apparently, determines the demand for 
biological products based on this strain for various alfalfa varieties cultivated in 
different geographical regions of Russia.  

So, the yield (by green mass of plants and dry matter) of plant-microbial 
systems based on varieties obtained by joint symbiotic selection methods and 
highly effective strains of root nodule bacteria adapted to salinity significantly 
exceeded the similar indices of the “randomly formed” symbiotic system based 
on commercial strains 425a and 415b. Legume varieties of modern selection 
have increased susceptibility to inoculation by strains of nodule bacteria, and 
further selection of microsymbionts of complementary genotypes will contribute 
to a significant increase of yield and the creation of new variety-strain combina-
tions with increased tolerance to abiotic stress factors and  expand possibility to 
cultivate in various agroclimatic conditions. Varieties of modern selection have 
higher response to inoculation by root nodule bacteria strains, and further selec-
tion of strains with complementary genotypes would promote significant increase 
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of crop and creation of new variety-strain combinations with higher tolerance to 
abiotic stress factors, which could extend possibility of their planting in various 
agroclimatic conditions. Presented results of the assessment of crop yields gain 
obtained as a result of field plot trials carried out during many years in Russian 
regions differing by agroclimatic conditions clearly demonstrate, the need for the 
widespread introduction of the joint symbiotic selection method in order to create 
new varieties of alfalfa.  
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