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An experimental study of the effects of SNPs in the TATA boxes
of the GRIN1, ASCL3 and NOS1 genes on interactions
with the TATA-binding protein

E.B. Sharypova, LA. Drachkova, V. Chadaeva, M.P. Ponomarenko, L.K. Savinkova @

Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
® savinkl@mail.ru

Abstract. The GRINT, ASCL3, and NOST genes are associated with various phenotypes of neuropsychiatric disorders.
For instance, these genes contribute to the development of schizophrenia, Alzheimer’s and Parkinson’s diseases,
and epilepsy. These genes are also associated with various cancers. For example, ASCL3 is overexpressed in breast
cancer, and NOST, in ovarian cancer cell lines. Based on our findings and literature data, we had previously obtained
results suggesting that the single-nucleotide polymorphisms (SNPs) that disrupt erythropoiesis are highly likely to
be associated with cognitive and neuropsychiatric disorders in humans. In the present work, using SNP_TATA_Z-
tester, we investigated the influence of unannotated SNPs in the TATA boxes of the promoters of the GRINT, ASCL3,
and NOST genes (which are involved in neuropsychiatric disorders and cancers) on the interaction of the TATA boxes
with the TATA-binding protein (TBP). Double-stranded oligodeoxyribonucleotides identical to the TATA-containing
promoter regions of the GRINT, ASCL3, and NOST genes (reference and minor alleles) and recombinant human TBP
were employed to study in vitro (by an electrophoretic mobility shift assay) kinetic characteristics of the formation
of TBP-TATA complexes and their affinity. It was found, for example, that allele A of rs1402667001 in the GRINT
promoter increases TBP-TATA affinity 1.4-fold, whereas allele C in the TATA box of the ASCL3 promoter decreases
the affinity 1.4-fold. The lifetime of the complexes in both cases decreased by ~20 % due to changes in the rates of
association and dissociation of the complexes (k, and kg, respectively). Our experimental results are consistent with
the literature showing GRINT underexpression in schizophrenic disorders as well as an increased risk of cervical,
bladder, and kidney cancers and lymphoma during ASCL3 underexpression. The effect of allele A of the —27G>A SNP
(rs1195040887) in the NOST promoter is suggestive of an increased risk of ischemic damage to the brain in carriers.
A comparison of experimental TBP-TATA affinity values (Kp) of wild-type and minor alleles with predicted ones
showed that the data correlate well (linear correlation coefficient r = 0.94, p < 0.01).

Key words: GRINT; ASCL3; NOST; TATA-binding protein; affinity; TBP/TATA interaction.

For citation: Sharypova E.B., Drachkova I.A., Chadaeva I.V., Ponomarenko M.P, Savinkova L.K. An experimental
study of the effects of SNPs in the TATA boxes of the GRIN1, ASCL3 and NOST genes on interactions with the TATA-
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DKCIIepuMeHTa/IbHOe n3yueHue BanssHUsS SNP TATA-O60KCOB
reHoB GRIN1, ASCL3 n NOS1 Ha B3aMOJelCTBUE
¢ TATA-cBsI3bIBAIOUIVIM O€IKOM

E.B. lllapwinosa, V.A. Apauxosa, V1.B. Yapaesa, M.IT. [Tonomapenko, A.K. CaBuukopa @

MepepanbHblii NCCNEROBATENBCKUI LeHTP MHCTUTYT yutonorum n reHetnkn Cnbrpckoro otaeneHnsa Poccuinckor akafgemmnm Hayk,
Hosocmburpck, Poccus
® savinkl@mail.ru

AHHoTayusa. leHbl GRINT, ASCL3 n NOST cBA3aHbl C pa3inyHbiMK GeHOTMMaMN HEPBHO-MCMXNYECKMX PACCTPOWCTB.
DTV reHbl fenatoT BKag B pa3suTuie WinsodpeHun, 6onesHein Anbureimepa u MapKUHCOHA, SNUeNcum 1 ap. 1 acco-
LMMPYIOTCA TaKXKe C Pas3fiMyHbIMM OHKOorMyecknmm 3abonesaHuamy. Hanprmep, nosblweHHas skcnpeccna ASCL3
HabnohaeTcsa Npu pake MonoYHow xenesbl, NOST — B KNETOUHbIX IMHUAX paKa SMYHNKOB. PaHee Ha OCHOBe HaLmx
N NUTepPaTYPHbIX AaHHbIX Mbl MONYYMNN pe3ynbTaTbl, CBUAETENbCTBYOWME B NONb3y Toro, yto SNP, HapyLlwatowme
3PUTPOMNO033, C 6ONbLLION BEPOATHOCTBIO MOTYT ObITb CBSA3aHbI C KOTHUTVBHBIMU 1 HEPBHO-MCUXMYECKUMI PaCcCTPON-
CTBaMM y yenoBeka. B HacToAwe paboTe nccneaoBaHo BAUAHKE BbliABAEHHbIX ¢ momolblo SNP_TATA_Z-tester He-

© Sharypova E.B., Drachkova I.A., Chadaeva V., Ponomarenko M.P, Savinkova L.K., 2022
This work is licensed under a Creative Commons Attribution 4.0 License



E.B. Sharypova, I.A. Drachkova, I.V. Chadaeva
M.P. Ponomarenko, L.K. Savinkova

Investigation of the effect of SNP TATA boxes
on interaction TBP/TATA

aHHOTMpoBaHHbIX SNP TATA-60kcoB npomoTopoB reHoB GRINT, ASCL3 n NOST, yyacTByloWmX B HEPBHO-NCUXMYe-
CKUX PacCTPOMCTBAX M OHKONOMMYeCKKx 3aboneBaHunsax, Ha B3aumopeictane TATA-casbiBatowero 6enka (TBP). Ana
N3yYeHUA in Vitro KNHeTUYeCKNX XapakTepucTuk obpasoBaHua kommnekcoB TBP/TATA 1 adpPprHHOCTM C NOMOLLbIO
mMeTofa 3agepxkum OHK B rene mcnonb3oBaHbl ABYLIEMOYEYHbIE ONIMIOAE30KCUPUOOHYKNEOTMAbI, AEHTUYHbIE
TATA-cofiepalymm yyacTkam npomoTopoB reHoB GRINT, ASCL3 n NOST (pedpepeHCHbIM 1 MUHOPHBIM annenam), u
pekoMbuHaHTHbIN TBP uenoseka. MokasaHo, Hanpumep, 4To annenb «A» rs1402667001 npomoTopa reHa GRINT no-
BbllwaeT apdunHHocTb TBP/TATA B 1.4 pasa, a annenb «C» TATA-60Kkca npomoTopa reHa ASCL3 cHuxaeT adpPUHHOCTb
B 1.4 pasa; Npy 3TOM BPEMA XKMN3HN KOMMNIEKCOB B 060MX Crlyyanx yMeHbLIaeTca npumepHo Ha 20 % 3a cyeT usme-
HeHUA CKopocTell 06pa3oBaHNA 1 aUccoLmaLmm Komnnekcos (k, 1 ky COOTBETCTBEHHO). Halum sKcnepumeHTanb-
Hble pe3ynbTaTbl COrNacyTCA C IMTEPATYPHbIMM AaHHBIMY, MOKa3bIBALWVMU HU3KYHO SKCnpeccuto reHa GRINT npun
LWN30PPEHNYECKNX PACCTPONCTBAX N MOBbILIEHHbIN PUCK BO3HNKHOBEHMA paKa ek MaTKM, MOYeBOro Ny3bips,
noyek 1 NMMGOMbI NMPU MOHWKEHHOW 3Kcnpeccun reHa ASCL3. BnusaHue annens «A» SNP -27G>A (rs1195040887)
npomoTopa reHa NOST runoTeTnyeckn MoXeT CBUAETENbCTBOBATb O MOBbILLEHHOM PUCKE BO3HNKHOBEHNA MLIEMM-
YecKoro NoBpeXAeHnA Mo3ra y Hocuteneit. CpaBHeHMe SKCNepUMeHTanbHbIX 3HaYeHuin adpduHHocTu (Kp) TBP/TATA
«gnknx» (WT) 1 MMHOpPHbIX annenei ¢ NPOrHO3MpPyeMbIMU MOKa3asno, YTO JaHHbIe XOPOLLIO KOPPEeNupYoT Apyr C
Apyrom: KoadduumeHT nrHenHomn koppenauun r=0.94 (p < 0.01).

Kntouesble cnosa: GRINT; ASCL3; NOST; TATA-ceA3biBatowuin 6enok; apdrHHocTs; TBP/TATA B3aumopencreue.

Introduction

Previously, using Web service SNP_TATA Comparator
(Ponomarenko M. et al., 2015) and in vitro experiments, we
studied effects of SNPs in TATA boxes within core promoters
of human genes to predict potential SNP markers, for example,
markers of obesity (Arkova et al., 2015), autoimmune diseases
(Ponomarenko M. etal., 2016), Alzheimer’s disease (Ponoma-
renko P. etal., 2017), aggressiveness (Chadaeva et al., 2016),
circadian rhythm disorders (Ponomarenko P. et al., 2016),
anomalies of female reproductive potential (Chadaeva et al.,
2018), erythropoiesis disorders (Sharypova et al., 2018), and
resistance to anticancer therapy (Turnaev et al., 2016). Then,
on the basis of our results and literature data, we made findings
suggesting that SNPs that disrupt erythropoiesis are likely to
be associated with cognitive and neuropsychiatric disorders
in humans (Ponomarenko M. et al., 2020).

The aim of the current work was to search for and to ex-
perimentally verify in vitro the effects of unannotated SNPs
in TATA boxes within promoters of genes NOSI, GRIN1, and
ASCL3 (which are involved in neuropsychiatric disorders
and cancers) on the affinity and kinetic characteristics of
TBP-TATA complexes. Identification of causal regulatory
mechanisms of diseases is becoming a common practice, but
experimental annotation of variants in target genes, especially
in regulatory regions, is still a major bottleneck for the use
of such genetic data in personalized medicine. Therefore,
experimental quantitative methods for annotating SNPs in
regulatory regions of specific genes remain important and
relevant. This paper presents predictions of effects of unan-
notated SNPs in TATA boxes of genes GRINI, ASCL3, and
NOS1 on the thermodynamic and kinetic characteristics of
TBP-TATA complexes as well as the results of their experi-
mental verification in vitro.

The GRINI gene, located in chromosomal region 9q34.3,
codes for the GluN1 (NR1) subunit of the N-methyl-D-
aspartate receptor (NMDAR) and plays a key role in synaptic
functions (Sin et al., 2002). The protein encoded by GRIN1 is
a critical subunit of N-methyl-D-aspartate receptors, which are
members of the superfamily of glutamate receptor channels.
The latter are heteromeric protein complexes with multiple
subunits arranged to form a ligand-gated ion channel. These

subunits play a key part in synaptic plasticity, which is thought
to underlie memory and learning.

The first meta-analysis and convergence analysis (Forero,
2020) of available genome-wide expression studies regard-
ing epileptogenesis in humans and model animals made it
possible to identify several major candidate genes, including
GRINI. Animal models and postmortem studies on patients’
brains have shown that transcription and expression levels of
the gene of the GluN1 protein in schizophrenia differ from
those in controls (conditionally healthy volunteers), although
the changes varied among different regions of the brain (Ding
etal., 2017).

The achaete-scute complex-like (4SCL) gene family con-
sists of five members, namely ASCL1, ASCL2, ASCL3, ASCL4,
and ASCLS5. The ASCL3 gene (SGN1) is located on chromo-
some 11, and its product was originally characterized as a
transcription factor specifically localized to cells of salivary
gland ducts (Park et al., 2017). Dysregulation of ASCL family
genes has been reported to play a key role in psychiatric and
neurological disorders (Hanahan, Weinberg, 2011). All ASCL
genes encode the basic helix-loop-helix transcription factors
that control nervous system development (Rugel-Stahl et al.,
2012); thus, they are called proneural genes. Expression of
ASCL family genes and the impact of their products on cells are
not limited to the nervous system. For example, ASCL family
members have been shown to be expressed in progenitor cells
during muscle and intestinal-cell differentiation (Fox, 1998).

Using bioinformatic analyses, researchers have determined
potential involvement of several ASCL family members in
the initiation and progression of tumors in various types of
cancer. ASCL3 is overexpressed in breast cancer (Hanahan,
Weinberg, 2011) but is underexpressed (relative to normal
controls) in kidney, cervical, and bladder cancers as well as
lymphoma and melanoma. Analysis of different subtypes of
kidney tumors has revealed that ASCL3 is downregulated
in renal oncocytoma. As has already been mentioned, in
lymphoma and cancers of the cervix, bladder, kidney, and
epithelium, a decrease in the expression of ASCL3 has been
documented (Hanahan, Weinberg, 2011), suggesting that this
gene is a suitable research object not only in psychiatric and
neurological disorders but also in cancers.
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The NOS1 gene codes for the major isoform of nitric oxide
synthase and is widely expressed in all tissues, and NOS1
produces approximately 90 % of nitric oxide in the central ner-
vous system (Akyol et al., 2004). The gene is mapped to chro-
mosomal region 12q24. Several studies indicate that NOS/
variants are associated with such disorders as Alzheimer’s
disease (Mishizen-Eberz et al., 2004), schizophrenia (Shinkai
etal., 2002; Saadat, 2010), and Parkinson’s disease (Hancock
et al., 2008; Yu et al., 2018). Using reverse-transcription
polymerase chain reaction (RT-PCR), some authors (Freud-
enberg et al., 2015) demonstrated that protein expression of
NOSI is constitutively high in ovarian cancer cell lines and
that mRNA expression of NOS! varies among such cell lines.
The results of that study mean that NOS1 promotes malignant
characteristics of ovarian cancer cells, including proliferation,
invasion, and chemoresistance, thereby constituting a potential
therapeutic target.

Materials and methods

DNA sequences. Unannotated SNPs (from the GRINI
gene: 151402667001, from ASCL3: rs1049743008:c, and
from NOS1: rs1195040887) were retrieved from the dbSNP
database (Sherry et al., 2001). Promoter sequences within the
[-100; —1] region relative to a transcription start site were
retrieved from the Eukaryotic Promotor Database (EPD) (Praz
etal.,2002), and the presence of TATA boxes in these regions
was determined in the same database.

Analysis of DNA sequences in silico. DNA sequences of
human genes GRIN1, ASCL3, and NOS! between nucleotide
positions —100 and —1 upstream of the transcription start
site, which were taken from the reference genome, were
analyzed using our Web service SNP_TATA Z-tester,
which is a modified version of SNP_TATA Comparator
(Ponomarenko M. et al., 2015).

Synthetic double-stranded oligodeoxyribonucleotides
(ODN ). For experimental verification, we used 26 bp ODNs
identical to the reference and minor alleles of genes GRINI,
ASCL3, and NOSI; the ODNs were synthesized and then
purified by polyacrylamide gel electrophoresis by Biosan
(Novosibirsk, Russia).

Sequences of these double-stranded ODNs — identical to
the promoter regions of genes GRINI, ASCL3, and NOSI
containing TATA-like elements — were as follows (reference
[wild type; WT] alleles and minor alleles):

GRINI (WT) — 5'-tggagggeg ACAAAGACAgggtggtg-3'

GRINI (-34g>a)— 5'-tggaggage ACAAAGACAgggtggtg-3'

ASCL3 (WT) — 5'-tcgaaaaaTAAAATAAA Ataaaacat-3'

ASCL3 (-45T>c)—5'-tcgaaaaaTAAAAcAAA Ataaaacat-3’

NOSI (WT) — 5'-tgtttcct GATAGA A Aaaaaaaatgg-3’

NOSI (-27G>a) — 5'-tgtttcctGATAaA A Aaaaaaaatgg-3'

Labeling of the ODNs at 5' ends with 3?P-yATP. To
prepare labeled double-stranded ODNSs, both their strands
were labeled with 32P-yATP (Biosan, Novosibirsk, Russia) by
means of T4 polynucleotide kinase (SibEnzyme, Novosibirsk,
Russia), annealed at 95 °C (at an equimolar ratio), and slowly
cooled to room temperature. The annealed duplexes were
purified and analyzed by electrophoresis in a nondenaturing
15 % polyacrylamide gel followed by autoradiography on
a phosphorimager, Molecular Imager PharosFX Plus (Bio-
Rad, Hercules, CA, USA). Unlabeled duplexes were prepared
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in the same way and used without further purification by
polyacrylamide gel electrophoresis.

Isolation and purification of recombinant TATA-binding
(TBP) protein. We used recombinant human TBP expressed
in Escherichia coli BL21(DE3) cells via the pAR3038-
hTBP plasmid (a gift from Prof. B. Puhg, Center for Gene
Regulation, Department of Biochemistry and Molecular
Biology, The Pennsylvania State University, University Park,
Pennsylvania, USA). Expression and purification of TBP
were performed according to ref. (Pugh, 1995), except for the
concentration of isopropyl B-D-1-thiogalactopyranoside (1.0
instead of 0.1 mM) and induction time (3 instead of 1.5 h).

Determination of kinetic parameters (rates of formation
and dissociation of complexes, k, and k,) and equilibrium
dissociation constants, K, of TBP-ODN complexes.
Association rate constants (k,) and dissociation rate
constants (k,), which characterize the rates of formation and
disintegration of complexes, were determined by measuring
the kinetics of TBP binding to the TATA-containing double-
stranded ODNs identical to either a WT TATA box (reference
allele) or a TATA box carrying an SNP. The experiments
were conducted at several concentrations of the 32P-labeled
ODNs and a fixed concentration of TBP (0.4 nM unless stated
otherwise). TBP—ODN binding experiments were performed
at 25 °C in a buffer composed of 20 mM HEPES-KOH
(pH 7.6), 5 mM MgCl,, 70 mM KCI, 1 mM dithiothreitol,
100 pg/ml bovine serum albumin, 0.01 % of NP-40, and
5% of XYZ, as described in detail before (Drachkova et al.,
2014). The electrophoretic mobility shift assay was carried
out in a native 5 % polyacrylamide gel in Tris-glycine buffer
(pH 8.3) for 40 min at 10 °C. The gels were dried, and Imaging
Screen-K (Kodak) for Molecular Imager PharosFX Plus (Bio-
Rad) was exposed to the gels. Each screen was scanned on the
phosphorimager, and the autoradiographs were quantified in
Quantity One v.4.5.0 software (Bio-Rad).

Statistical analysis. The comparison of the predicted and
experimental values of TBP—TATA complexes’ affinity for the
“normal” and minor alleles was performed using the Statistica
software package (Statsoft™, Tulsa, OK, USA).

Results and discussion

Transcription, as a rule, is the gene expression stage most
sensitive to internal signals and external signals entering the
cell and is the main mechanism that controls gene expression.
Here, we analyzed its initial stage, i. e., the interaction of TBP
with a promoter: the process that triggers the assembly of the
transcription complex.

The Table presents the results of in vitro verification of our
predictions (made by the SNP_TATA Z-tester Web service)
regarding the effect of substitutions in the TATA boxes of
genes GRINI, ASCL3, and NOSI on TBP-TATA affinity.
These data include experimental affinity (K},) values for WT
and minor alleles and association and dissociation constants
(k, and k, respectively), reflecting the rates of formation and
disintegration of TBP—TATA complexes.

The results given in the Table were obtained by the
electrophoretic mobility shift assay. Figure 1 shows electro-
pherograms for the GRINI gene as an example.

As readers can see in the Table, the TBP-TATA affinity
for WT GRINI can be described as low-specificity binding
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Experimental in vitro verification of our predictions of the effect of rs1402667001, rs1049743008, and rs1195040887
(from genes GRINT, ASCL3, and NOST, respectively) on affinity and kinetic characteristics of TBP-TATA complexes

Gene SNP Prediction Experiment
-In(Kp) A, -In(Kp)
In units

GRIN1T WT 17.59+£0.08 0.00 14.95+0.05
-34G>a 17.74+£0.08 0.15 15.42+0.08
rs1402667001

ASCL3 WT 19.04+£0.08 0.00 18.24+0.09
-45T>c 18.75+£0.08 0.29 17.90+0.08
rs1049743008

NOS1 WT 18.56+0.08 0.00 18.77+0.08
-27G>a 18.96+£0.08 0.34 18.95+0.08
rs1195040887

Ko, nM A,
In units

320+£50  0.00

200+50  2.32
12£5 0.00 7.0+£1.0 8.0+3 144+6
173 0.85 6.2+0.5 10.0+1 11.5+1
70+20  0.00 2.8+0.3 20+04 58.0+6
59+9 0.18 47+04 28+0.3 38.0+5

Note. The data are presented as mean + standard deviation. Kp = ky/k,; A, a TBP affinity difference (between ODNs containing and not containing an SNP)

expressed in logarithmic units: A = —In[KD’WA(MuO] = (=In [Kp, 1atal); t1/2 = In2/ky.

GRINTWT 5"-tggagggggACAAAGACAGGGTGGTG-3'

FreeODN + + + + + + + + ++ 4+ + + + ++ + F++ +++++ + 4+ + ++ + ++ 4+
TBP + ++ ++ + + + +4+ 4+ + + + + + - +++ ++ + o+ o+ + ++ + + + o+ + -
- . ™ 4 » . . - - '- PR -
TBP-ODN
Time, min 2 510203060 90120, |2 510203060 90120, 2 5 10203060 90120, 2 5 1020 3060 90120,
32p-ODN, nM 30nM 60 nM 120 nM 240 nM
GRIN1 SNP -34G>a 5'-tggaggaggACAAAGACAGGGTGGTG-3'
FreeODN + + + + + + + + ++ 4+ + + 4+ + + +++ + ++ o+

TBP + + + + + + + + ++ + + + + + + -

TBP-ODN

CBo6. ODN

Time, min ' 2 5 1020 30 60 90120,

(2 510203060 90120,

+ 4+ + ++ + ++

(2 510203060 90120,

+ o+ A+ + o+ -

(2 510203060 90120,

32P-ODN, nM 30 nM

60 nM

120 nM 240 nM

Fig. 1. The electropherograms obtained to determine kinetic isotherms of TBP binding to the ODNs identical to the TATA-like
element of the GRINT gene promoter: either the WT allele or minor allele “a” (SNP: -34G>a).

(Kp = 320 nM). Although the TATA box sequence is AT-rich
(ACAAAGACA), the third T, which has the greatest weight
in the TATA box, is missing. In addition, conformational
flexibility of the three As, which is clearly not enough to
generate the conformation suitable for TBP binding, is blocked
on both sides by high-melting-point base pairs containing C
and G. The substitution (-34G>a) in the sequence flanking
the TATA-like element did not significantly increase the
flexibility of this DNA region, but the affinity strengthened
almost 1.4-fold after introduction of the substitution (minor
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allele) as compared to the WT allele (Kp = 200 nM). The
rate of formation of the TBP—ODN complex increased
twofold: 2.8 versus 1.4 M'-s™! (Fig. 2). The rate of complex
dissociation was also slightly higher, by 20 %, in the case of
the minor allele. Overall, these changes somewhat shortened
the complex’s half-life (from 25 to 20 min), that is, made it
less stable. Judging from the sequence of the ODN in question,
which is identical to the region of the GRINI promoter, this
promoter does not contain the TATA box consensus sequence
but contains a G-rich box, which can bind to transcription
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4000 6000 8000

Time, s

2000

Fig. 2. Kinetic isotherms of the TBP binding to the ODNs identical to the TATA box of the GRINT gene promoter, for either the WT allele (panel a) or minor

allele“a” (panel b).

The binding isotherms and k_ and k, values were determined by means of the electropherograms (see Fig. 1) in GraphPad Prism 5 software.

factor SP3, which activates transcription of genes in chicken
embryonic cortical neurons and represses it in undifferentiated
cells (Chaudhary et al., 2017), as demonstrated in a study on
the chicken GRINI gene.

The observed (in our study) weak affinity of TBP for the
TATA-like element of the GRINI promoter, which implies
gene underexpression (Liu et al., 2019), is in agreement
with findings of low GRIN! expression in animal models of
schizophrenic disorders. On the basis of our data on enhanced
TBP-TATA affinity for minor allele “a” (rs1402667001), we
can theorize that carriers of this allele are at a reduced risk of
schizophrenia as compared to carriers of WT allele G. It should
be noted that despite active research, the role of GRINI in the
etiology of schizophrenia remains uncertain. For instance,
in ref. (Zhao et al., 2006), using Sanger DNA sequencing,
researchers conducted a case-control study to investigate the
association between GRINI and the risk of schizophrenia
in a population of northern China. Distributions of both
a genotype and allele of rs117783907 (—1945G/t) significantly
differed between the case group and control group (p <0.0083).
In that article, genotype frequencies of rs138961287 and
rs11146020 are statistically significantly different too
(p < 0.05), indicating that rs138961287, rs117783907, and
rs11146020 are associated with schizophrenia. In another
association study conducted in a northern Chinese Han
population, allele “c” of rs11146020 was reported to reduce
the risk of schizophrenia (Begni et al., 2003), although Saadat
(2010) found that this allele is a risk factor of schizophrenia in
an [talian population. Furthermore, a meta-analysis (Zwicker
etal., 2018) suggests that allele “c” of rs11146020 is associated
with an increased risk of schizophrenia, i. ., the results are
inconsistent among studies. It is likely that among different
ethnic groups, the influence of environmental and genetic
factors and their interactions may differ in their impact on the
risk of mental disorders (Zwicker et al., 2018). The risk of
psychosis increases with the accumulation of multiple variants
carrying a genetic risk and with exposure to multiple adverse
environmental factors (Gray et al., 2015).

Some authors (Ding et al., 2017) investigated the expression
of a large group of genes in the brains of patients with major
depressive disorder and controls (postmortem analysis). The
results showed elevated expression of most of glutamatergic
genes (e. g., GRINI, GRIN2A-D, GRIA2—4, GRIKI and -2,
and GRM) tested in the dorsolateral prefrontal cortex (mainly
in women). Based on these findings, it can be assumed that
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rs1402667001 (studied by us), which enhances the affinity
of TBP for the TATA-like element, may be a candidate
SNP marker of an increased risk of schizophrenia. Despite
conflicting results, some researchers (Zou et al., 2020) believe
that the association of GRINI with schizophrenia and other
psychotic disorders is undeniable and that subunit NR1
encoded by this gene may be a promising therapeutic target
in schizophrenia.

As readers can see in the sequence of the ASCL3 promoter
region, which is identical to the region where a TATA box
is usually located (positions —20 to —70 relative to the
transcription start site), it is enriched in A nucleotides and
contains a T. The latter has the greatest weight in the TATA
box sequence (for the binding to TBP) and can take the third
position in our case. Accordingly, we observed strong affinity
of the TBP-TATA complex: Kp = 12 nM. SNP —45T>C
(rs1049743008), replacing T with high-melting-point C, led
to a 1.4-fold weakening of the affinity (Kp = 17 nM), although
the rate of formation of the TBP—TATA complex increased
slightly (12 %), while the rate of dissociation increased
a little more: by 20 %. As a consequence, the complex’s
half-life with the minor allele is also slightly shorter (11.5
versus 14.4 min), i. e., stability decreased. Because changes
in the affinity of the TBP-TATA interaction correlate with
alterations of gene expression (Mogno et al., 2010), it can
be hypothesized that carriers of the C allele (with weakened
TBP-TATA affinity and ASCL3 expression) are at a higher risk
of a malignant tumor: lymphoma and cancers of the cervix,
bladder, epithelium, and kidneys. This notion is confirmed by
the results in ref. (Hanahan, Weinberg, 2011), where a database
analysis revealed that out of 21 analyzed tumor types, five
correlate with the ASCL3 expression that is diminished to
various degrees.

The NOSI promoter contains a TATA-like element with
sequence GATAGAAA, to which TBP binds with 70 nM
affinity. When high-melting-point G was replaced in our
study by A, the affinity strengthened, albeit slightly: by 14 %
(Kp = 59 = 9 nM). In this context, the rate of TBP-TATA
complex formation (k,) increased by a factor of 1.7, while the
dissociation rate of the complex (k) accelerated by a factor
of 1.4, and the lifetime of the complex diminished ~1.4-fold.

Based on the results in ref. (Zou et al., 2020) indicating
that NOSI1 inhibitors can effectively reduce the severity of
ischemic brain damage, it can be theorized that the A allele
(SNP -27G>A, rs1195040887) — with enhanced TBP-TATA
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Fig. 3. The significant correlation of the
experimentally measured TBP-DNA affinity
values with those predicted in silico by means
of Web service SNP_TATA_Z-tester.

The dashed curves: a 95 % confidence interval
for the regression line. The estimates were made
using the Statistica package (Statsoft™, USA).

affinity and gene expression — may be
a candidate marker of an elevated risk
of the ischemic brain injury associated
with cerebral palsy. The association
of NOSI with various diseases points
to a pleiotropic role of NOS1 in many
physiological processes and potentially
to a pathogenesis that is shared among
these diseases.

Our comparison of the experimental
affinity values (K,) of TBP-TATA
complexes of reference (WT) alleles
and minor alleles with those predicted
by the SNP TATA Z-tester Web service
(Ponomarenko M. etal., 2015) indicates
that the data correlate well (linear
correlation coefficient »=0.94, p <0.01)
(Fig. 3).

Thus, we determined the affinity and
kinetic characteristics of the interaction
of TBP with TATA boxes containing
unannotated SNPs. We found that these
SNPs may be functionally significant
and correlate with an increased risk
of such neuropsychiatric diseases as
schizophrenia and ischemic brain
damage (associated with cerebral palsy)
as well as the risk of malignant tumors:
lymphoma and cancers of the cervix,
epithelium, bladder, and kidneys.

Conclusion

The results show effects of the analyzed
SNPs (rs1402667001, rs1049743008,
and rs1195040887) in the TATA boxes
within promoters of genes GRINI,
ASCL3, and NOS! on affinity and the

232

Investigation of the effect of SNP TATA boxes
on interaction TBP/TATA

rates of formation and disintegration of TBP-TATA complexes (k, and k, respec-
tively). Our experimental data suggest that the identified candidate SNP markers in
neuronal genes can contribute to the development of not only neuropsychiatric but
also oncological diseases, in agreement with the results obtained by other authors.
Our findings about the influence of SNPs on TBP-TATA affinity and therefore on
the expression of the genes in question point to their possible contribution to a
higher risk of the diseases associated with these genes. Furthermore, our results
have the potential to improve human health and to facilitate the development of
new diagnostic markers.
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The role of highly dispersed silica nanoparticles in the realization
of the effects of granulosa on the maturation and fertilization
competence of Sus scrofa domesticus oocytes
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Abstract. Reproductive technologies are some of the key directions in the context of the need to preserve and
select highly productive farmed animals in terms of economically useful traits. Improvements of the existing models
of the in vitro oocyte maturation system help to solve the problem of low yield of porcine embryos at the final stages
of preimplantation development. In the present study, a model of culture medium for gametes (NCSU-23 with 10 %
homologous follicular fluid, 10 IU hCG and 10 IU eCG) modernized by the addition of 1-10° granulosa cells (GCs) per
ml and 0.001 % of highly dispersed silica nanoparticles (HDSn) is proposed for use in the IVM and IVF technology
of donor porcine oocytes. Analysis of the oocyte chromatin status by the Tarkowsky method and assessment of
the level of destructive changes in chromatin (apoptosis, pyknosis) revealed a significant percentage increase in
matured oocytes and a decrease in the proportion of granulosa cells with degenerated chromatin when using the
original culture system. The positive effects of a joint addition of GCs and HDSn to the maturation system have
made it possible to increase the indicators of the meiotic maturation and fertilization of oocytes. Optimal results
of developmental competence of oocytes were achieved with the joint use of GCs and HDSn in the maturation
system (the proportion of matured cells reached 89 %, the level of oocytes with chromosome degeneration was
12 %, 39 % of embryos reached the final stage of preimplantation development). The positive effect of HDSn on
oocyte fertilization was accompanied by an abrupt decrease in destructive processes in GCs during culture in the
presence of HDSn. The level of somatic cells with pyknotic nuclei was 32 % and the level of apoptosis (TUNEL-
test), 21 %, compared with the control (43 and 31 %, p <0.01, respectively). Thus, a high efficiency of the porcine
oocyte maturation system in the joint culture of gametes with GCs and HDSn was revealed. It makes it possible to
recommend a model of this culture medium at the IVM of female gametes of Sus scrofa domesticus for improving the
quality of donor oocytes used in cell and genetic engineering.

Key words: porcine oocytes; maturation in vitro; highly dispersed silica nanoparticles; apoptosis; granulosa.
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Posib HAHOYACTUII BLICOKOAICIIEPCHOrO KpeMHe3eMa
B peanusanuu 3¢pPeKToB rpaHyie3bl HA KOMIIETEHTHOCTD
K CO3p€eBaHUIO M OTLJIOAOTBOPEHIIO OOUTOB Sus scrofa domesticus
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T Bcepoccnickmin Hay YHO-ICCNIEOBATENCKIAN UHCTUTYT FEHETUKM 11 Pa3BEAEHIA CEbCKOXO3ANCTBEHHBIX XUBOTHBIX — punnan OeaepanbHOro HayyHoro
LieHTpa M1BOTHOBOACTBA — BUXK nm. akagemuika J1.K. pHcrTa, MywkuH, CaHkT-MNetepbypr, Poccns
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AHHOTaLuA. PenpoayKTUBHbIE TEXHONOMMM ABAATCA OAHWUM M3 KNIOYEBbIX HanpaBneHnii B yCNOBUAX HEOOXOAUMO-
CTU COXPAHEHUA 1 0TOOPA BbIJAOLIMNXCA MO XO3ANCTBEHHO MOSIE3HbIM NPU3HaKaM 0cobei CenbCKOX03ANCTBEHHDbIX
>KMBOTHbIX. COBEPLUEHCTBOBAHME MMEILLMXCA MOLENEeN CO3PeBaHNA OOLMTOB in Vitro B pasfnyHbIX Bapraumax cno-
coOCTBYeT peLleHunto Npobnembl HU3KOTO BbIXo4a SMOPUOHOB CBMHEN Ha 3aBepLUaoLUX CTaANAX AOMMIIAHTaLM-
OHHOrO pa3BuTUA. B HacToAleM nccnefoBaHUM C UCNOSTIb30BaHNEM TEXHOMOMMUN CO3PEBaAHUA U OMIOJOTBOPEHMA
LLOHOPCKMX OOLMTOB CBUHEN in Vitro NpeanoeHa Moaenb cpefbl Ana KynstnenposaHua ramet (NCSU-23 ¢ 10%
roMOJSIOrMUYHON GONNMKynspHoN )ugkocTbto, 10 ME XY n 10 ME XTI nowagw), MoLepHU3MpOBaHHas BBeAeHEM
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Ponb HaHouYaCTVIL, BbICOKOAMCNEPCHOTO KPEMHE3EMa B peanvisaLum
3¢ deKTOB rpaHynesbl Ha Co3peBaHne OOLUTOB CBUHEN in Vitro

1-106 knetok rpaHynessbl (KIN) Ha 1 mn cpeabl 1 0.001 % HaHOUACTWL, BLICOKOAUCTEPCHOIO KpeMHesema (HBAK). AHa-
N3 cTaTyca XPOMaT1Ha OOLMTOB NO MeToAy TapKOBCKOrO 1 OLleHKa YPOBHA AeCTPYKTUBHbIX U3MEHEHUIN XpOMaThHa
COMaTMYeCKMX K1eTOK oBapuasbHbiX GONIMKYOB (aNonTo3, MMKHO3) BbIABUAN 3HaUYMTENIbHOE MOBbILIEHVEe MoKa-
3aTenen AAEPHOro Co3peBaHNA raMeT 1 CHUXXeHWEe [0/ KNEeTOK rpaHynesbl C JereHepupoBaHHbIM XPOMaTUHOM
npv NPUMeHeHUN pa3paboTaHHON CUCTEMbI KynbTUBUPOBaHNA. OBHapy»KeHO NO3UTUBHOE B/IMAHNE COBMECTHOTO
BBeaeHna KI' n HBJK B cnctemy go3peBaHusA, NO3BONMBLUErO YBEMUYUTL NOKa3aTeny MeroTMYeCKoro co3peBaHua
1 OMI0A0TBOPAEMOCTY 0OLMTOB. ONTUManbHble nokasatenu ¢epTUAbHOCT OOLUTOB JOCTUMHYTbI NPY COYETaHHOM
ncnonb3oBaHuy B cucTeme fospesanua KI v HBJIK (nona co3peBLlumnx knetok gocturna 89 %, ypoBeHb OOLMTOB C fe-
reHepauuein xpomocom coctaBmn 12 %, 39 % smMOPMOHOB AOCTUIIN 3aBepLUaloLLell CTaaUM AOMMIMIAHTALUOHHOTO
pa3suTrA). NonoxutenbHbln 3dpdekT HBK Ha nokasateny onnofoTBOpPAEMOCT OOLUTOB CONMPOBOXAANCA PE3KM
CHUXKeHMeM AeCTPYKTUBHbIX npoueccos B KI npu nx KynbTmBmpoBaHun B npucyTcTeum HBIK. YposeHb NMKHO30B
coctaBun 32 %, a yposeHb anonto3os (TUNEL-test) — 21 % no cpaBHeHuto ¢ KOHTponem (43 1 31 % coOTBETCTBEHHO,
p<0.01). Takum 06pa3om, BbiABNEHa BblcoKasA 3PPEKTUBHOCTb CUCTEMbI CO3PEBAHNA OOLUTOB CBMUHEN B YC/TOBUAX
COBMECTHOrO KOKYnbTUBMpoBaHua rameT ¢ KI' n HBAK, uTo no3sonseT pekoMeHoBaTb MOAeSb pa3paboTaHHoO cpe-
[bl B TEXHOJOT MW SKCTPAKOPMNOPanbHOro CO3peBaHms XKEHCKUX raMeT Sus scrofa domesticus pnisi MOBbILWEHNA Kade-
CTBa AOHOPCKMX ANLEKIIETOK, UCMOJIb3yeMbIX B KNETOYHOWN U FEHETUYECKON NHXKEHepun.

KntoueBble cnosa: ooLUTbl CBUHEN; CO3peBaHue in vitro; HAHOYaCTULLbl BbICOKOAMCNEPCHOrO KpeMHe3ema; anonTos;
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rpaHynesa.

Introduction

Cell reproductive and DNA biotechnologies play an impor-
tant role in the intensification of breeding process in animal
husbandry because they are a tool for increasing the number
of individuals outstanding in economic traits (Romar et al.,
2019). Biotechnological interest in the species Sus scrofa
domesticus has increased because it can be used in biomedi-
cine, due to the features of its physiology (proximity to the
species Homo sapiens), for organ xenotransplantation. In vitro
production of viable native and reconstructed (cloned, trans-
genic) porcine embryos on a mass scale is possible; however,
now, certain steps in the technology of in vitro maturation
of S. scrofa domesticus eggs and their fertilization require
improvement (Fowler et al., 2018). Development of standard-
ized protocols for methodology of obtaining porcine embryos
in vitro is necessary to take full advantage of the possibilities
of innovative cellular reproductive technologies in porcine
breeding and biomedicine, including production of geneti-
cally modified pigs.

Effectiveness on various stages of extracorporeal production
of porcine embryos is ambiguous. Improvement of oocyte
maturation systems, low percentage of monospermic zygotes
and zygotes that develop to the final stage of preimplantation
development (blastocyst) require solutions (Martinez et al.,
2019). Nowadays, there are many works on the development of
aunified maturation system of donor porcine oocytes in vitro,
but yield of embryos at the final stages of preimplantation
development still does not exceed 45-50 % (Soriano-Ubeda
etal., 2017).

The abovementioned allows us to define the task of
modeling the culture media composition for completion of
porcine oocyte meiotic maturation in vitro as highly relevant.
In vivo, an egg is forming in close relationship with the
somatic cells of the ovarian follicle (cumulus, granulosa),
which produce a number of bioactive molecules involved in
the growth and maturation of oocytes. The pioneering works
of L.R. Abeydeera showed effectiveness of using follicle
walls and follicular fluid as part of oocyte maturation systems
(Abeydeera et al., 1998). However, procedures to dissect folli-
cle, objectivity of'its quality evaluation by embryotechnologist
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prolong the duration of the first stage of embryo production
technology. The use of innovative materials, including their
nanoscale particles, in in vitro maturation system of animal
gametes is a rapidly developing branch of bionanotechnology
(Remiao et al., 2018). Many researchers have evaluated the
cyto- and gene-toxicity of nanoparticles of different origin on
mammalian germ cells (Roy et al., 2020).

Our previous studies revealed positive effects of HDSn on
cell compartments functioning of native and devitrified female
gametes of farm animals, destructive chromatin processes in
the nuclei of germinal and somatic cells of ovarian follicles
(Kuzmina et al., 2017, 2020). Based on these considerations,
it seems logical to add granulosa cells into the basic culture
media as a potential supplier of natural origin biologically
active substances, primarily steroids, and nanoparticles of
different origin.

The aim of this study was to evaluate the role of highly
dispersed silica nanoparticles in realizing the effects of the
addition of granulosa cells into the system of extracorporeal
maturation of porcine oocytes on gamete fertility indices.

Materials and methods

All reagents used in the experiments, except as indicated in
the text, were produced by Sigma-Aldrich (USA). Plastic
laboratory glassware was from BD Falcon™ (USA).

In experiments we used cumulus oocyte complexes (COC)
isolated from the antral follicles of post mortem ovaries of
S. scrofa domesticus landrace breed at the age of 68 months.
The ovaries after ovariectomy of animals at a local slaugh-
terhouse were delivered to laboratory in 0.9 % NaCl solution
at 30-35 °C containing 100 IU/ml penicillin, 100 pg/ml
streptomycin, and 0.25 ng/ml amphotericin. COCs were
aspirated from antral follicles (with high turgor, from 3
to 6 mm diameter, and a high degree of vascularization).
Oocytes with homogeneous ooplasm, zone pellucid uniform
in width, surrounded by a compact layer of cumulus cells (at
least 56 layers) were used in experiments.

After morphological evaluation, 40-50 COCs were placed
in droplets (500 pl volume) of culture media with the follow-
ing composition: Group I — synthetic culture medium North
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Carolina State University-23 (NCSU-23) + 10 IU human
chorionic gonadotropin + 10 IU equine chorionic gonadotropin
+ 10 % follicular fluid (follicle diameter 3—6 mm); Group II —
synthetic culture medium NCSU-23 + 10 IU human chorionic
gonadotropin + 10 IU equine chorionic gonadotropin + 10 %
follicular fluid (follicle diameter 3—6 mm) + 0.001 % HDSn;
Group III — synthetic culture medium NCSU-23 + 10 U
human chorionic gonadotropin + 10 IU equine chorionic go-
nadotropin + 10 % follicular fluid (follicle diameter 3—6 mm)
+ 1-10° granulosa cells (GC) per ml of medium; Group IV —
synthetic culture medium NCSU-23 + 10 IU human chorionic
gonadotropin + 10 U equine chorionic gonadotropin + 10 %
follicular fluid (follicle diameter 3-6 mm) + 1-10° GC per ml
of medium + 0.001 % HDSn. HDSn were synthesized in the
Chuiko Institute of Surface Chemistry, National Academy of
Sciences of Ukraine. Concentration was chosen according
to the recommendations of developers (Zyuzyn et al., 2015).
COCs were cultured for 22 hours at 38.5 °C in the atmosphere
of 5 % CO, in aforementioned media, then the media were
changed, hormones were excluded in all studied groups and
they were cultured for the next 22 hours.

The chromatin status of oocytes at meiotic maturation and
the level of pyknosis in granulosa cells were tested with cytol-
ogy method (Kuzmina et al., 2008). Oocytes were placed for
5-10min inawarm (37 °C) 0.9 % hypotonic solution of 3-sub-
stituted sodium citrate and purified from cumulus. Then cells
were transferred on dry non-fat glass and fixed with a mixture
of methanol and acetic acid (3:1). Dried samples of oocyte and
granulosa cells were stained with 4 % Romanovsky—Giemsa
solution (azure-eosin) for 3—4 min.

The level of apoptosis in GCs after culture for 22 hours in
NCSU-23 medium with 10 IU human chorionic gonadotropin,
10 IU equine chorionic gonadotropin, 10 % follicular fluid
(follicle diameter 3—6 mm) and 22 hours later (total culture
time 44 hours) after culture medium change (exclusion of
hormonal supplements) was assessed by TUNEL (Janowski
etal., 2012). The experimental group was supplemented with
0.001 % HDSn at all stages of culture.

We used modified mTBM medium containing 113.1 mM
NaCl, 3.0 mM KCI, 7.5 mM CaCl,-2H,0, 20.0 mM Tris,
11.0 mM glucose, 5.0 mM sodium pyruvate, | mM caffeine
and 0.1 % BSA for in vitro fertilization, after 44 hours of
culture, the oocytes were mechanically (by pipetting) released
from the cumulus cells. Then in amount of 10 pcs. placed in
drops of mTBM medium (volume 90 pl under paraffin oil)
in 35 mm culture dishes for 30 min in CO, incubator for
equilibration. The oocytes were fertilized with native sperm
(initial concentration in diluent 3-10° spermatozoa per ml).
After 3-fold centrifugation (80 g for 3 min at room tempera-
ture), 10 ml of sperm suspension was resuspended in 10 ml of
DPBS with 0.1 % BSA and sperm concentration was adjusted
to 2-10° cells per ml. 16 ul of sperm suspension was added
to 90 pl droplets with oocyte and cultured in a CO, incubator
at 38.5 °C in an atmosphere of 5 % CO, and 90 % humidity.
After 6 hours of incubation with spermatozoa, the oocytes
were transferred to 500 pl of NCSU-23 medium with 0.4 %
BSA for culturing in a CO, incubator for 7 days at 38.5 °C
in an atmosphere of 5 % O,, 5 % CO, and 90 % N, with
medium changes every 48 hours of culture (Egerszegi et al.,
2010).
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To determine the level of apoptosis in GCs, its suspension
was placed on poly-L-lysine-coated slides and dried. Next,
apoptosis levels were tested according to the manufacturer’s
instructions and the method adapted for granulosa cells pre-
sented by Janowski et al. (2012). For this purpose, GCs were
fixed in 4 % (v/v) paraformaldehyde solution for 30 min,
incubated for 2 min in 10 % Triton X-100 solution on 0.1 %
sodium citrate. Then GCs were incubated with TUNEL
reagent (Roche Diagnostics, GmbH, Mannheim, Germany)
for 60 min at 37 °C in the dark. After incubation cells were
washed in DPBS solution, stained in 0.1 % (w/v) propidium
iodide solution (20 min exposure), washed again in DPBS, and
exposed for 1 hour in the dark at room temperature. Samples
were stored in the refrigerator at +3 to +5 °C. Samples were
analyzed using a ZEISS AxioLab. fluorescence microscope
Al (Carl Zeiss, Germany).

The results were processed using the SigmaStat statistical
software package (Jandel Scientific Software, USA). Pearson’s
¥*test was used to assess the reliability of frequency variables.
Significance of differences between the compared values
was assessed at the following levels: p < 0.05, p <0.01, and
p <0.001 for 3-5 independent experiments.

Results and discussion

Granulosa and cumulus cells produce a great number of
growth and other factors determining oocyte formation and
subsequent embryo development (Canipari, 2000). Nanopar-
ticles of various chemical compounds, including HDSn, can
synchronize the nuclear and cytoplasmic maturation of animal
oocytes and protect intracellular components from factors
detrimental to their functioning, including reactive oxygen
species (ROS) (Kuzmina et al., 2017, 2020). Data of chromatin
status analysis in porcine oocytes were cultured with granulosa
cells and HDSn are presented in Figure 1.

Addition of HDSn to culture medium promoted re-initiation
and completion of meiosis (Fig. 2) in oocytes cultured with-
out GC compared to cells in the control group (79 and 75 %
versus 89 and 84 %, p < 0.05). Moreover, the stimulating
effect of HDSn’s on oocyte maturation was also observed in
co-cultured gametes with GC (85 and 79 % versus 93 and
89 %, p <0.05). It is important to note that adding HDSn re-
sulted in a decrease in the percentage of degenerated oocytes
in experimental groups compared to control groups cultured
with or without somatic cells (15 and 12 % versus 25 and
18 %, p <0.01).

In the second series of experiments, we evaluated the ef-
fect of HDSn on destructive processes in GCs during in vitro
culture (Fig. 3). The inhibitory effect of HDSn on destructive
processes in chromatin (apoptosis, pyknosis) of granulosa cells
during prolonged culture was shown. Thus, after 22 hours of
culture, proportion of cells with pyknotic nuclei was lower by
7 % in the group cultured with HDSn compared to the control
(21 and 28 %, p < 0.01), and proportion of apoptotic cells —
by 6 % (13 and 19 %, p < 0.05). After 44 hours of culture,
proportion of cells in pyknotic state reached 43 % (p < 0.01)
in the control group and the level of apoptotic cells reached
31 % (p <0.01). In the experimental group, these indices were
significantly lower (32 and 21 %, p <0.01).

The results of analysis fertility parameters of oocytes
matured in various systems are shown in Fig. 4. Fertilizable
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addition of HDSn to maturation medium provided an increase
in the level of fertilized oocytes, which was expressed by an
increase of 12 % in the cleavage level (51 %, p < 0.05) and
11 % in the yield of blastocysts (23 %, p < 0.01) and an in-
crease in the yield of preimplantation embryos at blastocyst
stage compared with the control group (39 and 12 %, respec-
tively). At the same time, maximum fertilization rates were
observed in the group of oocytes co-cultured with granulosa
and HDSn cells (61 and 39 %, respectively, p < 0.01 versus
control groups).

Oxidative stress is one of the main factors reducing devel-
opment competence of oocytes at culture (Wei et al., 2016).
Positive effect of nanoparticles on oocyte maturation can
probably be explained by the ability of HDSn to level the
damaging effect of free-radical processes at cell culture by
reducing the formation of oxidative modification products
of proteins (Savchenko, 2013). In addition, as a result of
oxidative stress on cells in the endoplasmic reticulum (ER),
occur synthesis and assembly of lipid droplets (LD), which
act as a protective mechanism when reactive oxygen species
act on the membrane structures of organelles, as well as sup-
ply mitochondria with fatty acids for ATP production (Lee
et al., 2012; Zhang X., Zhang K., 2012). It is known that
the intracellular form of LDs in the shape of “granules” and

Control

HDSn

Granulosa cells

Culture system

Granulosa cells+
HDSn
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their diffuse arrangement provide fatty acid mobilization,
determining normal maturation of cumulus oocyte complexes
(Bradley etal., 2019). It was shown that the addition of HDSn
to culture medium provides an increase in the level of oocytes
with the LDs with diffuse localization, which, as indicated
earlier, ensures normal gamete development (Novichkova,
Kuzmina, 2019).

It is known that communication of GCs, as well as
interaction of cumulus cells with the oocyte, determines the
growth and formation of female gamete. Successful oocyte
maturation and further embryonic development depend on
the action of certain hormones, in particular progesterone and
estradiol secreted by granulosa cells. In turn, the effect of these
hormones on oocytes is mediated by the radial crown cells
expressing FSHR (follicle-stimulating hormone receptor),
which is necessary for cumulus cell proliferation and normal
gamete development (Okazaki et al., 2003). It was shown
that the addition of progesterone and B-estradiol in culture
medium increases the level of FSHR expression, cumulus
cell survival, and reduces the level of apoptosis (Okamoto et
al., 2016). HDSn prevent apoptosis in somatic cells and male
gametes of animals by stimulating antioxidant system through
interacting with receptors on the cell surface (Boytseva et al.,
2017; Kuzmina et al., 2017).

B Oocytes reinitiated meiosis

Matured oocytes

W Degenerated oocytes

30 40 50

Percentage of oocytes

60 70 80

Fig. 1. Indicators of porcine oocytes chromatin status after culture with granulosa cells and HDSn (time of culture — 44 hours, number of oocytes — 600).

* Differences are statistically significant (Xz test):a:b;c:d;e:f;g:h;i:;j—-p<0.05a:d;e:h;i:l-p<0.1.

i
30um

Fig. 2. Representative image of S. scrofa domesticus oocytes chromatin at
diplotene (a) and metaphase Il (b) stages.

Cytological sample, staining with azure-eosin according to Romanovsky-
Giemsa, microscope ZEISS AxioLab. A1, Carl Zeiss.
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Fig. 3. Destructive processes of chromatin in granulosa cells of porcine
ovarian follicles (number of cells -7539).

* Differences are statistically significant (x? test):a:c;a:d;e:1-p <0.05;a:b;
b:cb:d;c:d;e:fie:kf:kf:l;k:1-p <0.01.
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Role of highly dispersed silica nanoparticles in realization
of granulosa effects on maturation of porcine oocytes in vitro

B Cleavage level, %

Percentage of embryos
at the blastocyst stage

HDSn
0
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Fig. 4. Analysis of fertility indicators of S. scrofa domesticus oocytes matured in different culture systems (number of oocytes — 736).

* Differences are statistically significant (y2 test):a:b,e:g-p< 0.05;a:d,c:d,e:f,e:h,f:h,g:h-p<0.01.

Conclusion

The development of an effective protocol for obtaining native
and reconstructed S. scrofa domesticus embryos in vitro will
significantly intensify stages of innovative cellular repro-
ductive technologies used in animal husbandry, veterinary
medicine and biomedicine. The aims of the present study are
to improve extracorporeal maturation system of donor por-
cine oocytes to obtain oocytes competent for fertilization and
embryo development. Considering the importance of somatic
cells of ovarian follicles in the formation of a mature oocyte,
coculture of cumulus-oocyte complexes with granulosa cells
was used in the experiments. Maturation system was upgraded
by the addition of HDSn into culture medium.

Experiments revealed a positive effect of the developed
system on indicators of fertility of oocytes (yield of matured
oocytes, cleavage, and level of embryos that reached the final
stage of preimplantation development). The most positive ef-
fect was observed when HDSn and granulosa cells were used
in the culture system together. High fertility rates of oocytes
matured in medium with HDSn are probably explained by
areduced level of destructive changes in surrounding cumulus
cells (subpopulation of granulosa cells).

The study found that the addition of HDSn into the cul-
ture medium causes the levels of apoptosis and pyknosis in
granulosa cells to decrease, which indicates an increase in the
number of viable cells, their hormonesynthetic activity and
provides physiological processes involved in formation of
oocytes with high fertility. The most significant indicator in
evaluation of the effectiveness of any culture system for matu-
ration of oocytes is the embryo yield. In our studies, the yield
of embryos at the final stage of preimplantation development
was the highest (39 %) in the case of the joint use of HDSn
and granulosa cells in oocyte maturation system. Results of
the study allow to recommend the developed culture system
for extracorporeal maturation of donor oocytes of S. scrofa
domesticus.
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Abstract. Recombinant chymosins (rChns) of the cow and the camel are currently considered as standard milk
coagulants for cheese-making. The search for a new type of milk-clotting enzymes that may exist in nature and
can surpass the existing “cheese-making” standards is an urgent biotechnological task. Within this study, we for
the first time constructed an expression vector allowing production of a recombinant analog of moose chymosin
in the expression system of Escherichia coli (strain SHuffle express). We built a model of the spatial structure of
moose chymosin and compared the topography of positive and negative surface charges with the correspondent
structures of cow and camel chymosins. We found that the distribution of charges on the surface of moose chymosin
has common features with that of cow and camel chymosins. However, the moose enzyme carries a unique positively
charged patch, which is likely to affect its interaction with the substrate. Biochemical and technological properties
of the moose rChn were studied. Commercial rChns of cow and camel were used as comparison enzymes. In some
technological parameters, the moose rChn proved to be superior to the reference enzymes. Compared with the cow
and camel rChns, the moose chymosin specific activity is less dependent on the changes in CaCl, concentration in
the range of 1-5 mM and pH in the range of 6-7, which is an attractive technological property. The total proteolytic
activity of the moose rChn occupies an intermediate position between the rChns of cow and camel. The combination
of biochemical and technological properties of the moose rChn argues for further study of this enzyme.
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AHHOTaLMA. 3TaNOHHbIMU KOAryfiasHTamMmy MOSIOKa /1A CbIPOAENUA B HACTOALLEE BPEMA CUMTAIOTCA PEKOMOMHaHTHbIE
XUMO3UHbI (pPXH) KOpOBbI U Bepbntoaa. HaxoxaeHre MonokocBepTbiBaloWmX GepMeHTOB, CMOCOOHbIX MPEB30NTM
STasflOHHbIe KOarynsaHTbl MOMOKa, ABMAETCA aKTyaNnbHOW OMOTeXHONMOrMyeckon 3agayeir. Hamm cKoHCTpympoBaH
JKCMPeCCHpyoLWmin BEKTOP, KOTOPbIN NMO3BOMWI BrEPBbIE MOYUYNTb PEKOMOVHAHTHBIN aHanor XMMo3nHa Nocs B
cucteme sKkcnpeccuu Escherichia coli (wtamm SHuffle Express). MocTpoeHa Mogenb NPOCTPaHCTBEHHOW CTPYKTYpPbI
XMMO3WHa N1OCA, U MPOBeAEHO CPaBHeEHVEe Tonorpadum MONOKUTENbHbIX M OTPULIATENbHbIX MOBEPXHOCTHbBIX 3apAf0B
C COOTBETCTBYIOLMMY CTPYKTYpamu XMO3MHOB KOPOBbI 1 Bepbntoga. O6Hapy»KeHo, UTo pacnpeeneHune 3apanos
Ha NMoBEPXHOCTV XMMO3MHa JTOCA MeeT 06LL1e YepTbl C pacnpeaeneHem 3apsaaoB XMMO3MHOB KOPOBbI 1 Bepbsiiofa.
OTtnnumnTenbHaa 0CO6EHHOCTb XMMO3MHa NOCA — Hannune NOSIOKMUTENbHO 3apAXEHHOrO MOBEPXHOCTHOO YYacTKa,
KOTOpbI, BEPOATHO, BAMAET Ha €ro B3aumogencTare ¢ cybcrpatom. MiccnepoBaHbl OCHOBHbIE GOXMMMYECKUE 1
TexHonornyeckne cBoncTBa pXH flocA. B KauectBe depMeHTOB CpaBHEHMA MCMONb30Bany KoMMmepueckre pXH
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Brioxvmmnyeckme 1 TexHoNormyeckrie CBONCTea
PEKOMBVHAHTHOrO XMMo3KHa nocs (Alces alces)

KOpPOBbI 1 BepbsiioAa. YCTaHOBEHO, UTO MO HEKOTOPbIM TEXHONOTMYECKMM MOKa3aTeNisiM pXH I0CA NMPeBOCXOAN
bepmeHTbl cpaBHeHuA. o cpaBHeHMO C pXH KOpOBbI U Bepbniofa cneundurueckas akTMBHOCTb PXH loca B
MeHblLLEl CTeNeH 3aBUCHT OT M3MeHeHNA KoHueHTpauun CaCl, B AnanasoHe 1-5 mM v pH B AnanasoHe 6-7, uto
ABNAETCA NPUBEKaTebHbIM TEXHOIOTMYECKM CBOMCTBOM. 10 06LLei NpoTeoNUTUUECKON aKTUBHOCTU PXH noca
3aHUMAET MPOMEXKYTOUHOE NMONOXKeHNe Mexy GepmMeHTamMmn KOpoBbl 1 Bepbtoga. COBOKYNMHOCTb GOXMMUYECKIX 1
TEXHOJOMMYECKNX CBOMCTB PXH N10CA CBUAETENbCTBYET O HEOOXOAVMOCTM JasibHeLLero n3yyeHuvs 3toro epmeHTa.
KntoueBble cyioBa: IOCb; PEKOMOMHAHTHBIV XMMO3MH; MOJIOKOCBEPTbIBaloLas akTUBHOCTb; OMOXUMUYECKMe CBOWA-

CTBa; cbipopenue; Alces alces.

Introduction

The segment of recombinant enzymes occupies a significant
part of the modern biotechnology market (Trono, 2019).
One of the first industrial enzymes obtained using genetic
engineering technologies was cow’s recombinant chymosin
(Flamm, 1991), which has been considered the standard of
amilk-clotting enzyme (ME) in cheese-making for a long time
(Belov etal., 2009; Jacob etal., 2011). The rapid development
of molecular biology methods (primarily next-generation se-
quencing and genetic engineering) has intensified the search
for enzymes with superior biochemical and technological
properties compared to the milk coagulants traditionally used
in the industry.

The main goal of such a search is to find the enzymes
possessing approximately the same sensitivity to pH and
concentration of calcium ions in milk compared with a bovine
(Bos taurus) chymosin but would outperform it in a milk-
clotting activity (MA) and, at the same time, would demon-
strate a lower overall proteolytic activity (PA) and thermal
stability (TS).

Previously, researchers have obtained and studied rChns of
sheep (Ovis aries) (Rogelj et al., 2001), goat (Capra hircus)
(Vega-Hernandez et al., 2004; Vallejo et al., 2012; Tyagi et al.,
2016), water buffalo (Bubalus arnee bubalis) (Vallejo et al.,
2012; Tyagi et al., 2017), and camel (Camelus dromedarius)
(Kappeler et al., 2006). It was shown that the rChns of goat,
buffalo, and sheep are ordinary ME and cannot compete with
the bovine Chn. The camel rChn showed a higher affinity
toward bovine k-casein (k-Cs) and had a better MA/PA ratio
than the cow rChn, but was inferior to the bovine enzyme in
TS (Bansal et al., 2009). Nevertheless, after a comprehensive
study of its biochemical and technological properties, the
camel’s rChn is widely used in the practice of cheese-making
(Bansal et al., 2009; Moynihan et al., 2014; Gumus, Hayalo-
glu, 2019) and is now considered a reference ME along with
the bovine rChn.

Later, the rChns of yak (Bos grunniens) (Luo et al., 2016;
Ersoz, inan, 2019), alpaca (Vicugna pacos) (Belenkaya et al.,
2018), and Altai maral (Cervus elaphus sibiricus) (Belenkaya
etal., 2020a, b) have been obtained and studied. The complete
biochemical and technological characteristics of the yak rChn
have not yet been established. The available literature data
indicate, on the one hand, that the yak rChn has a low techno-
logically significant threshold for TS, and on the other hand,
a higher total PA, compared to that of the bovine rChn (Belen-
kaya et al., 2020c). According to our data, the rChn of maral
has an excessively high total PA and TS, limiting its potential
use only to the production of cheeses with short ripening and
storage periods (Belenkaya et al., 2020a). The genetically
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engineered Chn of alpaca surpasses the bovine rChn in the
MA/PA ratio but is inferior in this parameter to the rChn of the
camel. In addition, similar to the rChn of camel, the rChn of
alpaca has a higher TS than the bovine rChn. Taken together,
the facts mentioned above show that despite the presence of
some interesting characteristics, the complex of biochemical
and technological properties of the rChns of yak, alpaca, and
maral hardly allows these enzymes to be considered as an
alternative to the rChns of cow and camel.

Here we present a new milk-clotting enzyme — recombinant
chymosin of moose (rChn-Alc) in a prokaryotic expression
system and investigate some of its biochemical properties
in comparison with standard milk-clotting enzymes. The re-
combinant prochymosin (rProChn) of moose developed in the
prokaryotic expression system was activated by a stepwise pH
change method, and an active rChn-Alc preparation capable
of effectively coagulating cow’s milk was obtained. It was
shown that compared to the reference milk coagulants, the
specific enzymatic activity of rChn-Alc was less sensitive to
changes in the H* concentration in the pH range of 6.0-7.0.
Concerning an important technological indicator, the total PA,
rChn-Alc was found to occupy an intermediate position be-
tween the cow rChn and the camel rChn. The specific MA of
the moose rChn was lower than that of the cow and camel
rChns, possibly due to incomplete refolding of the enzyme
obtained in the E. coli expression system. The results obtained
expand the understanding of the biochemical and technologi-
cal properties of Chns of various species and create a basis
for further search for technological coagulants of cow’s milk
that would surpass the existing reference milk-converting
enzymes in their properties.

Materials and methods
Work organization. The optimization of the structure of the
moose prochymosin gene and the construction of a producer
strain were carried out at the State Research Center of Virology
and Biotechnology “Vector”. Works on obtaining a prepara-
tion of recombinant moose prochymosin and determining its
biochemical and technological properties were carried out
at Altai State University. All work was carried out in 2019.
Strains and media. Escherichia coli strain NEB Stable
used to construct and propagate all plasmids was purchased
from New England Biolabs (NEB, Ipswich, USA). E. coli
strain SHuffle express was purchased from New England
Biolabs (NEB, Ipswich, USA) and used as a heterologous host
to produce the rProChn of moose (GenBank MT542132). The
medium Lysogeny broth (LB) (1.0 % bacto-peptone, 0.5 %
yeast extract, and 1.0 % NaCl) in liquid or solid (1.5 % agar)
form was used to culture NEB stable cells at 37°C. E. coli
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SHuffle express cells were cultured at 30°C in LB medium
(AppliChem, USA) with the addition of isopropyl-p-D-1-
thiogalactopyranoside (IPTG) for induction (final concentra-
tion 1.0 mM).

Subcloning of prochymosin gene into pET21a expres-
sion vector. Codon optimization of the moose prochymosin
sequence (accession number MT542132) for the selected
expression system was performed by the online service Inte-
grated DNA Technologies (https://eu.idtdna.com/CodonOpt),
followed by synthesis and integration into pGH cloning
plasmid. Synthetic gene sequence containing BamHI and
HindIlII restriction sites at the 5'- and 3’-ends, respectively,
was digested and subcloned into the expression vector pET21a
(Novagen, Germany). The structure of the recombinant
plasmid was verified by Sanger sequencing. As a result, the
expression vector pET21-CYM-Alc was obtained.

E. coli transformation and recombinant protein produc-
tion. For obtaining the target protein, the chemical transfor-
mation of E. coli strain SHuffle express was carried out with
the resulting construct. Individual E. coli colonies containing
recombinant plasmids were cultured overnight on an orbital
shaker (Biosan, Latvia) in LB medium containing 100 pg/ml
ampicillin at 37 °C and 180 rpm. The inoculum in a ratio
of 1/100 was transferred to an Erlenmeyer flask containing
LB medium and grown at 37 °C and 180 rpm. After the optical
density (OD600) reached a value of 0.8, IPTG (Anatrace Pro-
ducts, USA) was added to the mixture to a final concentration
of 1.0 mM. The culture was additionally incubated on a shaker
for 12 h at 25 °C and 180 rpm. The biomass was centrifuged
for 20 min at 5000 g and 4 °C to precipitate the inclusion
bodies. E. coli cells were then resuspended in STET buffer
(AppliChem, USA) (8.0 % sucrose; 50 mM Tris-HCL; 20 mM
EDTA; 5.0 % (w/v) Triton X-100, pH 8.0) in proportion of
20 ml per 1 gram of biomass and incubated overnight at
4 °C. Thereafter cells were destroyed using a Soniprep 150
Plus ultrasonic homogenizer (MSE, PRC). Inclusion bodies
were precipitated by centrifugation at 20,000 g for 20 min
at 4 °C (Wei et al., 1999). The sedimented inclusion bodies
were solubilized in buffer A (50 mM KH,PO,, 150 mM NaCl,
pH 10.7) containing 8.0 M urea, incubated for 24 h at 15 °C
and centrifuged at 20,000 g for 20 min.

Further work was carried out with a supernatant containing
recombinant ProChn (rProChn). The target protein was re-
naturated according to the method of Wei et al. (1999). The
supernatant was diluted 3x with buffer A and incubated for
12 hat 15°C. Following the incubation, the supernatant diluted
with alkaline buffer was adjusted to pH 8.0 with 1.0 M HCI,
kept at 15°C for 1 h, and dialyzed against buffer B (50 mM
Tris, 150mM NaCl, pH 8.0) overnight at 4°C (Wei et al.,
1999). As a result, an experimental preparation of moose
rProChn was obtained.

The recombinant protein production in E. coli cells was
analyzed by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) according to the Laemmli method
(Laemmli, 1970). To analyze the electrophoretic mobility of
the protein and determine molecular weights, the molecular
weight markers PageRuler Unstained Protein Ladder (Thermo
Scientific, USA) were used. Protein concentration was mea-
sured by the Bradford method (Bradford, 1976).
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Activation of moose recombinant prochymosin. Activa-
tion of the moose rProChn was carried out by a stepwise chan-
ging of pH (Belenkaya et al., 2020b). To avoid autocatalytic
conversion (Pedersen et al., 1979) of zymogen to an active
enzyme after the isolation from inclusion bodies and partial
purification, the preparations of moose rProChn were stored
in weakly alkaline conditions (buffer B) prior to activation.
For activation, HCI (2.0 M) was added to the rProChn sample,
adjusting pH to 3.0 with continuous stirring. Then stirring
was stopped, and the mixture was incubated at pH 3.0 for
2 h. After incubation, pH of the sample was adjusted to 5.8
using 0.5 M NaOH. As a result, the rChn of moose (rChn-Alc)
was obtained.

Comparison preparations of commercial reference
coagulants. Biochemical properties of rChn-Alc were com-
pared with the properties of commercial reference coagulants:
bovine rChn (rChn-Bos) (granular dry form with declared
MA — 2201 IMCU/g) and commercial camel rChn (rChn-
Cam) (liquid form with declared MA — 1000 IMCU/ml),
produced by “Chr. Hansen” (Denmark).

Three-dimensional structure modeling and imaging.
The homology model of the moose Chn three-dimensional
structure was built on Swiss-model server (Waterhouse et
al., 2018). The bovine Chn structure was used as a template
for the modeling (Jensen et al., 2013). The images of surface
charges were built with Coulombic Surface Coloring function
of Chimera 1.14 software package.

Milk-clotting activity assays. A 10.0 % solution of stan-
dardized skimmed milk powder (MZSF OJSC, Russia) in
5mM CaCl,, pH 6.5, was used as a substrate. A 0.5 % aqueous
solution of a dry bovine rChn with a certified MA value was
used as a control. Prior to determining the MA, the control
sample and the liquid preparation of rChn were kept in a water
bath at 35 °C for 15 min and cooled to room temperature. The
procedure for determining MA was carried out in a water bath
at 35 °C. Substrate solution (2.5 ml) was placed into a glass
tube and heated at 35 °C for 5 min. An aliquot (0.25 ml) of an
enzyme was added to the substrate, a stopwatch was turned on,
and the resulting reaction mixture was immediately thoroughly
mixed. The time when the first flakes of the coagulated sub-
strate were observed in the drops of reaction mixture applied
onto the tube wall was considered to be the clotting time. The
milk-clotting activity was expressed in arbitrary units (AU)
per 1 ml (AU/ml) and calculated using the equation:

MA=0.005-A-T,/T,,
where A — certified MA value of the control rChn sample in
AU per 1 gram, 0.005 — the dilution factor, 7| — coagulation
time for the control rChn sample of chymosin, 7, — coagula-
tion time for the test rChn sample.

Determination of total MA in each sample was performed in
triplicate (n = 3). The relative MA of rChn-Alc was calculated
after determining the total MA and protein concentration. For
determining the relative MA of commercial reference chy-
mosins, a 1.0 % aqueous solution of rChn-Bos was prepared,
and the liquid rChn-Cam was diluted 10 times with distilled
water. Protein concentration was determined in the resulting
solutions with the Bradford assay. The MA values declared
by the manufacturer were used to calculate the relative MA
of the commercial reference enzymes. The relative MA was
expressed in AU per milligram (AU/mg). To convert IMCU
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(International Milk Clotting Units) values into AU, a multi-
plication coefficient of 125 was used.

General proteolytic activity assays. A 1.0 % solution of
Hammerstein-grade casein in a 20 mM Na-phosphate buf-
fer (pH 5.6) was used as a substrate. The investigated MEs
were introduced into the substrate solution in a 1:4 ratio and
incubated at 35 °C for 0 (‘zero’ point), 30, 90, and 180 min.
The reaction was stopped by adding trichloroacetic acid.
The precipitates were filtered, and the OD of the filtrate was
measured at 280 nm (OD280) with a ‘zero’ point as a control.
To assess the specificity of the rChn preparations, the OD280
values of the samples incubated for 180 min were designated
as the PA values. The specificity was defined as the ratio of
MA to general PA (MA/PA). When calculating the specific-
ity of rChn-Bos and rChn-Cam, the MA values stated by the
manufacturer were used. The enzymes studied were normal-
ized by MA.

Thermal stability assays. Aliquots of ME were heated
in the temperature range of 30-60 °C for 30 min and then
assessed for residual MA. The MA values obtained in the
samples heated at 30 °C were assigned as 100 %. The enzymes
studied were normalized by MA.

Dependence of rennet coagulation time on pH. Solutions
(10.0 %) of standardized skimmed milk (SSM) were adjusted
to pH levels of 6.0, 6.2, 6.4, 6.6, 6.8 and 7.0, and the rennet
coagulation time (RCT) of the studied preparations of rChns
was then determined. The RCT values at a pH of 6.0 was
assigned as 100 %. The enzymes studied were normalized
by MA.

Dependence of rennet coagulation time on the calcium
chloride concentration. Dry powder of CaCl, was added to
the SSM to a final concentration of 1-5 mM, and the clot for-
mation time was measured therein. The RCT values obtained
in CaCl,-free samples of SSM were taken as 1.0. The enzymes
studied were normalized by MA.

Results

Expression of recombinant moose prochymosin. We used
the E. coli strain SHuffle express to produce moose prochy-
mosin in the laboratory to study its biochemical properties
since E. coli is the most studied system for the expression
of heterologous genes; functionally active chymosins of
a number of mammals have already been obtained in this
system (Rogelj et al., 2001; Belenkaya et al., 2020a, b), and
despite the presence of drawbacks it allows obtaining samples
of recombinant proteins in quantities sufficient for primary
biochemical analysis in a short time. To obtain a producer
strain, the designed nucleotide sequence of the moose ProChn
gene, 1095 bp in size, was synthesized and cloned as part of
the pET21a plasmid vector. The production and purification
of the target protein were carried out as described previously
(Belenkaya et al., 2018, 2020a). In order to evaluate the ef-
ficiency of the synthesis of rProChn of moose, as well as to
determine its localization in the E. coli cell, an electrophoretic
analysis of protein preparations obtained from the cells of the
producer strain was carried out (Fig. 1).

Analysis of E. coli cells containing the pET21-CYM-Alc
plasmid after induction with IPTG showed a high protein
content, which coincides with the calculated one for rProChn
of moose in terms of electrophoretic mobility (41 kDa). Its
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Fig. 1. SDS-PAGE analysis of protein samples obtained from the producer
strain cells:

1 - producer cell biomass before IPTG adding; 2 - producer cell biomass after
5 h IPTG adding; 3 - soluble biomass fraction after treatment with STET buffer;
4 - insoluble fraction (inclusion bodies) after treatment with lysis buffer;
5 - molecular-weight markers (200, 150, 120, 100, 85, 70, 60, 50, 40, 30, 25, 20
and 15 kDa); 6 - moose rChn obtained as a result of zymogen activation.

content was >30 % (see Fig. 1, lane /) of the total amount of
cell proteins. It can be seen that the soluble fraction of E. coli
biomass after treatment with STET buffer and centrifugation
(lane 3) contains almost no target protein, while the fraction of
inclusion bodies is nearly completely represented by rProChn
of moose (lane 4).

Activation of rProChn and obtaining of rChn-Alc. The
initial MA of the rProChn was <1.0 AU/ml. After activation,
MA was equal to 843 AU/ml. Thus, as a result of activation,
the total MA of the preparation increased more than 840 times,
indicating the efficiency of the conversion of rProChn into ac-
tive rChn of moose. In this case, a propetide is cleaved from
the N-terninus of prochymosin molecule, resulting in a change
in the length of the protein in the polyacrylamide gel, which
is recorded using SDS-PAGE analysis (see Fig. 1, lane 6).

Three-dimensional structure and surface charges of
chymosin. Analyses of Chn sequences from different mam-
mals demonstrated that the moose Chn is close to the other
ones, especially the bovine Chn. Amino acid sequences of
the bovine and moose Chn share 93.5 % identity, differing
in 21 out of 323 positions. Three-dimensional structures of
proteins with such a high similarity level are expected to be
very close. In comparison, the camel and bovine Chn have
83.3 % identity, and their structures are similar. Therefore,
we built a homology model of the moose Chn and used it for
analyzing the surface charges.

Previous studies of camel and bovine chymosins revealed
three positively charged patches on their surfaces that can
contribute to the enzyme-substrate interaction (Jensen et al.,
2013). Patch 1 and patch 3 are identical in the bovine and
moose Chn, and patch 2 in the moose Chn has the same total
charge as patch 2 in the bovine Chn, but charge distribu-
tions are different. Also, an additional charged patch in the
moose Chn can be seen, designated as patch 4 (Fig. 2).

Technological properties

Specific MA. Milk-clotting activity is a basic technological
characteristic of any new rChn since it indicates its ability to
hydrolyze the Chn-sensitive peptide bond in the kappa-casein
molecule and cause milk coagulation. Specialists in cheese-
making are aware of the paradox “cow Chn — camel milk and
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Fig. 2. Surface charged patches on chymosin: bovine (a), camel (b), moose (c).

Molecular surfaces are colored with Chimera software by the potential values in kcal/mole at 298 K. All proteins oriented with the
C-terminal domain to the left and the N-terminal domain to the right, looking into the binding cleft (top) and rotated 180 degrees
around the horizontal direction (bottom). The sequences of the chymosin charged patches are aligned, charged residues are
highlighted.
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Table 1. Total and specific milk-clotting activity of recombinant chymosins

Sample Total MA, Protein concentration,
AU/ml mg/ml

rCh nA|c ........................ 3431 14 ........................... 0027 i oo 02 .................

rChnBOS ....................... 2751 .................................. 0033i0005 .................

rChnCam125ooo ............................. ogzgioozg .................

camel Chn — cow milk”. The paradox lies in the inability of
the cow Chn to coagulate camel milk, while the camel enzyme
effectively coagulates cow milk (Kappeler et al., 2006). There-
fore, the study of any new ME for cheese-making begins with
determining its MA in relation to cow’s milk as the main raw
material for cheese production. Only when one is sure that the
new enzyme is capable of coagulating cow’s milk is it reason-
able to start investigating its other technological properties.
Since the cow rChn and the camel rChn can be considered
reference MEs for cheese-making, it is advisable to compare
the biochemical properties of the new milk coagulant with
them in order to assess its technological prospects.

In terms of specific MA, the moose rChn was inferior to
the reference MEs — the cow and camel rChns — by 2.7 and
4.4 times, respectively (Table 1). The specific MA of rChn-
Cam is 1.61 times higher than the specific coagulation activ-
ity of rChn-Bos. This is in good agreement with the data of
(Kappeler et al., 2006; Belenkaya et al., 2020c), where it was
shown that the ratio of the specific MA of rChn-Bos to the
rChn-Cam is 1:1.7.

General proteolytic activity and specificity. To predict
the technological prospects of any new ME, it is necessary to
study its general PA. Excessive PA of milk coagulant is con-
sidered a negative factor in cheese production since it leads
to a decrease in the yield and deterioration of the organoleptic
properties of the cheeses produced (Singh et al., 2003; Harboe
etal., 2010).

Conventionally, the PA of milk coagulants can be divided
into specific and non-specific. The specific or milk-clotting
activity of ME provides the hydrolysis of the F105-M106
bond in the k-casein molecule, causing the destabilization
of casein micelles and leading to the formation of a milk
clot. Non-specific or general PA characterizes the ability of
ME to hydrolyze any peptide bonds, with the exception of
the F105-M106 bond of k-casein. The ideal milk coagulant
for cheese-making should exhibit the maximal MA with the
minimal general PA (Harboe et al., 2010). The ratio of MA
to general PA (MA/PA) is called specificity. The higher the
value, the more versatile the ME, and the wider the range of
cheeses to be produced.

The dynamics of accumulation of milk substrate proteolysis
products under the action of rChn-Alc is similar to rChn-Bos
and differs markedly from rChn-Cam (Fig. 3, a). These dif-
ferences are most clearly observed after 90 min of incuba-
tion. After 180 min of incubation of the enzyme-substrate
mixture, the general PA values (expressed in OD280 units)
of the rChns of moose, cow, and camel were 0.362+0.023,
0.565 £ 0.020, and 0.072+0.012, respectively. As expected,
rChn-Cam showed an exceptionally low level of non-specific
proteolysis, which is in good agreement with the data (Bansal
et al., 2009), according to which the PA of rChn-Cam was
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Specific MA, Specific MA,

AU/mg %
........................ 31197152637
........................ 85323112928100
........................ 13694412099161

Table 2. Specific MA, general PA, and specificity of recombinant
moose, cow, and camel chymosins

Sample Specific MA, General PA, Specificity,

% % MA/PA
rChnA|c ........ 37 ......................... 64 ....................... 06 ...............................
rChnBos 100 ....................... 10010 ...............................
rChncam ...... 65 ......................... 13 ....................... 50 ...............................

4 times lower than that of rChn-Bos. Apparently, low values
of the general PA are typical for the rChns of representatives
of the Camelidae family. According to our data, the general PA
of another member of this family, the alpaca, is about 3 times
lower than that of the cow (Belenkaya et al., 2018).

If we take the general PA of rChn-Bos as 100 %, then the PA
of rChn-Alc and rChn-Cam will be 64 and 13 %, respectively.
Using data on specific MA and general PA, specificity can be
calculated (Table 2).

By specificity, and hence by the degree of cheese-making
universality, the studied enzymes were arranged in the follow-
ing order: rChn-Cam > rChn-Bos > rChn-Alc. The ratio of
MA/PA calculated for the moose rChn was 1.6 and 8.3 times
lower than for the cow and camel rChns. It is possible that
the low specificity of rChn-Alc is a consequence of its low
specific MA, which, as we have already noted, may be due
to incomplete refolding of its zymogen. On average, the ef-
ficiency of restoring the correct folding (in terms of MA) of
genetically engineered chymosins obtained after solubiliza-
tion of inclusion bodies rarely exceeds 30 % (Wei et al., 1999,
2000; Chen et al., 2000; Eskandari et al., 2012).

Thermostability. Milk coagulants with a high threshold of
thermal inactivation may show undesirable PA at the stages of
cheese production associated with an increase in the heating
temperature of the clot, as well as during prolonged matura-
tion and storage of finished products. Therefore, the TS is an
important technological characteristic of any new ME that
claims to be used in cheese-making.

The proteolytic activity of MEs is registered in various types
of cheeses (Masotti et al., 2010; Sforza et al., 2012; Gumus,
Hayaloglu, 2019; Lamichhane et al., 2019; D’Incecco et al.,
2020; Mane, McSweeney, 2020) and makes a significant
contribution to the “proteolytic maturation” of the product.
Information about the TS of the milk coagulant used allows
one to regulate the degree of proteolysis and influence the
maturation time of cheeses by varying the processing tempera-
ture of the cheese grain or by using ME with different thermal
activation thresholds (Lamichhane et al., 2019).

It was found that the rChn of a camel is more thermally
stable than that of a cow (Kappeler et al., 2006; Jensen et

245



D.V. Balabova, A.P. Rudometoy, S.V. Belenkaya ...
E.A. Rukhlova, V.V. Elchaninov, D.N. Shcherbakov

al., 2013; Belenkaya et al., 2020c). It is also known that the
general PA of these enzymes increases with increasing tem-
perature — rChn-Bos shows the maximum PA at 55.0 °C, and
rChn-Bos at 52.5 °C (Kappeler et al., 2006). An increase in
the heating temperature of the clot from 50 to 56 °C when
producing very hard, granular, cows’ milk cheese using the
rChn of a cow or a camel leads to a significant decrease in the
concentration of products of proteolysis of aS1-casein. But
even after processing the clot at 56 °C, the concentration of
markers of proteolysis of aS1-casein was higher in maturing
and stored cheeses produced using a more thermally stable
rChn-Cam than when using rChn-Bos (Costabel et al., 2015).
This is despite the fact that the general PA of a camel enzyme is
3.5-4.0 times lower than that of a cow (Kappeler et al., 2006).

The ranges of TS of the rChns of the same species obtained
in different expression systems may differ. The thresholds of
total temperature inactivation of the camel rChn expressed
in higher mold fungi (4spergillus niger) and yeast (Komaga-
taella (Pichia) pastoris) differed by 10 °C (Belenkaya et al.,
2020c). The experimental rChn-Bos synthesized in the E. coli
BL21(DE3) system exceeded the commercial rChn-Bos ex-
pressed in 4. niger by 15 °C (Belenkaya et al., 2018). These
data indicate a possible role of posttranslational modifications
as a factor influencing the temperature stability of rChns.

The threshold of thermal inactivation was considered the
T (°C) at which the studied rChn lost >20 % of the initial co-
agulation activity. According to this criterion, the TS threshold
for rChn-Bos was 50 °C, and for rChn-Alc and rChn-Cam —
55°C (see Fig. 3, b). After 30 min of heating up at 55 °C,
rChn-Bos was completely inactivated. Despite the same TS
threshold, rChn-Alc and rChn-Cam differed in the dynamics
of thermal inactivation in the temperature range of 50-65 °C.
After heating up to 55 °C, the residual coagulation activity
of the moose rChn was almost 2.5 times higher than that of
rChn-Cam and amounted to 44.9 and 18.2 %, respectively.
The recombinant camel rChn was completely inactivated after
heating at 60 °C, while rChn-Alc still retained 6.5 % of the
original MA at this temperature, suggesting higher temperature
stability of rChn-Alc compared to rChn-Cam.

Thus, taking into account the same threshold of thermal
inactivation of rChn-Alc and rChn-Cam, according to the
TS criterion, the studied enzymes are arranged as follows:
rChn-Alc > rChn-Cam > rChn-Bos. Increased, in comparison
with reference enzymes, TS limits the scope of application of
the moose rChn assumes its use, first of all, in the production
of cheeses with short maturation and storage periods.

Dependence of rennet coagulation time on the calcium
chloride concentration. Most rennet cheeses are made from
pasteurized milk. It is known that during pasteurization,
denatured B-lactoglobulin binds to micellar k-casein, which
leads to an increase in the duration of RCT (Fox et al., 2017).
In addition, during high-temperature processing of raw milk,
part of the salts and calcium ions present in it precipitates
in the form of insoluble calcium phosphate. As a result, the
concentration of CaZ" in milk decreases, which also increases
the RCT. In order to avoid increasing the dose of introduced
ME and improve the coagulation ability of pasteurized milk,
CaCl, is added to it in an amount of 0.1-0.4 g/ (~1-4 mM).
However, an increase of the CaCl, concentration in the milk
substrate causes not only an increase in the coagulation activ-
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ity but also in the general PA of the enzyme, especially at the
stage of milk coagulation (Wang et al., 2015). Therefore, the
use of ME with high sensitivity to Ca®" concentration is as-
sociated with the risk of negative consequences of increasing
its general PA. Based on this, it is necessary that the new milk
coagulant, in comparison with modern reference technological
enzymes, has a comparable or lower sensitivity to changes in
the concentration of CaCl, in the milk substrate.

Just as in the case of other MEs (Fox et al., 2017), the dura-
tion of RCT under the action of the studied rChns decreased
in response to an increase in the concentration of calcium
chloride. In the range of 0—10 mM of CaCl, clot formation
time is reduced by 0-58 % for rChn-Alc, 0-79 % for rChn-
Bos, and 0-73 % for rChn-Cam. The dynamics of changes
in the dependence of RCT on the concentration of calcium
chloride for the cow and camel rChns is almost the same (see
Fig. 3, ¢). Recombinant Chn of moose differs from reference
enzymes — its coagulation activity is less sensitive to changes
in the concentration of CaCl, in the milk substrate. At 4 mM
CaCl,, the RCT of the milk substrate decreases by 2.0 and
2.2 times, respectively, under the action of rChn-Bos and rChn-
Cam, and only by 1.5 times for rChn-Alc. This, in particular,
means that the risk of an increase in the general PA when
using the moose rChn to curdle pasteurized milk with added
CaCl, is much less than that of reference coagulants, which is
a positive factor from the point of view of cheese production.

Thus, we suppose that the sensitivity of coagulation activ-
ity of rChn-Alc to an increase in the concentration of CaCl,
in milk fully meets the requirements of cheese production.

Dependence of rennet coagulation time on pH. The opti-
mums of the specific activity of various types of chymosins lie
in the pH range of 4.6—6.0 (Belenkaya et al., 2020c). However,
in the production of most types of rennet cheeses, ME is added
to the milk mixture at a pH of 6.5—6.6. Therefore, one of the
technological requirements for any new coagulant is its ability
to effectively curdle milk in a slightly acidic pH range that is
far from the pH optimum.

The duration of RCT depends on the electrostatic and hy-
drophobic properties of casein micelles, which are related to
the H* concentration. When milk is acidified, the total nega-
tive charge of caseins decreases due to the pH approaching
the pl values. This reduces the forces of electrostatic repul-
sion between the micelles and simultaneously increases the
casein-casein hydrophobic interactions, which accelerates the
formation of milk clot. If the pH increases, the casein-casein
hydrophobic interactions weaken as the total negative charges
of caseins increase. The growing forces of electrostatic re-
pulsion prevent the convergence of similarly charged casein
micelles and slow down the formation of milk clot (Lucey,
2002; Harboe et al., 2010; Fox et al., 2017).

By the nature of the dependence of the coagulation ability
on pH, the most promising for cheese-making are MEs, which
slowly lose activity when moving away from the pH-optimum
to the alkaline region and can exhibit high MA at weakly acidic
and neutral pH values.

Compared to the reference rChns, the coagulation activity
of rChn-Alc is much less dependent on changes in milk pH
from 6.0 to 7.0 (see Fig. 3, d). At a pH of 6.4-6.6, the RCT
for rChn-Alc increases 1.6-2.3 times, and for rChn-Bos and
rChn-Cam, this parameter increases 2.5-5.0 and 2.9-6.0 times,
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respectively. At pH 7.0, the rChns of cow and camel showed
extremely low (we can say, trace) coagulation activity, and
the differences between them and the rChn of moose were
most clearly manifested. Based on the data obtained, it can
be argued that in the working “cheese-making” pH range of
6.5-6.6, the consumption of the moose rChn will be lower than
that of the reference MEs, which is an important technologi-
cal characteristic. However, the ability of rChn-Alc to show
significant coagulation activity at neutral pH values is not
unique. Previously, similar properties were found in the rChns
of the goat (Vallejo et al., 2012) and yak (Ersdz, inan, 2019).

Thus, the moose rChn is able to effectively curdle cow’s
milk at a pH of 6.5-6.6, and is not inferior in this indicator to
commercial genetically engineered chymosins.

Discussion

For the first time, recombinant moose chymosin was obtained,
and its characteristics, important for the production of rennet
cheeses, were also investigated. We have chosen a prokaryotic
expression system for preliminary characterization of the
enzyme, because it is easier to work with and since it was
known that other recombinant chymosins obtained in prokary-
otes retain their activity (Eskandari et al., 2012; Belenkaya et
al., 2020a, c). The conditions used for the expression of the
moose chymosin gene in the E. coli system lead to a highly
efficient synthesis of the target protein, with almost all of it
accumulating in an insoluble form in inclusion bodies. As
expected, MA rProChn was very low, and after activation
MA rChn-Alc it was 843 AU/ml. According to the total MA,
the moose rChn obtained by us was 2.4-2.8 times inferior to
other genetically engineered rChns (2014 AU/ml for alpaca
and 2330 AU/ml for maral) obtained in the E. coli expression
system (Belenkaya et al., 2018, 2020a, b).

It is possible that the low specific MA of rChn-Alc, com-
pared with the reference milk coagulants, is due to the insuf-
ficient efficiency of its zymogen refolding after isolation from
the inclusion bodies. It is known that the stage of restoring the
correct three-dimensional structure is a “bottleneck” in obtain-
ing rChn in E. coli expression systems and leads to a decrease
in the yield and specific activity of the target product (Wei
etal., 1999, 2000; Chen et al., 2000; Eskandari et al., 2012).

Also, we cannot exclude the possibility that under our con-
ditions the moose chymosin was not activated quite correctly,
with the N-end cut off in a different position, thus affecting
its activity. For example, loss of the first three residues of
camel chymosin significantly decreased its activity (Jensen
etal.,2013). We have so far characterized only the enzymatic
properties and determined the approximate molecular weight
using SDS-PAGE analysis, but we do not know the exact
amino acid sequence of rChn-Alc.

Previously, it was suggested that the technological proper-
ties of the camel Chn depend on its surface charge distribution
(Jensen et al., 2013). The total charge of k-casein C-terminal
part is negative, as is the total charge of all known chymosins.
Positively charged patches on the chymosin surface can play
a role in properly positioning and binding the enzyme to the
substrate (Jensen et al., 2013). Most positively charged patches
in the moose Chn are similar to those in the bovine Chn, but
patch 2 has intermediate characteristics between the corre-
sponding patches in the bovine and camel Chn. An additional
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patch 4 in the moose Chn is located close to the substrate-
binding cleft (see Fig. 2). It is challenging to conclude whether
the differences in positively charged patches in chymosins
are stochastic or whether they result from adaptation to some
conditions, such as species-specific variations in k-caseins
charge distributions. Further studies of the chymosins from
different mammals may clarify this question.

The resulting preparation of rChn-Alc is able to coagulate
cow’s milk. In terms of specific MA, however, it is inferior to
the reference commercial rChns of cow and camel. It means
that in cheese-making the consumption of the rChn of moose,
obtained in the E. coli expression system, will be higher than
that of rChn-Bos and rChn-Cam. In order to compete with
reference enzymes, the specific MA of the moose rChn should
be increased 3—4 times. However, in a number of technologi-
cal parameters, the moose rChn is superior to the reference
commercial enzymes. Thus, in comparison with the rChn of
a cow and a camel, the specific activity of the rChn of moose
is less dependent on changes in the concentration of CaCl, in
the range of 1-5 mM and pH in the range of 67, which is an
attractive technological property.

In general, though obtained in the prokaryotic system, the
moose chymosin meets the basic requirements for enzymes
for cheese-making, encouraging us to study this protein. The
main problem of yeast expression systems is a strong ability
to glycosylate proteins. Pichia may have an advantage in
the glycosylation of secreted proteins over Saccharomyces
cerevisiae because the former does create proteins with long
carbohydrate chains via hyperglycosylation (Akishev et al.,
2021). In an experiment to obtain recombinant camel chy-
mosin, the prochymosin gene was successfully cloned and
expressed in P. pastoris under the control of the GAP promoter
and purified from culture via a combination of cation and anion
exchange chromatography. Camelus bactrianus recombinant
chymosin manifested high milk-clotting activity (9605 U/mg)
(Akishev et al., 2021). One of the priority tasks is to obtain
the moose rChn in the eukaryotic expression system and to
compare its technological properties (primarily specific MA)
with the properties of the enzyme produced in the E. coli
expression system.

Conclusion

The nucleotide sequence encoding moose (Alces alces) pro-
chymosin was optimized for its efficient expression in E. coli
cells of the SHuffle express strain. The synthesized prochy-
mosin gene was cloned into the pET21a vector, resulting in
the pET21-CYM-Alc expression vector. The constructed
model of the spatial structure of the moose Chn showed that
the ionic charges on the surface of the protein molecule are
distributed similarly to those for the cow and camel Chn, but
the moose enzyme has a unique charged site, which probably
affects its MA.

A sample of moose rProChn was developed and its bio-
chemical and technological properties were studied. In some of
the technological parameters, it surpasses the reference com-
mercial enzymes. Thus, the specific activity of the moose rChn
is less dependent on changes in CaCl, concentration in the
range of 1-5 mM and substrate pH in the range of 6-7, com-
pared to the cow and camel rChn. The total proteolytic activity
of the moose rChn occupies an intermediate position between
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the cow and camel rChn. In terms of such indicators as specific
milk-clotting activity, specificity and thermal stability, the
mooserChn is inferior to reference commercial chymosins.
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Starch metabolism in potato Solanum tuberosum L.

E.M. Sergeeva@, K.T. Larichev, E.A. Salina, A.V. Kochetov

Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
&) sergeeva@bionet.nsc.ru

Abstract. Starch is a major storage carbohydrate in plants. It is an important source of calories in the human and
animal diet. Also, it is widely used in various industries. Native starch consists of water-insoluble semicrystalline
granules formed by natural glucose polymers amylose and amylopectin. The physicochemical properties of
starch are determined by the amylose:amylopectin ratio in the granule and degrees of their polymerization and
phosphorylation. Potato Solanum tuberosum L. is one of the main starch-producing crops. Growing industrial needs
necessitate the breeding of plant varieties with increased starch content and specified starch properties. This task
demands detailed information on starch metabolism in the producing plant. It is a complex process, requiring the
orchestrated work of many enzymes, transporter and targeting proteins, transcription factors, and other regulators.
Two types of starch are recognized with regard to their biological functions. Transitory starch is synthesized in
chloroplasts of photosynthetic organs and degraded in the absence of light, providing carbohydrates for cell
needs. Storage starch is synthesized and stored in amyloplasts of storage organs: grains and tubers. The main
enzymatic reactions of starch biosynthesis and degradation, as well as carbohydrate transport and metabolism, are
well known in the case of transitory starch of the model plant Arabidopsis thaliana. Less is known about features
of starch metabolism in storage organs, in particular, potato tubers. Several issues remain obscure: the roles of
enzyme isoforms and different regulatory factors in tissues at various plant developmental stages and under
different environmental conditions; alternative enzymatic processes; targeting and transport proteins. In this
review, the key enzymatic reactions of plant carbohydrate metabolism, transitory and storage starch biosynthesis,
and starch degradation are discussed, and features specific for potato are outlined. Attention is also paid to the
known regulatory factors affecting starch metabolism.

Key words: potato; Solanum tuberosum; starch; amylose; amylopectin; synthesis; degradation.
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MeTabonmsm Kpaxmasa y Kaprodess Solanum tuberosum L.

E.M. Cepreesa®), K.T. Aapuues, E.A. Caauna, A.B. Koueron

DepepanbHblii NCCNEROBATENbCKUI LeHTP UHCTUTYT ymtonorum u reHetnkn Cnbrpckoro otaeneHnsa Poccuinckol akagemmnm Hayk, HoBocnbupck, Poccus
® sergeeva@bionet.nsc.ru

AHHOTaumA. Kpaxman — OCHOBHOW 3anacHOW YrneBOA PacTeHW M BaXKHbI MCTOYHMK Kallopui B paumoHe
NUTaHNA YeNloBEKa M XKMUBOTHbIX, LWMPOKO NMPUMEHAETCA TakkKe ANA pPAAA MPOMbILWEHHbIX HyX4. HaTuBHbIN
Kpaxman MpeAcTaBfseT coOO60M He pacTBOpMMble B BOAE MOMYKPUCTaNAMYECKMe rpaHysbl, cGOpMUpPOBaHHbIE
MoOMeKyflamy amuNo3bl Y aMUIIONEKTUHA, KOTopble ABMAITCA MPUPOAHBIMU MOAMMepPamu Foko3bl. GuUsmko-
XMMUYeCKMe CBONCTBA Kpaxmasia onpefensioTcsl COOTHOLIEHEM aMUIIO3bl 1 aMUSIONEKTUHA B FpaHysie, CTeNeHbto
nx nonumepwmsaunm n pocpopunmposarma. OfHO M3 OCHOBHbBIX PACTEHMN-NPOAYLIEHTOB KpaxmMana — Kaptodenb
Solanum tuberosum L. PacTyLume noTpebHOCTA pbiHKa AUKTYIOT HEOOXOANMOCTb MONTyUYEeHWA COPTOB C MOBbILLEHHBIM
cofepkaHnem v 3alaHHbIMN CBOMCTBaMU KpaxmMara, Heo6XoAMMbIM YCJIOBMEM YEro ABMAETCA NoslyyeHvie feTanbHOMN
MHbOPMaLMK O NpoLiecce ero MeTabonrsma B opraHmsmMe pacteHus. Mpouecc MeTabonmn3ma Kpaxmana ClOXeH 1
npencTaBnAaeT cobo cornacoBaHHyto PaboTy MHOXecTBa GpepMEeHTOB, TPAHCMOPTHBIX U HanpaBAAlLWUX 6enKoB,
TPaHCKPUMLNOHHBIX U APYTUX PErYAATOPHbIX pakTopoB. Mo NprHLUMNY BbINOAHAEMON 6ronornyeckon oyHKLUm
Kpaxman AenuTca Ha ABa Tuna: TPaH3UTOPHDbIN, KOTOPbIN CMHTE3MPYeTCA B XJlopornsiactax GOTOCMHTE3MPYIOLLNX
OpraHoB 1 pacnafaeTcsa npu OTCYTCTBUM OCBeLLeHMs, obecneumnBas KNeTKy YrineBoAamu; U 3amnacHom, KOTOpbIi
CUHTE3MPYeTCA 1 XPaHUTCA B aMUITONacTax 3amnacatoLimx opraHoB (3epeH, knybHelt). OCHOBHble pepMeHTaTBHbIe
peakuum 6nocrHTe3a 1 Aerpagaunm Kpaxmana, a Takke TpaHcrnopTa 1 MeTabonmsma yrieBoAoB XOPOLUO M3yUeHbl
Ha TPaH3UTOPHOM Kpaxmase mogenbHoro oobekTa Arabidopsis thaliana; 06 ocobeHHOCTAX MeTabonm3ma Kpaxmana
B 3aMacaloLimx opraHax, B YaCTHOCTU KNyOHsaX KapTodens, N3BECTHO HECKONBbKO MeHblLLe. Mpu 3TOM psAg BONPOCOB
OCTaeTCA OTKPbITbIM: HEeOCTaTOYHO M3yyeHbl yyacTve pasivyHbiX M30PpopM PepMeHTOB W BAUAHME HA HUX
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MeTtabonusm Kpaxmana
y KapTodens Solanum tuberosum L.

PErynATOPHbIX d)aKTOpOB B 3aBUCMMOCTW OT TKaHU U CTagunn pPasBUTUA PaCTEHUA, a TaKXKe yCHOBVIVI BHeLUHeNn
Cpenbl; peannsaumAa anbTepPHaTUBHbIX nyTe|7| d)epMeHTaTI/IBHbIX npeBpau.leHvu?l; ydyactme Hanpasnawowunx wu
TPAHCMOPTHbIX 6enkos. B OAaHHOM o630pe pPacCMOTpPEHbI KNo4yeBble ¢epMeHTaTVIBHbIe peakuymnn yrnesogHoro
obmeHa, buocrHTe3a n Aerpagaunn TpPaH3NTOPHOIO M 3aMacHOro Kpaxmana, o6u.w|e anAa paCTeHvu7|, N OTMeYeHbl
0cobeHHOCTY, XapaKTepHble AnA KapTod)erm; yaeneHo BHMMaHne n3BeCTHbIM PerynaTopHbIM d)aKTOpaM, BIINAKOWNM

Ha MeTabonuam Kpaxmana.

KnioueBble croBa: KapTOd)eJ'Ib; Solanum tuberosum; Kpaxmain; amnnosa; aMUnonekTnH; CMHTE3; Aerpagaumna.

Introduction

Starch is the main storage carbohydrate in plants. It
constitutes up to 85 % of the dry matter of their edible
parts: cereal grains (maize Zea mays L., rice Oryza sa-
tiva L., wheat Triticum spp., barley Hordeum vulgare L.,
etc.), potato tubers Solanum tuberosum L., edible roots
(cassava Manihot esculenta Crantz, sweet potato Ipo-
moea batatas (L.) Lam., and yam Dioscorea alata L.),
sago palm stems Metroxylon sagu Rottb., plantain fruit
Musa spp. (Zeeman et al., 2010; Santana, Meireles,
2014). Starch provides a great portion of calories for
human and animal nutrition. In addition, it is a natural
reproducible and biodegradable material used in non-
food industry, e. g., in the production of fabric, paper,
drugs, and plastics.

Chemically, starch is a mixture of amylose and amy-
lopectin. These natural glucose polymers form water-
insoluble semicrystalline granules. Amylopectin consists
of highly branched glucan molecules, the linear regions
of which are formed by a-1,4-glycosidic bonds, whereas
the branching points are formed by a-1,6-bonds. Amy-
lose is a practically linear polymer with few branches.
Amylopectin molecules constitute about 75-80 % of
starch weight. They form the structural framework of the
granule, consisting of repetitive amorphous and semi-
crystalline lamellac. Amylose molecules are dispersed in
the semicrystalline amylopectin matrix (Zeeman et al.,
2010; Tetlow, Bertoft, 2020).

The amylose:amylopectin ratio determines the di-
etetic, physicochemical, and functional starch properties
essential for particular industries. The starch present
in food is classified into glycemic and resistant. Being
readily digestible in the small intestine, amylopectin
increases the glycemic potential of starch. In contrast,
higher amylose contents make starch more resistant
(Li et al., 2008). Resistant starch is less degradable by
amylases in the small intestine. It serves as substrate for
microbes in the large intestine to produce short-chain
fatty acids, which exert local antiinflammatory and an-
titumor effects (Birt et al., 2013). Also, physicochemical
(gelatinization and retrogradation) and functional (swell-
ing and viscosity) properties are taken into consideration
in certain applications. These properties are determined
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genetically: by size and morphology of starch granules,
amylose:amylopectin ratio, glucan branching, and glu-
can phosphorylation (Visser et al., 1991; Schwall et al.,
2000; Hofvander et al., 2004; Khlestkin et al., 2017).

Potato (Solanum tuberosum L.) ranks fourth among
starch-producing crops in the world, next to maize,
cassava, and wheat. Potato starch differs from cereal
starches in a variety of important features. Potato amy-
lose and amylopectin have higher degrees of polymer-
ization and phosphorylation; therefore, potato starch
is more suitable for bioplastic production (Hofvander
et al., 2004; Reyniers et al., 2020). In response to the
increasing commercial demand, the global production of
potato starch steadily increases: 3.7 million tons in 2018
and 3.9 million tons in 2020 (https://www.researchand
markets.com/reports/5330932/potato-starch-market-
global-industry-trends). To obtain native starches with
specified properties and to increase the overall amount
of starch per plant are topical tasks in potato breeding.

The key enzymes in starch biosynthesis (see the Table)
and their genes have been studied in detail in model
plants (Arabidopsis thaliana L..) and in crops, including
potato (Streb, Zeeman, 2012; Van Harsselaar et al., 2017;
Slugina, Kochieva, 2018).

Starch is produced by the polymerization of ADP-
glucose, catalyzed by granule-bound (GBSS) and solu-
ble (SS) starch synthases. Other enzymes involved are
the starch branching enzyme (SBE) and the debranching
enzyme (DBE).

Starch metabolism is a component of general carbo-
hydrate metabolism. It is essential for plant functions:
growth, development, and stress response. The enzymes
and genes associated with the metabolism of starch and
other plant carbohydrates have been extensively studied
for three decades. A considerable body of data on the lo-
cation of these genes in plant genomes and their expres-
sion has been accumulated. Seventy-five S. tuberosum
genes have been mapped on the reference genome,
and the expression patterns of 64 genes in leaves and
tubers have been studied (Van Harsselaar et al., 2017;
Slugina, Kochieva, 2018). It has been shown that starch
metabolism genes experienced numerous duplications
and produced paralogs by sub- and neofunctionaliza-
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Enzymes involved in starch metabolism

Enzyme EC no. lzozyme Function

Carbohydrate metabolism

Sucrose synthase EC:2.4.1.13 SuSy1, SuSy2, SuSy3, SuSy4, Reversible cleavage of sucrose to fructose
SuSy5, SuSy6, SuSy7 and UDP-glucose
(Stein, Granot, 2019))
UDP-glucose pyrophosphorylase  EC:2.7.7.9 UGPase1, UGPase2 Reversible conversion of UDP-glucose
and pyrophosphate to glucose-1-phosphate and UDP
(Kleczkowski et al., 2010)
Phosphoglucoisomerase EC:5.3.1.9 PGlI, PGl-like1, PGI-like2 Reversible conversion of fructose-6-phosphate
to glucose-6-phosphate (Yu et al., 2000)
Phosphoglucomutase EC:5.4.2.2 PGM1, PGM2.1, PGM2.2 Reversible conversion of glucose-6-phosphate
to glucose-1-phosphate
(Yu et al.,, 2000)
ADP-glucose pyrophosphorylase: ~ EC:2.7.7.27 AGPL1, AGPL2, AGPL3 Reversible synthesis of ADP-glucose and
large and small subunits e pyrophosphate from glucose-1-phosphate and ATP
EC:2.7.7.27 AGPS1.1, AGPS1.2, AGPS2 (Geigenberger et al., 1999)
Inorganic pyrophosphatase EC:3.6.1.1 PPase, PPase-like Pyrophosphate cleavage to orthophosphate
(George et al., 2010)

Starch granule synthesis

Granule-bound starch synthase EC:2.4.1.242  GBSS1 Amylose synthesis by forming a-1,4-glycosidic bonds
(Pfister, Zeeman, 2016)
Soluble starch synthases EC:2.4.1.21 SS1,552, 553,554, 555,556 SS1, SS2, SS3: amylopectin synthesis by forming

a-1,4-glycosidic bonds (Pfister, Zeeman, 2016).

SS4, SS5: granule initiation

(Helle et al., 2018; Tetlow, Bertoft, 2020).

SS6: associated with starch granules in potato tubers,
function unknown

(Helle et al., 2018)

Starch-branching enzymes EC:2.4.1.18 SBE1.1, SBE1.2, SBE2, SBE3 ~ SBE2, SBE3: branching of amylose and amylopectin
molecules by forming a-1,6-glycosidic bonds
(Tetlow, Bertoft, 2020).

The SBET function is unknown
(Van Harsselaar et al., 2017)

Debranching enzymes EC:3.2.1.68 ISA1.1,1SA1.2,ISA2, ISA3 Hydrolyse a-1,6-glycosidic bonds of amylopectin.
a- (1—6) glucan hydrolase ISA1 and ISA2 are involved in amylopectin synthesis
starch-debranching enzyme (DBE). and the formation of its semicrystalline structure
Isoamylase (Hennen-Bierwagen et al,, 2012).

The ISA1/ISA2 complex participates in the regulation
of starch granule formation (Bustos et al., 2004).

ISA3 participates in starch degradation (Streb, Zeeman,
2012; Pfister, Zeeman, 2016)

Starch degradation

Glucan water dikinase EC:2.79.4 GWD Glucan phosphorylation at position C6
(Ritte et al., 2006)

Phosphoglucan water dikinase EC:2.7.9.5 PWD Glucan phosphorylation at position C3
(Ritte et al., 2006)
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End of the Table
Enzyme ECno Izozyme Function
Phosphoglucan phosphatases EC:3.1.3.48 LSF1, LSF2 Glucan dephosphorylation. SEX4 dephosphorylates
Like SEX Four; Starch Excess 4 SEX4, SEX4-like positions C3 and C6 of glycoside residues.
LSF2 dephosphorylates position C3
(Hejazi et al., 2010; Santelia et al., 2011)
a-Amylase EC:3.2.1.1 AMY1.1, AMY1.2, AMY2 AMY3: hydrolysis of a-1,4-glycosidic bonds of amylose
(AMY23), AMY3, AMY3-like  and amylopectin (Yu et al.,, 2005).
AMY2 (AMY23): may be involved in the cold-induced
sweetening of starch (Hou et al., 2017)
3-Amylase EC:3.2.1.2 BAM1, BAM2, BAM3.1, BAM1 and BAM3: cleavage of a-1,4-glycosidic bonds
BAM3.2, BAM4, BAM6.1, in amylose and amylopectin; maltose formation
BAM6.2, BAM6.3, BAM7, (Fulton et al., 2008).
BAM9 BAM1, BAM9 may be involved in the cold-induced
sweetening of starch (Hou et al., 2017)
a-Glucan phosphorylase EC:2.4.1.1 PHO1a, PHO1b, PHO2a, Glucose-1-phosphate production by
PHO2b maltooligosaccharide degradation; participation
in starch granule growth
(Pfister, Zeeman, 2016)
4-a-Glucanotransferase, EC:2.4.1.25 DPE1, DPE2 Maltooligosaccharide degradation to glucose

disproportionating enzyme

tion during evolution. The paralogous genes, which
encode different enzyme isoforms, show tissue- and/or
stage-specific expression patterns (Van Harsselaar et al.,
2017; Quetal., 2018; Lopez-Gonzalez et al., 2019). Va-
rious factors affect the expression of starch metabolism
genes: circadian rhythms, photoperiod, levels of plant
hormones and sugars, and stressing factors (drought and
cold) (Lopez-Gonzalez et al., 2019). Although the key
enzymatic reactions in starch biosynthesis and degra-
dation are well known, there are many unclear points
concerning alternative enzymatic processes and their
localization inside the cell, roles of particular isozymes
in starch metabolism in different organs at different deve-
lopmental stages, and the influence of regulatory factors.

By now, functions of many proteins involved in
starch metabolism in potato have been identified (see
the Table). Most enzymes have isoforms with partially
overlapping functions (Van Harsselaar et al., 2017).
Translocator proteins essential for transporting metabo-
lites through plastid membranes are important for starch
metabolism as well. They also have multiple forms:
adenylate translocators NTT1 and NTT2 (Tjaden et al.,
2001), glucose transporter pGlcT1 (Cho et al., 2011),
glucose 6-phosphate translocator (isoforms GPT1.1,
GPT1.2, GPT2.1, and GPT2.2) (Kammerer et al., 1998),
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(Critchley et al., 2001). Involved in granule initiation
(Tetlow, Bertoft, 2020)

maltose transporter MEX1 (Cho et al., 2011), and triose
phosphate translocator (TPT, TPT-like) (Fligge et al.,
1989).

The amylose:amylopectin ratio in plants can be
modified by raising lines carrying certain alleles of
genes involved in starch synthesis. Such accessions
were obtained in cereals; for instance, in maize Z. mays.
The amylose extender (ae”) mutation is associated with
the loss of the activity of the starch-branching enzyme
SBEIIb. Starch in plants with the ae™ phenotype is
enriched with amylose, and its amylopectin chains are
longer (Stinard et al., 1993). The maize phenotype whose
starch has practically no amylose is named waxy, and
it is determined by a mutation in the gene for granule-
bound starch synthase GBSSI. Its endosperm is gluey
(Hossain et al., 2019).

However, the breeding of potato varieties with speci-
fied starch properties is complicated by its autotetraploid
genome. The only amylose-free potato cultivar Eliane
was obtained by mutation-assisted breeding (Muth et
al., 2008). Genetic engineering and genome editing
aimed at the modification of key starch biosynthesis
genes produced plants with expected phenotypes:
amylose-free starch (knockout and knockdown of the
GBSS1 gene), amylose-enriched starch (knockdown of
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both SBE and SBE?2), and starch with modified amylo-
pectin properties (editing of SBE] and/or SBE?2) (Visser
etal., 1991; Schwall et al., 2000; Hofvander et al., 2004;
Andersson et al., 2006, 2017; Tuncel et al., 2019).

In some cases, plants with a desired phenotype ac-
quired additional traits. For example, the increase in
amylose content obtained by antisense suppression of the
genes for starch-branching enzymes SBE [ and SBE2 was
accompanied by a decrease in starch content, formation
of smaller granules, and larger tubers (Hofvander et al.,
2004). Apparently, changes in certain starch metabolism
steps may affect the overall carbohydrate metabolism
in the plant. An association study revealed genetic loci
associated with starch content and productivity (tuber
weight), whereas the functions of some detected genes
were unknown at all, and some other genes were in-
volved in signaling and regulation: transcriptional and
posttranscriptional (Schonhals et al., 2017). Part of the
detected SNPs exerted antagonistic effects on potato
productivity and starch content (Schonhals et al., 2017).
Thus, the investigation of regulation pathways of starch
metabolism genes is important for improving potato
quality and productivity.

Carbohydrate metabolism in potato plants
Two starch forms are recognized with regard to biologic
function: transitory and storage. Transitory starch is
synthesized and accumulated in chloroplasts of photo-
synthetic organs (leaves) in the daytime and degraded in
darkness to provide nutrients for the cell. Storage starch
is synthesized in amyloplasts (nonphotosynthetic plas-
tids) of storage organs (e. g., potato tubers) and stored
there for a long time to be utilized in the preparation for
sprouting (Zeeman et al., 2010; Streb, Zeeman, 2012).
The main difference in carbohydrate metabolism be-
tween cells of leaves and storage organs is in the sources
of carbohydrates and ATP required for starch synthesis
and enzymatic reactions. In leaves, they can form in the
same cells that produce transitory starch, and in storage
organs, they are imported from photosynthetic ones.
During photosynthesis, chloroplasts produce ATP and
fix atmospheric carbon dioxide by the Calvin—Benson
cycle, in which triose phosphate is produced as an inter-
mediate (Streb, Zeeman, 2012). Part of triose phosphate
molecules remain in the chloroplast stroma to serve as
carbohydrate material for transitory starch synthesis.
The rest is transported to cytosol by triose phosphate
translocator TPT (Fliigge et al., 1989). In chloroplasts,
a series of enzymatic reactions converts triose phosphate
to glucose-1-phosphate (G1P). Then ADP-glucose
pyrophosphorylase (AGPase) converts GI1P to ADP-
glucose, the main substrate for starch synthesis (see
the Figure).
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As triose phosphate molecules are exported to cytosol,
they are converted to sucrose, which is then delivered
to storage organs through phloem and apoplast to be a
carbohydrate material for storage starch synthesis. Su-
crose is transported into cells of storage organs either by
sucrose transporter proteins or, after being hydrolyzed by
invertase to glucose and fructose, by hexose transporters
(Ruan, 2014). There are two pathways to cleave sucrose
in cell cytoplasm: saccharolytic, catalyzed by sucrose
synthase SuSy, or hydrolytic, catalyzed by invertase Inv.
Invertase irreversibly cleaves sucrose to glucose and
fructose, and SuSy catalyzes the reversible cleavage to
fructose and UDP-glucose (Stein, Granot, 2019). The
predominant pathway depends on the tuber development
stage. At the beginning of growth, at a high cell division
rate, the hydrolytic pathway prevails, and the saccharo-
lytic pathway steps forward at the starch accumulation
stage (Appeldoorn et al., 1997). The SuSy-catalyzed
pathway is important for the rate of starch accumulation
in potato. It has been shown that a decrease in SuSy ac-
tivity reduces starch content in mature tubers (Zrenner
etal., 1995; Baroja-Fernandez et al., 2009). Seven SuSy
isoforms have been predicted in potato, and the SuSy4
gene had tissue-specific expression in growing tubers
(Van Harsselaar et al., 2017). It is likely that some
sucrose synthase isoforms are involved in sucrose
transport through phloem, as observed in 4. thaliana
(Yao et al., 2020).

The subsequent steps, catalyzed by fructokinase FK,
hexokinase HK, and UDP-glucose pyrophosphorylase,
produce a pool of phosphorylated hexoses in cytosol.
They can be reversibly interconverted by cytosolic
isoforms of phosphoglucoisomerase PGI2 and phos-
phoglucomutase PGM2 (Yu et al., 2000; Kleczkowski et
al., 2010). One of the phosphorylated hexoses, glucose-
6-phosphate, is transported to amyloplasts by membrane
glucose-6-phosphate/phosphate-translocator GPT (Kam-
merer et al., 1998). In amyloplasts, G6P is utilized for
ADP-glucose production. The rate of starch biosynthesis
in potato tubers directly depends on G6P transport (Tau-
berger et al., 2000; Fernie et al., 2002).

ATP is also imported to storage tissues from photosyn-
thetic ones. It is delivered inside amyloplasts by plastid
adenylate translocator NTT. It is known that even a slight
decrease in NTT activity reduces the overall starch con-
tent in potato tubers (Tjaden et al., 2001), whereas the
combination of NTT and GPT overexpression increases
it (Zhang L. et al., 2008). There may be an alternative
route of hexose transport to amyloplasts: direct import
of glucose-1-phosphate (G1P) and its utilization in
ADP-glucose synthesis. There is evidence that this route
acts in potato, although the corresponding transporter
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Starch metabolism in potato photosynthesizing (leaves) and storage (tubers) organs.

Blue arrows indicate the starch biosynthesis and sugar metabolism pathways; black arrows, the starch degradation pathway. Starch
degradation in leaves and starch biosynthesis in tubers are shown in more detail. The red arrow indicates the alternative pathway of
ADP-glucose synthesis in cytosol and subsequent transport to amyloplasts performed by BT1 (Brittle1-like transporter). Carbohydrates
are shown in black: Fru, fructose; F6P, fructose-6-phosphate; Glc, glucose; G1P, glucose-1-phosphate; G6P, glucose-6-phosphate; S6P,
sucrose-6-phosphate; TrioseP, triose phosphate; ADP-Glc, ADP-glucose; UDP-Glc, UDP-glucose. Enzymes and invertase inhibitor (in blue):
Aclnv, vacuolar acid invertase; AGPase, ADP-glucose pyrophosphorylase; ALD, aldolase; AMY, a-amylase; BAM, B-amylase; FK, fructokinase;
DPE, 4-a-glucanotransferase; FBP, fructose-1,6-bisphosphatase; GBSS, granule-bound starch synthase; GWD, a-glucan water dikinase;
HK, hexokinase; ISA, isoamylase; Invinh, invertase inhibitor; Inv, invertase; PGI, phosphoglucoisomerase; PGM, phosphoglucomutase;
PHO, a-glucan phosphorylase; PPase, inorganic pyrophosphatase; PWD, phosphoglucan water dikinase; SBE, starch-branching enzyme;
SEX, LSF, phosphoglucan phosphatases; SPP, sucrose phosphate phosphatase; SPS, sucrose phosphate synthase; SS, starch synthase;
SuSy, sucrose synthase; UGPase, UDP-glucose pyrophosphorylase. Transporter proteins (in green): GPT, glucose-6-phosphate
translocator; NTT, ATP-ADP antiporter; MEX, maltose transporter; TPT, triose phosphate/phosphate translocator; GIcT, glucose transporter;
BT1L, Brittle1-like transporter.

protein is not known yet (Fettke et al., 2010). Two can-
didate G1P transporters through plasma membrane were
recently found in A. thaliana (Malinova et al., 2020).
ADP-glucose acts as the substrate for starch biosyn-
thesis. It is produced in a reversible reaction catalyzed
by ADP-glucose pyrophosphorylase (AGPase) in the
stroma of chloroplasts and amyloplasts. AGPase syn-

FEHETU

thesizes ADP-glucose and pyrophosphate (PPi) from
G1P and ATP. AGPase is a heterotetramer consisting of
two large and two small subunits, AGPL and AGPS. Its
activity is essential for starch synthesis in potato tubers
(Geigenberger et al., 1999). Inorganic pyrophospha-
tase (PPase) degrades pyrophosphate to orthophosphate
(George et al., 2010). The plastid PPase isoform con-
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tributes much to starch accumulation in potato tubers.
Lines knocked down for the StpsPPase gene had lower
contents of starch, in particular, amylose, and smaller
granules. That study also recorded elevated amounts of
starch biosynthesis intermediates: pyrophosphate, glu-
cose, fructose, hexose phosphates, and, unexpectedly,
ADP-glucose. The increase in ADP-glucose content
indicates that pyrophosphate does not affect the direc-
tion of the AGPase-catalyzed reaction in potato. Thus,
the mechanism by which PPase participates in starch
synthesis in potato tubers is still to be understood (An-
dersson et al., 2018).

An alternative cytosolic pathway of ADP-glucose
synthesis, catalyzed by SuSy and UGPase, acts in cere-
als (monocots). It is essential for grain growth. ADP-
glucose is transported to amyloplast by the Brittle1-like
transporter protein (BT1) (Bowsher et al., 2007). The
homolog protein of BT1 (StBT1) has been found in S. 7u-
berosum plant. However, there is no evidence for ADP-
glucose transport through the amyloplast membrane.
The StBT1 protein performs unidirectional transport of
AMP, ADP, and ATP (Leroch et al., 2005).

Starch granule synthesis

Transitory starch synthesis in leaf chloroplasts and stor-
age starch synthesis in tuber amyloplasts follow basically
the same route. Amylose and amylopectin synthesis is
performed by 16 key enzymes belonging to the follow-
ing groups: starch synthases, starch-branching enzymes,
and starch-debranching enzymes (see the Table). Most
enzymes exist as isoforms, the functions of which may
partly overlap (Pfister, Zeeman, 2016; Van Harsselaar
etal., 2017).

Starch synthases catalyze the formation of glycosidic
bonds by transferring the glucose residue of ADP-glu-
cose to the nonreducing end of the glucose polymer.
They are subdivided into granule-bound (GBSS) and
soluble (SS) starch synthases. The former synthesize
long chains, mainly in amylose, and long chain frag-
ments in amylopectin. The latter include a series of
isoforms: SS1, SS2, SS3, SS4, SS5, and SS6. Of them,
SS1, SS2, and SS3 synthesize chains of various lengths
in amylopectin (Pfister, Zeeman, 2016). The SS4 isoform
performs a special function among starch synthases, as it
initiates starch granule formation (Tetlow, Bertoft, 2020).
One or two large starch granules instead of five to seven
wild-type small ones were found in A. thaliana plants
with the knocked out ss4 gene (Roldan et al., 2007). The
functions of SS5 and SS6 are still vague. The C end of
the SS5 protein lacks the conservative fragment charac-
teristic of starch synthases, which has catalytic domain
GT]1, although the protein has the conservative glucan-
binding site. Probably, SS5 is involved in starch granule
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initiation, as it has been shown that the loss of SS5 from
A. thaliana reduces the granule number in leaves (Abt et
al., 2020). The SS6 isoform and its gene were found in
potato in recent years (Van Harsselaar et al., 2017), and
the role of this enzyme is unknown. It may participate
in granule growth, as it is directly bound to it; in addi-
tion, it bears conservative motifs XXGGL and KXGGL,
characteristic of glycosyl transferase domains of starch
synthases GT1 and GT5, respectively (Helle et al., 2018).

Starch granule initiation was an obscure issue for
a long time. The studies reported by now concern tran-
sitory starch initiation in the model plant 4. thaliana,
but it seems that our notion of some key steps in gran-
ule formation may be extended to other plant species
(Mérida, Fettke, 2021). As mentioned above, SS4 is the
main granule-initiating enzyme, and SS5 and SS6 also
take part in the process. Maltooligosaccharides, pro-
bably forming in the degradation of starch polyglucans
by amylases, are the substrate (Mérida, Fettke, 2021).
The steric interaction of starch synthases, substrate
molecules, and the growing granule is driven by the
PTST2 and PTST]1 proteins, targeting to starch. They
are associated with starch synthases SS4 and GBSSI,
respectively. Also, they contain a carbohydrate-binding
domain (Seung et al., 2015, 2017). Note that PTST2 is
not found in potato tubers, and this fact indicates that
the starch granule initiation processes in A. thaliana and
potato differ (Helle et al., 2018). A heteromultimeric
complex of isoamylases ISA1 and ISA2 has been shown
to influence starch granule initiation in potato tubers.
By all appearances, isoamylases suppress the formation
of new starch granules by disrupting the formation of
soluble glucan molecules in chloroplast stroma (Bustos
et al., 2004).

As the chains of amylose and amylopectin molecules
are elongated by starch synthases SS1, SS2, and SS3,
starch-branching enzymes SBE attach side branches to
them (Pfister, Zeeman, 2016). Starch-branching enzymes
cleave a-1,4-glycosidic bonds of polyglucans, synthe-
sized by starch synthases, and attach short chains to the
so-called acceptor chain by forming a-1,6-glycosidic
bonds. The starch-branching enzymes of potato have
three isoforms: SBE1.1, SBE1.2, SBE2, and SBE3
(formerly designated as SBE1) (see the Table) (Van
Harsselaar et al., 2017). Thus, forms referred to in other
papers as SBE1 and SBE2 are designated as SBE3 and
SBE2 according to the notation of Van Harsselaar et al.
SBE3 produces mainly long side chains, and SBE2 pro-
duces short amylopectin chains (Tetlow, Bertoft, 2020).
The roles of SBE1.1 and SBE1.2 in starch production
are unknown, but studies of A. thaliana demonstrate
a pleiotropic effect of SBE1 on plant growth and de-
velopment. Transformants overexpressing SBE1 were
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white-colored and low. They had a longer life cycle and
produced fewer seeds than control plants (Wang X. et
al., 2010). The joint action of different isoforms affects
amylopectin structure. Experiments with potato plants
with the knocked out genes she3 and/or sbe2 (designated
by the experimenters as shel and sbe2) demonstrate that
sbhe3 inactivity results in the formation of starch with
longer amylopectin chains and lower branching level.
The knockout of sbe2 with active sbe3 did not affect the
amylopectin structure much, but the number of starch
granules in potato tubers increased and size decreased
(Tuncel et al., 2019).

Debranching enzymes (DBE) are another group of
enzymes involved in the formation of the amylopectin
structure (see the Table). They reconstruct branched
glucans into easier crystallizable forms, which is es-
sential for granule formation (Pfister, Zeeman, 2016).
Debranching enzymes include isoamylases (ISA), which
catalyze the hydrolysis of a-1,6-glycosidic amylopectin
bonds and remove excessive branching. Potato isoamy-
lases include isoforms ISA1, ISA2, and ISA3. The ISA1
and ISA2 proteins can form heteromultimers, capable
of more efficient removal of long outer chains of amy-
lopectin (Hussain et al., 2003). The ISA3 isoenzyme
is important for starch degradation, as it cleaves short
outer chains of glucans (Streb et al., 2008). Transgenic
potato plants with lower expression of the isal, isa2,
and isa3 genes had significantly less starch in develop-
ing tubers, whereas the starch contents in leaves did not
change. The plants also had fewer and larger granules
and higher sucrose contents, probably resulting from the
increase in the overall granule surface and easier access
for degrading enzymes (Ferreira et al., 2017).

In addition to starch synthases, branching and de-
branching enzymes, the synthesis of starch granules
involves a-glucan phosphorylases. Their plastid (PHO1)
and cytoplasmic (PHO2) isoforms catalyze the reversible
transfer of the glycosylic group of glucose-1-phosphate
to the nonreducing end of the chain of an a-1,4-bound
glucan (Pfister, Zeeman, 2016). The PHO2 enzyme is
involved in carbohydrate metabolism in cytoplasm, and
PHOL1 contributes to starch synthesis and degradation
in plastids. It has been shown that at lower tempera-
tures starch synthesis in potato tubers can also follow
the phosphorylase pathway with G1P as the substrate
(Fettke et al., 2012).

Starch granule degradation

Degradation is an intrinsic part of the metabolism of
starch and carbohydrates in general, although it has
been studied much poorer than starch biosynthesis.
The degradation pathways of transitory starch have
been investigated in most detail in leaves of the model
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plant A. thaliana. The knowledge of starch degradation
in potato tubers is limited to cold-induced sweetening
and sprouting. The main steps of starch degradation
are the release of soluble glucan from starch granules,
glucan conversion to linear forms (maltooligosaccha-
rides), maltooligosaccharide hydrolysis to maltose,
and subsequent maltose metabolism in the cell. Starch
degradation is performed by a broad range of enzymes:
a- and P-amylases, isoamylase, a-glucan water diki-
nase (GWD), phosphoglucan water dikinase (PWD),
a-glucan phosphorylase, phosphoglucan phosphatase,
and 4-a-glucanotransferase (see the Table).

Starch granule degradation is initiated by GWD and
PWD. They phosphorylate glucans at positions C6 and
C3 of glucose residues, making them more hydrophilic
and allow a-, B-, and isoamylases access to them (see
the Table) (Ritte et al., 2006; Streb, Zeeman, 2012). The
phosphorylation by GWD seems to play the key role in
starch degradation in potato tubers and leaves (Claas-
sen et al., 1993; Orzechowski et al., 2021). Tubers of
transgenic potato plants with lower expression of the
StGWD gene were less prone to starch degradation at
low temperatures (Lorberth et al., 1998).

The next step of starch granule degradation is glu-
can hydrolysis by amylases. Potato a- and f-amylases
include many isoforms, and functions of some of them
are not known in detail (see the Table) (Van Harsselaar
et al., 2017). By extrapolating data on A. thaliana, we
suppose that f-amylases BAM1 and BAM3 hydrolyze
linear fragments of amylose and amylopectin, and
the degradation of branched fragments demands the
debranching enzyme DBE (ISA3 in potato) (Hussain
et al., 2003; Fulton et al., 2008; Pfister, Zeeman, 2016).
With knocked down StBAM3, starch content in potato
leaves was higher than in the wild genotype (Scheidig
et al., 2002). Cold-induced sweetening in potato tubers
is also affected by some amylase species: a-amylase
AMY2 (AMY23) and B-amylases BAM1 and BAMY.
The supposed function of BAM1 and BAMDY is starch
degradation in plastids, and AMY?2 is likely to degrade
phytoglycogen in cytosol (Hou et al., 2017). An alter-
native pathway of starch degradation is observed in
A. thaliana. It is initiated by a-amylase AMY3, which
releases linear and branched glucans from starch gran-
ules, and these glucans are then hydrolyzed by - and
isoamylases (see the Figure) (Streb et al., 2008).

Alongside starch glucan hydrolysis by amylases,
the glucans are dephosphorylated by phosphoglucan
phosphatases SEX4 (Starch Excess) and LSF2 (LIKE
SEX FOUR?2), first described in A. thaliana. These
processes are interrelated: phosphorylation by dikinases
increases granule solubility and makes them accessible
for amylases, whereas phosphate moieties may hamper

257



E.M. Sergeeva, K.T. Larichev
E.A. Salina, A.V. Kochetov

hydrolysis (Hejazi et al., 2010; Santelia et al., 2011).
Reduction of SEX4 or LSF2 activities in potato inhibited
starch degradation in leaves. Starch content in tubers
remained unchanged, and granules were smaller and
less phosphorylated (Samodien et al., 2018).

The cooperation of dikinases, amylases, and phospha-
tases produces a pool of soluble maltooligosaccharides
(linear glucans). Maltooligosaccharides are degraded
by two pathways: hydrolytic, by B-amylases, or phos-
phorolytic, by a-glucan phosphorylase PHO1 (Weise et
al., 2006; Fulton et al., 2008). The end product of the
phosphorolytic pathway is G1P, which can be utilized
in metabolism inside the plastid. Also, glucose can be
produced by 4-a-glucanotransferase DPE1 (DisPropor-
tionating Enzyme) and exported to cytosol by glucose
transporter pGlcT1 (Critchley et al., 2001; Cho et al.,
2011). Knockdown of the chloroplast enzyme DPE slows
down starch degradation in potato leaves in the cold and
induces maltooligosaccharide accumulation, although
these effects are not observed in tubers (Lloyd et al.,
2004). Cold-induced sweetening in potato tubers is ac-
companied by increasing -amylase activity and higher
maltose content (Nielsen et al., 1997).

Maltose, which is the predominant product of hydro-
lytic starch degradation, is exported to cytosol by the
transmembrane transporter MEX1 (Cho et al., 2011). In
cytosol, maltose is processed by 4-a-glucanotransferase
DPE2 or phosphorylase PHO2 to glucose or G1P, which
are then converted to sucrose by the joint action of PGI2,
PGM2, HK, UGPase, SPS (sucrose phosphate synthase),
and SPP (sucrose phosphate phosphatase) (see the Fi-
gure) (Lopez-Gonzalez et al., 2019).

Sucrose is exported from leaf cells to storage organs;
also, it is used in cell metabolism. In potato tubers,
sucrose is used as a source of nutrients in sprouting,
and its level controls dormancy release (Sonnewald S.,
Sonnewald U., 2014).

To delay sprouting, potato tubers are stored at low
temperatures, 2-5 °C, and these conditions initiate
cold-induced sweetening. This process involves sucrose
hydrolysis by vacuolar acid invertase Aclnv, encoded
by the Pain-1 gene, and the accumulation of reducing
sugars (glucose and fructose) in tubers (see the Figure)
(Sowokinos et al., 2018). Knockout of Pain-1 resulted in
lower contents of reducing sugars (Clasen et al., 2016).
One of the key regulators of cold-induced sweeten-
ing is invertase inhibitor SbAI, which inhibits Aclnv
(McKenzie et al., 2013). It has been shown that SbAI
can also inhibit a- and f-amylases (StAmy23, StBAMI,
and StBAMY), in potato tubers, thereby influencing the
rate of starch degradation in cold-induced sweetening
(Zhang H. et al., 2014).
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Mechanisms controlling starch metabolism

Starch metabolism requires orchestrated work of many
enzymes, transporters, and targeting proteins, which
implies many regulation levels: gene expression, post-
transcriptional regulation, and the posttranslational
regulation of enzymatic activity. The expression patterns
of genes for key enzymes involved in starch metabolism
are well known in various plant species, but much less
is known about expression-regulating factors (Lopez-
Gonzalez et al., 2019). The difficulty is that the starch-
metabolizing enzymes exist as numerous isoforms,
which are encoded by the corresponding number of
paralogous genes. The expression patterns of these genes
depend on tissue (leaves, developing seeds, or growing
tubers) and developmental stage, as shown in A. thaliana
and maize (Tsai etal., 2009; Chen et al., 2014). In potato,
the tissue-specific mode of expression has been shown
for SuSy4, SS5, SBE3, APL3, PHOla, PHO1b, GPT1I.1,
GPT2.1, SEX4, and NTT2 in tubers and for AMYI.1,
APLI, and BAM3.1 in leaves (Van Harsselaar et al.,
2017). A number of external and internal factors affect
the expression of starch biosynthesis genes: circadian
rhythms, photoperiod, and sugar content (Tiessen et al.,
2002; Kotting et al., 2010). It is known that the expres-
sion rates of GBSSI, LSF'1, LSF2, SEX4, and BAM3 in
A. thaliana leaves are governed by transcription factors
depending on circadian rhythms and photoperiod, so that
the demand for energy is rapidly met in response to ambi-
ent changes (Tenorio et al., 2003; Flis et al., 2016). The
expression rates of the genes GBSS, SuSy, and AGPase
respond to photoperiod in growing potato tubers, being
highest in the end of the light time and lowest in the
beginning. This variation is determined by the influx of
photoassimilates from leaves (Geigenberger, Stitt, 2000;
Ferreira et al., 2010).

The formation of the storage organ, tuber, from the
stolon is an important step in potato plant development.
It includes intense starch production, the formation of
starch granules, and increase in metabolite flux. Tuber
formation is a complex process, influenced by environ-
mental factors (photoperiod) and a variety of signals:
biochemical, hormonal, and molecular, mediated by
microRNAs and transcription factors (Hannapel et al.,
2017; Kondhare et al., 2021). The investigation of tuber
formation contributed much to the understanding of
mechanisms that regulate starch metabolism in potato
tubers.

Plant hormones are an important factor influencing
the expression of genes involved in starch metabolism,
and their effect on tuber formation has been studied in
sufficient detail. The level of abscisic acid correlates
with starch accumulation in potato tubers (Borzenkova,
Borovkova, 2003). Treatment of stolons with indole ace-
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tic acid increased starch content in growing tubers, but
a twofold increase in concentration caused the opposite
effect (Wang D. et al., 2018). A correlation between the
transcription rates of the genes for auxin, on the one
hand, and starch biosynthesis (PGM, AGPase, GBSS,
SS, and BE), on the other hand, was observed in the
formation of cassava storage roots (Riischer et al., 2021).

Sugars (hexoses, sucrose, and trehalose) are another
group of signaling molecules influencing the expres-
sion of starch metabolism genes. Sucrose increases the
expression of the SuSy and AGPase genes in potato
(Salanoubat, Belliard, 1989; Miiller-Rober et al., 1990).
The rates of SuSy and AGPase expression are high in
growing tubers, but they decrease rapidly after the sepa-
ration of the tuber from the plant and, correspondingly,
cease of sucrose import from photosynthesizing organs
(Ferreira et al., 2010).

The differential expression of starch biosynthesis
genes was detected at various tuber development stages
(Ferreira et al., 2010; Van Harsselaar et al., 2017). The
expression rate of the SS4 gene was elevated at the stolon
stage, and it lowered with tuber growth, confirming the
role of this starch synthase in granule initiation (Ferreira
et al., 2010). Also, tuber growth was accompanied by
an increase in the expression rate of sucrose synthase
SuSy4 and decrease in the expression of cell wall in-
vertase cw-Inv. These changes point to transition to the
sucrose synthase-mediated pathway of sucrose degrada-
tion. Genes for glucose-6-phosphate translocator GPT,
adenylate translocator NTT, ADP-glucose pyrophospho-
rylase (AGPase), starch synthases, and starch-branching
enzymes increased their expression with tuber growth.
Of this group, the isogenes SuSy4, SBE3, and GPT2.1
demonstrated just tuber-specific expression (Ferreira et
al., 2010; Van Harsselaar et al., 2017). Coexpression
analysis was employed to investigate the mechanisms
of molecular regulation of gene activity, and transcrip-
tion factors LOB, TIFY5a, and WRKY4 were found
to be associated with the expression of the SuSy4 and
GPT2.1 genes (Van Harsselaar et al., 2017). Analysis
of coexpression networks for starch biosynthesis genes
of seven plant species (Arabidopsis thaliana, cassava
Manihot esculenta, millet Panicum virgatum, maize Zea
mays, rice Oryza sativa, barley Hordeum vulgare, and
sweet potato I[pomoea batatas) revealed the involvement
of 24 transcription factors (Lopez-Gonzalez et al., 2019).

Little is known about mechanisms regulating starch
metabolism genes at the posttranscriptional step. Post-
transcriptional regulation involves a variety of factors,
including RNA-binding proteins (RBPs), microRNAs,
and alternative splicing, so that plants can rapidly re-
program their transcriptomes in response to external
and internal factors. Photoperiod significantly influ-
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ences microRNA expression patterns in the growth and
development of potato tubers. It has been shown that
differentially expressing microRNAs are targeted to
genes coding for transcription factors and RNA-binding
regulatory proteins StGRAS, StTCP2/4, and StPTB6
(Kondhare et al., 2018).

Posttranslational regulation is the next step of protein
activity control. It is mediated by allosteric regulation, in
which an effector molecule is bound to a noncatalytic site
of the enzyme, altering its conformation, catalytic pro-
perties, and, thereby, its specificity and interaction with
other proteins (Zeeman et al., 2010). Allosteric regula-
tion involves protein phosphorylation and the formation
of multimeric complexes and disulfide bridges (Kotting
et al., 2010; Zeeman et al., 2010). Many starch-meta-
bolizing enzymes assume the phosphorylated state: PGI,
PGM1, AGPase, SS3, GWD1, GWD2, DPE2, AMY3,
BAMI1, BAM3, LDA, pGIcT, and MEX1 (K&tting et
al., 2010). ADP-glucose pyrophosphorylase (AGPase)
is a clear example of allosterically regulated potato
enzyme. It is activated by 3-phosphoglyceric acid and
inhibited by inorganic phosphate (Sowokinos, Preiss,
1982). Depending on the redox state in the cell, AGPase
can be reversibly inactivated by the formation of disul-
fide bridges between small subunits of the heterotetramer
(Ballicora et al., 2000).

Enzymes can aggregate into complexes known as
metabolons (Sweetlove, Fernie, 2013). Complexes
formed by starch biosynthesis enzymes were found in the
endosperm of growing cereal seeds; in particular, SSIII,
SSlla, SBEIIa, and SBEIIb form a protein complex (Tet-
low et al., 2008). Protein complexes of PTST2 and SS4
form in the initiation of starch granules in 4. thaliana
leaves (Seung et al., 2015, 2017). Potato isoamylases
ISA1 and ISA2 form a heterotetrameric complex, which
controls starch granule formation (Bustos et al., 2004).

Conclusions

The investigation of starch metabolism in potato plants,
particularly, starch biosynthesis and degradation in tu-
bers, is topical in connection with the growing demand
for potato starch in industry. A large body of information
on key enzymes for starch and carbohydrate metabolism
in various crops and the model species A. thaliana has
been accumulated in the past three decades. Although
the starch biosynthesis scheme is basically the same
in different species, there are significant variations
associated with different sets of isozymes, features of
their functions, metabolite transport pathways (e. g.,
ADP-glucose transport through plastid membranes in
cereals), and the existence of intricate and multileveled
regulation, governed by external (photoperiod and
temperature) and internal (plant hormones, metabolites,

259


https://doi.org/10.1146%2Fannurev-arplant-050312-120233
https://doi.org/10.1371%2Fjournal.pbio.1002080
https://doi.org/10.1105%2Ftpc.17.00222

E.M. Sergeeva, K.T. Larichev
E.A. Salina, A.V. Kochetov

microRNA, and regulatory proteins) factors. Isogenes
encoding six starch synthase isoforms, seven sucrose
synthases, nine B-amylases, and three to five for each
of the starch-branching and other enzymes were identi-
fied in the potato genome (Van Harsselaar et al., 2017).

The functions of many isoforms, including the ma-
jority of a- and B-amylases, are still unknown. Some
isogenes (SuSy4, SS5, SBE3, APL3, PHOIa, PHOIb,
GPTI1.1, GPT2.1, SEX4, and NTT?2) demonstrate tuber-
specific expression and activity variation at various
stages of tuber formation (Ferreira et al., 2010; Van
Harsselaar et al., 2017). Isoenzymes AMY23, BAMI,
BAMOY are specifically involved in starch degradation
and carbohydrate metabolism in cold-induced sweeten-
ing (Hou et al., 2017). Also, the action of various factors
on starch accumulation during tuber development has
been shown: transcription factors LOB, TIFY5a, and
WRKY4; plant hormones (auxin and abscisic acid);
sugars; and microRNAs, the contents of which may
mediate the effect of photoperiod. However, the func-
tions of many isoenzymes and proteins involved in the
regulatory and directing functions in starch metabolism
in potato plants are poorly explored. To resolve this is-
sue, modern methods are proposed: combined analysis
of the metabolome and transcriptome inside a single
cell or tissue (Lopez-Gonzalez et al., 2019). Bottom-up
proteomics also seems promising in search for new com-
ponents (Helle et al., 2018). For example, the analysis
of 36 proteins associated with potato starch granules
revealed, in addition to already known starch metabolism
enzymes, targeting and regulatory proteins described
in A. thaliana: PTST1 (Protein Targeting to Starch),
ESV1 (Early StarVationl), and LESV (Like ESV). Also,
Kunitz-type proteinase inhibitor and enzymes involved
in redox regulation (thioredoxin TRX and glutathione
peroxidase GPX) were found (Helle et al., 2018). De-
tailed information on all components involved in starch
metabolism and on their interactions, including their
behavior under varying ambient conditions, is essential
for raising potato varieties with high performance and
specified starch properties.
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Forecast for the zone of viticulture in European Russia
under climate change
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Abstract. Climate warming has turned out to be a significant factor in viticulture and winemaking in all grape-
growing areas of the world. Many countries consider the advance of viticulture to the north and to mountainous
areas as a possible way to adapt to warming. The factors limiting the zone of viticulture in Russia have been identified
by Soviet scientist F.F. Davitaya in 1948, and they are still relevant. They are the sum of active temperatures above
10 °C (=T, > 2500 °C), mean of absolute minimum temperatures (T,;,> -35 °C), length of the frost-free period
(Lg< 150 days), and hydrothermal coefficient (0.5 < HTC < 2.5). The values of these limiting factors in the present-
day zone of commercial viticulture (ZCV) correspond to the ranges defined by FF. Davitaya, with the exception of
T nins Which in the modern ZCV in European Russia is above -26 °C everywhere. The objective of this work was to
assess the possibility of moving the boundaries of the ZCV to the north under the existing and predicted climate
conditions in European Russia. The 1980-2019 daily data from 150 weather stations of the Federal Service for
Hydrometeorology and Environmental Monitoring were used to calculate mean long-term values, trends and
forecasts for 2050 for the ZCV limiting factors and locate the points lying in the range acceptable for viticulture. The
QGIS program was applied to plot the points on the European Russia map and mark the terminal latitude. Versions
withT_. >-26°Cand T _. > -35°C were considered. On average for European Russia, in 1980-2019, there was an

min min
increase in 3T, T,y @nd Lgand a decrease in HTC. However, in the same period showed a tendency toward

ST T
decreasing at1§ nLTnl'?ber of points at latitudes lower than 55° N. The increase in hemaI'P supply during the growing
season in European Russia implies a possibility of expanding the ZCV northward, beyond the present-day terminal
latitude of 46.6° N, to 51.8° N under the existing conditions, and up to 60.7° N by 2050. In addition, even under the
current conditions viticulture is possible in the area of Kaliningrad (54° N, 20° E). Using extra protective measures in
winters not colder than -35 °C would make it possible to grow grapes at up to 53.3° N under the current conditions
and at up to 60.7° N under the prognosticated ones. At the same time, a possible decrease in the minimum winter
temperature at the south of European Russia will require additional protective measures in winter, while an increase
in the aridity of the climate on the northwest coast of the Caspian Sea will reduce the area under non-irrigated
vineyards.

Key words: viticulture; climatic limiting factors; climate change; trends; forecast; GIS.
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TEPpPpUTOPUN Poccun B VYCIOBUAX M3MEHEHNMA KIIVMMaTa

A.JO. HoBukosa ®, T1.B. Osepckuit

DepepanbHbli CCefoBaTENbCKUI LLEHTP BCepoCcuincknin MUHCTUTYT reHeTUYeCKrX pecypcoB pacTeHuii um. H./. Basunosa (BUP), CaHkT-MeTtepbypr, Poccus
® l.novikova@vir.nw.ru

AHHoTayusa. MNoTenneHne KNMMaTa 0Kas3anocb CyLeCcTBeHHbIM GaKTOpOM ANA BUHOTrpaAapcTBa v BUHOAENNA BCeX
BMHOMPagapcKmnx panoHoB Myupa. MHorne ctpaHbl paccmMaTpurBaloT NPOABUXKEHME BYHOMPaAapcTBa Ha ceBep 1 B
ropHble ParoHbl Kak BO3MOXHbIV MyTb agantaumm K notennexuio. QakTopbl, NMMUTAPYIOLME 30HY BUHOTrpaaap-
ctBa B Poccun, onpepeneHbl coBeTckuM yuyeHbim O.0. [laBrTtan B 1948 1. 1 akTyanbHbl 4O CMX NOP. ITO CyMMa aKTUB-
HbIX Temnepatyp Bbiwwe 10 °C (£, > 2500 °C), cpeiHU 13 abCONOTHBIX MUHUMYMOB Temnepatypbi (T, . > =35 °C),
MPOAOCIIKUTENBHOCTb 6e3MOpO3HOro Nepuopa (Lg< 150 cyT) n rugpoTepmudecknii kKoadduureHT (0.5 < IMK < 2.5).
3HayeHnA IMMUTUPYIOLNX GaKTOPOB COBPEMEHHON 30HbI MPOMbILLIEHHOTO BUHOTrpagapcTaa (3MB) cooTBeTCTBYIOT
onpegeneHHbim O.O. laButaa guanasoHam, 3a UCKIOYEHEM T nine KOTOpPaA B coBpemeHHo 3B Ha eBponelickomn
TeppuTopun Poccum Bespe Boilwe -26 °C. Llenbio nccneposaHmsa 6bi10 onpefeneHne BO3MOXHOCTI NMPOABUKEHNA
Ha ceBep rpaHuL, 30HbI MPOMbILIEHHOTO BUHOTPaAapPCTBa B COBPEMEHHbIX Y MPOrHO3UPYEMbIX KIIMMaTUYECKNX YC-
noBuAX eBponerickon Tepputopun Poccun. Mo cytouHbim AaHHbIM 1980-2019 rr. ana 150 meTteoctaHumn Pocrugpo-
MeTa paccUUTany CpefHEMHOMONETHIE 3HAUEHUA, TPEHABI 1 TPOrHO3bI K 2050 I, 3HaYeHWI NMMUTUPYIOLLMX GaKTO-
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MporHo3 30HbI BO3AEeNbIBaHNA BUHOrPaja Ha eBPOrericKon
TeppuTopumn Poccum B yCnoBrsAX M3MEHeHWs KnmMaTa

pos 3M1B, onpegenunu Toukn, nexawye B JOMYCTMMOM ANiIA BUHOrpajapcTBa AuanasoHe. B nporpamme QGIS
HaHeC/ I TOYKM Ha KapTy eBponenckon Tepputopumn Poccum, onpefenunu npefenbHyto WupoTy. beinm paccmo-
TpeHbl BapnaHTtbl ¢ T, . > -26°Cn T . > -35°C. B 1980-2019 rr. B cpeaHem Ha eBpornenckoi Tepputopum Poccni
Habntoganca poct 2T, 00 Trminy Leg v cHKeHMe TTK. OpHako toxkHee 55° N B pafie Touek npocexnBanacb TeHAeHL A
K cHuxeHuto T ... PocT TennoobecneyeHHOCTU BereTauMOHHOTO Neprofa Ha eBponeiickon Tepputopumn Poccun
co3faeT NpefnocbIKN NPOABUKEHUA MPOMbILLIEHHOIO BUHOTPaAapCTBa K CeBepy OT COBPEMEHHON NpefenbHON
LWpoTbl 46.6° o 51.8° B TeKywmux ycnosusx, a k 2050 r. — o 60.7° N. Kpome Toro, y»e cenyac BUHOrpafapCTBO BO3-
MOXHO B parioHe KanuHuHrpaga (54° N, 20° E). Mpy 4ononHUTeNbHbIX Mepax No YKPbITHIO Ha 3uMy o —-35 °C BUHo-
rpagapcTBo BO3MOXHO A0 53.3° N B Tekywux ycnosuax n o 60.7° N — B nporHosupyembix. Bo3amo>kHoe cHukeHne
MUHVIMasbHOW TemnepaTypbl 3VMbl Ha tore eBponenckon Tepputopumn Poccun notpebyeTt JONOMAHUTENBbHBIX Mep
3aLYMTbI 3UMOVA, a MOBbILIEHWE 3aCyLUNIMBOCTU KNMaTa Ha CeBepo-3arnaaHom nobepexbe Kacnuiickoro mops byger
YMeHbLUaTb M0oLWaamM Noj HeopoLLIaeMbIM/ BUHOTPagHUKaMMU.

KnioueBble cnosa: BMHOIpagapcTeBo; IMMUTUPYOLWNE KanmaTnyeckme d)aKTOpr,' N3MEHEHNA KNnuMmaTa; TPpeHAObl;
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Introduction

Climate zones suited for high-quality viticulture and wine-
making are narrow and greatly depend on the effect of climate
change (Hannah et al., 2013; Mozell, Thach, 2014; Santos et
al., 2020). A more than 1 °C temperature rise during the small
climatic optimum in the 8th—13th centuries led to the advance
of the viticulture border in Western and Central Europe to the
north by 3—4° N, but from the 15th century the grape-growing
area shifted southward (Barash, 1989; Khromov, Petrosyants,
2012). At present, the area under viticulture in the Northern
hemisphere is confined between 30° and 50° N, corresponding
to the limits of the mean April-to-October temperature of
12-22 °C, or 13-21 °C for high-quality wine production
(Schultz, Jones, 2010; Jones, 2012).

According to forecasts, future warming, on the one hand,
will produce a beneficial effect on viticulture as a result of the
inclusion of new areas, but, on the other hand, will generate
serious problems in the areas of traditional viticulture (Roy
etal., 2017; Hewer, Brunette, 2020; Vyshkvarkova, Rybalko,
2021). By 2050, the area suitable for viticulture in main
winemaking regions is expected to decrease by 19—62 %, as
predicted by the RCP 4.5 global climate change scenario, or
by 25-73 % according to the RCP 8.5 scenario (Hannah et al.,
2013). Contemporary climate change initiates the shift of the
zone of commercial viticulture to the north and to mountainous
regions (Jones, 2012; Vrsi¢, Vodovnik, 2012; Hannah et al.,
2013; Mozell, Thach, 2014; Quénol et al., 2014). Russia
is among the countries that may face expressly significant
consequences of climate warming (Houtan et al., 2021).

To predict the impact of climate change on the efficiency
of viticulture in grape-growing regions, their climate
resources are assessed using various indicators, such as
the sums of active and effective temperatures, biologically
active sums of effective temperatures, Winkler index, mean
April-to-October temperatures, spring frost risk index, aridity
index, cold index, Huglin and Branas heliothermal indices,
Selyaninov’s hydrothermal coefficient, etc. (Lorenzo et al.,
2013; Blanco-Ward et al., 2019; Rybalko, 2020; Pipan et al.,
2021; Vyshkvarkova, Rybalko, 2021). The limiting factors
in viticulture are not the same under different environmental
and geographic conditions. The most important requirements
for grapevine cultivation are temperature and light during
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the active growing season. In arid regions, rainfall becomes
a limiting factor, so irrigation is introduced. Close to the
northern boundaries of commercial viticulture, it is limited by
winter conditions (Likhovskoi et al., 2016; Roy et al., 2017).

F.F. Davitaya (Davitaya, 1948) analyzed the world’s
viticulture zones in the first third of the 20th century and
made a comprehensive assessment of the range of climatic
requirements for grapes, highlighting the characteristics
that were relevant for the USSR: the temperature in the
beginning and end of the growing season was 10 °C; the
sum of temperatures above 10 °C during the growing
season (XT',) was higher than 2500 °C; the inhibitory high
temperature was 35-40 °C; the required minimum mean
temperature of the warmest month was 16—18 °C, or 17-19 °C
for high-quality wine production; the length of the frost-
free period (Lg) was at least 150 days; the mean of absolute
minimum temperatures (7, ) for uncovered grapevine
cultivation was not lower than —15 °C or, with conventional
ways of protection from the cold, —35 °C; and Selyaninov’s
hydrothermal coefficient (HTC) was within the range from
0.5 to 1.5-2.5 (Davitaya, 1948, p. 172—174). This system of
indicators is still valid (Mishchenko, 2009; Roy et al., 2017;
Hewer, Brunette, 2020).

Geographic areas with a climate that is currently suitable
for growing certain crops or may become so in the future
are visualized using GIS techniques (Hannah et al., 2013;
Nesbitt et al., 2018). Such approach also makes it possible to
identify and adjust the parameters of the climatic niche for
a species, i. e., the range of agroclimatic parameters under
which its development is possible. For this purpose, data
from definite geographic points where this species occurs are
analyzed (Soberon, Nakamura, 2009; Peterson et al., 2015;
Wojtowicz M., Wojtowicz A., 2020).

In Russia, the zone of commercial viticulture (ZCV) is
located between the Black, Azov and Caspian seas and in the
Crimea at the latitudes of 41.6-46.6° N and the longitudes
of 32.5-48.5° E (AgroAtlas, 2008) (Fig. 1). The range of
climate characteristics for the ZCV in European Russia (ER)
in the early 21st century has mostly remained within the limits
outlined by F.F. Davitaya (1948), significantly deviating from
them in only one indicator — the minimum winter temperature,
which in the present-day ZCV zone does not fall below —26 °C
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(Chistyakov, Novikova, 2020). The main limitation for the
advance of grapevine cultivation to the north is 7, , and it
is low HTC that limits its shift to the northwestern coast of
the Caspian Sea. If we accept the possibility of cultivation
at T, > —35 °C, then X7, and L would become limiting
factors in the north.

Our subject of interest is the advance of grapevine to the
north, so the limitations imposed by temperatures above
35-40 °C are not discussed (Leewen et al., 2013). July
temperatures above 16 °C are observed in ER to the south of
60—63° N; this factor is also not limiting and is not considered
below. Thus, 27, Ly, T,.;,,» and HTC are the limiting factors
for the ZCV in ER when viticulture is moving northward.
A deficit in moisture supply (the requirement is HTC > 0.5)
limits non-irrigated viticulture on the northeastern coast of
the Caspian Sea.

The objective of this work was to assess the possibility
of moving the boundaries of the ZCV to the north under the
existing and predicted climate conditions in ER.

Material and method
Conventionally, the ER territory is regarded here as limited
by 63° N and 60° E. The software product applied was
QGIS 3.22.0. The analysis of the climate in ER was performed
pointwise, according to the data of 150 weather stations of the
Federal Service for Hydrometeorology and Environmental
Monitoring, with more than 20 years of observations in the
period of 1980-2019. We used daily data from an open web
source (RIHMI — World Data Center, 2020)2. The VITIS TIME
SERIES program (Novikova, Lebedeva, 2019) was used to
calculate the values of X7, T,;,» Ly and HTC for each point
for each year and their trends for the period of 1980-2019.
Values average for 1980-2019 were attributed to 2000,
individual X7, Ly, T, and HTC forecasts for 2050 were
calculated for each point, and points where grapevine
cultivation is possible were identified according to the set of
requirements proposed by F.F. Davitaya (1948) for protected
viticulture and taking into account specific features of the
modern Russian viticulture with 7. < =26 °C. The study
adopted a significance level of 5 %.

Results
Changes of climatic factors important for viticulture
in ER during 1980-2019
In 1980-2019, on average, ER showed an increase in X7,
T ., and Ly, and a decrease in HTC. The average trend for
150 stations was: AXT, = 11.52 °C/year, AT, ; =0.02 °C/year,
ALg=0.31 days/year, and AHTC = —0.01 units/year (see the
Table).

2T, increased at all examined points: in 144 out of 150 lo-
cations it was significant. On average, the intensity of summer
warming decreased with the latitude: the correlation between
the growth rate X7 and latitude was = —0.51. The L, T,
and HTC trends had both positive and negative values (see
the Table, Fig. 1).

With the average tendency for the studied stations to
increase 7. . the trend was zero or negative at 48 points.

min®

T QGIS. A Free and Open Source Geographic Information System. https:/qgis.
org/ru/site (Accessed August 20, 2021).

2 RIHMI - World Data Center. http://www.meteo.ru (Accessed June 7, 2020).
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There were only 8 statistically significant T\ ; trends, and
two of them were negative. The T\, trend increased with the
latitude (= 0.52), i. e., warming in winter was more intense
in the north of ER; out of 61 points located to the north of
55° N, a negative trend was observed only at three points
(see Fig. 1, b).

Ly increased on average; however, negative trends were
observed at 25 points out of 150 studied. There were only
40 significant trends, and positive values were registered in
39 of them.

With the average tendency toward a decrease in HTC,
induced by an active increase in temperatures and, on average,
the absence of a tendency toward changes in rainfall, the
HTC values increased at 8 points. The HTC trends were
significant at 20 points, all of them being negative.

Potential zone of commercial viticulture

Under the present-day climate conditions, defined as the aver-
age values of the limiting factors for the period of 1980-2019,
grapevine cultivation without irrigation and with usual protec-
tive measures for the winter season is possible at 36 points
out of 150 studied (Fig. 2, @), including one point in Kali-
ningrad Province (Baltiysk, in 1980-2019: X7 ,= 2567 °C,
Ly=229days, T’ . =—15°C, HTC = 1.2). If we add the points
where insufficient moisture (HTC < 0.5) can be compensated
by irrigation, then their number will reach 41 (see Fig. 2, b). If
we add areas with winter temperature minima reaching —35 °C,
then the number of points will increase to 58 (see Fig. 2, ¢).
The heat supply during the growing season in ER implies
a possibility to move grapevine cultivation to the north of the
current terminal latitude of the ZCV (46.6° N) up to 51.8° N
even now. With additional sheltering measures for the winter
season with temperatures down to —35 °C, it can be moved
to 53.3° N.

By 2050, wintering conditions are expected to worsen in the
south of ER, i. e., in a number of places the minimum winter
temperature will drop below —26 °C. However, due to the
movement of heat to the north, the number of points suitable
for commercial grapevine cultivation will increase to 43.
Additional viticultural practice measures will increase this
number even more — up to 56, with the inclusion of irrigated
vineyards (see Fig. 2, e), and up to 95, with the inclusion of
points with temperatures in winter above —35 °C (see Fig. 2, f).
The increase of heat supply during the growing season creates
the prerequisites for the advance of viticulture to 60.7° N by
2050. St. Petersburg may enter the zone of viticulture: by 2050,
the forecasts for the area are: X7,,= 2772 °C, T, =—18 °C,
Lg=191 days, and HTC = 1.4. Without the Baltic Sea coast,
the northernmost point among the forecasted ones is located
on the latitude of 58.1° N.

Discussion

The pace of climate change and anomalies in the harvests
of the world’s staple crops are on the rise (Jdgermeyr et al.,
2021). However, the changes in agroclimatic indicators have
regional specificities (Sirotenko et al., 2013; Hewer, Brunette,
2020), which was confirmed in the process of this study.
Since the 1970s, the sums of active temperatures have been
increasing in all ER regions, and more actively in the south;
however, the January temperature increases faster in northern
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Fig. 1. Trends of the limiting factors for viticulture recorded at 150 weather stations in European Russia: a, the sum of temperatures above 10 °C; b, the
absolute minimum of temperature; ¢, the length of the frost-free period; d, HTC.

Red dots are positive trends, and blue dots are zero or negative trends. The zone of commercial viticulture in the early 21st century is shaded. The ZCV map was

taken from the AgroAtlas resource (AgroAtlas, 2008) and modified.

Trends of the limiting factors in the zone of commercial viticulture at 150 weather stations in ER in 1980-2019

Indicator Average

Mean ................. Mm .......
Sumofactive temperatures sbove 10°C 25338 3651
Absolute minimum of emperature C 274 402
Lengthofthefostreeperiod, days 1567 797
HTc12 ...................... 03 ........

latitudes. Total rainfalls have both positive and negative ten-
dencies (Sirotenko et al., 2013). Changes accelerated in the
early 21st century: for example, from 1975 to 2004 the HTC
reduced in most of ER, with the exception of several regions,
and in 1980-2019 we observed that the forecasts concerning
the growth of aridity throughout ER came true (Sirotenko,
Pavlova, 2009). Warming is accompanied by intensification
of climate instability. In 2007, a decrease in the number of
winters with threatening drops in air temperature was predicted
(The Economics of Climate Change, 2006), but according
to the data of 1980-2019 the minimum temperature and the
number of dangerous frosts in winter did not decrease despite

FEHETUKA U CENIEKLMA PACTEHUI / PLANT GENETICS AND BREEDING

Trend, units/year

Max Mean Min Max
.............. 43331”520622501
.............. _46002_016019
.............. 2953031_057”9
.............. 37_001_002001

the rise of the mean winter temperature. The tendency toward
an increase in the frequency of extreme events and a decrease
in the absolute minimum of annual temperature was observed
in many regions of the world under global warming (Bucur
et al., 2019).

The study of climate change near the northern border of
ER’s zone of commercial viticulture — at the Don Ampelo-
graphic Collection named after Y.P. Potapenko — also showed
that in 1981-2017 the sum of temperatures above 10 °C
increased (by 170 °C/10 years), the total rainfall during the
period of active growth decreased (by 21 mm/10 years), the
mean temperature of the winter dormancy period grew (by

267



in European Russia under climate change

Forecast for the zone of viticulture

L.Yu. Novikova
PV. Ozerski

‘papeys st A1INJuad 15| Z A1483 Y3 Ul 21N NDIUA [RIDISWWOD JO SUOZ 3Y |

'0S0¢ Aq pue suonpuod
Kep-uasaid ay11apun (42) D, GE— 03 UMOP SISIUIM Ul BuLIS}3Ys “(3 ‘q) uonnebiul ‘( p ‘p) sad11deld [einyjndiiA Buiisixa YHUm uolieAnd suiradelb 1oy 9|qeiins a1e SUOI}IPUod 91wl a1aym eissny ueadoing ui syulod *z *6i4

Do GE- UMOP JSJUIM Ul BulI}RYs ‘pajebii) 4 pa1ebu| sad130e1d [eIN)NdNIA JUBLIND p

0502 104 35833404

o SE- UMOP J21UIM Ul Bupialays ‘parebi| pJ pa1ebiu| q sad115e4d |_INYNDINIA JULIND D

SUORIPUOD d)eWI|d JUILND

BaBunoBckuii >kypHan reHeTukm u cenekuum / Vavilov Journal of Genetics and Breeding < 2022 - 26 - 3

268



J110. HosukoBa
M.B. O3epckui

0.5 °C/10 years), the length of the frost-free period extended
(by 0.7 days/year), while the number of winter days with tem-
peratures below —20 °C and the minimum winter temperature
did not change (Novikova, Naumova, 2018, 2019).

Assessments of the climatic requirements of grapes, made
by F.F. Davitaya in the 1930s on the basis of the world’s
experience in viticulture, turned out to be relevant for ER in
the early 21st century. Despite the fact that there are grape-
vine varieties with temperature requirements of 2100 °C and
lower (Mishchenko, 2009; Naumova, Novikova, 2015), the
ZCV in ER is limited to temperature sums of 2500 °C, which
is explained by the need to have 80-90 % of years with the
sums of temperatures necessary for profitable commercial
cultivation of a variety (Losev, Zhurina, 2004). There is also
concordance between the ranges of other climatic factors,
with the exception of the minimum winter temperature: in the
contemporary ZCV in ER it is =26 °C versus —35 °C reported
by F.F. Davitaya. Values of the limiting factors for the zone of
viticulture in the Canadian province of Quebec are also close
to F.F. Davitaya’s estimates: L;> 150 days, the sum of effec-
tive April-to-October temperatures above 10 °C are DD, >
900 °C, T,;,> —34 °C, and the annual number of very cold
days (T<-22 °C) is less than 30 (Roy et al., 2017). Canadian
researchers (Hewer, Brunette, 2020) rank the territories ac-
cording to the minimum winter temperatures reflecting the
degree of suitability for viticulture: —34...—30 °C means poorly
suitable conditions; —30...—27 °C medium; —27...-22 °C
good, and >-22 °C very good. Thus, the considered options
with temperature limits 7, >-35°C and T, > 26 °C cor-
respond to different degrees of risk and economic efficiency
of viticulture. The boundary of 7, > —35 °C, reported by
F.F. Davitaya, possibly corresponds to amateur viticulture.

The ongoing climate change affects all grapevine traits
(Vrsi¢, Vodovnik, 2012; Novikova, Naumova, 2019, 2020)
and requires adaptation of viticulture and winemaking in all
viticultural regions of the world (White et al., 2006; Schultz,
Jones, 2010; Jones, 2012; Hannah et al., 2013; Quénol et
al., 2014; Bardaji, Iraizoz, 2015). Many countries regard
moving northward and into mountainous areas as a possible
way for viticulture to adapt to warming (White et al., 2006;
Hannah et al., 2013; Schultze et al., 2016; Toth, Végrari,
2016; Roy et al., 2017; Vyshkvarkova, Rybalko, 2021).
Our calculations have shown that a significant advance of
viticulture in ER to the north from the current latitude of
46.6° N is possible: even under the existing climate conditions
grapevine cultivation could be extended to Kaliningrad and by
2050 to Leningrad Province. During the maximum warming
in the 12—-13th centuries, well-developed viticulture was
underway on the Baltic coast as well as in England (Khromov,
Petrosyants, 2012).

However, the trends of 1980-2019 show a decrease in the
minimum winter temperature in the southern regions of ER,
which may make viticulture less profitable there due to the
need for additional winter sheltering measures.

For the main viticulture regions of the world, a decrease
in rainfall and an increase in high temperatures (Biasi et al.,
2019; Santos et al., 2020) become risk factors and enhance the
need for irrigation (Hall et al., 2016; Chrysargyris et al., 2020).
The HTC decrease throughout ER is limiting non-irrigated
viticulture to the north of the Caspian Sea, where climate
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aridity will grow. For the rest of ER, moisture conditions
remain favorable. A study conducted by Crimean colleagues
confirms that viticulture in the vicinity of Sevastopol in the
21st century will be possible without irrigation, but grapevines
may experience moisture deficiency (Vyshkvarkova et al.,
2021).

Short-term adaptation measures should focus on specific
threats, mainly changes in crop management practices (e. g.,
irrigation, sunscreens to protect leaves, etc.). Further, the
change in the composition and taste of grapes and wine will
cause regional changes in the assortment of varieties and style
of winemaking (Mira de Orduiia, 2010; Fraga, Santos, 2017)
and stimulate the advance of viticulture to the northern and
mountainous regions.

We did not consider the negative effect of rising high
temperatures, since the southern boundary of the ZCV in
Russia lies at the latitude of 41.6° N, higher than the southern
boundary of the world’s viticulture (30° N). However, the
threat of excessively high temperatures in the south of the
ZCV will remain in the future. In addition, the most important
issue of matching the quality of soils in ER to the needs of
viticulture has not been considered. These aspects require
further research.

Conclusion

The increase of heat supply during the growing season in ER
implies a possibility to expand the zone of commercial viti-
culture northward from the current terminal latitude (46.6° N)
up to 51.8° N and by 2050 to 60.7° N. Besides, even under the
existing conditions it is possible to develop viticulture in the
area of Kaliningrad (54° N, 20° E). Additional winter shelter-
ing measures at temperatures down to —35 °C would make it
possible to cultivate grapevine up to 53.3° N under the current
conditions and up to 60.7° N under the predicted conditions.
The increasing aridity of the climate on the northwestern coast
of the Caspian Sea will reduce the area under non-irrigated
vineyards. A possible drop of the minimum winter temperature
in the south of ER will require additional protective measures
during the winter season.
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Abstract. Potato spindle tuber viroid (PSTVd) is a naked, circular, single-stranded RNA (356-363 nucleotides in
length) which lacks any protein-coding sequences. It is an economically important pathogen and is classified as
a high-risk plant quarantine disease. Moreover, it is known that PSTVd is mechanically transmitted by vegetative
plant propagation through infected pollen, and by aphids. The aim of this study is to determine the possibility
of viroid transmission by potato pathogen Phytophthora infestans (Mont.) de Bary. PSTVd-infected (strain VP87)
potato cultivars Gala, Colomba, and Riviera were inoculated with P. infestans isolate PiVZR18, and in 7 days, after
the appearance of symptoms, re-isolation of P. infestans on rye agar was conducted. RT-PCR diagnostics of PSTVd
in a mixture of mycelia and sporangia were positive after 14 days of cultivation on rye agar. The PSTVd-infected
P. infestans isolate PiVZR18v+ was used to inoculate the healthy, viroid-free plants of potato cv. Gala and tomato
cv. Zagadka. After 60 days, an amplification fragment of PSTVd was detected in the tissues of one plant of tomato
cv. Zagadka by RT-PCR with the primer set P3/P4, indicating successful transmission of PSTVd by P. infestans isolate
PiVZR18v+. This result was confirmed by sequencing of the RT-PCR amplicon with primers P3/P4. The partial
sequence of this amplicon was identical (99.5 %) to PSTVd strain VP87. RT-PCR showed the possibility of viroid
stability in a pure culture of P. infestans isolate PiVZR18v+ after three consecutive passages on rye agar. PSTVd was
not detected after the eighth passage on rye agar in P. infestans subculture. These results are initial evidence of
potato viroid PSTVd being bidirectionally transferred between P. infestans and host plants.

Key words: potato; tomato; PSTVd strains; transmission; Phytophthora infestans; RT-PCR detection.
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TpaucMmuccusa Bupona BepeTeHOBUIHOCTY KIyOHel KapToders
mexxay Phytophthora infestans i paCTeHUSIMU-X03sI€BaMU

O.C. Adpanacenxo @, A.B. Xiortn, H.B. Muponetko, H.M. Aammna

Bcepoccninckuii HayuHo-uccneaoBaTeIbCKUN UHCTUTYT 3aluTbl pacteHui, MywkmH, CankT-Metepbypr, Poccna
® olga.s.afan@gmail.com

AHHOTauua. Bupowup BepeTeHOBUMAHbIX KNy6Heln KapTodena (BBKK) npencrtaBnser coboi KomnbLeByto
opHouenoueyuHyto PHK gnnHon 356-363 HykneoTuga, B KOTOPOW OTCYTCTBYIOT KaKme-nnbo nocnefoBaTenibHOCTY,
Kogupytowme 6enok. BBKK ABnseTca sKoHOMMUYECKM 3HauvMbliM 3aboneBaHmem KapTodens, Umerwym cTaTyc
KapaHTMHHoOro. /13BecTHO, uto BBKK nepepaetca mexaHnyeckn npu BereTaTBHOM Pa3sMHOMKEHUY pacTeHN, Yyepes
MHOULUMPOBaHHYIO MbifbLy 1 C TOMOLLbio Thelt. Llenbto gaHHoro nccnefoBaHua 6bi10 onpepeneHne BO3MOXHOCTH
nepegauv BBKK (wtamm VP87) ot pacTeHunin kapTodena n TomaTa, 3apaeHHbIX BUpougom, natoreHy Phytophthora
infestans (Mont.) de Bary u ot P. infestans — pacteHnam kaptodena n Tomata. Copta Kaptodena lana, Konomba un
PuBbepa, nHdrLnpoBaHHble BBKK, nHokynuposanu nsonatom P. infestans PiVZR18; yepes 7 gHeli noce nosBneHns
cumnTomoB ¢puTodTOPO3a NPOBENN MOBTOPHOE BbieneHne P, infestans B UNCTYI0 KyNbTypy Ha pxaHol arap. Yepes
14 gHein KynbTMBMPOBaHWA P. infestans Ha pXKaHoOM arape B cMecy myuenua u cnopaHrues metogom OT-TILP 6bin
o6HapyxeH BBKK. BBKK-unduumposaHHbim nsonatom P. infestans (PiPSTVdv+) npoBenn MHOKyNALMIo pacTeHuin
TomaTta copTa 3aragka M pacteHui Kaptodena copta lana. Yepes 60 aHel B NMCTbAX TOMaTa CcopTa 3arajka
metogom OT-MUP ¢ npaiimepamun P3/P4 6bin BbiABNEH OMArHOCTMYECKUA MpofyKT amnaudukauum 360 n.o.,
CBMAETENbCTBYIOWMI 06 ycnewHoi TpaHcmuccun BBKK nsonatom PiVZR18v+. Pesynbtathl 6binv NOLTBEPXKAEHDI
CeKBeHMpOBaHveM npogyKkTta amnnndukauum BBKK. HykneoTnaHaa nocnepoBaTenbHOCTb BMPOMAA B PacTeHUN
ToMara, 3apaxxeHHom nsonatom PiVZR18v+, okaszanacb Ha 99.5 % naeHTUYHON NCNONb30BaHHOMY B SKCMEepUMeHTe
wrammy VP87. ina gokasatenbCTBa BO3MOXHOCTU COXPaHeHWs BUpouaa B YNCTON KynbType P. infestans nonat
PiVZR18v+ naccnpoBanu Ha px<aHom arape c nHTepsanom 30 gHen. lNocne Tpex nocnefoBaTtenbHbIX NaccaXen Ha
p>kaHom arape BBKK 6bin grarHocTpoBaH B KynbType 130/ATa, YTO NOATBEPXKAEHO CEKBEHPOBaHNEM NPoayKTa
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TpaHcmuccna BBKK mexay Phytophthora infestans
1 pacTeHUAMYI-X03eBamMu

amnandrKaumm ¢ Brupouna-cneynduruHbiMm npanmepamu. B cybkynbtype P. infestans nocne BOCbMOro naccaxa Ha
p<aHom arape BBKK He obHapy»uBancs. MonyueHHble faHHble CBUAETENbCTBYIOT O ABYHaNpPaBieHHON Nepejaye

BBKK B natocucteme P. infestans — pacTeHne-xo35uH.

KnioueBble cnoBa: kapTodenb; TomaTbl; Wtammbl BBKK; TpaHcmuccnsa; Phytophthora infestans; OT-TLP-guarHocTmka.

Introduction

Potato spindle tuber viroid (PSTVd) is an economically im-
portant pathogen, classified as a high-risk plant quarantine
disease. According to the European Plant Protection Orga-
nization (EPPO), the disease has been reported in 37 coun-
tries on all continents (https://gd.eppo.int/taxon/PSTVDO/
distribution). In Russia, and other former Soviet Union re-
gions, PSTVd was detected in about 5070 % of in vitro potato
plants (Kastalyeva et al., 1992).

Natural infections of PSTVd have been found in the field,
mainly in solanaceous crops, such as pepino (Puchta et al.,
1990), potato (Diener, Raymer, 1969), and tomato (Puchta
et al., 1990). Potato plants infected with PSTVd become
smaller and show leaf yellowing, and infected tubers become
smaller and cracked. The reduction in tuber weight depends
on the viroid strain, potato cultivar, and length of time they
have been infected with PSTVd (Pfannenstiel, Slack, 1980).
Furthermore, a reduction in tuber yield of up to 24 % has
been reported in cultivar Saco infected with mild strains of
PSTVd, however, severe strain reduced the yield by up to 64 %
(Singh R.P., 1970). In addition to direct losses, it is important
to take into account indirect losses that can be significant due
to the quarantine status.

PSTVd belongs to Family Pospiviroidae (1POSPF), Ge-
nus Pospiviroid (IPOSPG) and consists of a naked, circular,
single-stranded RNA (356-363 nucleotides in length) — the
smallest among plant pathogens lacking a protein-coding
ability — therefore, it is a parasite of the host transcription
mechanism (Yanagisawa et al., 2019).

PSTVd has a wide host range of at least 138 species across
10 families (Singh R.P., 1973). The main hosts are from the
Solanaceae family (Owens et al., 1992; Mertelik et al., 2010;
Mackie et al., 2016). PSTVd is transmitted mechanically
(Verhoeven, Roenhorst, 2010), by aphids (Syller et al., 1997).
Moreover, it was found to be vertically transmitted through
pollen to progeny seeds on potato (Solanum tuberosum) and
tomato (S. lycopersicum) and horizontally transmitted through
infected pollen to other potato and tomato plants (Kryczynski
etal., 1988; Singh R.P. et al., 1992; Matsushita, Yanagisawa,
2018).

Viruses are common in fungi and oomycetes and some
of these viruses share sequence identities with plant viruses
belonging to different families and genera (Mascia et al.,
2019). There are several examples of plant—virus transmission
by phytopathogenic fungi and oomycetes. It was shown that
soil-inhabiting fungi Olpidium brassicae and O. radicale be-
longing to Chytridiales and Polymyxa graminis, Spongospora
subterranean, and Synchytrium endobioticum — belonging to
the order Plasmodiophorales — transmit plant viruses (Bhat,
Rao, 2020). Replications of the tobacco mosaic virus were
demonstrated in the phytopathogenic fungi Colletotrichum
acutatum, C. clavatum, and C. theobromicola (Mascia et al.,
2019), cucumber mosaic virus was reported in Rhizoctonia
solani (Andika et al., 2017), artichoke Italian latent virus,
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artichoke mottled crinkle virus, potato virus X, potato virus Y,
tobacco mosaic virus and cucumber mosaic virus plus its satel-
lite RNA can replicate and persist in Phytophthora infestans
at least through the first subculture (Mascia et al., 2019).

Wei et al. (2019) obtained preliminary data on the pos-
sibilities of replicating hop stunt viroid (HSVd), iresine 1
viroid belonging to the Pospiviroidae and avocado sunblotch
viroid (Avsunviroidae) in at least one of phytopathogenic
ascomycete fungi Cryphonectria parasitica, Valsa mali, and
Fusarium graminearum.

Oomycete P. infestans causes significant losses to potato
and tomato crops on a global scale. Despite intensive use of
fungicides, the pathogen is constantly and ubiquitously pres-
ent in potato crops. P. infestans is also the most harmful and
widespread tomato pathogen, both in field and greenhouse
conditions. This oomycete has a high adaptive potential to the
host plants, which may indicate the formation of competitive
relationships with other potato and tomato pathogens. In this
regard, it is of interest to identify a possible role of P. infestans
in transmission of PSTVd to potato and tomato plants.

Materials and methods

Plant materials. Potato cultivars that, according to our data,
were susceptible to both PSTVd strain VP87 and P, infestans —
Gala, Riviera, and Colomba and tomato cultivars Zagadka,
Moskvich, and Damskiy Palchik were included in the study.

These potato and tomato cultivars were registered in the
Russian State Register of Breeding Achievements.

PSTVd strains. Two intermediate PSTVd strains, VP35
(GenBank accession no. LC523658) and VP87 (LC523667),
and severe strain FP10-13 (LC523676) deposited in the
international information database DDBJ (DNA Data Bank of
Japan), Data set “Viruses” (http://blast.ddbj.nig.ac.jp/) were
used in the study. These strains were isolated from infected
potato leaves from the Volga Federal District (VP87 and VP35)
and tubers from the Far Eastern Federal District (FP10-13) in
2019 (Matsushita et al., 2021).

The PSTVd strains were supported on living tomato plants
of Russian cultivars Zagadka, Moskvich, and Damskiy
Palchik.

Isolate of P. infestans. Isolate PIVZR 18 of P, infestans was
used in the experiments on viroid transmission. PiVZR18
was isolated from the natural population of P, infestans in the
Leningrad Region (northwest of the European part of Russia)
in 2018. Eight virulence genes (1, 2, 3, 4, 6, 7, 10, and 11)
were identified in this isolate on a set of Black’s differentials
(Black et al., 1953).

Viroid inoculation of plants. Potato and tomato plants
were grown in a growth room at a temperature of 25 °C with
aphotoperiod of 16h/8h (day/night) in 21 pots filled with “Terra
vita” soil. Seven-day germination potato plants and 14-day
tomato plants were used for inoculation by PSTVd.

To prepare the inoculum, 0.1 g of fresh tomato leaf tissue —
60 days post inoculation (dpi) with PSTVd strain VP87 — was
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ground in 1 ml sodium phosphate buffer (pH 7.0) and filtered
through cheesecloth.

For mechanical inoculation, the cotyledons of tomato
were dusted with carborundum and gently rubbed over the
surface of the leaves with a plastic pestle. Ten microliters of
inoculum was placed on the injured leaf surface and rubbed
several times with a sterile plastic pestle. The inoculated plants
were incubated for two months at 25 °C with light intensity
(fluorescent, 40 W, x4).

At 60 dpi, the presence of viroid in the inoculated tomato
plants was determined by RT-PCR.

To inoculate 7-day potato plants of the cultivars Gala,
Riviera, and Colomba, a 0.5-1.0 cm longitudinal stem
incision was performed with a sterile razor on a stem
apex (Suppl. Fig. 1)!, and 10 pl of the PSTVd VP87 strain
suspension — obtained as described above —was applied. Three
plants of each potato cultivar were inoculated and the assay
was repeated three times. In 60 dpi, the presence of PSTVd
in the inoculated plants of potato cultivars was determined
by RT-PCR.

P. infestans inoculation of plants. Isolate PiIVZR18 of
P infestans was cultured on rye agar medium (1.0 Li ddH,0,
60.0 g rye organic berries (grind in blender), 20.0 g sucrose,
15.0 g agar) for 30 days in the dark at 15 °C for propagation
and morphological observation (Medina, Platt, 1999).

Before inoculating the plants, the suspension was incubated
at 12 °C for 2.5-3 h to release zoospores. Upon RT-PCR
detection for viroid infection, both healthy and viroid-infected
tomato and potato plants were inoculated with a suspension of
P, infestans at a concentration of 50.000 zoosporangia in 1 ml.
After inoculation, the plants were placed in humid chambers
with a 14 h light period, at 23 °C during the day and 15 °C
at night for a period of 13 dpi. To study PSTVd transmission
from P. infestans to host plants, when typical symptoms of
late blight appeared, the humid chamber was removed and
the development of P. infestans slowed down. The affected
leaves were removed and the plants continued to grow. For
the purposes of PSTVd diagnostics, the upper leaves of the
plants without late blight symptoms were cut off.

Viroid inoculation of P, infestans. Inoculum of PSTVd was
obtained from the infected tomato plants as described above
and applied to the 14-day P. infestans culture by transferring
10 ul per Petri dish (in the dish center). After inoculation, the
culture was left to grow for 15 days at 10 °C. Then, mycelia
from the periphery and from the center of the colony were
transferred separately to a fresh medium. The culture was
left in the same conditions for 30 days, after which RT-PCR
analysis was conducted.

Isolation of P. infestans from infected potato and
tomato plants. Seven days post inoculation (dpi) after the
symptoms of late blight appeared, P. infestans was isolated
from the plants. Sections of the infected leaves were placed
between tuber slices of the healthy cv. Colomba, and at 6 days,
mycelium was transferred with a needle to the surface of rye
agar. The isolates were cultured for 30 days at 15 °C in the
dark and then transferred to a fresh medium.

Viroid detection and sequencing. We collected the
uppermost leaves from the inoculated potato or tomato plants

T Supplementary Figures 1-3 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2022-26/appx5.pdf
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at 60 dpi. PSTVd detection in pure culture of P. infestans was
carried out after 30 days of growing on rye agar. Approximately
0.1 g of tissue from leaves or mycelium was used for RNA
extraction. Total RNA was extracted using the RNeasy Plant
Mini Kit (Qiagen, Hilden, Germany) as per the manufacturer’s
instructions (http://www.genome.duke.edu/cores/microarray/
services/rna-qc/documents/RNeasy Mini_Handbook.pdf) and
subsequently used for one-step RT-PCR. Primer sets P3/P4
(Behjatnia et al., 1996) and P1/P2 (Gross et al., 1978) or
68PV-R+87PV-F (Yanagisawa et al., 2019) were used to
detect PSTVd. RT-PCR was prepared with the PrimerScript
One-Step RT-PCR Kit ver 2 reagents in 10 ml (Takara Bio
Inc., Shiga, Japan) following the manufacturer’s instructions.
The primer set ITS4/ITS5 (White et al., 1990; Ristaino et al.,
1998) was used to detect the ITS region of P. infestans as an
internal control.

RT-PCR was carried out on a MyCycler Thermal Cycler
(Bio-Rad, California, USA) at 50 °C for 30 min, 94 °C for
2 min, followed by 35 cycles of 94 °C for 30 sec, 60 °C for
30 sec and 72 °C for 30 sec. An additional elongation step was
performed at 72 °C for 5 min followed by storage at 12 °C.
The sizes of the diagnostic fragments of PSTVd and the ITS
region were 360 and 946 bp, respectively.

The PSTVd amplicons were sequenced at the Beagle
Company (St. Petersburg, Russia). Alignment and manual
editing of nucleotide sequences were performed using
Vector NTT Advance 10 software (Thermo Fisher Scientific).
The obtained nucleotide sequences were tested for similarity
with PSTVd strain VP87 (LC523667), used in this study,
deposited in the international information database DDBJ
(DNA Data Bank of Japan), data set “Viruses” (http://blast.
ddbj.nig.ac.jp/).

Results

There is an absence of data on the possibility of replicating
PSTVd in P, infestans and bidirectionally transferring it bet-
ween host plants and P, infestans. In this study, we investigated
the possibility of PSTVd transmission (1) from host plants to
P, infestans, (2) from P, infestans to host plants, and (3) the
possibility of PSTVd stability in pure cultures of P. infestans.

Transmission of PSTVd from host plants to P. infestans
From potato plants. Upon confirming PSTVd infection in
tomato plants of cv. Zagadka by RT-PCR, inoculation of three
potato cultivars (Gala, Colomba, and Riviera), using as an
inoculum source extracted-sap of tomato infected with PSTVd
strain VP87, was conducted (see Suppl. Fig. 1). After 60 days,
detection of PSTVd presence in plants of these cultivars was
carried out by RT-PCR with the P3/P4 primer set (Fig. 1).
The brightest amplicons indicating a high accumulation of
the viroid were found for cv. Gala and cv. Colomba. The
viroid accumulation was lower in three plants of cv. Riviera
(see Fig. 1).

PSTVd-infected and uninfected (control) potato plants were
inoculated with P, infestans isolate PIVZR18. Seven days after
the appearance of symptoms (Fig. 2, @) caused by P. infestans,
the pathogen was first re-isolated from these cultivars on tuber
slices of healthy cv. Colomba and then transferred to pure
culture on rye agar (see Fig. 2).
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Fig. 1. RT-PCR detection of PSTVd with the primer set P3/P4 in leaves
of infected potato plants by PSTVd strain VP87 before inoculation with
P.infestans.

1-3, Individual plants of cv. Riviera; 4, mock-inoculated cv. Riviera;
5-8, individual plants of cv. Colomba; 9, mock-inoculated cv. Colomba;
10-13, individual plants of cv. Gala; 74, mock-inoculated cv. Gala; 75, negative
control (distilled water); M, molecular weight marker 50 bp DNA ladder
(Primetech DNA Ladder).

After culturing of P, infestans isolates on rye agar, PSTVd
detection by RT-PCR was conducted with the primer set P3/P4
(Fig. 3, a). Amplicons of ~360 bp — indicating the presence
of PSTVd — were detected in a mixture of mycelium and
sporangia of pure culture of P. infestans isolates after
colonization on the cultivars Gala, Riviera, and Colomba
(see Fig. 3, a). To control for the negative results of viroid
detection that are not due to the quality of RNA extracted
from P infestans samples, we used PCR with universal
primers ITS4/ITS5 on rDNAs, which are species specific for
P, infestans and displayed an amplicon of 946 bp (Ristaino et
al., 1998) (see Fig. 3, b).

From tomato plants. The 15 plants of the two tomato
cultivars (Moskvich and Damskiy Palchik) infected with three
PSTVd strains (VP87, FP10-13, and VP35) were inoculated
with the P. infestans isolate PIVZR18 to confirm the results
obtained. Seven days after the appearance of the symptoms
caused by P. infestans, 15 cultures of the pathogen were
re-isolated from these plants, first on tuber slices of healthy
cv. Colomba. After mycelial overgrowth on the surface of tuber
slices, the first detection of viroid presence in the mycelium
was performed. Out of 15 isolates, the brightest fragment
indicating viroid infection of mycelium was detected with the
primer set P3/P4 in the P, infestans isolate from cv. Moskvich
infected with PSTVd strain VP87 (Fig. 4, line /). Positive
PSTVd detection was also obtained for cv. Damskiy Palchik,
infected by PSTVd strain VP87 (line 4) and for the isolates
from cv. Moskvich infected by PSTVd strain FP10-13
(lines 6-8) and by strain VP35 (lines /0—-13). Weak amplicons
were obtained in lines 3, 5, 9, 14, which indicates a low initial
concentration of PSTVd in P. infestans mycelium obtained
from the host plant (see Fig. 4).

PSTVd transmission from P. infestans to host plants

The PSTVd-infected P, infestans isolate PIVZR18v+ was used
to inoculate the healthy, viroid-free plants of potato cv. Gala
and tomato cv. Zagadka.

After 60 days, an amplification fragment of PSTVd was
detected in the tissues of one plant of tomato cv. Zagadka
by RT-PCR with the primer set P3/P4, indicating successful
transmission of PSTVd by P. infestans isolate PiVZR18v+
(Fig. 5).

The detection of PSTVd in the RNA of cv. Zagadka
inoculated with the P. infestans isolate PIVZR18v+ was
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Fig. 2. PSTVd transmission from potato to P. infestans.

a, Mock-inoculated (distilled water) potato cv. Colomba; b, PSTVd-infected
(strain VP87) potato cv. Colomba; ¢, symptoms of P. infestans on PSTVd-infected
potato cv. Colomba (strain VP87); d, tuber slices of healthy cv. Colomba
inoculated with P. infestans from the infected plants; e, P. infestans isolates from
the PSTVd-infected plants of cv. Colomba on rye agar.

a

Fig. 3. RT-PCR detection of PSTVd in cultures of P. infestans isolated from
potato plants infected with the PSTVd strain VP87 (a) and control of
P. infestans RNA presence (b).

a, RT-PCR detection with the primer set P3/P4; b, RT-PCR amplification of the
same RNA samples with the primer set ITS4/ITS5. Lines: 1, PSTVd-uninfected
P. infestans isolate PiVZR18; 2, P. infestans isolates from PSTVd-infected potato
cv. Gala; 3, 4, from cv. Riviera; 5-7, from cv. Colomba. Left line: molecular
weight marker 100 bp (Gene Ruller, Fermentas).

confirmed by sequencing of the RT-PCR amplicon with
primers P3/P4 (see Fig. 5, line 3). The partial sequence
(204 bp) of this amplicon was identical (99.5 %) to PSTVd
strain VP87 (LC523667) (Suppl. Fig. 2).

Stability of PSTVd in pure culture of P. infestans

The stability of strain VP87 in pure culture of P. infestans
isolate PIVZR18v+ after consecutive passages on rye agar
was studied. RT-PCR with primer sets P3/P4 (Fig. 6, a)
and 68PV/87PV (Fig. 6, b) revealed amplification products
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Fig. 4. RT-PCR detection of PSTVd with the primer set P3/P4 in P. infestans isolates grown on slices of potato cv. Colomba tubers
after their isolation from infected with viroid tomato plants.

1, 2, Isolates from tomato cv. Moskvich infected by PSTVd strain VP87; 3, 4, isolates from tomato cv. Damskiy Palchik, infected by PSTvd
strain VP87; 5-9, isolates from tomato cv. Moskvich, infected by PSTVd strain FP10-13; 70-13, isolates from tomato cv. Moskvich, infected
by PSTVd strain VP35; 14, 15, isolates from tomato cv. Damskiy Palchik, infected by PSTVd strain VP35; 16, isolate PiVZR18 of P. infestans
uninfected by PSTVd (negative control); 77, cv. Colomba potato tuber (negative control); 18, tomato cv. Moskvich infected by PSTVd
strain VP87 (positive control); 79, distilled water (negative control). On the right and left sides of the gel, 50 bp DNA ladders (Primetech
DNA Ladder) are shown.

1kb indicating the presence of PSTVd after the second and third
700 bp passages on rye agar of P. infestans isolates from viroid-
600 infected cv. Colomba (see the Table, Fig. 6). PSTVd stability in
500 P infestans isolates after three passages on rye agar was shown
400 by sequencing of the RT-PCR amplicon with primers P3/P4.
300 The partial sequence of RT-PCR amplicon (near 232 bp) of
200 viroid in P. infestans isolate PiVZRv+ after the third passage
100 on rye agar received with the primer set P3/P4 is identical

(98.3 %) to PSTVd strain VP87 (LC523667). Another partial
sequence of RT-PCR amplicon (270 bp) received with the

Fig. 5. RT-PCR detection of PSTVd with the primer set P3/P4in potatoand ~ primer set 68PV/87PV of the same RNA sample is identical

tomato plants 60 dpi with viroid-infected P. infestans isolate PiVZR18v+.

1, Potato cv. Gala; 2-4, tomato cv. Zagadka; 5, tomato cv. Zagadka infected by
PSTVd strain VP87 (positive control); 6, potato cv. Gala uninfected by PSTVd
(negative control); 7, tomato cv. Zagadka uninfected by PSTVd (negative
control); 8, PSTVd-uninfected P. infestans isolate PiVZR18 (negative control);
9, distilled water (negative control); M, molecular weight marker 100 bp (Gene
Ruller, Fermentas).

to PSTVd strain VP87 (LC523667) —99.3 % (Suppl. Fig. 3).
On the other hand, PSTVd was not detected after the eighth
passage on rye agar in P. infestans subculture (see the Table).
P, infestans isolates infected with viroid strain VP87 were
characterized by more abundant, but also more compact
mycelium, forming an almost felt-like colony (Fig. 7).
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Fig. 6. RT-PCR detection of PSTVd with primer sets P3/P4 (a) and 68PV/87PV (b) in cultures of P. infestans isolates after colonization

on PSTVd infected potato cv. Colomba.

1-4, Second passage on rye agar; 5-11, third passage on rye agar; 12, PSTVd-uninfected isolate PiVZR18 (negative control); C*, cv. Colomba
infected by PSTVd (positive control); C7, distilled water; M, molecular weight marker 100 bp (a) and 50 bp (b) (Gene Ruller, Fermentas).

276

BaBunosckuii xKypHan reHeTuku u cenekuyun / Vavilov Journal of Genetics and Breeding - 2022 - 26 - 3



0.C. AdaHaceHko, A.B. XioTTn
H.B. MupoHeHko, H.M. NTawwvHa

Virulence testing on a set of Black’s potato differentials
(11 lines with different resistance genes) (Black et al., 1953)
of the PSTVd-infected PIVZR18v+ and the initial uninfected
PiVZR18 isolates showed the same types of reactions on
detached leaves of 11 lines after 7 dpi (Fig. 8, 9).

Presence of amplification product 360 bp in P. infestans isolates
after colonization on viroid-infected plants of potato
cv. Colomba (each passage is 30 days)

Number of passages Number of P. infestans isolates
onryeagar 7 . :
Positive Negative
PSTVd detection PSTVd detection
One passage 30 days 5 2
after re-isolation
on rye agar
Two passages 3 (see Fig. 6) 1
Three passages 5 (see Fig. 6) 2
Eight passages 0 7

E

5 | K9 R w6

U RM R
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For both isolates, eight virulence genes (1, 2, 3, 4, 6, 7,
10, and 11) were identified. The PSTVd-infected P. infestans
isolate seems to be less aggressive in comparison to
the uninfected isolate; however, this observation requires
further study.

Fig. 7. Cultures of P. infestans PiVZR18: a, infected with viroid after three
passages on rye agar: b, healthy.

Fig. 8. Virulence of the PSTVd-infected PiVZR18v+ to the lines of a set of Black’s differentials (11 resistance genes). Eight virulence genes (1, 2, 3,4, 6, 7,

10, 11) were determined.

Fig. 9. Virulence of the initial PSTVd-uninfected P. infestans PiVZR18 isolate to the lines of a set of Black’s differentials (11 resistance
genes). Eight virulence genes (1, 2, 3,4, 6,7, 10, 11) were determined.
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Discussion

Potato (Solanum tuberosum) is one of the most important
staple crops worldwide. According to the FAO, over 390 mil-
lion tons are produced on over 19 million ha of farmland
worldwide (http://www.fao.org/faostat/en/#data/QCL). The
quarantine status of potato tuber spindle viroids and possible
significant losses of potato yield determine the importance of
studying various aspects of pathogen epidemiology.

PSTVd replication is accompanied by the accumulation of
viroid-derived small RNAs (vd-siRNAs) suggested to play
a central role in disease symptom development.

Potatoes were domesticated in the Andes in Southern Peru
around 10,000 years ago. Nevertheless, the introduction of the
potato to Europe, along with all its associated diseases, dates
back to the 16—17th centuries (Khavkin, 2015). Late blight of
potato and tomato is a devastating disease caused by fungus-
like oomycete P. infestans. Despite many efforts, the severity
of this disease has increased dramatically in recent years.

It is known that the mode and speed of spreading plant
pathogens are the major factors in the development of epiphy-
totics. Early studies showed that PSTVd is spread primarily
through the use of infected plant material produced vegeta-
tively or as botanical seeds (Fernow et al., 1970), through
mechanical spreading across the growing crop, particularly
between plants of different species of the Solanaceae family
(Manzer, Merriam, 1961; Verhoeven, Roenhorst, 2010). The
success of mechanical transmission depends on infected host
plant species or cultivars, as well as the frequency and sever-
ity of the disease and the temperature (Bulletin OEPP/EPPO
Bulletin, 2011). Importantly, transmission to potato and other
test plants by aphids (Myzus persicae) was successful only if
PSTVd RNA was encapsidated by potato leafroll virus (PLRV)
particles (Salazar et al., 1995; Querci et al., 1997).

Some viruses are spread by vectors, which can include
pathogenic fungi (Andika et al., 2017; Sutela et al., 2019),
oomycetes (Mascia et al., 2019), and nematodes (Brown et
al., 1989; Singh S. et al., 2020). Bidirectional transfer between
Fusarium graminearum and tobacco plants of hop stunt vi-
roid (HSVd) during infection was shown by Wei et al. (2019).
However, Nicotiana benthamiana is not a natural host for
either HSVd or F. graminearum. Given this fact (Serra et al.,
2020), more evidence is needed to validate the possibility of
viroid transmission by phytopathogenic fungi. We showed the
presence of PSTVd in P. infestans isolates after colonization
on plants of three potato cultivars infected with viroid. After
three passages on rye agar (30 days each), RT-PCR analysis
showed the presence of viroid in pure cultures of P. infestans.
The partial RT-PCR amplicon sequence of viroid in P. infes-
tans isolate PIVZRv+ after the third passage on rye agar is
identical (98.3-99.3 %) to PSTVd strain VP87 that was used
for the initial inoculation.

Sixty days after inoculation of healthy tomato plants
with P, infestans isolate carrying PSTVd, RT-PCR revealed
a 360 bp amplification product, indicating successful infection
of the plants. This is the first report of horizontal transfer of
potato viroid PSTVd between P. infestans and host plants.

Moreover, there is evidence that small RNAs (sRNAs, ap-
proximately 20—30 nt) can horizontally transfer from microbes
to plants and spread silencing information toward the targeted
genes (Han, Luan, 2015). Small RNAs were also found in
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fungi (Wang, Dean, 2020) and fungal-like Oomycota (Jahan
etal., 2015). In addition, SRNAs of 19-40 nt were found from
P, infestans (Vetukuri et al., 2012). There are numerous reports
of SRNA cross-transfer between plants and pathogens (Zeng
et al., 2019; Wang, Dean, 2020). sSRNAs can be transported
within an organism through the inner side of the plasma
membrane (symplast), or cell wall (apoplast) (Wang, Dean,
2020). It is suggested that SRNAs are translocated by extra-
cellular vesicles (EVs) from Arabidopsis to P. capsica (Hou
et al., 2019) and B. cinerea (Cai et al., 2018). Furthermore,
it is possible that interaction between oomycete and potato
involves not only SRNA exchange but also the movement
of larger viroid RNA molecules from mycelium into a plant
and vice versa.

PSTVd replicates in the nucleus, traffics long distances
in the phloem, and moves cell-to-cell via plasmodesmata
in plants (Takeda, Ding, 2009). After the third subculture,
PSTVd was detected from P, infestans, suggesting that PSTVd
can replicate in the nucleus and locate to non-septate hyphae
of P. infestans (see the Table). On the other hand, after the
eighth subculture, PSTVd accumulation in P. infestans was
not detected by RT-PCR. The same results were obtained by
Wei et al. (2019), in which PSTVd was eliminated from Cry-
phonectria parasitica, Valsa mali, and Fusarium graminearum
after eight subcultures. This disappearance could be caused
by a defense mechanism against viroid, namely, the RNA
silencing system. Viroids are the target of the RNA silencing
system and become elicitors of the host defense system via
RNA silencing (Cottilli et al., 2019; Wei et al., 2020). Thus,
PSTVd could have been degraded by the silencing system,
resulting in the elimination of PSTVd from P. infestans.

Phytophthora infestans produce sporangia on the surface
of potato leaves, and then zoospores, released from sporan-
gia, form walled cysts on the plant surface (Mazumdar et al.,
2021). The cysts germinate and extend a germ tube into the
leaves and stems of the host plants. PSTVd transferred from
P, infestans to plants, suggesting that PSTVd was present not
only in mycelium but also in sporangia and zoospores. Mature
sporangia were dispersed by wind or water (Leesutthiphonchai
etal.,2018). Thus, there is a possibility that PSTVd can spread
long distances via infected sporangia. In contrast, there is still
no evidence of viroid infection in isolates of P, infestans from
field populations and the possibility of viroid stability in the
mycelium of P, infestans in tubers is unclear.

Concerning mycoviruses, there are two hypotheses of
their origin: the first states that they are of an unknown but
ancient origin and have coevolved along with their hosts,
the second one suggests they have relatively recently moved
from a fungal plant host into fungus (Pearson et al., 2009).
Both hypotheses are also applicable to PSTVd. Prolonged co-
existence of viroid—P. infestans—host plants can lead to viroid
transition from a host plant to an oomycete.

Conclussion

Potato spindle tuber viroid is known as autonomously
replicating pathogen only of plants and mainly of solanaceous
crops, that lacks any protein-coding sequences. Herein, we
demonstrate the possibility of viroid transmission from host
plants (potato and tomato) to Phytophthora infestans, from
P. infestans to host plants, and the possibility of PSTVd
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stability in pure cultures of P, infestans after three consecutive
passages on rye agar. These results are initial evidence of
bidirectionally transferred potato viroid PSTVd between
P, infestans and host plants.
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Social behavior and spatial orientation in rat strains
with genetic predisposition to catatonia (GC)
and stereotypes (PM)
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Abstract. Various psychopathologies, including schizophrenia, bipolar disorder and major depression, are associ-
ated with abnormalities in social behavior and learning. One of the syndromes that may also take place in these dis-
orders is catatonia. Catatonia is a psychomotor syndrome in which motor excitement, stereotypy, stuporous state,
including the phenomenon of “waxy flexibility” (catalepsy), can be observed. Rats with genetic catatonia (GC) and
pendulum-like movements (PM) of the anterior half of the body have physiological and behavioral changes similar
to those observed in schizophrenia and depression in humans and can be considered as incomplete experimental
models of these pathologies. The social behavior of the GC and PM rats has not been previously studied, and the
cognitive abilities of animals of these strains are also insufficiently studied. To determine whether the GC and PM
rats have changes in social behavior and spatial learning, behavioral phenotyping was performed in the resident-
intruder test, three-chamber test, Barnes maze test. Some deviations in social behavior, such as increased offensive
aggression in PM rats in the resident-intruder test, increased or decreased social interactions depending on the
environment in different tests in GC, were shown. In addition, principal component analysis revealed a negative
association between catatonic freezing and the socialization index in the three-chamber test. Decreased locomotor
activity of GC rats can adversely affect the performance of tasks on spatial memory. It has been shown that PM rats
do not use a spatial strategy in the Barnes maze, which may indicate impairment of learning and spatial memory.
Key words: catatonia; GC rat strain; PM rat strain; epilepsy; stereotypes; learning; social interaction.
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1 DepepanbHblii NCCNeROBaTENbCKUIA LeHTP VIHCTUTYT umtonorum n reHetrkn Cnbrpckoro otaeneHna Poccuinckor akageMmnm Hayk,
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AHHOTauuA. Pa3nnyHble NCUMXONaTonoruy, BKAYaa WwusodpeHnto, 6UNonapHoe paccTporcTBO 1 6onblioe fAe-
NpPeccMBHOE PaCcCTPOICTBO, aCCOLMMPOBaHbI C OTKTIOHEHMSAMI B COLMANbHOM MoBeAeHn 1 0bydyeHnn. OgHUM
13 CUHAPOMOB, KOTOPbIN TakXe MOXeT MMEeTb MeCTO MPU 3TUX PacCTPONCTBaX, ABNAETCA KaTaToHMA. KaTaToHnA —
NCYXOMOTOPHOE PAaCcCTPOMNCTBO, MPU KOTOPOM MOTYT HabnofaTbCs ABUraTeNbHOe BO3OYKAEHVE, CTEPeoTUNUN,
CTYMnop, B TOM YmMCIie C ABIEHNEM «BOCKOBOW rMOKOCTU» (KaTanencum). Kpbicbl ¢ reHeTuyecko KataToHuei (MK) n
MasTHUKOOOPA3HbIMU CTEPEOTUNHBIMU ABMKeHUAMU (M) nmetoT dusmonornyeckre 1 noBefeHYeckne nsmeHe-
HWA, CXOfHble C HabMoAaemMbIMN NPK WN30GPEHUN 1 AeNPeccu Y YenoBeka, U MOTyT paccMaTprBaTbCA Kak He-
NOJIHblE SKCNepUMeHTasbHble Mogenu 3Tux natonornin. CouranbHoe nosefeHne Kpbic nuHui TK n M paHee He
6bIS10 MCCNefoBaHO, TakXKe HeAOCTaTOUHO U3YyYeHbl KOTHUTVBHbIE CMOCOOHOCTU XKUBOTHBIX JaHHbIX MUHWIA. YTOGbI
onpenennTb, UMEKTCA NN U3MEHEHNUA B COLMANbHOM MOBEAEHNUM U MPOCTPAHCTBEHHOM 00YUYEHWI Y KPbIC TMHWIA
'K n M[, 66110 npoBefeHo 1x NoBeAeHYeckoe GeHOTUMNMPOBaHME B TeCTe «Pe3nLEHT-UHTPYAEP», TPEXKaMEPHOM
TecTe v NabuprHTe bapHC. B Halweln paboTe NMokasaHbl HEKOTOpble OTK/IOHEHMS B COLMANbHOM MOBEAEHWN, Ta-
Kne Kak ycuneHne o60poHuUTeNbHONM arpeccumn y Kpbic M, yBennyeHve nnn ymeHblUeHNe YPOBHA COLMANbHbIX
B3aMMOZJENCTBUI B 3aBUCUMOCTI OT YCIIOBUI TeCTUPOBaHUA y Kpbic K. Kpome Toro, aHanms rnaBHbIX KOMMOHEHT
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BblABUN OTPULATENIbHYIO CBA3b MeXAYy KaTaTOHUYEeCKMM 3acTbiBaHNEM N MHOEKCOM COLUMalIbHOCTUN B TPeXKaMep-
HoM TecTe. CHUXKeHue ﬂBI/IFaTeﬂbHOIﬁ AKTUBHOCTU KpbIC K MOXeT HeraTMBHO BAMUATb Ha BblMONHEHNE 3a,an|/||7|
no oueHke I'IpOCTpaHCTBeHHOVI namaATtu. NokasaHo, uto KpPbICbl M[ He NCNOJIb3YHOT NMPOCTPAaHCTBEHHYIO CTPATENNIO
B na6|/|p|/|HTe EapHc, YTO MOXET yKa3blBaTb Ha HapylleHune o6yqu|/|ﬂ n I'IpOCTpaHCTBeHHOIh namATn.

KnioueBble cnoBa: KaTaToOHWA; MMHUA KpbIC IK; nuHuna KpbIC ML, snnnencus; crepeoTnnnn, 06yquV|e; coumanbHoe

B3a|/|MO,qu7ICTBMe.

Introduction

In psychiatric classification, there is an acute issue of division
and diagnosis of individual nosological units. A lot of evidence
pointing to the generally continuous nature of psychopatholog-
ical variation versus discrete has been accumulated (Krueger
et al., 2018). In DSM-5 (Diagnostic and Statistical Manual
of mental disorders), there are many “spectra” and groups
of disorders (Autism Spectrum Disorder, Schizophrenia
Spectrum and Other Psychotic Disorders, Bipolar and related
disorders), the symptoms of which overlap very strongly. The
comorbidity observed between major depression and schizo-
phrenia (Samsom, Wong, 2015), bipolar disorder, attention
deficit hyperactivity disorder, and autism (Kiser et al., 2015)
implies that the same pathophysiological processes occur in
these diseases. In this regard, new concepts are being created
that try to explain the pathogenesis of distinct psychiatric
symptoms and emphasize the exploration of endophenotypes
but not of complex diseases (Anderzhanova et al., 2017). This
approach solves the “problem of comorbidity” by explicitly
modeling patterns of co-occurrence among signs and symp-
toms (Krueger et al., 2018).

One of the syndromes that can be used as a “specifier” in
DSM-5 for the characterization of several clinical phenotypes
including schizophrenia spectrum disorders, affective, and
neurodevelopmental disorders is catatonia (Wilson et al.,
2015). Catatonia is a psychomotor syndrome characterized by
various signs: stupor, catalepsy (posturing, waxy flexibility),
stereotypy, mutism. This motor and behavioral alteration
may occur in many psychiatric conditions but predominantly
in schizophrenia, affective psychosis, autism (Fink, Taylor,
2001). While many aspects of human psychopathologies
cannot be simulated in animals, some symptoms of catatonia
can. Different animal models can help characterize the nature
of specific psychopathology symptoms, and there are special
behavioral parameters of potential relevance to signs and
symptoms of schizophrenia. Excessive catatonic reactions in
animals can also correspond to catatonia in humans and include
presence of bizarre motor activity, decrease in motor activity,
or catatonic excitement (intense bursts of agitated stereotypy).

For genetically based modeling of schizophrenia-relevant
and catatonia-relevant symptoms, the GC (genetic catatonia)
and the PM (pendulum-like movements) rat strains were of-
fered (Timofeeva, 1985). The strains were obtained by selec-
tion for intensification of such catatonic reactions as freezing
or catalepsy (GC strain) and stereotyped pendulum movements
(PM strain). The GC rats demonstrate occasional freezing
or, instead, hyperkinetic behavioral reactions that resemble
the manifestations of the catatonic syndrome (Ryazanova et
al., 2012). These reactions can be spontaneous, as well as in
response to a weak stressful stimulus, such as in a special test
for catatonic freezing (Fig. 1, a). In addition, rats of this strain
are characterized by increased stress reactivity (Alekhina et
al., 2015), increased shock-induced aggression (Nikulina et
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al., 1987), impaired filtration of sensorimotor information
(manifested by a deficiency of PPI) (Ryazanova et al., 2017).
PM rats are characterized by rhythmic side-to-side rocking
of the head and forebody in the absence of locomotion (see
Fig. 1, b). More than that, rats selected for an increased
amplitude of pendulum-like movements after the 40th gene-
ration started generating seizures to audiogenic stimulation
(Alekhina et al., 2007).

Despite some parameters supporting face validity of this
model, phenotype of these strains is not yet well explored. For
example, aspects of behavior and cognitive activity such as
social interactions and learning are also of interest. A variety
of neuropsychiatric disorders are characterized by disruptions
in social behavior and social recognition, including depression,
autism spectrum disorders, bipolar disorders, obsessive-com-
pulsive disorders, and schizophrenia. In animals, altered social
interaction responses in a variety of situations are considered
as analogs related to negative — social withdrawal — symptoms
of schizophrenia (Powell, Miyakawa, 2006), hyperactivity and
aggressive behavior directly related to positive symptoms of
schizophrenia (Volavka, Citrome, 2008).

To determine whether selection for predisposition to the
catatonic freezing and the amplitude of pendulum-like move-
ments influenced social interactions and learning in the GC
and PM rat strains, behavioral phenotyping of rats in the
resident intruder test, three-chamber test, Barnes maze test
was carried out.

Methods
The study was carried out on male rats of the GC (genetic
catatonia), PM (pendulum-like movements), Wistar and
WAG (Wistar Albino Glaxo) strains. Since the PM rat strain
is outbred, rats of the outbred Wistar strain were used as a
control, while for the inbred GC, the inbred WAG were used.

Experiment 1 included the catatonic freezing test (22 males
at the age of 2 months from each strain); the three-chamber
paradigm test (the same 15 males at the age of 5 months
from each strain) and the resident-intruder test (5 days after
the three-chamber test). In the Experiment 2, another 60 rats
(15 males at the age of 4 months from each strain) were tested
in the Barnes maze.

Rats were kept under standard vivarium conditions with
a free access to food and water. All experimental procedures
complied with the rules and regulations formulated in the
EU Council Directive 1986 (86/609/EEC) and the Declara-
tion of Helsinki on the protection of vertebrate animals used
in experimental research and approved by the ICG SB RAS
Bioethics Committee (protocol No. 43, 28.09.2018).

Experiment 1. Social behavior and catatonia

The catatonic freezing test is a selection criterion for the
GC rats and was carried out according to the protocol (Timofe-
eva, 1985). To determine the presence or absence of freezing
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Fig. 1. Catatonic reactions in rats: g, catalepsy in GG; b, pendulum-like movements of the PM rats.

reactions and their duration, the rat was uplifted in the corner
of the cage by the forelegs using a test stick. The freezing time
was estimated as a time during which the animal retained the
induced posture or freezing position on 4 paws after the stick
was removed. Rats were tested two times on different days.
The three-chamber paradigm test. The three-chamber
social interaction assay was performed to assess social
deficits according to the protocol (Kaidanovich-Beilin et al.,
2011). Testing was carried out in a test arena manufactured
by OpenScience, Russia, model TS1701-R. The apparatus
for the test is comprised of a rectangular, three-chamber box.
Each chamber is 4085 c¢cm and the dividing walls are made
from clear Plexiglas, with an open middle section, which
allows free access to each chamber. For habituation, the test
rat was placed into a Plexiglas’s arena containing two empty
cylindrical containers in two side chambers for 10 minutes.
Session I. Wistar males of the same weight without any
prior contact (not littermates) with the subject were used as
control animals (Stranger 1 and Stranger 2). One of the control
rats (Stranger 1) was placed in one of the containers located
in one of the side chambers. The placement of Stranger 1 on
the left or right side of the chamber was systematically altered
between trials. After removing the walls between the compart-
ments, the following parameters were monitored and recorded:
duration of direct contacts of the subject rat with Stranger 1;
duration of contacts with empty enclosure. The duration of ses-
sion [ was 10 minutes. Then the Session II began. The second
control rat was placed in the empty cylinder in the opposite
side chamber. Duration of direct contacts of the subject rat
with Stranger 1 and Stranger 2 were monitored and recorded
within 10 minutes. The socialization index was calculated
by the formula (7', —1,)/(T,+7,)x100 %, where T is the time
of contact with the containment cup housing Stranger 1 rat;
T;,—time of contact with the empty enclosure. The social novelty
index is calculated by the formula (7,—T,)/(T,+T,)*100 %,
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where T is the time of contact with familiar rat (Stranger 1),
T, is the time of contact with the container housing Stranger 2
rat. The freezing time in this test was also recorded at each
session (Freezing 1 and Freezing 2, respectively).

The resident-intruder test. To measure offensive aggres-
sion, the resident-intruder test was performed according to
the standard protocol (Koolhaas et al., 2013). To assess the
defensive behavior of resident males of the studied strain, they
were placed in cages for 7 days before the test. To preserve
olfactory signals, the cage was not cleaned before the test. The
intruder (the Wistar male of the same size) was placed in the
resident’s cage through the partition, then the partition was
removed. Testing was carried out for 10 minutes. Durations
of the behavioral parameters were registered: (1) total offense:
sum of lateral threat, upright, clinch and keep down; (2) social
exploration: sum of social explore, ano-genital sniffing and
move towards; (3) non-social activity: non-social explore,
rearing, grooming; (4) inactivity, including rest and freezing
(freezing in the RI). Also the numbers of mounts and attack
latencies were analyzed.

The analysis of the main factors determining the variability
of behavior characteristics in Experiment 1 was investigated
by the Principal Component Analysis.

Experiment 2. Spatial learning

The Barnes maze was used to test the acquisition of spatial
memory. Testing was carried out in a setup manufactured by
RPC OpenScience, Russia, model TS1101-R (field diameter
122 c¢m, 18 holes are located around the perimeter). Testing
in the Barnes maze included 3-minute training sessions once
a day for 5 days (Stansley, Yamamoto, 2015). Probe trial was
administered 24 hours after the acquisition session (Day 7).
The following parameters were to be calculated: (1) primary
latency, (2) primary errors, (3) distance moved (in cm), and
(4) velocity (cm/s) (Gawel et al., 2019).
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Fig. 2. Behavioral profile of resident males during a ten minutes'resident-
intruder test.

Differences marked are shown for PM versus Wistar rats, and GC versus WAG.
*p < 0.05; *** p <0.001, Student’s t-test.

Video tracking and registration of behavioral parameters
were carried out using the program EthoVision XT 15 (Noldus,
Wageningen, Netherlands). In addition, on 4, 5 and 7 day trial
was classified into 1 of 3 categories of search strategy (Yassine
etal., 2013) reflecting the use of either a direct spatial strategy
(defined as direct visit to the target, sometimes preceded by
at most 1 adjacent hole visit), a serial strategy (minimum of
2 adjacent hole visits in a serial manner before reaching the
target) or a mixed (i. e., random) strategy (remaining trials).
The data were subsequently analyzed in terms of percentage
of trials with a direct spatial strategy.

Statistics

The obtained data were processed using STATISTICA 10.0.
In the paper, data are presented as mean + SEM. Behavioral
scores from Experiment 1 were analyzed by Student #-tests
(except for parameters: lateral threating, clinch attack, attack
latencies, which was analyzed by Mann—Whitney U test).
When comparing a rate, Fisher’s exact test was used. The
analysis of the main factors that determine the variability of
behavior characteristics in Experiment 1 was investigated
by the principal component analysis. In Experiment 2, com-
parisons of components were made using the Mann—Whitney
U test. Data analysis from the training sessions of Barnes maze
was carried out using repeated measures ANOVA, followed
by Fisher LSD post hoc analyses to analyze group differences.
Statistical evaluation of the probe trial data was performed
using one-way ANOVA, Fisher LSD post hoc analyses.

Results

Experiment 1. Social behavior and catatonia

The catatonic freezing test revealed a mean duration of freez-
ing in the GC and PM rats is by far longer than in the control
rats (35.6 £ 3.4 s in GC vs 18.4+3.0 s in WAG, p<0.001;
23.7+3.7 s in PM vs 16.6+4.5 s in Wistar, p<0.05). In ad-
dition, a rate of rats in populations that freeze for longer
than 10 seconds was estimated. In the GC (95.5 %) and
PM (77.3 %) strains, the rate is significantly higher than in
the control strains (63.6 and 39.1 %, respectively; p < 0.01,
F=0.0351 for GC; F = 0.0155 for PM).
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Component patterns for Experiment 1

Variables @ (@) (e

The catatonic
freezing test

The resident-
intruder test

The three-
chamber test

Note. Catatonic freezing — duration of stupor in the catatonic freezing test;
Freezing in Rl - duration of immobility in the resident-intruder test; Mount -
number of mounts in the resident-intruder test; Offense in Rl - total duration
of aggressive behavior in the resident-intruder test; Social exploration in Rl -
total duration of non-aggressive social behavior in the resident-intruder test;
Sociability index — in the three-chamber paradigm test; Social novelty index —
in the three-chamber paradigm test; Freezing 1 and Freezing 2 in the three-
chamber test — duration of immobility in the session | and in the session I,
respectively, of the three-chamber paradigm test. Only component patterns
above 0.55 were recorded.

A study of behavior in the three-chamber paradigm test
showed a decrease in the sociability index in the GC rats
(18.6 +10.2) compared to WAG (56.0 £ 10.1) (» <0.05). The
sociability index in the PM rats (35.7 + 15.4 vs 44.6 £+ 14.6),
as well as the social novelty index in both groups (-9.4+12.1
in GC, —0.7+15.8 in PM) did not differ from the control
(-15.84+12.9 in WAG, —29.6 + 12.5 in Wistar).

In the resident-intruder test the parameters of resident’s
behavior in the home cage when adding an intruder were
registered and combined in categories (see Methods). The
analysis revealed an increased level of social exploration of
PM versus Wistar, as well as GC compared to WAG (p<0.05)
(Fig. 2). Moreover, unlike the GC, PM rats exhibited more
aggressive behavior both in total duration (p < 0.05) and
short attack latencies (90.3+ 16.9) compared to Wistar
(273.7+65.8, p<0.05). In addition, the GC and PM strains
showed significantly increased sexual behavior (p < 0.01),
which was estimated in the number of mounts (3.5 + 0.9 in
GCvs0.0£0in WAG;2.9+0.7in PM vs 0.6 = 0.4 in Wistar).
Non-social activity of the GC and PM rats was significantly
lower compared to control (»p <0.05 and p <0.001), while the
time of inactivity was higher (p < 0.05). Thus, the behavior
of the GC and PM rats in the home cage when the intruder is
placed shifts towards an increase in social interactions with a
decrease in exploratory activity.

The principal component analysis of Experiment 1 para-
meters produced three factors with eigenvalues greater than 1.
These three factors explain 57 % of the variance in the cor-
relation matrix. The factor patterns are presented in the Table.

Component 1 (24.1 % of variance) was explained by stupor
in the catatonic freezing test (—0.69) and in the three-chamber
paradigm test (—0.68 for session I; —0.65 for session II) and
sociability index value (0.59).

BaBunosckuii xKypHan reHeTuku u cenekuyun / Vavilov Journal of Genetics and Breeding - 2022 - 26 - 3


https://www.sciencedirect.com/science/article/abs/pii/S019745801200365X?casa_token=1OoJrJfOdLoAAAAA:3P0QdQgmvqoCP_J0UZGIO5UYGurHZV9KAwPZRPWBbtiXv3sSKO-wwvPLlB17WSrHBKkuKjWER5aB#!

B.C. MnekaHuyk, O./. NMpokyanHa
M.A. Pa3aHoBa

a :
2
: 1o
S o0 % .
S | . O Wistar
§ =0 m PV
£ "
S 2
3 L
_4—5 0 5
Component 1
b 6 :
A
4 :
.
5 5 A
5 AA
s 20 A WAG
A i A
g 0 LA A A GC
~ V- e
A A A A
-2 P A
A
A :
-4 §
-5 0 5

Component 1

Fig. 3. Principal component scores plot: g, the PM compared with Wistar.
The mean scores of two principal components are indicated by larger
squares; b, the GC compared with WAG. The mean scores of two principal
components are indicated by larger triangles.

a
200 «0O- « Wistar
—a— PM
150 - A — WAG

Latency to first target visits, s

100
50
0
c

700

£

v

<
g 500

£

(]

o

c

©
Z 300

[a)
100
0

1 2 3 4 5

Training days

2022
263

CoumanbHoe noBefeHve 1 NPOCTPaHCTBEHHasA OpreHTauuaA
Y JIMHUI KPbIC C FeHETUYECKOWN KaTaTOHUEN 1 CTepeoTUNMAMN

Component 2 (18.7 % of variance) was mainly loaded by
number of mounts (0.74) and total duration of non-aggressive
social behavior (0.66) in the resident-intruder test.

Component 3 (14.2 % of variance) was loaded by the total
duration of aggressive behavior (0.71) and duration of im-
mobility (0.57) in the resident-intruder test.

Mann—Whitney U test procedures showed a strain effect for
Component | in PM and Wistar rats (p < 0.001) (Fig. 3, a).
For WAG and GC, a significant difference was shown in Com-
ponent 1 (p <0.001) and Component 2 (p <0.01) (Fig. 3, b).

Experiment 2. Barnes maze task

The data analysis revealed that latency time for the GC group
was significantly increased in the probe trial when compared
to the WAG group (F[1.26] = 5.9, p < 0.05) (Fig. 5, a). No
difference was found between PM and Wistar. The average
velocity of movement across the maze field did not differ
for Wistar and PM. Comparison of GC and WAG rats speed
revealed a significant effect of the test day (F[4, 108]=13.7,
»<0.0001) and the interaction of factors of the genotype and
the test day on the speed (F[4, 108] = 3.95, p < 0.001) was
found. The average velocity of movement across the maze field
was significantly lower for GC in day 3 (effect of the genotype
factor, p < 0.001), in day 4 (p < 0.05), in day 5 (p <0.05)
(Fig. 4, b) and in the probe trial (F[1.28] =12, p <0.01) (see
Fig. 5, b). Total distance moved did not differ between groups.
The use of spatial strategy increased with the training during
the acquisition phase, except for the PM group: in the 7th day

b 10

Velocity, cm/s

40

30

20

Percentage of spatial strategy

10

Day 4 Day 5

Training days

Day 7

Fig. 4. Spatial learning of the PM and GC rats during the acquisition session in the Barnes maze compared to Wistar and WAG, respectively: a, mean
latencies to enter the escape hole; b, the average velocity of movement across the maze field; ¢, mean distance traveled; d, the incidence of spatial

strategy in groups.
*p<0.05 % p<0.01,**p<0.00]1.

FEHETUKA U CENTIEKUMA XXUBOTHDbIX / ANIMAL GENETICS AND BREEDING

285



V.S. Plekanchuk, O.I. Prokudina
M.A. Ryazanova

a *
60 [
wv
o 40 L
£
=
oL ;
0
Wistar PM WAG GC

Social behavior and spatial orientation
in rat strains with genetic catatonia and stereotypes

Velocity, cm/s

Wistar PM WAG GC

Fig. 5. Probe trial in the Barnes maze of the PM and GC rats compared to Wistar and WAG, respectively: a, mean latencies to enter the escape hole; b, the

average velocity of movement across the maze field.
*p < 0.05,* p <0.0]1.

of trials, the incidence of spatial strategy in the PM rats was
0 % (0/15) compared to 46.7 % (7/15) in the Wistar rats
(» <0.01, F = 0.0063, Fisher’s exact test) (see Fig. 4, d).
There was no significant effect of genetic group on the
mean number of errors per trial made during the probe trial.

Discussion

Experiment 1. Social behavior and catatonia

Decreased sociability in the three-chamber test shown by
GC rats in this work is consistent with literature data about
social abnormalities in different animal models of psychopa-
thologies. Most of the animal models of schizophrenia have
decreased or normal social interaction (Jones et al., 2011; Nani
etal., 2019). In particular, in the model of negative symptoms
of schizophrenia in animals induced by NMDA-receptor an-
tagonists, social interaction deficits have been shown (Neill et
al., 2010). DISC-1 mutations known to cause schizophrenia-
like abnormalities in rodents can impairs cognitive and social
behaviors in some transgenic mice (Shevelkin et al., 2017;
Sultana, Lee, 2020), but not in rats (Li, Zhang, 2017; Glenn et
al., 2021). Research of knockouts of the Neuregulin-1 (NRG1)
gene which has been identified as a candidate susceptibility
gene for schizophrenia, revealed a selective impairment in
response to social novelty in NRG1 mutants, but not in so-
ciability (O’Tuathaigh et al., 2007). Developmental models of
schizophrenia, such as using neonatal lesions of the rat ventral
hippocampus or prenatal administration of methylazomethanol
into pregnant rats, result in deficits in social behavior, as well
as impaired memory, and increased anxiety (Sams-Dodd et
al., 1997; Winship et al., 2019). Another selective breeding
model of psychopathology that exhibits increased freezing
to context (but unlike rats of the GC strain only onto acute
prior stress) is the Wistar Kyoto (WKY) rats (Nosek et al.,
2008). WKY is a depression model characterized by elevated
anxiety- and depression-like behavior. In the social interaction
assessment, the WK rats avoided contact with another rats
(Nam et al., 2014).

However, in the resident-intruder test, the total time that
the GC and PM rats spent on direct contact with a social ob-
ject (intruder) was significantly higher than that of control.
This discrepancy in social activity in the two tests may be
explained by different environmental conditions that affect
emotional state and motivation. Stress level of the three-
chamber test is mostly caused by placing the experimental
animal into a novel environment by the experimenter. Earlier
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it was shown that the GC rats react more strongly even to the
handling required to place the animal in the experimental
setup: corticosterone concentrations were increased during
handling, but reduced at rest (Alekhina et al., 2016). Such
an increased stress reactivity in the GC rats may explain the
decrease in sociability index in the three-chamber test due to
the passive-defensive reaction in response to handling stress
in the three-chamber test, but not in the resident-intruder test,
which does not require handling. Previously, it was shown that
passive-defensive reflex expressed in the form of catatonic
stupor is of dominant character and significantly prevails over
cognitive and alimentary reflexes (Petrova, 1990). The results
of'this work suggest that the predisposition to catatonic stupor
also negatively affects social motivation during testing in the
three-chamber paradigm.

The data on the increase in social contacts of both GC rats
and PM rats in the resident-intruder test shown in this work
are of interest. It is known that an increase in social interaction
in rodents can be achieved in certain ways, such as medial
prefrontal cortex lesions (Gonzalez et al., 2000) or low doses
of ethanol (Varlinskaya et al., 2001). At the neurochemical
level, a wide variety of systems have been examined for their
role in the normal expression of social behavior (Crowley et
al., 1989). Oxytocin, vasopressin, endogenous opioids and
catecholamines appear to participate in a wide variety of
affiliative behaviors (Nelson, Panksepp, 1998). Acute admin-
istration of opiate drugs, low dose morphine and naltrexone
produced a more robust attenuation of social investigation than
non-social exploratory activity in rats. Amphetamine increased
both forms of investigation and haloperidol had the opposite
effect (Deak et al., 2009). More than that, there is evidence
of the involvement of the glutamate system in the formation
of social deviations. D-Cycloserine, a partial agonist at the
glycine recognition site of the glutamatergic NMDA recep-
tor, can increase social investigation and sexual behavior and
decrease aggressiveness in mice (McAllister, 1994). There are
results supporting a role of glutamate receptors subunits in
the modulation of social behavior (Vekovischeva et al., 2004;
Adameczyk et al., 2012), however the study of the glutamate
receptors genes mRNA in the hippocampus and frontal cor-
tex of the GC rats did not reveal any changes (Plekanchuk,
Ryazanova, 2021).

The increased mounting in the GC and PM rats shown
in this paper may be indicative of aggressiveness between
rats of the same sex. It has previously been shown that the
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GC rats demonstrate a high level of shock-induced aggres-
sion (Nikulina et al., 1987), but not aggression towards male
rats or interspecies aggression towards mice (Alekhina et al.,
1987). In addition, both PM and GC rats have an increased
aggressive response towards humans (Alekhina et al., 2016;
Alekhina, Kozhemyakina, 2019).

Considering the fact that PM rats, in addition to catatonic
symptoms, have a predisposition to audiogenic seizures, the
connection between epilepsy and psychopathology in humans
should be mentioned. Many symptoms of neurologic or psy-
chiatric illnesses — such as cognitive impairment, depression,
anxiety, attention deficits — occur more frequently in people
with epilepsy than in the general population (Brooks-Kayal
et al., 2013). The rat lines selectively bred for differences in
amygdala excitability, manifested by “fast” or “slow” kindling
epileptogenesis, display several comorbid features related
to anxiety and learning. Seizure-prone genetic background
provides poorer original learning and easier disruption of
new learning, as well as increased anxiety and impulsivity
(McLntyre et al., 2004). Rats in the chronic phase of the
lithium-pilocarpine model of epilepsy showed disturbed
communicative behavior, with impaired social behavioral
patterns, increased motor activity and impaired memory
function (Smolensky et al., 2019). Aggression is one of seve-
ral psychiatric disorders that is observed, among others, in
epileptic patients (Deb et al., 2020). This association has
been reliably replicated in several animal models including
those using pilocarpine (Desjardins et al., 2001) and domoic
acid (Fuquay et al., 2012), in which aggression develops
either in parallel to spontaneous seizures or precedes the
development of recurrent seizures. The increased offensive
behavior of the PM rats in the resident-intruder test shown in
this work may confirm the likely relationship between seizure
predisposition and aggressiveness.

Experiment 2. The Barnes maze task
Rodent basal cognitive abilities include, along with elementary
logic tasks solutions and generalization capacity of a low level,
spatial behavior and memory. This type of cognitive ability
requires the formation of mental representations of spatial
environmental characteristics (Poletaeva, Zorina, 2014). To
test the acquisition of spatial memory in PM and GC, the
Barnes maze was used. The increased time required to search
for the target hole in the GC rats may indicate impaired spatial
learning. However, a decreased locomotor activity has earlier
been shown in rats of this line (Petrova, 1990), and to assess
whether potential disturbances are in fact memory impair-
ments it is necessary to take into account such parameters
as primary errors and search strategy. No differences were
shown for these parameters in GC compared to WAG. The
reduced GC rats velocity of movement across the maze field
for 3—7 days confirms the effect of motor activity on latency
to first target visits. The GC rats appear to have no learning
impairment in this test. The fact that the velocity of movement
of the GC rats in the field does not differ in the first two days
of'testing, but is less than in the control on the following days,
may indicate a slower adaptation to new conditions.
Estimation of the search strategy showed differences in
PM in comparison with Wistar. After a few days of training,
non-cognitively impaired animals frequently use the spatial
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strategy to resolve the BM task. The fact that after a few days
of learning trials the PM rats still use mixed (i. e., random) and
serial strategies instead of spatial to resolve the maze means
that they are cognitively impaired and do not employ spatial
clues to reach the target hole (Yassine et al., 2013). It has previ-
ously been shown that the PM rats exhibit longer latency and
lower rate of successful trials in the Morris water test, at the
same time, the GC rats did not differ from the control in these
parameters (Barykina et al., 2009). The Morris water maze
is more stressful for animals than the Barnes maze, because
there is water immersion (Gawel et al., 2019). Water-maze
training induced greater increases in plasma corticosterone
which may affect the performance of animals (Harrison et al.,
2009). In addition, the GC rats are inclined to passive drift
and longer floating episodes in the Morris water test (Barykina
et al., 2009). Low movement speed in Barnes’s maze, high
time of inactivity and low exploratory activity in the resident-
intruder test in the GC rats are caused by catatonic freezing.
The data shown in this work confirm the manifestation of
catatonic inhibition by the GC rats in different stressful situ-
ations (Barykina et al., 2009).

Conclusion

Selection for the duration of catatonic freezing and the ampli-
tude of pendulum-like movements influenced social interac-
tions and learning in the GC and PM rat strains. In particular,
the GC rats have increased or decreased social interactions
depending on the environment, and a negative relationship
between catatonic freezing and sociality were shown in this
work. The PM rats show increased social activity and offensive
aggression in the resident-intruder test. Except for the reduced
velocity of movement across the maze field, the GC rats appear
to have no difficulty in solving the Barnes maze, whereas the
PM rats do not use a spatial strategy in the maze, which may
indicate impairment of learning and spatial memory.
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Abstract. Mugil cephalus L., 1758 (flathead mullet) is a valuable commercial fish and a promising object of artificial
breeding in the Black Sea and the Sea of Azov, and the study of its parasite fauna is important for fishery and
mariculture. Monogeneans of the genus Ligophorus are common ectoparasites dwelling on the gills of mullets.
Two representatives of this genus parasitise flathead mullet in the Azov-Black Sea region, namely Ligophorus
mediterraneus Sarabeev, Balbuena et Euzet, 2005 and Ligophorus cephali Rubtsova, Balbuena, Sarabeev, Blasco-
Costa et Euzet, 2006. Morphological identification of these species requires spending much time and a high level
of experience in monogenean taxonomy. For quick and correct species identification of these parasites, we have
developed a genotyping approach based on the polymerase chain reaction of allele-specific gene sites for various
Monogenea species. A fragment of the 28S ribosomal gene, which includes conserved and variable sites, was
chosen as a genetic marker. Three approaches were used as follows: amplified fragment length analysis, allele-
specific PCR with endpoint detection and allele-specific real-time PCR using SYBR Green intercalating dye. The
first approach was by obtaining PCR products of different lengths that were specific either to L. mediterraneus or
to L. cephali. This approach was implemented due to the presence of several variable sites located at a distance
from each other. The PCR mixture contained three primers: one forward and two reverse. The forward primer
was complementary to the conserved site, which did not differ between species. Reverse primers were species-
specific and, for each species, they were complementary to different DNA regions located 100 bp apart. As a result,
L. mediterraneus was characterized by shorter amplicons than L. cephali. For the second and third approaches,
a pair of primers was designed according to the following principle: the forward primer was complementary to
both species, since it was selected for the conserved gene region. Reverse primers were species-specific and were
designed for the 28S variable region. The two parasite species were distinguished by three-point mutations. Thus,
one pair of primers was complementary to L. mediterraneus, the other, to L. cephali. The amplified fragment length
analysis and the allele-specific real-time PCR demonstrated 100 % coincidence of genotyping results compared
with Sanger sequencing. The developed genotyping protocols can be used not only to distinguish two species of
Ligophorus from flathead mullet in ecological studies and veterinary practice but also for further development of
similar approaches for other monogeneans, among which there are many pathogenic species.

Key words: genotyping; allele-specific PCR; Monogenea; Ligophorus; Mugil cephalus.
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MoeRyIsIpHO-TeHeTnYeCKle MOAX0 bl K BUI0BOI
aeHTUGUKAILIUY ITapasUTNUeCKIX IJIOCKUX YepBeii
pona Ligophorus (Monogenea), oOuTarIxX Ha JiobaHe
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AunHoTauus. Mugil cephalus L., 1758 (no6aH) — LLleHHaA NPOMbICIOBasA pbiba 1 NEPCNEKTUBHDBIM O6BEKT pa3BefeHUs
B 6acceliHax YepHoro n A3oBckoro mopeit. MsyueHre ero napasutodayHbl KpaiiHe BaXKHO A1 pblGHOro npombicnia
1 MapuriKynbTypbl. OQHVMI 13 MAacCOBbIX SKTOMapPa3UTOB, OOUTAIOLMX Ha Kabpax Kedanesblx, ABMATCA MOHOre-
Hew popa Ligophorus. Ha no6aHe B A30Bo-YepHOMOPCKOM pervioHe NapasnTupyioT ABa NpefcTaBUTeNsA 3TOro poja:
Ligophorus mediterraneus Sarabeev, Balbuena et Euzet, 2005 u Ligophorus cephali Rubtsova, Balbuena, Sarabeev,
Blasco-Costa et Euzet, 2006. Mopdonorunyeckoe onpegeneHue 3Tvx BUAOB BECbMa TPYAOEMKO 1 TpebyeT BbICOKOro
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MaoeHTndrkauma napasmTmyeckmx Niockux Yepeen
Ligophorus (Monogenea) Ha nobaHe metogamu MLIP

YPOBHSA KBanuduKaumu. Ansa 66ICTPOro 1 TOYHOTO pasnnuns LByX Ha3BaHHbIX BUAOB NapasnToB HaMu pa3paboTaH
MeTof, OCHOBaHHbIN Ha MNLP BaprabenbHbIX y4acTKOB pub0COMHOro reHa 28S. [laHHbIN FeH LWWMPOKO UCMOoNb3yeT-
CA ANA MONeKynApHON TakcoHomumn pofa Ligophorus. B HacToAwen paboTe NpUMeHANNCh TPY NOAXofa: aHann3
LNViHBI aMnAndUUMPoBaHHbIX GparmeHToB, annenb-cneunduyHan MLUP ¢ getekureln B KOHEUHON TOUKe 1 ansienb-
cneuyundunyHas MNLP B peanbHOM BpemMeHM € NCnofib3oBaHMeM MHTepKanupyoLero Kpacutens SYBR Green. [MepBbii
noaxopA 3akntouancsa B nogbope npanmepos ana nonyyerus MNLUP-npoayKToB pasnnMyHom AfivHbl, KOTopble 6bin
xapakTepHbl ana L. mediterraneus nnw L. cephali. 9T0T nopxop 6bin ocyLlecTBeH 61arogapa HanMymio HECKOSTbKMX
BapurabenbHbIX JIOKYCOB, KOTOPblE HAXOAATCA Ha paccToAHUU Apyr oT gpyra. MLP-cmech copeprkana Tpu npanme-
pa: ofuH NpsAMoii 1 ABa o6paTHbIX. MpAMON Npaimep Gbin KOMMIEMeHTapeH KOHCEPBATUBHOMY YYacTKy, KOTOPbIV
He pasnuuanca mexgy Bugamu. O6paTHble npamepbl Obinv BUAOCneLMUYHbI, MPU 3TOM A KaXKAOro BUAA OHM
6bIN KOMMEMeHTapHbI pa3nnyHbIM yyacTkam [HK, koTopble pacnonoxeHbl Ha yaanenumn 100 n. H. Apyr oT Apy-
ra. B pesynbrate L. mediterraneus xapaktepur3soBanca 6onee KOPOTKUMM aMNIMKOHamu, yem L. cephali. Ana BTopo-
ro 1 TpeTbero Nnoaxopaa KOHCTPyMpoBanach napa npariMepos Mo cieaylowemMy NpuHUMNY: Npamor npaimep Obin
KOMMneMeHTapeH oboum BuAam, Tak Kak nogbupancsa K KOHCepBaTUBHOMY Y4acTKy reHa. O6paTHble npanimepbl
6b1n1 BrAocneundUYHbIMU 1 paspabaTbiBanunch K BaprabenbHOMyY yyacTKy 28S. Ha 3Tom yyacTke ABa BMAa napa-
3UTa pasnnyanucb Tpems ToYeUHbIMU My Taumamn. Takum o6pa3om, ofHa napa nparimepos Obifia KoMMeMeHTapHa
L. mediterraneus, BTopas — L. cephali. AHann3 pnviHbl aMnanouUMpoBaHHbIX GparMeHTOB 1 annenb-cneundryHan
MNUP B peanbHoM BpemeHy npogemoHcTpripoBanv 100 % coBrnafeHmne pesynbTaToB reHOTUNUPOBAHUA NPKU CpaB-
HeHUM ¢ Mopdonornyeckoi uaeHTdMKaLmein n cekseHmposaHviem no CaHrepy. PaspaboTaHHble MPOTOKOJbI FeHOo-
TUMMPOBAHMA MOTYT GbITb MCMOJNIb30BaHbI HE TOSbKO AJA pa3nmumsa obuTaroLwmx Ha nobaHe AByx Bugos Ligophorus
NPV SKOSTOTNYECKMX NCCNef0BaHNAX 1 B BETEPUHAPHON NPaKTUKe, HO 1 ANA nocneaytoLiel pa3paboTky NofgoOHbIX
METOLOB AJA APYTX MOHOTEHEe, Cpefin KOTOPbIX MHOTO NaTOreHHbIX BUAOB.

KntoueBble cnioBa: reHOTUNUpOBaHUe; annenb-cneundmryeckas MUP; Monogenea; Ligophorus; Mugil cephalus.
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Introduction
Monogenea (Platyhelminthes: Monogenea) are parasites,
mainly of fish, with a direct life cycle. Dozens of new taxa
of these parasites are described each year. Their diversity
has reached 5000 species (Vanhove, 2013), and many of
them are of epizootic importance (Cribb et al., 2002; Bakke
et al., 2007; Rubio-Godoy, 2007). The boundaries of most
species are established based on morphological criteria, and
for species identification, the shape and size of attachment
disc structures are mainly used (Yamaguti, 1963; Gusev et
al., 1985; Pugachev et al., 2009; Vignon, 2011; Strona et al.,
2014; Kalafi et al., 2016). However, these structures have high
intraspecific variability (Ergens, Gelnar, 1985; Caltran et al.,
1995; Dmitrieva, Dimitrov, 2002; Olstad et al., 2009; Mladi-
neo etal., 2013). The latter makes it very difficult to determine
the species identity of monogeneans and raises the question of
defining the framework of their intra- and interspecific vari-
ability. Appealing to real collection specimens to confirm the
determination is often difficult due to accessing collections
with type specimens. Comparison of organisms with many
“similar” species from different areas based on brief descrip-
tions and often inaccurate drawings does not always allow
reliable species identification. As a result, an increase in the
number of “false” and underestimation of “hidden” species
taxa can lead to misunderstanding of the phylogeny, diversity
and distribution of representatives of individual monogenean
groups (Poisot et al., 2011), and sometimes to problems in
determining the status of pathogenic species, as in the case
of Gyrodactylus salaris and G. thymalli (Fromm et al., 2014;
Mieszkowska et al., 2018).

Given the above, the development of approaches and meth-
ods allowing for the most accurate identification of monoge-
nean species remains an urgent task, both in theoretical and
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practical terms. One of the promising directions in molecular
genetic studies of parasites is the development of methods for
genotyping species and local intraspecific groupings, both for
biodiversity studies of individual taxa and for rapid diagnosis
of species and their populations (Tokarev et al., 2015). Such
works with relation to monogeneans are rare (Fromm et al.,
2013, 2014; Mieszkowska et al., 2018). A few papers address
the problems of DNA barcoding of monogenean species
(Littlewood, 2008; Vanhove, 2013). Molecular studies on
the genus Ligophorus Euzet et Suriano, 1977 are limited to
a few studies, with 135 ribosomal nuclear DNA sequences
deposited in the NCBI GenBank (as of 27.11.2021). The 18S,
ITS1, 5.8S and 28S fragments were obtained for 12 species
from the Mediterranean Sea and 2 species from the Black
Sea (Blasco-Costa et al., 2012; Rodriguez-Gonzélez et al.,
2015). For two species off the coast of Brazil, 18S, ITSI,
5.8S and 28S were sequenced (Marchiori et al., 2015), and
18S, 28S and ITS1 fragments were obtained for 14 species
from the Indian Ocean (Soo et al., 2015; Khang et al., 2016;
Pakdee et al., 2019). Several studies (Blasco-Costa et al.,
2012; Rodriguez-Gonzalez et al., 2015; Khang et al., 2016)
have compared morphological and genetic variability, show-
ing a greater degree of congruence between phylogenetic
reconstructions based on these data, suggesting that the use
of ribosomal cluster sequences for genotyping species of this
genus is promising.

The flathead mullet Mugil cephalus L., 1758 is a com-
mercial fish of the Black and Azov Seas and a promising
object of mariculture in the region; therefore, the study of its
parasitofauna is critical not only from the scientific but also
from the practical point of view. Monogeneans of the genus
Ligophorus, which parasitise on the gills of mullets, are one
of the ectoparasites for the flathead mullet. In the Azov-
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Black Sea region, L. mediterraneus Sarabeev, Balbuena et
Euzet, 2005 and L. cephali Rubtsova, Balbuena, Sarabeev,
Blasco-Costa et Euzet, 2006 have morphologically similar
attachment structures (Dmitrieva et al., 2009a, b), which
makes their identification difficult. At the same time, these
species have a good level of genetic divergence based on the
variability of 28S and ITS1 (Blasco-Costa et al., 2012). This
divergence is due to the single nucleotide substitutions char-
acteristic of L. cephali and L. mediterraneus. When assessing
the infestation of these species in large samples of fish, e. g.
in ecological or veterinary surveys, the use of morphological
characters is problematic, and sequencing followed by mo-
lecular taxonomy is costly and time-consuming. In addition,
up to eight Ligophorus species may parasite on one individual
mullet (Dmitrieva et al., 2012; Soo et al., 2015). This situa-
tion is not unique and occurs for species of the same genus in
many members of the family Dactylogyridae, which includes
Ligophorus.

With the appearance of real-time PCR, alternative ap-
proaches for genotyping based on allele-specific PCR that
allows rapid and reliable species identification have begun to
develop. However, for members of the family Dactylogyridae,
such approaches have not been used. Thus, this work aimed to
develop an express methodology to distinguish two monogenic
species L. cephali and L. mediterraneus parasitising on the
proboscis in the Azov-Black Sea region based on 28S gene
variability. Considering that there are many representatives
of epizootic importance among Dactylogyridae, the develop-
ment of inexpensive and straightforward methods for rapid
genotyping of species of this taxon to distinguish between
pathogenic and nonpathogenic species, including at the larval
stage, is also relevant in a practical sense.

Materials and methods

Sampling. The material for this work was 20 specimens of
monogeneans of the genus Ligophorus collected from the
gills of 3 individuals of Mugil cephalus in autumn 2019 in
the Black Sea off the coast of Crimea, in Balaklava Bay. The
worms were collected alive, a glycerol-gelatin preparation
(Gusev, 1983) was prepared from part of an individual for
species identification by the morphology of the attachment
disc structures, and another part of the same monogenean was
fixed in 96 % ethanol for molecular genetic studies.

Taxonomy identification. Species identification based on
the shape and size of the haptoral structures and male copula-
tory organ of monogeneans using an Olympus CX41 micro-
scope and phase-contrast optics at x800-2,000 magnification
according to the descriptions of Ligophorus species from
Black Sea mullet (Dmitrieva et al., 2009a, b). Measurements
and photographs were taken using CellSense digital image
processing software.

DNA isolation and genetic analyses. The isolation was
performed using a DNA-EXTRAN kit (Sintol Ltd., Russia).
Each individual was incubated in 100 pL of lysis buffer (Sin-
tol Ltd.) with 5 pL of proteinase K (Sintol Ltd.) and 1 uL of
2-mercaptoethanol at 56 °C for 3 hours. After lysis, samples
were shaken for 20 s and further DNA extraction was per-
formed according to the manufacturer’s recommendations.
DNA elution was performed in 30 pL. The isolated DNA was
stored at —20 °C.
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Identification of Platyhelminthes Ligophorus (Monogenea)
from the flathead mullet by PCR

For the molecular taxonomy of the species, the 28S ri-
bosomal gene, which is used in the analysis of this genus,
was chosen as a genetic marker (Blasco-Costa et al., 2012;
Soo et al., 2015; Pakdee et al., 2018). The 28S gene frag-
ment was amplified using primers U178 (5'-GCACCCGCT
GAAYTTAAG-3") and LSU1200R (5'-GCATAGTTCAC
CATCTTTCGG-3") (Littlewood et al., 2000; Lockyer et al.,
2003) according to the following protocol: pre-denaturation
at 95 °C for 3 min followed by 38 cycles (denaturation at
94 °C for 40 s, annealing at 56 °C for 30 s, and elongation at
72 °C for 45 s). Each PCR reaction was performed in 25 puL of
reaction mixture, containing 1-10 ng of matrix DNA, 0.4 uM
of each primer, 5x ScreenMix PCR mix with Taq polymerase
(Eurogen Ltd., Russia). Amplification products were detected
by electrophoresis in 1 % agarose gel, staining with ethidium
bromide and visualization under UV light. PCR products
were sequenced in both directions using a standard BigDye
Terminator Cycle Sequencing Ready Reaction Kit on an
ABI PRISM 3130 analyzer (Applied Biosystems Inc.). The
obtained 28S fragments were aligned in BIOEDIT software
(Hall, 1999), L. mediterraneus (JN996829, JN996828,
IN996827) and L. cephali (JN996830) were used as reference
sequences. All nucleotide sequences obtained in this study are
deposited in the GenBank: L. mediterraneus (MZ413895—
MZ413898) and L. cephali (MZ413887-MZ413893).

Selection of primers for genotyping L. mediterraneus
and L. cephali. Variability analysis of the 28S ribosomal gene
fragment showed no intraspecific variability for this genetic
marker. All nucleotide sequences for each monogenean species
parasitising on flathead mullet from both the Mediterranean
Sea (JN996829, IN996828, IN996827, IN996830) and the
Black Sea (this work) were identical. Seven sequences of the
28S fragment for L. mediterraneus and eight for L. cephali
were analysed. At the same time, several sites with mutations
typical for L. mediterraneus and L. cephali in the region of
450-480, 540570 and 680-705 bp were found (Fig. 1).

DNA regions that differed by at least 3 nucleotide substitu-
tions between the two species were selected for genotyping.
Primers flanking the polymorphic regions were designed using
the internet resource https://benchling.com/. All developed
primers are presented in Table 1.

All reverse primers were tested for their level of identity
to other species using the blastn algorithm against the NCBI
genetic database. Only the reverse primers were tested, as
they are responsible for identifying the species. The primers
CR450 and CR550 showed 100 % identity with 100 % cover-
age only to the species L. cephali. The MR450 primer, apart
from 100 % identity to L. mediterraneus, also showed the
same identity to L. saladensis (GenBank number KF442629).
This species occurs only off the coast of Brazil and inhabits
a different host, Mugil liza. The situation with primer CR650
is similar: in addition to 100 % identity with L. cephali, there
is also 100 % identity with L. heteronchus (GenBank number
JN996812). This parasite also inhabits another host, Planiliza
saliens. Thus, among all known flathead mullet parasites, the
developed primers allow identifying two species of L. mediter-
raneus and L. cephali, which makes it possible to use them
not only in the Azov-Black Sea basin.

Analysis of amplified fragment lengths. Two versions
of the primer mixture were selected for genotyping based
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ACGTGAAACCGATTGCAGGGAAGCTGGTGGAGT
ACGTGAAACCGATTGCAGGGAAGCTGGTGGAGT
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GCCGGTGCTAATGCTCTGTCCTGAGCGATCTA
GCCGGCGCTTATGCTCTGCCCTGAGCGATCTA
CR450

MR450

CR550

AACTGTGCTTTGGTGGGCCCTTGGCTTGCCGGGTG
AACTGCACTTTGGTGGGCCCTCGGCCTGCCGGGTG

GTGCAGTCCTCGGACCGCGCACCGCTCAGAA
GTGCEBGTCCTCGGACCGTGCECCGCTCAGAA

CR650

Fig. 1. Conserved and polymorphic regions of the 28S ribosomal gene for L. mediterraneus and L. cephali.

Table 1. Sequences of developed primers used for genotyping

Primer Nucleotide sequence, 5'-3’
mMcro0 AAACCGATTGCAGGGAAGCTGG
CR 4 50 ...................................... GGACAGAGCATTAG CACCGGC ....................
MR450 ..................................... GGGCAGAGCATAAGCGCCG ........................
@0 AGCCAAGGGCCCACCAMAGCA
CR 6 50 ...................................... GTGCG CG GTCCGAG GACT ...........................

Table 2. Primers for different genotyping methods

Annealing temperature, °C

Metod Forward Reverse Amplicon length, Species
primer primer bp
Ana | y SIS Ofamp |,ﬁ Ed fra g men t |engths ............ U178 .................. MR 450 ........................ 630 ........................................ L m ed,termn eus ..........................
CR 5 50 ......................... 750 ........................................ ,_ Cepha /, ......................................
U1 78 .................. MR 450 ........................ 630 ........................................ ,_ m ed,te,mn eus ..........................
CR 6 50 ......................... 880 ........................................ L Cepha ,, ......................................
A||e|e Sp ec,ﬁ c e ndp omt P CR ............................ U”S .................. MR 450 ........................ 630 ........................................ L m ed,termn eus ..........................
CR 4 50 ......................... 630 ........................................ L Cepha /, ......................................
A||e|espec|ﬁcrea|t|mePCR .............................. MCF3OO ............. MR450170 ........................................ Lmed,termneus ..........................
CR450170 ........................................ Lcepha/, ......................................

on the analysis of different amplicon lengths. In the first
case, the amplicon lengths specific to L. mediterraneus and
L. cephali differed by 120 nucleotides, and in the second,
by 250 nucleotides (Table 2). The essence of the approach
we developed is as follows. Three primers are added to the
PCR mix instead of two primers (as in traditional PCR). One
primer (forward, U178) is complementary to the conserved
region of 28S and will be annealed in both species accordingly.
The second primer (reverse primer) was designed for a site that
differs between the two species by several mutations. In this
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mixture it is the MR450 primer, which is complementary to
the sequence specific to the L. mediterraneus. A third primer
(reverse, CR550 or CR650) was also developed for a site that
differs between the two species by several mutations, but it is
complementary to L. cephali.

Thus, depending on the DNA matrix, only one of the two
reverse primers will be annealed and the product will be pro-
duced. The reverse primers are chosen so that the product will
be 630 bp long when MR450 is annealed, but the amplicon will
be longer when the other reverse primer is annealed. So, with
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the CR550 primer the length will
be 750 bp and with the CR650 the
length will be 880 bp. By performing
a PCR reaction with the three prim-
ers, two Ligophorus species can be
distinguished based on the length of
the amplicons.

The PCR mixture and the ampli-
fication conditions were the same
in both variants. The volume of the
reaction mixture was 20 pL, and the
final concentration of each primer
(Eurogen, Russia) was 0.25 uM.
Fig. 2. Structures of the attachment discs of L. cephali (a) and L. mediterraneus (b) collected from the gills ~ The amplification was carried out
of Mugil cephalus in the Black Sea off the coast of Crimea. according to the following protocol:
pre-denaturation at 95 °C — 3 min
followed by 38 cycles (denaturation
at 94 °C — 40 s, annealing at 56 °C —
30s, elongation at 72 °C —45's). The
amplification products were detected
by electrophoresis in 1 % agarose
gel, staining with ethidium bromide
and visualization in UV light. Mono-
genea species were characterized
by their amplicon length, shown in
Table 1.

Allele-specific end-point and

20 21 2 20 21 P 16
U178 + MR450 + CR650 U178 + MR450 + CR550

L. mediterraneus L. cephali L. mediterraneus L. cephali . )
real-time PCR. Genotyping based
Fig. 3. Typing of DNA samples using amplified fragment length analysis. on allele-specific PCR with detec-
Here and in Fig. 4: the numbers of test specimens and the primer mixture used are shown at the top, while the tion at the endPOint, as in real-time,
species that were identified based on morphology and molecular taxonomy are shown at the bottom. was performed ina20 “L reaction

mixture. The final concentration of

each primer (Eurogen, Russia) was

0.2 uM. The primer pairs used for

each approach are listed in Table 2.
o5 2 Amplification with detection of
PCR product at the end-point was
performed according to the follow-
ing protocol: pre-denaturation at
95 °C -3 min followed by 38 cycles
(denaturation at 94 °C — 40 s, an-
nealing at 60 °C — 30 s, elongation
at 72 °C - 30 s).

Each sample was analysed in
three replicates when testing the ge-
notyping method by allele-specific
real-time PCR. The volume and
composition of the reaction mixture
were not changed, whereas the am-
plification conditions were changed:
pre-denaturation at 95 °C for 3 min
followed by 40 cycles (denaturation

at 95 °C for 10 s, annealing at 60 °C

l J l J for 10 s and synthesis at 72 °C for

L. mediterraneus L. cephali 30 s). In the end, a melting curve

analysis was performed to evaluate
the formation of primer dimers.

U178 + CR450

U178 + MR450

Fig. 4. Typing of DNA samples using allele-specific PCR with end-point detection.
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L. cephali

Fluorescence units

—

o
N
b

o

L. mediterraneus

Fluorescence units

o
N
b

o
o

Cycle number

Fig. 5. Typing of DNA samples by allele-specific real-time PCR.

On the ordinate axis, the values are given in logarithmic scale. Purple indi-
cates amplification curves for a mixture of primers MCF300+CR450, yellow for
MCF300+MR450.

Results and discussion

Morphological species identification

Among the 20 collected specimens, 2 species were identified
by morphology (Fig. 2): 9 specimens of L. cephali, sample
numbers 2, 3, 4, 6, 7, 10, 16, 17, 19, and 11 specimens of
L. mediterraneus, sample numbers 1, 5, 8, 11, 12, 13, 14, 15,
18, 20, 21.

Species identification

using different genotyping methods

Morphological analysis was performed for all 20 individu-
als, based on which the monogenic species were identified.
Analysis of the nucleotide sequences of the 28S ribosomal
gene fragment obtained by Sanger sequencing confirmed the
morphological identification of 11 individuals and allowed
us to distinguish between the two species (see Fig. 1). All
20 Ligophorus individuals were then subjected to the methods
described above for separating the two species by allele-
specific PCR to assess their performance.

The method of genotyping based on PCR product length
analysis is based on using two polymorphic regions of
the 28S ribosomal gene and has been described in detail
above. This approach separated L. cephali and L. mediter-
raneus species (Fig. 3). When both primer mixture variants
(U178+MR450+CR650 and U178+MR450+CR550) were
used, amplification of PCR products with only one reverse
primer, which had complete complementarity to the 28S re-
gion, was observed for all individuals.
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For genotyping based on allele-specific PCR with end-point
detection, two amplification reactions with different primer
compositions were performed for each sample. In one version,
the reverse primer was complementary to the 28S gene region
characteristic of L. mediterraneus (MR450); in the other,
it was complementary to the same 28S gene region specific
to L. cephali (CR450). The primers differed by 3 nucleotides.
Using this approach, it was not possible to select amplification
conditions that would not result in annealing of primers that
are not fully complementary. As a result, when detected in
an agarose gel at the end-point, PCR products were always
detected, although with different intensities (Fig. 4).

At the same time, using this approach, but with real-time
detection, allows the two species to be distinguished (Fig. 5).
It is due to the different accumulation rates of PCR products
when using fully and partially complementary primers. In this
approach, the direct primer has been replaced to obtain shorter
amplification products, which is recommended for real-time
PCR. Two amplification reactions are also performed for each
individual, and then the species is determined by the lower
Ct value (number of the cycle in which the fluorescence signal
crosses the threshold line). Accumulation of the products is
faster when the primer and the matrix of the tested DNA are
entirely complementary. 100 % concordance in identifica-
tion by allele-specific PCR with real-time detection with
morphological analysis and sequencing data was shown for
all individuals.

Conclusion

This work developed a molecular genetic approach to
rapidly distinguish between L. mediterraneus and L. cephali
inhabiting Mugil cephalus in the Azov-Black Sea basin. Of
the three approaches tested, two (amplified fragment length
analysis method and allele-specific real-time PCR) allowed
areliable distinction between these two monogenean species.
The use of allele-specific PCR with end-point detection of
amplification products is inefficient because annealing and
product accumulation occur for both primers complemen-
tary to L. mediterraneus and L. cephali. The approach using
a PCR mixture containing three primers proposed in this work
is the most cost-effective. The allele-specific real-time PCR
method can be considered as the fastest and most efficient,
the disadvantage of which is only its relatively high cost.
Nevertheless, the developed approach is much faster and more
cost-effective than sequencing the nucleotide sequences of the
28S ribosomal gene fragment.

The proposed genotyping methods can be used to rapid-
ly separate two flatworms of the genus Ligophorus when
assessing the degree of infestation of the flathead mullet
with these parasites in the Azov-Black Sea region. It should
also be noted that based on the data on 28S nucleotide
sequences for other parasites of this genus, our developed
primers have 100 % identity only with these two species of
all that inhabit the flathead mullet. It allows them to be used
in other parts of the world’s oceans as well. The developed
approach is vital when carrying out various works to study
these species, such as studying the distribution of these spe-
cies, changes in the ratio of two species on one host individual,
competition of these species, the influence of various factors
on their abundance, etc. In addition, the results obtained
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demonstrate the promise of developing such approaches to
estimate the abundance of other monogenic species, including
pathogens.
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Abstract. The genetic makeup of a breed including its genetic differences from other breeds determines its appearance
and characteristics, including economically important traits and resistance to pathologies. To date, many loci controlling
significant phenotypes have been identified, which is successfully used in the world practice of marker-assisted selection
to improve breed properties. The aim of this study was a comparative analysis of frequencies for known causative
nucleotide substitutions, insertions and deletions associated with disease and economically important traits in Russian
and foreign cattle breeds. As a result, we identified frequencies of these DNA polymorphisms in the populations of
Russian cattle breeds, compared them with those of foreign populations of the same breed, as well as other foreign
breeds. Our results indicate similarities in frequencies for most of such alleles within breeds (populations of Russian and
foreign breeding), as well as the relationship between the causative allele prevalence and the presence of phenotypic
traits under the effect. We also found an excess of some undesirable alleles in the Russian cattle populations, which
should be paid attention to when designing breeding programs. We found that the alleles increasing fertility in the
Hereford breed have a higher frequency in the Russian Hereford population compared to the foreign counterpart.
Interestingly, unlike for the European breeds, for Asian Turano-Mongolian Wagyu and Yakut cattle, there was a less clear
link between phenotypic traits and frequencies of known causative alleles. Our work points to specific genetic variants
that could be used to improve and/or maintain the performance of certain cattle breeds bred in the Russian Federation.
Key words: cattle; selection; breed; Russian Federation; genetic variants; SNP, insertion; deletion.

For citation: Igoshin A.V.,, Romashov G.A., Chernyaeva E.N., Elatkin N.P, Yudin N.S., Larkin D.M. Comparative analysis of
allele frequencies for DNA polymorphisms associated with disease and economically important traits in the genomes
of Russian and foreign cattle breeds. Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov Journal of Genetics and Breeding.
2022;26(3):298-307. DOI 10.18699/VJGB-22-28

CpaBHUTeIbHBIN aHa/an3 yacToT JHK-mmonmmopd1smos,
aCCOIIMMIPOBAHHBIX C 3a00JIeBAaHUSIMU U XO351iICTBEHHO
BaKHBIMMU IMPU3HaKaMM, B reHOMaxX POCCUIMCKIUX

11 3apyOEXKHBIX ITOPOJ, KPYITHOT'O pOraToro CKoTa
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AHHOTauuA. [eHeTNYeCKNiA COCTaB NOPOAbI 1 ee FreHETUYECKIE OTAINUKA OT APYTVX MOPOA ONpefensioT ee 06K
1 XapaKTepHble 0COGEHHOCTY, BKIOYAA SKOHOMMUUYECKI BaXKHbIE MPY3HAKM 1 BCTPEYAEMOCTb natonoruii. K Hacto-
fAleMy BpeMeHH BblAiBIEHO MHOXECTBO JIOKYCOB, KOHTPONMPYIOWMX Hanbonee 3Haunumble GeHOTUNMbI, YTO yCreLu-
HO MCMOSb3yeTCA B MMPOBOI NPaKTUKe ANA MapKep-acCoLUMPOBAHHON Cenekumy B LENAX yNyylleHns CBONCTB
nopop. B HacTosAwweit paGoTe NpoBefjeH CPABHUTENbHDI aHaNM3 YacTOT U3BECTHBIX Kay3aTUBHbIX HYKIEOTUAHbIX
3aMeH, BCTaBOK 1 [leNeLnii, CBA3aHHbIX C 32601€BaHNAMU 1 XO3ANCTBEHHO LIEHHbIMM MPYi3HaKaMu, B POCCUNCKUX 1
3apy6exKHbIX MOpoAax KPYNHOro poratoro CKoTa. BbifiBneHbl 4acToTbl BblLleyKazaHHbIX [IHK-nonrmopdramos B no-
NyNAUMAX POCCUNCKUX MOPOS KPYMHOTO POraToro CKOTa, BbIMOIHEHO UX CPABHEHME C YacTOTamMu B 3apy6exHbIX No-
nynALMAX ANA NOpof, pasBoAnMbIx B Poccuiickoin OefiepaLinu, a Takxke ¢ ApYrumm 3apybexHbiMy nopogamu. Hawum
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CpaBHuTenbHbIN aHanu3 [HK-nonumopdrsmos
B reHOMaX POCCMNCKMX MOPOJ CKOTa

pe3ynbTaTbl NOKa3bIBaOT CXOXKECTb YaCTOT GONbLUNHCTBA ansienei BHYTpW nopong (pOCCVIVICKOI'O mnn 3apy6e>KHoro
pasBe,qumn), a TaKXe CBA3b mMmexay npenctaB/ieHHOCTbIO annenen nccnegyembix I'IOJ1I/IMOp¢I/I3MOB 1N Hannvmnem
onpegenAaemMmbiX UMu q)eHOTVII'IVIquKVIX NMPU3HaKOB. Bbinu HamaeHbl n npeBbiWeHNA NO YaCTOTaM pAfa HeXenaTelb-
HbIX annenen B pOCCI/II7ICKI/IX nonynAaumnax KPyrnHOro poratoro CKoTa, Ha KOTopble CTOUT O6paTI/ITb BHMMaHWMe npn
ceneKUNOoHHON pa60Te c nopopgamwu. O6Hapy>KeHo, YTO asnienun, oteevatroLwe 3a NOBbIWEHHYO d)epTVIJ'IbHOCTb no-
poabl reped)opp,, MMEKT NOBbILWEHHYIO YaCTOTy B nonynAaymnax pOCCMI?ICKOFO pa3BefeHnA no CpaBHEHUIO C 3apy6e>K—
HbIMW nonynAaunamn. MHTepeCHO, YTO A4N1A a3MaTCKNX TYPAHO-MOHTIOJIbCKUX Barto N AKYTCKOro CKoTa Ha6mo,u,anac::
MeHbllasA CBA3b MeXxay ¢eHOTI/II'II/1LIeCKI/IMI/I npu3HakaMmn 1 4aCTtoTaMun N3BECTHbIX Kay3aTUBHbIX anneneu no CpaB-
HEHWIO C eBpOI'IeI?ICKVIMVI nopogamu. Hawa pa60Ta YKa3blBa€T Ha KOHKPETHbIE reHeTU4YeCKmne BapnaHTbl, KOTOPble
MoryT ObITb MCMOMb30BaHbI ana ynyJduweHuna n/unn nogaepaHna KavyecTs pAada nopon KPynHOro poratoro CKota,

pa3soanmbix B Poccuiickon Oepepauun.

KnioueBble crnoBa: prng||7| pOFaTbII7I CKOT; cenekuyua; nopoaa; Poccuiickas G)e,qepauvm; reHeTn4yeckne BapumaHTbl;

SNP; nHcepuus; peneuns.

Introduction

Common types of genetic variations, such as single nucleotide
polymorphisms, nucleotide insertions and deletions, among
others, can have “beneficial” or “harmful” effects on animal
health and productivity (Liu, Bickhart, 2012; Bourque et al.,
2018). That is why the sequencing of the Bos taurus genome
caused a surge in research on the genetic diversity of cattle
breeds and its relationship with economically important traits,
adaptations and diseases, which opened up opportunities to use
the knowledge gained for creating breeds with the necessary
qualities and improving existing breeds (Larkin, Yudin, 2016;
Yudin, Larkin, 2019). Now, according to the OMIA database
(www.omia.org; Lenffer et al., 2006), 272 bovine traits are
known to be genetically controlled, including a number of
diseases. For 175 of them, causative mutations in the coding
and non-coding regions of DNA have already been identified,
the effect of which is related to various mechanisms, including
changes in the protein sequence, in the stability, expression
or processing of RNA (Ibeagha-Awemu et al., 2008; Yudin,
Voevoda, 2015; Cieptoch et al., 2017). Using this information,
tests were developed for genotyping pathological mutations
and removing carrier animals from the breeding herd
(Romanenkova et al., 2015; Fornara et al., 2019; Sabetova
et al., 2021). With this approach, it is possible to identify
mutations at an early age for the timely culling of animals or
embryos (Terletskiy et al., 2016). At the same time, it is worth
considering that a “harmful” mutation may be “useful” for
another economically important trait (Fasquelle et al., 2009).
Identification of gene alleles associated with economically
important traits allowed using them for marker-assisted
selection (Pighetti, Elliott, 2011; Abd El-Hack et al., 2018).
Marker-assisted selection is particularly important for traits
that become evident with age or only in animals of the same
sex, such as productivity or fertility (Zinovieva, 2016; Raina
et al., 2020).

So far, Russian cattle breeds have been investigated for the
presence of only a few, the most common mutations associated
with economically important traits and health (Romanenkova
etal., 2016, 2018; Usovaetal., 2017; Surzhikova et al., 2019).
The purpose of our work was to analyze the spectrum and
frequencies of known causative DNA polymorphisms in nine
Russian cattle breeds using genome sequencing data and to
compare the frequencies of these polymorphisms with those

FEHETUKA U CENTIEKUMA XXUBOTHDbIX / ANIMAL GENETICS AND BREEDING

in worldwide breeds or foreign populations of the same breeds
to determine the options for which the selection in Russian
cattle could be conducted.

Materials and methods

The list of single-nucleotide polymorphisms (SNPs),
insertions and deletions, clinically and economically important
for cattle, was compiled based on the information from the
OMIA database (www.omia.org; Lenffer et al., 2006) and
practical guidance of the Irish Cattle Breeding Federation
(McClure M., McClure J., 2016). The genomic positions
of polymorphisms specified in the Bos taurus UMD3.1
assembly coordinates were converted to the ARS-UCD1.2
assembly coordinates using liftOver (Kuhn et al., 2013). For
polymorphisms present in the sample of Russian breeds,
reference and alternative alleles were verified for matching
those specified in the publications. For four substitutions of
the twelve possible (T«>A and G«<C), such a verification is
complicated, since: (1) there may be a change in the reference
allele during the transition to a new genome assembly; (2) in
the publication, the allele can be specified for a chain which
is complementary to reference sequence. In such cases, we
verified the alleles of polymorphisms in the context of codons
(for substitutions in the coding sequence) or proximate
sequences. For example, according to Hirano and colleagues
(2013) and the OMIA database, replacing the nucleotide G
with C at the BTA8:83909754 position, leading to the
replacement of valine with leucine, results in perinatal weak
calf syndrome. However, apparently, this replacement was
indicated by the authors for the messenger RNA sequence —
since in the assembly ARS-UCD1.2 C stands for the reference
nucleotide, being a part of the “AAC” triplet, which, in turn,
corresponds to “GUU” mRNA codon, encoding valine. Thus,
in the reference assembly of ARS-UCDI1.2, the G allele will
be “harmful”.

In this paper, we used data on SNPs, insertions and deletions
in the worldwide breeds from the “1000 Bull Genomes”
Project (Hayes, Daetwyler, 2019), including the resequencing
data of eight Russian breeds obtained earlier, as well as the
resequencing data (“.fastq”-files) for the Russian population
of the Aberdeen Angus breed (hereinafter simply Angus),
provided by LLC “Miratorg-Genetika”. Of note, some of
these animals were imported from the USA and Australia
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Table 1. Breed analyzed
Breed Geographic origin Sample size

Altal ...................................................................... RUSSIa ...................................................................................................... 20 .............................................
Buryat .................................................................. RUSSIa ...................................................................................................... 19 .............................................
Ka|myk ................................................................. RUSS,a ...................................................................................................... 13 .............................................
Kho|mogo ry ........................................................ RUSSIa ...................................................................................................... 32 .............................................
YakUt .................................................................... Rus Sla ...................................................................................................... 30 .............................................
Yaros|av| ............................................................... RUSSIa ...................................................................................................... 22 .............................................
Ab erdeen Angus ( formgn) ................................. Austra“a Cana d a Newze a |a n d US A etc .......................................... 401 ............................................
Aberdeen Angus (Russian) Russia (partially imported from UsA and Australia) s
Hereford(forelgn) ............................................... AustrahacanadaNewzealandUSAetc123 ...........................................
Hereford(RUSSIan) .............................................. Ru55|a18 .............................................
Wagyu . ( forel gn) .................................................. Austra“a ................................................................................................. 9 ...............................................
Wagyu (Russmm .................................................. RUSSIa ...................................................................................................... 20 .............................................
No rthemF mn ca tt|e ............................................ leand .................................................................................................... 34 .............................................
Westem . ancattle .............................................. leand .................................................................................................... 25 .............................................
Eastemancattle ............................................... leand .................................................................................................... 25 .............................................
Therest ................................................................ _ .............................................................................................................. 4409 .........................................

(>180 populations/breeds)

(Table 1). Additionally, we also used data on three native
Finnish breeds provided by the Natural Resources Institute
Finland (Luke). Finland borders with Russia and has a largely
similar (although milder) climate, so the inclusion of Finnish
breeds in the study could shed light on features of the selective
breeding manifesting in the close natural conditions of the
two countries.

Removal of adapter sequences from raw paired reads
was performed using Trimmomatic-0.39. Clean reads were
aligned to the ARS-UCDI1.2 reference sequence using
BWA-MEM v.0.7.17 (Li, Durbin, 2009). Files containing
aligned sequences (“.sam”-files) were then converted to the
“bam” format and sorted using the SAMtools v.1.8 software
(Li et al., 2009). Further, libraries belonging to the same
animal were pooled using the ‘MergeSamFiles’ module of
the Picard v.2.18.2 package (http://broadinstitute.github.io/
picard). Duplicates were marked using the ‘MarkDuplicates’
module of the above-mentioned software. The OPTICAL
DUPLICATE PIXEL DISTANCE parameter equaling 2500
was chosen according to the recommendations of the “1000
Bull Genomes” protocol. Base quality score recalibration
was performed using the ‘BaseRecalibrator’ and ‘PrintReads’
modules of the GATK v.3.8 package (McKenna et al., 2010)
using data provided by the “1000 Bull Genomes” Project
(Hayes, Daetwyler, 2019). The variant calling and the
merging of the resulting gVCF files were performed using
the ‘HaplotypeCaller’ and ‘GenotypeGVCFs’ modules of the
GATK v.3.8 program, respectively.
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Extraction of SNPs, insertions, and deletions from genome-
wide VCF files was performed with the Tabix utility (Li, 2011),
using the coordinates of polymorphisms from a previously
generated list. The resulting VCF files containing the selected
polymorphisms were used to calculate the frequencies of
alternative alleles in the samples using the PLINK 2.0 program
(Purcell et al., 2007) with the following parameters: --vcf --chr-
set 30 --freq --pheno --loop-cats. The count has been carried
out for (1) breeds bred in Russia (Kholmogory, Yaroslavl,
Altai, Yakut, Buryat, Kalmyk, Angus, Wagyu and Hereford),
(2) foreign populations of those breeds (if present), (3) three
Finnish breeds (Northern Finncattle, Western Finncattle and
Eastern Finncattle), and (4) a combined sample of all other
worldwide cattle breeds (see Table 1).

The presence of allele frequency differences between the
abovementioned samples was tested using Fisher’s exact test
implemented in the ‘fisher.test()’” R function. Contingency
tables 2x2 were composed by counting the number of
reference and alternative alleles in the chromosomal pool of
each of the two groups studied. Three types of comparisons
were made: (1) between a breed bred in Russia (or a foreign
population of the same breed, if present) and a combined
sample of other world breeds; (2) between a breed bred in
Finland and the combined sample of the world’s breeds
using the polymorphisms identified in the first type of
comparisons; (3) only between the Russian population and the
foreign population of the same breed. To correct for multiple
comparisons, we used the Storey and Tibshirani method
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(Storey, Tibshirani, 2003) implemented in the ‘qvalue()’
R function (Storey et al., 2020).

Results

Our list of clinically and economically important
polymorphisms contained 193 SNPs and 63 insertions/
deletions. A search in the VCF files revealed in Russian breeds
the presence of 38 SNPs and one insertion from the above-
mentioned list (Supplementary Table 1), which corresponded
to at least 21 phenotypic traits.

When comparing 15 populations for 39 polymorphisms
(585 comparisons in total) with a global sample, in
229 cases statistically significant (q < 0.05) differences in
allele frequencies were found (see the Figure). The most
significant differences with the total sample of worldwide
breeds were observed for foreign populations of Angus
and Hereford breeds (29 and 27 loci, respectively). Of the
Russian populations, the Yakut breed had the largest number
(16 loci) of differences from the worldwide sample. Of the
Finnish breeds, the Northern Finncattle had the largest number
(20 loci) of such differences.

The most significant (q = 4.24E-286) allele frequency
difference from the global sample was observed for the foreign
Angus population for SNP rs109688013 in the melanocortin-1
receptor gene MCIR, carriers of the alternative allele C of
which have a black coat color (Klungland et al., 1995). The
difference from the worldwide sample for this locus was
also statistically significant for most of other populations as
well, with the exception of the Northern Finncattle, as well
as Russian and foreign Wagyu populations. In particular,
the difference at this SNP was the highest among 39 loci
for the Russian population of Angus (q = 6.01E-35), both
populations of Herefords (q = 6.22E-37 for foreign and
7.34E-07 for Russian), for Altai (q= 1.99E-06), Kholmogory
(q = 9.27E-12) and Yaroslavl (q = 2.76E-06) breeds. In
foreign and Russian Angus populations, the frequency of the
C allele coding for black color reaches 0.973 and 0.989, while
in other worldwide breeds it is 0.339. In the populations of
Altai, Kholmogory, Yaroslavl breeds, Russian and foreign
Herefords, it has a frequency of 0.026, 0.828, 0.772, 0 and
0.019, respectively. In Finnish breeds, the frequency of the
C allele varies from zero in Western Finncattle to 0.052 in
Eastern Finncattle and 0.258 in Northern Finncattle.

Of the remaining loci, the greatest difference in the studied
breeds from the global cattle population was observed for
polymorphisms associated with milk traits, coat color and
bleeding disorders. Thus, the Russian Wagyu population had
the most significant (q = 6.44E-21) allele frequency difference
from the worldwide sample for 15 bp insertion located at
BTA27:16305660, which disrupts the /] gene function and,
as aresult, leads to a deficiency of blood coagulation factor XI,
encoded by this gene (Kunieda et al., 2005). In Russian Wagyu
population, the frequency of this insertion reaches 0.25,
while in the global cattle population it is close to zero. The
most significant differences from the worldwide sample for
the foreign Wagyu population (q = 2.60E—05) and the Yakut
breed (q = 2.21E-18) were observed for SNP rs210634530
in the gene of microphthalmia-associated transcription factor

T Supplementary Tables 1and 2 areavailable in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Igoshin_engl.pdf
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MITEF, which is associated with the ‘white spotting’ phenotype
(Fontanesi et al., 2012). The frequencies of the ‘white
spotting’-associated allele T in the Yakut breed and foreign
Wagyu population are 0.083 and 0.111, respectively, while
in the worldwide sample it reaches 0.65. In the Buryat and
Kalmyk breeds, the most significant difference (q=6.81E-10
and 2.33E-06, respectively) had SNP rs109191047 in the
growth hormone gene GH1, associated with the composition
of milk (Mullen et al., 2010). The frequency of G allele
increasing the milk fat and protein content is 0.100 in the
worldwide population, while in the above-mentioned breeds
it reaches 0.526 and 0.500, respectively.

Comparisons between the Russian and corresponding
foreign populations, made for the Angus, Hereford and
Wagyu breeds, revealed four loci, statistically significantly
(q<0.05) differing in allele frequencies. Of these, three SNPs
(rs43703017, rs43703015 and rs110014544) had differing
frequencies in the Russian and foreign Angus populations
and specified the alleles of the kappa-casein gene CSN3.
One SNP located in the CAPNI gene (rs17872050) differed
between the Hereford populations and was associated with
meat tenderness. Taking into account the frequency differences
at the nominal significance level (p < 0.05), eight additional
loci can be noted (Table 2), among which the V311 A missense
substitution (BTA26:34340886T>C) in the NHLRC?2 gene
differing between the Angus populations and in homozygotes
leading to notomelia, a type of polymelia in which the
additional limb is located along or near the midline of the
back (Beever et al., 2014).

Discussion

Breed-specific genetic features

The gene pool of farm animals is formed under the influence
of factors such as selection for productive traits, adaptation to
environmental conditions, hybridization, de novo mutations,
the founder effect and genetic drift (Notter, 1999; Xu et al.,
2015).

Aswe showed above, a significant part of the polymorphisms
taken into the analysis in the studied breeds differs in
frequencies from the “worldwide average”, reflecting the
gene pool features of particular populations. For example, the
Yakut cattle shows the highest divergence in allele frequencies
among Russian breeds, expressed both in a greater number of
differing loci and in a greater significance of these differences,
which is consistent with the data on phylogeny of this breed
and the analysis of its population structure (Yurchenko et al.,
2018; Buggiotti et al., 2021).

Some of the polymorphisms studied make a definitive
contribution to characteristic features of the breeds. For
example, the content of the MC1R gene allele rs109688013-C
in the breeds coincides well with the typical color of their
representatives. Thus, in Angus having a black coat color,
the frequency of this allele is close to one. In Yaroslavl and
Kholmogory cattle, rs109688013-C also predominates,
apparently defining black and black-mottled coats, mainly
characteristic of these animals. At the same time, in Herefords,
which are not characterized by a black color, the frequency of
the C allele is close to zero. Similarly, there is a link between
color and the frequency of the C allele in populations of
Finnish breeds. In breeds that have mainly lighter coats (fawn,
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Gene Allele frequencies Phenotype
F11 Factor XI deficiency
IARS Perinatal weak calf syndrome
NHLRC2 Developmental duplications
ROR2 Interdigital hyperplasia
LRP4 Syndactyly (mule foot)
TLR4 Sysceptibility to infections
STAT1 Decreased embryo survival rate
STAT3 Decreased embryo survival rate
STAT5A Reduced fertility
STAT5A Reduced fertility
STAT5A Reduced fertility
STAT3 Reduced fertility
CAST More tender meat
CAST More tender meat
CAST More tender meat
CAPNT More tender meat
CAPN1 More tender meat
CAPNT More tender meat
CSN2 * CSN2*F allele
CSN2 Milk more favourable for cheese making
CSN2 Decreased milk protein yield
CSN2 A2-milk
CSN3 CSN3*l allele
CSN3 CSN3*G1 and CSN3*H alleles
CSN3 Milk more favourable for cheese making
CSN3 Decreased kappa casein concentration
CSN3 Less favourable milk coagulation properties
CSN3 Milk more favourable for cheese making
GHI1 Increased milk fat and protein content
GH1 Decreased milk protein yield
GHR Decreased milk fat yield
LGB Milk more favourable for cheese making
Les Milk more favourable for cheese making
LG8 Milk more favourable for cheese making
LGB Milk more favourable for cheese making
KRT27 Curly hair
MCIR Dominant black; rat-tail syndrome
MITF

White spotting

=
S
=

Kholmogory
Yaroslavl

Altai

Yakut

Buryat

Kalmyk

Angus (Russian)
Angus (foreign)
Wagyu (Russian)
Wagyu (foreign)
Hereford (Russian)
Hereford (foreign)
Eastern Finncattle
Northern Finncattle
Western Finncattle

Frequencies of clinically and economically significant polymorphisms in Russian and foreign cattle populations.

On the left are the genes containing the polymorphic variants under study. A darker tone corresponds to a higher frequency of a reference (green) or alternative
(red) allele. On the right is the phenotype associated with this allele. The polymorphism designations and their frequencies are given in Suppl. Table 2.
Theasterisksindicatelocithat havessignificantfrequency differences between the specified breed and the global cattle population: ***** q < 1.0E-25, ****q < 1.0E-10,
*** q < 1.0E-5, ** g < 1.0E-3, * g < 0.05. The frame indicates loci that differ (p < 0.05) between the Russian and foreign populations of the same breed: red color
means that the “harmful” allele has a large content in the Russian population, blue - in the foreign, black - the significance of the allele for beef breeds is not
established.
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Table 2. Differences between Russian and foreign populations within the same breed
Locus Allele Frequency of allele Breed Phenotype Statistical
associated with the significance
phenotype specified
Reference Alternative Russian Foreign p-value g-value
population population
rs43705173 G* A 0.853 0.971 Hereford  Decreased embryo survival 0.0086 0.1465
rate
rs43703015 T* C 0.304 0.157 Angus Decreased rennet coagula- 0.0011 0.0353
tion time, decreased lactose
concentration
rs43703016 C A¥ 0.696 0.833 Angus Decreased kappa casein 0.0024 0.0563
concentration
rs43703017 A G* 0.283 0.113 Angus Less favourable coagulation 4.88E-05 0.0057
properties and increased milk
fat content
rs110014544 G* A 0.304 0.159 Angus Decreased rennet 0.0012 0.0353
coagulation time
rs41255587 G* A 0.620 0.725 Angus More tender meat 0.0385 0.3753
rs109221039 A* G 0.793 0.894 Angus More tender meat 0.0088 0.1465
rs208753173 G* A 0.917 0.988 Hereford  Reduced fertility 0.0298 0.349
rs110942700 T Ccx 0.083 0.267 Hereford  Decreased embryo 0.0201 0.262
survival rate
BTA26:34340886 T c* 0.065 0.024 Angus Developmental 0.037 0.3753
duplications
rs17871051 G* A 0.722 0.894 Hereford  More tender meat 0.0127 0.1854
rs17872050 c* T 0.500 0.799 Hereford  More tender meat 0.0003 0.0154

*The allele associated with the phenotype specified.

light brown and red, often white muzzle, belly and back),
it is low (0.053 in Eastern Finncattle) or zero (in Western
Finncattle). In Northern Finncattle, which has a predominantly
white coat color (some individuals are black-mottled), the
frequency of rs109688013-C is 0.258. Breeds for which the
red (Kalmyk) or brown (Altai, Buryat) colors are typical have
rs109688013-C in low frequency (0.03—0.08). However, in
Wagyu populations, which are usually characterized by black
color, the frequency of this allele is far from one and has values
0f 0.42 in Russian population and 0.67 in foreign population,
probably reflecting the genetic characteristics of Turano-
Mongolian breeds. This discrepancy is also observed in Yakut
cattle, in which a black-and-white color is common, but the
frequency of rs109688013-C is vanishingly small. Given the
genetic divergence of Turano-Mongolian breeds from other
breeds, it can be assumed that other loci are involved in the
control of body coloration.

Also, coat color is associated with the SNP rs210634530
in the MITF gene, the T allele of which defines the ‘white
spotting’ phenotype. The highest frequency of rs210634530-T
is observed in populations of Hereford cattle (fixed in the
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Russian sample and 0.92 in the foreign population), which is
characterized by a white head and belly. In addition, this allele
prevails in the populations of Kholmogory, Yaroslavl, Altai
and Kalmyk breeds, which have white spotting in color, as well
as in Angus. In other populations, the frequency of the T allele
varies from low (Yakut breed) to moderate (Buryat, Wagyu).
The link between the content of rs210634530-T and coat color
can be demonstrated for Finnish breeds. As mentioned above,
many individuals of Western Finncattle and Eastern Finncattle
have a white muzzle, back, and belly. Northern Finncattle has
either a white or, less often, black-and-white coat. It should
be noted that in addition to SNP rs210634530, additional loci
appear to be involved in the control of the ‘white spotting’
phenotype (Fontanesi et al., 2012), therefore, the link between
the frequency of rs210634530-T and coat color may not be
so straightforward.

Some of the genetic features of the breeds are not quite
obvious at first glance. For example, both Russian and foreign
populations of Angus and Wagyu have a high (0.89-0.95)
frequency of rs43703011-G allele of the beta-casein gene
CSN2. Variations of the CSN2 gene at several non-synonymous

303



A.V.lgoshin, G.A. Romashov, E.N. Chernyaeva
N.P. Elatkin, N.S. Yudin, D.M. Larkin

positions determine its alleles — A1, A2, A3, B, C, etc. The
above-mentioned allele G of rs43703011 is shared by several
alleles of the CNS2 gene, the most common of which is A2.
The so-called A2-milk is considered more preferable for
consumption, due to better absorption and fewer undesirable
effects from the human digestive system (Jiangin et al., 2016).
In recent years, breeding programs in many countries have
aimed to increase the frequency of the A2 allele in dairy cattle
(Sebastiani et al., 2020). Given that Angus and Wagyu are beef
breeds and are not used for milk production, the increased
G allele content they have can hardly be explained by selection
to improve milk quality. The most plausible explanation is
selection for meat productivity. Thus, according to Hohmann
et al. (2020), the carriage of the A2 allele increases average
daily weight gain and weaning weight in German Angus
and Simmentals. Therefore, increasing the frequency of the
rs43703011-G allele, and consequently the A2 allele of the
CSN2 gene, can be useful for improving not only dairy but
also beef breeds.

Some of the variants found are specific to one breed
and virtually absent in others. The most breed-specific are
clinically important polymorphisms in the 7/, IARS and
NHLRC?2 genes. The previously mentioned insertion in
the F11 gene, leading to a deficiency of blood coagulation
factor XI, is almost exclusively observed in foreign and
Russian Wagyu populations. At the same time, among more
than 5 thousand other animals from the “1000 Bull Genomes”
Project, this mutation is harbored by only two animals.
Association of factor XI activity with ATATGTGCAGAATAT
insertion has been initially demonstrated for Wagyu (Kunieda
et al., 2005). The homozygous genotype for this mutation is
associated with a blood clotting disorder and an increase in
the duration of bleeding. In the Russian population of Wagyu,
its frequency equals 0.25, which is consistent with the data
of early publications on its prevalence in the Japanese black
breed (Watanabe et al., 2006; Ohba et al., 2008). At the same
time, in the foreign Wagyu population, here represented by
asample from Australia, this insertion has a frequency of 0.11.

Other examples of breed-specific variants are single
nucleotide substitutions in the JARS (BTA8:83909754C>G) and
NHLRC2 (BTA26:34340886T>C) genes. BTA8:83909754C>G
mutation in the /ARS gene in homozygote leads to perinatal
weak calf syndrome and increased prenatal mortality (Hirano
et al., 2013, 2016). This variant is specific to Wagyu, and
besides, it was found only in one animal from the “1000 Bull
Genomes” Project. In the Russian and Australian samples of
this breed, its frequencies are 0.075 and 0.056, respectively.
The BTA26:34340886T>C mutation in the NHLRC2 gene
mentioned earlier, in homozygote leading to notomelia, is
breed-specific for Angus, and was first discovered in this
breed (Beever et al., 2014). Besides Angus, in the sample of
“1000 Bull Genomes”, the mutant allele is found only in one
animal of an unknown (‘crossbreed’) breed. In the Russian
and foreign populations of this breed, it has frequencies of
0.065 and 0.024, respectively.

Differences between Russian and foreign populations

of the same breed

The presence in our analysis of foreign Angus, Herefords
and Wagyu populations can shed light on the features of
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the selection and adaptation of Russian populations of these
breeds. Overall, Russian and foreign samples of the same
breed demonstrate similar allele frequency profiles, with
statistically confirmed differences present only in a small
number of loci. The differences observed can be explained by
many factors or their combinations. For example, an almost
threefold excess of the BTA26:34340886-C allele (leading
to the appearance of additional limbs) content in the Russian
Angus population compared to the foreign one (see Table 2)
may be a consequence of the founder effect or genetic drift
in general, as well as less intensive efforts for elimination of
this variant in the Russian herd.

Interpopulation differences in the loci associated with re-
production may result from an adaptation to environmental
conditions. In the Russian population of Herefords, alleles
of several polymorphisms that negatively affect the survival
of embryos (rs43705173-G and rs110942700-C) and fertility
(rs208753173-G) have a lower frequency compared to the
foreign sample of this breed. It can be assumed that the Russian
sample of Herefords, in this work represented by a population
bred in Western Siberia since the 1960s (Vsyakikh, Kurinsky,
1976), was subject to selection for reproductive performance.
This assumption is supported by the data of Afanasyeva and
co-authors, according to which in the conditions of the Altai
Territory, the population of Herefords of Siberian selection
shows a much lower stillbirth rate (1.4 %) compared to animals
of Finnish selection (6.6 %) imported in 2011 (Afanasyeva et
al., 2015). Low temperatures are known to negatively affect the
reproduction of cattle, reducing fertility and increasing peri-
natal mortality (Gwazdauskas, 1985; Mee, 2020). Therefore,
population differences at these loci may reflect the process
of genetic adaptation aimed at compensating a decrease in
reproductive functions caused by cold.

Of particular interest are single nucleotide polymorphisms
associated with meat traits and differing in samples of Angus
(rs41255587 and rs109221039 in the CAST gene) and Here-
fords (rs17871051 and rs17872050 in the CAPNI gene). For
all four SNPs, the foreign populations of these breeds demon-
strate a higher content of alleles increasing meat tenderness.
This is an important gastronomic feature and its improvement
is included in the breeding programs of foreign beef breeds
(Tatum, 2006). At the same time, we are not aware of extensive
breeding attempts of this kind in Russia, which is probably
the reason for the observed differences between the samples.
Therefore, the Russian populations of Angus and Herefords
have the potential for the improvement of meat quality by
selection for CAST and CAPNI alleles.

Of the studied loci differing between populations of the
same breed, four SNPs (rs43703015, rs43703016, rs43703017
and rs110014544) determining the kappa-casein gene CSN3
alleles deserve to be noticed. Their allele frequencies differ
between Russian and foreign Angus populations. These poly-
morphisms are associated with milk traits, in particular, with
the concentration of kappa-casein in milk and milk coagula-
tion properties, which is important for cheesemaking. At the
same time, the effect of CSN3 alleles on the productivity of
beef cattle is poorly understood. Investigations of Tambasco
etal. (2003) u Curi et al. (2005) found no association between
CSN3 alleles and meat traits. Thus, the observed differ-
ences can be attributed to the founder effect, or selection for
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economically important traits whose associations with CSN3
polymorphisms have not yet been identified.

Polymorphisms of clinical significance present

in Russian breeds

In Russian breeds, there is a number of polymorphic variants,
in homozygous state causing hereditary diseases, some of
which (mutations in the genes F//, IARS and NHLRC?2) have
already been discussed above due to their breed specificity.
Also, the variants in the ROR2 and LRP4 genes should be
mentioned that are associated with the manifestation of
interdigital hyperplasia (proliferation of tissue between the
hooves) and syndactyly (fusion of the fingers, also called ‘mule
foot”), respectively. Unlike the F'/1, IARS and NHLRC? genes,
the “harmful alleles” in ROR2 (rs377953295-A) and LRP4
(rs453049317-T) are not breed-specific, and are widespread
both in Russian breeds and in the rest of the worldwide cattle
population. Of the Russian populations, the Kalmyk (0.192)
and Altai (0.15) breeds have the highest content of the
rs37795322-A allele of the ROR2 gene. In the worldwide
sample, its frequency reaches 0.13. The rs453049317-T
variant in the LRP4 gene has the highest frequency in the Altai
breed (0.2) and in the Russian Angus (0.12), while in the rest
of the worldwide population it is 0.076.

Currently, testing for genetic defects is widely used in the
practice of animal husbandry in many countries (Terletskiy
et al., 2016). For example, testing for mutations in the
F11 and IARS genes is included in the genetic screening
programs recommended by the Australian Wagyu Association
(https://www.wagyu.org.au/content/uploads/2020/08/
Genetic-Conditions-in-Wagyu-FactSheet-2020.pdf). At the
same time, the elimination of undesirable alleles should
be approached with caution. For example, there is an assum-
ption that the carriage of mutations associated with syndactyly
improves the milk productivity of cows, which can partially
explain the spread of this pathology in cattle (Johnson et al.,
2006).

Conclusion

Our analysis showed the allele frequency distribution
for the most clinically and economically important DNA
polymorphisms present in Russian cattle breeds. A number of
variants leading to common hereditary disorders in cattle have
significant representation in Russian populations, and probably
need to be eliminated. Also, the differences between Russian
and foreign cattle populations at several loci are presumably
of adaptive importance. The data of this study may be useful
in cattle breeding programs aimed at improving the existing
cattle breeds, and creating new ones.
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Abstract. Idiopathic pulmonary fibrosis (IPF) is a severe progressive interstitial lung disease with a prevalence of
2 to 29 per 100,000 of the world’s population. Aging is a significant risk factor for IPF, and the mechanisms of
aging (telomere depletion, genomic instability, mitochondrial dysfunction, loss of proteostasis) are involved in the
pathogenesis of IPF. The pathogenesis of IPF consists of TGF-3 activation, epithelial-mesenchymal transition, and
SIRT7 expression decrease. Genetic studies have shown a role of mutations and polymorphisms in mucin genes
(MUC5B), in the genes responsible for the integrity of telomeres (TERC, TERC, TINF2, DKC1, RTEL1, PARN), in surfactant-
related genes (SFTPC, SFTPCA, SFTPA2, ABCA3, SP-A2), immune system genes (ILTRN, TOLLIP), and haplotypes of HLA
genes (DRB1*15:01, DQB1*06:02) in IPF pathogenesis. The investigation of the influence of reversible epigenetic
factors on the development of the disease, which can be corrected by targeted therapy, shows promise. Among
them, an association of a number of specific microRNAs and long noncoding RNAs was revealed with IPF. Therefore,
dysregulation of transposons, which serve as key sources of noncoding RNA and affect mechanisms of aging,
may serve as a driver for IPF development. This is due to the fact that pathological activation of transposons
leads to violation of the regulation of genes, in the epigenetic control of which microRNA originating from these
transposons are involved (due to the complementarity of nucleotide sequences). Analysis of the MDTE database
(miRNAs derived from Transposable Elements) allowed the detection of 12 different miRNAs derived in evolution
from transposons and associated with IPF (miR-31, miR-302, miR-326, miR-335, miR-340, miR-374, miR-487, miR-493,
miR-495, miR-630, miR-708, miR-1343). We described the relationship of transposons with TGF-B, sirtuins and
telomeres, dysfunction of which is involved in the pathogenesis of IPF. New data on IPF epigenetic mechanisms can
become the basis for improving results of targeted therapy of the disease using noncoding RNAs.

Key words: idiopathic pulmonary fibrosis; immune system; microRNA; telomeres; transposons; epigenetic factors.
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MoeKkyasspHO-TeHeTU4YeCcKre 0COOeHHOCTH IMaToreHesa
MOMOIAaTUYeCKOro JIerouHoro ¢gpubdposa

PH. Myc*rachH@

BalKnpckmin rocyaapcTBeHHbIN MeaULMHCKNIA yHUBepcuTeT, Yba, Poccusa
@ rujiz9@mail.ru

AHHoTayuA. ianonatnyeckunii nerouHbin Gubpos — Taxenas nporpeccupyiolasn MHTepcTMLmManbHan 6one3Hb ner-
KWUX C pacnpoCTpaHeHHOCTbo 2-29 criyyaes Ha 100 000 YenoBek HaceneHUs B MUpe. 3HauMmbIM GaKTOPOM prcka
3aboneBaHuA ABNAETCA CTapeHNe, MEXaHN3Mbl Pa3BUTMA KOTOPOTO 3afieiCTBOBaHbI B MaTOreHe3e MgMonaTnyecko-
ro neroyHoro ¢nbposa. K HUM OTHOCATCA UCTOLEHNE TENOMEp, FeHOMHAA HeCTabunbHOCTb, AUCOYHKLUA MUTO-
XOHAPWIA 1 NOTeps NPoTeocTasa. BaxkHylo posib B pa3BUTHM MAMOMATUYECKOTO IEro4HOro $p1bposa NrpaioT Takke
SNUTEeNNaNbHO-Me3eHXMasbHbIN nepexof, aktneaumsa TGF-f u cHuxXeHne skcnpeccumn cnptymHa SIRT7. Moneky-
NAPHO-TeHeTNYeCKMe NCCNeoBaHNA NOKa3aan, YTo B naToreHese MAMOMNATUYECKOrO fleroyHoro prbposa umetot
3HauyeHvie MyTaummn n nonnmopdursmbl B reHax myumHa (MUC5B), B reHax, OTBETCTBEHHbIX 3@ LIENOCTHOCTb Teno-
mep (TERC, TERT, TINF2, DKC1, RTEL1, PARN), reHoB cypdakTaHTa (SFTPC, SFTPCA, SFTPA2, ABCA3, SP-A2) n nMMyH-
How cuctembl (ILTRN, TOLLIP), a Takxe rannotunbl reHoB HLA (DRB1*15:01, DQB1%*06:02). MNepcneKTMBHO n3yyeHune
B/IVSAIHVA Ha pa3BUTVe 6ONe3HN 06PaTUMbIX SMUTreHeTNYECKX PaKTOPOB, KOTOPble MOTYT ObITb CKOPPEKTUPOBa-
Hbl TapreTHol Tepanueir. Cpean HUX C UGMOMATUYECKUM NeroyHbiM GrbPO3OM accounmpoBaHbl creunduleckre
MUKPOPHK v anuHHble Hekoampytowme PHK. CaenaHo npefnnonoxeHue, 4to gpaliBepHbIM CcOObITMEM A nano-
naTmyeckoro neroyHoro Grubposa CnyxuT JUCPErynauna TPaHCNO30HOB, KOTOpble ABNAIOTCA KNOYEBbIMU UCTOY-
HVKamy Hekoavpytowmx PHK 1 BIVAOT Ha MexaHU3Mbl CTapeHus. 3To 06yC/TIOBNIEHO TEM, UTO MPY MATONOTMYECKOoN
aAKTMBALMN TPAHCMO30HOB NPOUCXOANT HapyLUEHWEe Perynaumm reHoB, B SNMUreHeTUYeCKOM yrnpaBfieHM KOTOPbIX
yyacTByIOT npoucxofsLime oT 3TUX TPaHCMO030HOB MUKPOPHK (B CBA3M C KOMMIEMEHTaPHOCTbIO HYKJIEOTUAHbBIX
nocnegosatenbHocTel). AHanm3 6a3bl gaHHbix MDTE (miRNAs derived from Transposable Elements) no3ssonun
BbIABMTb 12 pa3nnyHbix MUKPOPHK, reHbl KOTOPbIX B 3BOMOLMM BO3HMKAN OT TPAHCMO30HOB M acCOLMMPOBaHbI
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MonekynapHo-reHeTMYeckme 0CO6eHHOCTM NaToreHe3a
NAMoNaTUYeCKoro neroyHoro Gprubposa

CMAMonNaTNYeCcKnM ieroyHbiM prbposzom (MiR-31, miR-302, miR-326, miR-335, miR-340, miR-374, miR-487, miR-493,
miR-495, miR-630, miR-708, miR-1343). OnucaHbl B3auMOCBA3M MOOUNIbHBIX 3n1eMeHToB ¢ TGF-3, cupTyuHamu un Te-
nomepamu, ANCPYHKLMA KOTOPbIX BOBSIEYEHa B NaToreHes nanonaTnyeckoro neroyHoro rnbposa. Hoeble AaHHble
06 3nureHeTNYeCKMX MexaH1M3Max pa3BUTUA NAaTONOrMN MOTYT CTaTb OCHOBOW AN YyYLLEHWUA Pe3yNbTaToB TapreT-
HoW Tepanum 6051e3HN C UCMONIb30BaHMEM B KauecTBe MULLeHN Hekoaupytowmx PHK.

KnioueBble cioBa: MaMonaTUYecKnii neroyHbln Gpnbpos; MUMMyHHasa cucteMa; MUKPOPHK; Teniomepbl; TpaHCMO30HbI;

SNUreHeTn4yeckne CI)aKTOpr.

Introduction

Idiopathic pulmonary fibrosis (IPF) is a progressive severe
interstitial lung disease. The annual incidence of IPF is up to
17.4 per 100,000 people in the world (Chioma, Drake, 2017).
The prevalence of IPF in different countries ranges from 2 to
29 per 100,000 people (Zhao et al., 2017) (for example, in
Finland — 16-18 per 100,000 (Hodgson et al., 2002); in the
USA — 14-42,7 per 100,000 people). IPF is associated with
aging. Therefore, for people over 75 years of age, the preva-
lence of the disease is 227.2 per 100,000, while for people
aged 18 to 34 years, the prevalence of IPF is 4 per 100,000.
The average age of patients with IPF is 66 years (Raghu et al.,
2006). Survival for IPF is about 3 years after diagnosis, and
available drugs only slow the decline in lung function with
little to no effect on mortality (Wyman et al., 2017).

IPF pathogenesis involves environmental influences and
microorganisms (Sgalla et al., 2018). Viral (Epstein—Barr,
cytomegalovirus, herpesvirus-1,-7,-8, Kaposi’s sarcoma and
hepatitis C), bacterial and fungal infections play a potential
role in the development of IPF (Sheng et al., 2020). Smoking
and metal dust inhalation are also associated with the risk
of IPF (Chioma, Drake, 2017; Sgalla et al., 2018). The de-
velopment of IPF is affected by occupational hazards, such
as contact with silicon, beryllium, coal dust, asbestos, and
radiation. In addition, IPF is associated with anti-inflamma-
tory drugs (sulfasalazine, rituximab), chemotherapy drugs
(bleomycin, methotrexate), heart drugs (amiodarone,
propranolol), and antibiotics (nitrofurantoin, ethambutol)
(Chioma, Drake, 2017). In 2019, a meta-analysis including
3206 patients and 9368 healthy individuals showed the role
of gastroesophageal reflux disease in the development of IPF
(Methot et al., 2019).

According to the generally accepted hypothesis, IPF deve-
lops as a result of immune reactions to restore the structure
of lung tissue in case of repeated damage to the alveolar
epithelium or endothelium. In this mechanism, the inflam-
matory mediator profibrotic cytokine — transforming growth
factor B (TGF-p) activates angiogenesis and the production of
extracellular matrix components (collagen and fibronectin).
Failure to inactivate the fibrotic trigger leads to an exacerba-
tion of the inflammatory response with excessive deposition
of matrix components and lung scarring (Chioma, Drake,
2017). Molecular mediators of IPF include cell surface pro-
teins, intracellular proteins, and soluble molecules (cytokines).
The development of IPF is associated with sirtuins, a family
of histone deacetylases that require NAD+ for their catalytic
activity. The expression of sirtuins in fibroblasts of patients
with IPF is significantly reduced. Similarly, a decrease in
the concentration of SIRT7 in lung tissues was found in ex-
perimental mouse models with IPF induced by bleomycin.

Inhibition of SIRT7 in fibroblast cultures by siRNA caused
an increase in collagen synthesis. Overexpression of SIRT7 in
lung fibroblasts leads to lower levels of COL1A1, COL1A2,
COL3AL, exerting an antifibrotic effect (Wyman et al., 2017).

In the pathogenesis of IPF, an important role is played by the
epithelial-mesenchymal transition, during which the expres-
sion of adhesion molecules (E-cadherin) is suppressed, and
the cytokeratin cytoskeleton is transformed into a vimentin
one. Accordingly, epithelial cells acquire a mesenchymal
morphology (Li J. et al., 2021). However, there is still no
complete theory that would fully explain the mechanism of
IPF development. The most accurate data on the pathogenesis
of IPF can be obtained using molecular genetic studies, which
are promising for identifying the individual risk of the dis-
ease and developing its effective targeted therapy (Spagnolo,
Cottin, 2017).

Genetic factors in idiopathic pulmonary fibrosis
Familial IPF involving two or more family members averages
10 to 15 % of all IPF cases (Chioma, Drake, 2017). There
are sporadic, familial and syndromal forms of IPF (Lawson
et al., 2004; Gochuico et al., 2012). Sporadic cases of the
disease are multifactorial diseases, that is, their development
is influenced by environmental factors. These forms comprise
the majority of IPF cases and are associated with polymorphic
variants of various genes (Table 1). Risk factors for sporadic
IPFs are male gender, smoking, inhalation of metal and wood
dust, or use of certain medications such as methotrexate and
bleomycin (Fernandez et al., 2012). Familial IPFs are similar
to sporadic, but are characterized by an earlier manifestation.
They are caused by mutations in certain genes (see Table 1)
(Lawson et al., 2004).

Familial IPFs were first described in 1958 by McKusick
and Fisher as an autosomal dominant disorder with variable
penetrance (McKusick, Fisher, 1958). Up to 18 % of all
familial IPFs are caused by mutations in the genes of telo-
merase components: TERT (c.97C>T, c.430G>A, c.1456C>T,
€.2240delT, ¢.2593C>T, ¢.2594G>A, ¢.3346 3522del) u
TERC (r.37a>g) (Tsakiri et al., 2007). Exome sequencing
also made it possible to identify rarer forms of familial IPF
caused by mutations in the helicase gene that regulates
telomere elongation (RTELI: ¢.602delG, c¢.1451C>T,
¢.1940C>T, ¢.2005C>T, ¢.3371 A>C) and in the deadenylation
nuclease gene (PARN: IVS4-2a>g, ¢.529C>T, ¢.563 564insT,
c.751delA, IVS16+1g>a, ¢.1262A>G) (Stuart et al., 2015).
Cases of familial IPF caused by a mutation in exon 5
(+128T>A) in the SFTPC surfactant protein gene are also
described (Thomas et al., 2002).

Syndromal IPF develops in autosomal recessive Herman-
sky—Pudlak syndrome, which is caused by an AP3B1/ gene
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Table 1. Genetics of various forms of idiopathic pulmonary fibrosis
Gene/mutation Protein (RNA) product Reference
(polymorphism)

Hereditary form
RTEL1/ Telomere elongation Stuartetal., 2015
€.602delG, c.1451C>T, c.1940C > T, c.2005C > T, c.3371A > C regulating helicase
PARN / Deadenylating
IVS4-2a > g, c.529C > T, ¢.563_564insT, c.751delA, IVS16+1g >a, nuclease
Cc.1262A> G
MUC5B/(rs35705950) Mucin 5B Seibold et al., 2011
TERT/ Telomeres reverse Tsakiri et al., 2007
c.97C>T, 430G > A, c.1456C > T, ¢.2240delT, c. 2593C > T, transcriptase
€.2594G > A, ¢.3346_3522del
TERC/ Telomeres RNA component
r37a>g
TERT/ Telomeres reverse Fernandez et al., 2012
c.1892G > A, ¢.2594G > A, ¢.2648T > G transcriptase
SFTPC/ Surfactant protein C Thomas et al., 2002

3K30H 5 (+128T > A)

AP3B1/ Intracellular Gochuico et al., 2012
¢.1525C > T (p.R509X), c.1739T > G (p.L580R), traffic protein
IVS10+5G > A, IVS11-1G > C
Sporadic form

AKAP13/(rs62023891) Lymphoblastic oncogene Allen et al., 2020
ATP11A/(rs9577395) ATPase phospholipid

transporting 11A
DPP9/(rs12610495) Serine protease
DSP /(rs2076295) Desmoplakin for intercellular

contacts
IVD /(rs59424629) Isovaleryl-CoA-dehydrogenase
ILTRN / (VNTR*2) Interleukin Korthagen et al., 2012
FAM13A/(rs2013701) Protein involved Allen et al., 2020

in receptor signaling
MUC5B/ (rs35705950) Mucin 5B Seibold et al., 2011; Noth et al.,

2013; Lee M.G,, Lee Y.H,, 2015;
Allen et al., 2020

SFTPC/(G4702C, C4859G, G4877A, G5089A, C5210A, Surfactant protein C Lawson et al., 2004
G5236A, G5574A, A5786C, T6108C, C6699T)
SPPL2C/(rs17690703) Lysosomal membrane Noth et al., 2013

protein
TERC/(rs12696304) Telomeres RNA component Allen et al., 2020
TERT/(rs7725218) Telomeres reverse transcriptase
TOLLIP/(rs111521887, rs5743894, rs5743890) Innate immune system Noth et al., 2013

Toll-interacting protein
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mutation (encodes an intracellular traffic protein). In this case,
the specific mutations in the AP3B1 gene are the following:
c.1525C>T (p.R509X), ¢.1739T>G (p.L580R), IVS10+5G>A,
IVS11-1G>C (Gochuico et al., 2012).

The promoter region of the mucin gene (MUC5B) contains
a highly conserved polymorphic variant rs35705950 for pri-
mates, which is associated with sporadic and familial forms
of IPF (Seibold et al., 2011). SFTPC gene polymorphisms
(G4702C, C4859G, G4877A, G5089A, C5210A, G5236A,
G5574A, A5786C, T6108C, C6699T) are associated with
sporadic IPF (Lawson et al., 2004). In this form of IPF,
shortening of the telomeres of circulating lymphocytes was
revealed, which indicates the role of changes in the TERT
and TERC genes (Fernandez et al., 2012). According to epi-
demiological data, familial forms with autosomal dominant
inheritance range from 0.5-2 % (in the USA) (Allam, Limper,
20006) to 3.3-3.7 % (in Finland) (Hodgson et al., 2002) of all
cases of IPF.

The most reliable data on the genes involved in the patho-
genesis of IPF can be obtained from large-scale studies using
genome-wide association studies (GWAS). A meta-analysis of
five studies of IPF patients compared with healthy controls (the
numbers of IPF patients in samples are 88, 61, 54, 22 and 77
from different countries) revealed the haploblock VNTR*2 of
the ZL1RN gene (encodes an interleukin-1 receptor antagonist),
associated with susceptibility to the development of spo-
radic IPF (Korthagen et al., 2012). In a study of 544 patients
with IPF, associations with various alleles of the TOLLIP gene
(rs111521887, rs5743894, rs5743890), the SPPL2C gene al-
lele (rs17690703), and the MUCS5B gene allele (rs35705950)
were found. The TOLLIP gene encodes a Toll-interacting
protein involved in the innate immune system; the SPPL2C
gene encodes a lysosomal membrane protein with a conserved
transmembrane domain (Noth et al., 2013). The role of the
MUCSB allelic variant (rs35705950) in the predisposition to
IPF was confirmed in a meta-analysis of 2859 patients with
IPF (control group consisted of 6901 people) (Lee M.G.,
Lee Y.H., 2015). The Tollip protein plays an important role in
modulating the transport and degradation of TGF-3 (Zhu L. et
al., 2012). These results are consistent with the role of TGF-3
in the pathogenesis of IPF (Chioma, Drake, 2017).

A GWAS conducted in 2016 on 1616 patients (control —
4683 people) showed the association of two haplotypes of
the genes of the major histocompatibility complex (HLA):
DRBI1*15:01 and DQBI1*06:02 with the development of
IPF. It allowed researchers to suggest the role of autoimmune
processes in the development of IPF (Fingerlin et al., 2016).
A GWAS conducted in 2020 on DNA samples from 2668 pa-
tients showed an association of sporadic IPF with alleles of
genes MUCS5B (1s35705950), TERC (rs12696304), TERT
(rs7725218), DSP (encodes desmoplakin for intercellular
contacts, allele 1s2076295), ATP114 (encodes a membrane
ATPase that regulates calcium ions transport, rs9577395
variant), /VD (encodes isovaleryl-CoA dehydrogenase,
1$59424629 polymorphism), AKAP13 (encodes lymphoblastic
oncogene, 1562023891 allele), FAM13A4 (hypoxia inducible
gene associated with lung cancer, rs2013701 variant), DPP9
(encodes a serine protease, polymorphism rs12610495) (Al-
len et al., 2020).
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Thus, according to most genetic studies, IPF is associated
with allelic variants of the genes responsible for the production
of mucin, the functioning of telomeres and the immune system,
which indicates a complex pathogenesis of the disease. In ad-
dition, IPF is associated with aging. At the molecular level,
IPF development involves processes characteristic of aging,
including telomere depletion, genomic instability, mitochon-
drial dysfunction, cellular senescence, and loss of proteostasis
(Gulati, Thannickal, 2019). One of the causes of aging is the
dysfunction of the immune system and telomeres caused by
impaired transposon expression (Mustafin, 2019). This is due
to the fact that in evolution, transposons became sources of
the nucleotide sequence of both telomeres (Arkhipova et al.,
2017) and telomerase encoding genes (Garavis et al., 2013).
In Drosophila, the role of telomerase is performed directly by
retrotransposons: TAHRE (Telomere Associated and HeT-A
Related), TART (Telomere Associated Retrotransposon) u
HeT-A (Healing Transposon) (Casacuberta, 2017). In humans,
the ability of LINE1 retrotransposons to participate in alterna-
tive telomere elongation was revealed (Bondarev, Khavinson,
2016). Transposons likely play a role in the IPF pathogenesis,
since familial IPF is most often caused by mutations in the
genes maintaining telomeres (the 7ERC and TERT genes)
(Tsakiri et al., 2007; Fernandez et al., 2012), while sporadic
forms of IPF are associated with polymorphic variants of these
genes (Allen et al., 2020).

Transposons serve as the basis for the epigenetic regulation
of ontogenesis (Mustafin, Khusnutdinova, 2019). Transposons
are specific genome structures capable of moving to a new
locus and occupy 45 % of human DNA. They are classified
into DNA transposons (movement by the “cut and paste”
mechanism) and retrotransposons (movement with reverse
transcription of mRNA and insertion of cDNA) (Wei G. et
al., 2016).

Role of miRNAs in the pathogenesis

of idiopathic pulmonary fibrosis

Epigenetic factors include DNA methylation, histone modi-
fications and chromatin remodeling, as well as RNA interfer-
ence via non-coding RNAs. Transposons are the most impor-
tant sources of miRNA genes during evolution, in connection
with which the MDTE (miRNAs derived from Transposable
Elements) database was created in 2016 (Wei G. et al., 2016).
Data from this database are taken from the results of the work
of various authors (Piriyapongsa et al., 2007; Gu et al., 2009;
Filshtein et al., 2012; Tempel et al., 2012; Qin et al., 2015).
Investigation of miRNAs can provide information about IPF
pathogenesis, as well as become the basis for the development
of effective disease therapy. Lung fibroblasts play an important
role in the initiation and progression of IPF. Investigation of
microRNA expression in these cells revealed a decrease in
miR-101 levels in human patients with IPF and in experimen-
tal models (bleomycin-induced pulmonary fibrosis) (Huang C.
et al., 2017). In the development of IPF, dysregulation of
various miRNAs that affect the TGF-f signaling pathways,
which induce cell differentiation, migration, invasion, and
hyperplastic changes, was revealed. These microRNAs in-
clude miR-21, miR-424 (profibrotic); miR-9-5p, miR-18a-5p,
miR-26a, miR-27b, miR-101, miR-153, miR-326, miR-489,
miR-1343 (antifibrotic) (Kang, 2017).
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A pronounced imbalance in the expression of microRNA
families miR-29, miR-21-5p, miR-92a-3p, miR-26a-5p, let-
7d-5p in IPF was found, and therefore these molecules are
considered as potential therapeutic targets for treatment of the
disease (Bagnato etal., 2017). In human lung epithelium with
IPF and mice with bleomycin-induced lung fibrosis, a decrease
in the level of miR-323a was found, which attenuates TGF-o.
and TGF-B signaling (Ge et al., 2016). MiR-21 also influ-
ences these signaling pathways. The expression of miR-21
is increased in lung tissues of IPF patients and experimental
mice. MiR-21 is produced by fibroblasts and regulates Smad?7
expression by influencing TGF-B1, promoting extracellular
matrix hyperproduction (Liu G. et al., 2010). Low expres-
sion of miR-184 in IPF patients correlates with high levels of
p63 oncosuppressive protein, knockdown of which reduces
TGF-B1-induced lung fibrosis. It was found that miR-184
binds complementarily to the 3’-UTR of the mRNA of the
TP63 gene, suppressing its expression (Li J. et al., 2021).

Among the microRNAs listed above associated with IPF
(Huang C. etal., 2017), miR-326 (source — hAT-Tip100 DNA
transposon) and miR-1343 (source — LINE2 retrotransposon)
originated from transposons, according to MDTE and data
of various authors (Piriyapongsa et al., 2007; Gu et al., 2009;
Filshtein et al., 2012; Tempel et al., 2012; Qin et al., 2015;
WeiG. etal., 2016). In 2015, Yang et al. identified significant
changes in the levels of 47 different miRNAs in the blood
plasma of IPF patients compared with healthy controls
(Yang et al., 2015). Of these 47 microRNAs, 4 originated
from transposons: miR-31 (from LINE2), miR-302 (from
the nonautonomous retroelement SINE/MIR), miR-335
(from SINE/MIR), miR-374 (from LINE2) (Wei G. et al.,
2016). These 47 microRNAs are involved in the signal-
ing pathways of TGF-f, mitogen-activated protein kinase
(MAPK), PI3K-Akt, Wnt, HIF-1, Jak-STAT, Notch, actin
cytoskeleton regulation (Yang et al., 2015). Reduced expres-
sion of miR-630 (Li R. et al., 2018) (derived from SINE/
MIR (Wei G. et al., 2016)), miR-708-3p (Liu B. et al., 2018)
(from LINE2 (Wei G. et al., 2016)) was detected in the blood
plasma of patients with IPF. Elevated levels of transposon-
derived miRNAs were shown for miR-487b (from SINE/
MIR), miR-493 (from LINE2), miR-495 (from the LTR-
containing retroelement ERVL-MaLT) (Zhang et al., 2021).
MiR-340-5p, which promotes fibroblast proliferation in IPF by
affecting the ATF and MAPK/p38 pathways (Wei Y.Q. et al.,
2020), originated from the 7cMar-Mariner DNA transposon
(Wei G. et al., 2016).

Table 2 presents data on changes in the expression of
miRNAs that originated in evolution from transposons (as well
as long non-coding RNAs (IncRNA)) in IPF with a compara-
tive analysis of scientific literature data on these miRNAs in
bronchial asthma and chronic obstructive pulmonary disease.
As can be seen from Table 2, among 24 miRNAs, 13 of them
are unique in the changes in expression in patients with IPF:
miR-9-5p, miR-27b, miR-153, miR-184, miR-326, miR-340,
miR-374, miR-424, miR-487b, miR-489, miR-493, miR-630,
miR-1343. Of these, 8 microRNAs (miR-153, miR-326, miR-
340, miR-374, miR-487b, miR-493, miR-630, miR-1343) are
evolutionarily derived from TE (Piriyapongsa et al., 2007; Gu
et al., 2009; Filshtein et al., 2012; Tempel et al., 2012; Qin et
al., 2015; Wei G. et al., 2016).
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Investigation of the role of epigenetic factors in the
development of IPF serves as the basis for the development
of new methods of targeted therapy for the disease. Potential
agents for the treatment of IPF may be non-coding RNAs.
It was found that IncRNA PCAT29 (prostate cancer-associated
transcript 29), which activates miRNA-221 and suppresses
TGF-B, can be used to treat patients with IPF (Liu X. et al.,
2018). It was discovered that expression of miR-506, which
is complementary to the 3'-UTR of the p65 NF-«kB subunit, is
downregulated during IPF. Accordingly, the use of miR-506 as
a target for targeted therapy may have an impact on apoptosis
and inflammation in IPF (Zhu M. et al., 2019). Administra-
tion of antisense miR-21 reduced the severity of pathology
in mice with bleomycin-induced lung fibrosis, suggesting the
potential use of this miRNA in the treatment of IPF (Liu G.
et al., 2010). Similar data were obtained for miR-708-3p
(Liu B. et al., 2018). Overexpression of miR-184 suppresses
TGF-B-induced fibrotic processes in the lung, therefore
miR-184 can be considered for targeted therapy of IPF (Li J.
etal., 2021). In animal experiments and in clinical studies on
patients with IPF, the effectiveness of the interfering sequence
for the long non-coding RNA IncITPF (sh-IncITPF), which
reduces the index of fibrosis, collagen and vimentin, was
also revealed. In patients with IPF, an increased expression
of IncRNA-ITPF was revealed, which affects the acetylation
of histones H3 and H4 in the promoter region of the /TGBLI
gene, thus stimulating fibrosis. Transcription of IncITPF is
under the control of TGF-f1/Smad2/3 (Song et al., 2019).
For IPF treatment, the DR8 peptide (DHNNPQIR-NH?2),
which has a powerful antioxidant activity, was proposed.
In an animal experiment with bleomycin-induced IPF, it was
shown that after the use of DRS, fibrosis indicators, including
profibrogenic and pro-inflammatory cytokines and marker
proteins, were significantly reduced. DR8 reduced pathologi-
cal changes caused by bleomycin, as well as collagen deposits
(especially COL1). In vivo experiments showed that DRS is
able to suppress the proliferation and generation of reactive
oxygen species stimulated by TGF-f1 (Wang et al., 2019).

Long non-coding RNAs (IncRNAs) are epigenetic factors,
since they have transcriptional, post-transcriptional, and trans-
lational regulatory effects on the functioning of the genome.
This effect is realized both due to the secondary structure of
RNA, which provides interaction with proteins, and through
hybridization with DNA and RNA due to the complementarity
of nucleotides. Many IncRNA genes evolved from transposons
(Johnson, Guigo, 2014). According to the NONCODEv4
database (http://www.noncode.org), more than 96,000 IncRNA
genes have been annotated in humans, many of which contain
TE sequences, which indicates the role of TEs in the origin of
IncRNA genes (Johnson, Guigo, 2014). In addition, IncRNA
can be formed during the processing of transcripts of LTR-
containing retroelements (Lu et al., 2014) or LINE retrotrans-
posons (Honson, Macfarlan, 2018). Analysis of GENOCODE
and expressed RNA sequences showed that the majority of
IncRNAs originated from transposons, since at least 83 % of
them contain one or more retroelement fragments. On average,
about 41 % of all IncRNA nucleotide sequences are identical
to transposons (Kelley, Rinn, 2012). Thus, changes in IncRNA
expression during IPF could indicate the role of transposons
in the pathogenesis of the disease. Indeed, in 2017, Hao et al.
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Table 2. Comparative analysis of the role of microRNAs in the development of idiopathic pulmonary fibrosis and other lung diseases

MicroRNA
locus)/origin from TE

Direction of expression
change (tissue)

Mechanism of influence

on COPD
(author)

| Bronchioles epithelium,
alveoli

Targeted effect on mRNA
of EDA, LIX1L, MAPK11, NME4
genes

Positively cor-
related
(Tasena et al.,
2018)

| Bronchioles epithelium,
alveoli

| Bronchioles epithelium,
alveoli

Antifibrotic, targeted effect
on mRNA of TGF-8, IL-6, IL-8

Decreased expression
(Martinez-Nunez et al.,
2014)

Profibotic (regulates Smad7
expression by enhancing TGF-a
and TGF-B signaling)

Increased expression
in severe asthma
(Liu J. et al., 2020)

Increased
expression
(He et al., 2021)

| Bronchioles epithelium,
alveoli

Antifibrotic, pro-inflammatory
(increases levels of IL-5,-8,-12,
TNF-a)

Increased expression
(Shietal, 2019)

| Bronchioles epithelium,
alveoli

Antifibrotic, extracellular matrix
synthesis regulation

Increased
expression
(Kara et al.,
2016)

miR-31 (9p21.3)
/LINE2

| Bronchioles epithelium,
alveoli
(Yang et al., 2015)

Antifibrotic, pro-inflammatory
(increases levels of IL-5,-8,-12,
TNF-a)

Increased expression
(Shi et al., 2019)

Inhibits matrix metallo-
proteinase (MMP-1) synthesis

Decreased
expression
(Kara et al.,
2016)

alveoli

Increased
expression
(Hassan et al.,
2012)

Antifibrotic
(TGF-BRII
regulation)

| Bronchioles epithelium,
alveoli

Onhibits the p63 protein,
reducing TGF-31 signaling;
suppresses expression of TP53

miR-302 (4g25)
/SINE/MIR

1 Bronchioles
epithelium, alveoli
(Yang et al., 2015)

Regulator of allergic inflamma-
tion in mast cells, increases the
production of IL-1, IL-6, TNF-a

Increased expression
(Xiao et al., 2018)

| Bronchioles epithelium,
alveoli

Attenuates TGF-a and TGF-3
signaling, regulates
T-lymphocyte
differentiation

Increased expression
(Karner et al., 2017)

miR-326 (11q13.4)
/DNA-TE hAT-Tip100

| Bronchioles epithelium,

alveoli (Huang C. et al,, 2017)

Antifibrotic
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End of Table 2
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MicroRNA
locus)/origin from TE

Direction of expression
change (tissue)

Mechanism of influence

miR-335 (7q32.2)
/SINE/MIR

| Lung fibroblasts
(Yang et al.,, 2015)

miR-340 (5g35.3)
/DNA-TE TcMar-Mariner

1 Lung fibroblasts
(WeiY.Q. et al,, 2020)

miR-374 (Xq13.2)
JLINE2

| Lung fibroblasts
(Yang et al.,, 2015)

miR-487b (14q32.31)
/SINE/MIR

1 Lung fibroblasts
(Zhang et al., 2021)

| Bronchioles epithelium,
alveoli

miR-493 (14932.2)
/LINE2

1 Lung fibroblasts
(Zhang et al., 2021)

miR-495 (14g32.31)
/ERVL-MaLT

1 Lung fibroblasts
(Zhang et al., 2021)

miR-630 (15924.1)
/SINE/MIR

| Lung fibroblasts
(LiR. etal, 2018)

miR-708 (11g14.1)
/LINE2

| Lung fibroblasts
(Liu B. et al,, 2018)

on IPF on asthma (author) on COPD
(author)
Suppresses the proliferation, - Reduced
migration and differentiation expression
of fibroblasts, expression of RB1, in smokers
CARF, SGK3 genes (Ongetal., 2019)
Acts on the ATF and - -
MAPK/p38 pathways, enhancing
fibroblast proliferation
Suppress the expression of MID1 - -
ubiquitin ligase, inhibit mTOR
signaling pathways
(Unterbruner et al., 2018
Profibrotic - -
Suppresses IL-33 expression, - -
reducing Ig-E levels
(Liu B. et al.,, 2018)
Antifibrotic - -
Inhibits Wnt/B-catenin, - -
Wnt/PCP, MEK/ERK, PI3K/AKT
pathways
(Huang L. et al, 2019)
Inhibits TNF-q, IL-1, IL-6 Decreased expression Positive
synthesis (LiW.etal, 2021) correlation
(Li R. et al,, 2020)
Regulates expression of CDH2, - -
VIM, EZH2, SOCS2, TFG, TLR4,
Smad9, EP300 genes
Suppresses the expression Decreased expression -

of the metalloproteinase (Dileepan et al., 2016)

gene (ADAM17), inhibits CD44,

miR-1343 (11p13)
/LINE2

| Bronchioles
epithelium, alveoli
(Huang C. et al., 2017)

IncRNA
AP003419.16

1 Lung tissue
(Hao et al., 2017)

RARRES2, ADAM33

Antifibrotic (regulates - -
the expression of TGF-3

receptors)

Regulates TGF-31 - -

signaling pathways

IncRNA
ITPF

1 Lung tissue
(Song et al., 2019)

Regulates ITGBLT gene - -
expression, stimulating
lung fibrosis

Note. TE - transposable elements, IPF — idiopathic pulmonary fibrosis, COPD - chronic obstructive pulmonary disease, “~" - no association or correlation data.

determined a decrease in the levels of 1,376 different IncRNAs
and an increase in the levels of 440 IncRNAs in the blood
plasma of patients with ILF compared with healthy controls.
The highest level was observed for IncRNA AP003419.16,
which is involved in TGF-B1 signaling pathways and can be

used as a marker of disease (Hao et al., 2017).

Influence of transposons on pulmonary

fibrosis pathogenesis

The above data indicate the role of transposons in the emer-
gence of noncoding RNAs that are involved in the pathogen-
esis of IPF and many other human diseases. The obtained
results of molecular genetic studies of IPF are consistent with
this assumption. It refers to the influence of transposons on the
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aging processes that are involved in the pathogenesis of IPF
and other multifactorial diseases (Gulati, Thannickal, 2019).
In aging, retrotransposons containing long terminal repeats
(Navalainen et al., 2018) and LINE1 (Mahmood et al., 2020)
are activated. Moreover, their overexpression during aging
enhances the production of interferon, contributing to aseptic
inflammation in tissues (De Cecco et al., 2013).

Transposons (due to the relationship with microRNAs
derived from them) are involved in the functioning of the
immune system, the changes in which are associated with IPF
(Korthagen et al., 2012; Noth et al., 2013; Fingerlin et al.,
2016). For example, the miR-31 microRNA derived from
LINE2 has a pro-inflammatory effect, enhancing the synthesis
of IL-5,-8,-12, TNF-a (Shi et al., 2019); miR-302 (evolved
from SINE/MIR) increases production of IL-18, IL-6, TNF-a
(Xiao etal., 2018). SINE/MIR are also a source of miR-487b,
which represses IL-33 expression, reducing Ig-E levels
(Liu H.C. et al., 2018). MiR-495 derived from ERVL-MaLT
inhibits the synthesis of TNF-a, IL-1B, IL-6 (Li W. et al.,
2021). In mammalian evolution, RAG genes were domesti-
cated from ancient DNA transposons for V(D)J recombination
in the immune system. Vertebrate antigen-specific immunity
has two main features of DNA transposons. The components
of immunity consist of recombinase (encoded by the RAG1
and RAG2 genes) and mobile DNA (limited to specific sites
that the recombinase recognizes). RAG proteins are homolo-
gous to Tcl-element transposase (Lescale, Deriano, 2016).
LTR-containing retroelements are involved in the regulation
of the human immune system, as they are enhancers for the
HLA-G gene (Chuong, 2018).

Transposons also affect the sirtuins (Wyman et al., 2017)
and TGF-f (Liu G. et al., 2010; Chioma, Drake, 2017; Kang,
2017) involved in the pathogenesis of IPF. SIRT7 epigeneti-
cally represses LINE1 expression throughout the genome. An
important role in this process is played by the interaction of
SIRT7 with lamins A/C, since SIRT7 ensures the deacety-
lation of histone H3K 18, facilitating the interaction of LINE1
with the nuclear lamina (Vazquez et al., 2019). Derived from
an LTR-containing retroelement, the PEGI0 gene encodes
a PEG10-RF1 protein that interacts with members of the
TGF-p type I and II superfamily (Lux et al., 2005). The role of
evolutionarily young retroelements in the regulation of TGF-f
pathways, along with PDGF, EGFR and p38 signaling, was
revealed (Nikitin et al., 2018). The role of retroelements in the
epithelial-mesenchymal transition important for the develop-
ment of IPF was shown (Sgalla et al., 2018; LiJ. etal., 2021),
which is induced by the non-autonomous retrotransposon Alu
due to the modulating of miR-566 expression (Ruocco et al.,
2018). Telomere dysfunction leading to the development of
IPF (Mathai et al., 2015; Chioma, Drake, 2017; Allen et al.,
2020) and other diseases is likely associated with changes in
the activity of transposons, which are the evolutionary sources
of genes involved in the functioning of telomeres (Arkhipova,
2017) and the telomerase gene (Garavis et al., 2013).

Conclusion

The investigation of epigenetic factors in the development
of IPF is a promising direction in revealing the pathogenesis
of the disease and developing more effective methods of its
therapy. Through the study of miRNAs, it was shown that IPF
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is associated with an imbalance in the epigenetic regulation of
the genome. Therefore, the reason for the development of IPF
may be an imbalance in the control of the work of the genome
by dynamic structures that play a role in age-associated
pathology and aging of the body. The most appropriate control
elements are transposons, since they affect the functioning of
the immune system and are closely related to it evolutionarily.
It has been suggested that the study of the role of transposons
in the pathogenesis of IPF can reveal the pathways of the
molecular cascade of the disease. Evidence for the role of
transposons in the pathogenesis of IPF is the evolutionary
emergence of long noncoding RNAs and miRNAs from
transposons. Analysis of the MDTE database and scientific
literature revealed 12 specific IPF-associated miRNAs that
originated from transposons. Eight of these 12 microRNAs
(miR-153, miR-326, miR-340, miR-374, miR-487b, miR-493,
miR-630, miR-1343) are unique, since the change in their
expression is specific for IPF and has not been described with
other diseases of the bronchopulmonary system.
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Abstract. Familial hypercholesterolemia (FH) is a very common human hereditary disease in Russia and in the
whole world with most of mutations localized in the gene coding for the low density lipoprotein receptor (LDLR).
The object of this review is to systematize the knowledge about LDLR mutations in Russia. With this aim we ana-
lyzed all available literature on the subject and tabulated the data. More than 1/3 (80 out of 203, i. e. 39.4 %) of
all mutations reported from Russia were not described in other populations. To date, most LDLR gene mutations
have been characterized in large cities: Moscow (130 entries), Saint Petersburg (50 entries), Novosibirsk (34 muta-
tions) and Petrozavodsk (19 mutations). Other regions are poorly studied. The majority of pathogenic mutations
(142 out of 203 reported here or 70 %) were revealed in single pedigrees; 61 variants of mutations were described
in two or more genealogies; only 5 mutations were found in 10 or more families. As everywhere, missense muta-
tions prevail among all types of nucleotide substitutions in LDLR, but the highest national specificity is imparted by
frameshift mutations: out of 27 variants reported, 19 (or 70 %) are specific for Russia. The most abundant in muta-
tions are exons 4 and 9 of the gene due to their largest size and higher occurrence of mutations in them. Poland,
the Czech Republic, Italy and the Netherlands share the highest number of mutations with the Russian population.
Target sequencing significantly accelerates the characterization of mutation spectra in FH, but due to the absence
of systematic investigations in the regions, one may suggest that most of LDLR mutations in the Russian population
have not been described yet.

Key words: familial hypercholesterolemia; low density lipoprotein receptor gene; mutations.
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AHanu3s crieKTpa MyTaluimn
reHa pelerntopa Hu3Kom mioTHOCTU (LDLR)
IIpU CEMEHO rumepxonecrepmHemMni B Poccun

B.B. Bacuabes @, ®.M. 3axaposa, T.IO. Borocaobckas, M.JO. MaHaeAbIITam

WHCTUTYT 3KcneprmeHTanbHo MeanuvHbl, CaHkT-TeTtepbypr, Poccua
® vadim@biokemis.ru

AHHoTayusa. CemeliHan runepxonectTeprHeMns — pacnpoCcTPaHeHHOe BO BCEM MUPe HAceACTBEHHOe 3aboneBa-
HMe YenoBeKa, MPU KOTOPOM yalle Bcero AedeKTbl 0OHapPYKMBaIOTCA B reHe peLienTopa MMMonpoTEMHOB HU3KOW
nnotHocTu (LDLR). Lienb paboTbl — cMcTemMaT3npoBaTh 3HaHKA 0 MyTauuax reHa LDLR B Poccuu. NposeaeH aHanums
NUTepaTypbl N0 NPeaMeTy NCCNeA0BaHUA, COCTaB/IeHbl CBOAHbIE TabnuLbl, MOKa3biBaloLWMe BCTPEYAaeMOCTb MyTa-
L1 B OTAENbHbIX PermoHax, 1 onpeaesneHbl YacTo BCTpeyatowmeca mytauun. bonee tpetu (80 u3 203, . e. 39.4 %)
NaToOreHHbIX WM BEPOATHO MaTOreHHbIX MyTaLuuid NpeAcTaBneHbl BapraHTamu, cneunduyHbiMm ana Poccum n He
BCTPEeYaLWmMMNCA B Apyrnx cTpaHax. Hanborbliuee KOMMYeCcTBO BapraHTOB OXapakTepr30BaHO B KPYMHbIX ropo-
nax: Mockse (130 natoreHHbix myTauuin), CaHkT-lNeTepbypre (50), HoBocnbupcke (34) n Metposasoacke (19), Tor-
[la KaK pervoHbl 0xapakTepr3oBaHbl ropa3fo xyxe. lNogaenatoLlee Yncio natoreHHbIx MyTtauuii (142 n3 203, nnn
70 %) HallAeHO B €AUHUYHbIX CEMbAX, U TONbKO 61 BUA MyTaLuii BCTPeYanca B ABYX UV B HECKOJIbKMUX POAOC/IOB-
HbIX. JIuwb 5 BMOOB MyTaLmid 6binK HaliAeHbl He MeHee Yem B 10 cembsix. Kak 1 Besge B mupe, B Poccun B reHe LDLR
npeo6safaloT MUCCEHC-MyTaL MK, HO 0COBEHHBIM HaLMOHaNbHbIM CBOeOOpa3neM xapakTepur3yoTca MyTaLmmy Tuna
CABUra pamKuy CYUTBIBAHWA: U3 27 HaaeHHbIX BapraHToB 19 (70 %) cneundunuHbl ans Poccun. Hausbicluee yncno
MyTauuii B reHe LDLR B poccMnCKoM nonynaumm obHapy»keHo B YUeTBepPTOM 1 AEBATOM dK30Hax. ITO onpefenserca
TEM, UTO YETBEPTbIV 1 AEBATbIN IK30HbI ABAATCA CaMbIMU MPOTAKEHHBIMU B TeHE 1 KOAMPYIOT GYHKLUOHaNbHO
BaXKHble y4acTKu 6enka, 4To 0OyC/IOBNMBAET MOBbILEHHYIO MAOTHOCTb MNATOreHHbIX MyTaLMiA B pacyeTe Ha OfUH
HYKNeoTU OAMHbI UMEHHO B 3TUX 3K30Hax. Poccuinckasa nonynauma umeet HambonblLuee YACSIO COBMAAaloLWmnx my-
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LDLR mutation spectrum
in Russia

Tauui ¢ nonynsaumamu NMonbww, Yewckon Pecny6nuku, Hugepnanaos n Utanuu. BHegpeHne meTofoB TapreTHOro
CEKBEHMPOBAHWA CYLLECTBEHHO YCKOPUIO XapaKTeprCTUKY MyTaLMOHHOTO CMeKTpa Npu CEMEHOW rmnepxonecTe-
PUHEMMK, HO 13-3a OTCYTCTBUSA CUCTEMATUYECKMX NCCNef0BaHUIA B permoHax 60/bWMHCTBO BULOB MyTauuii B Poc-

Ccnn, BepoATHee BCEro, elle He onncaHo.

KntoueBble crioBa: cemenHas rmnepxosiectTepuHeMund; peuentop nMnonpoTenHoB HU3KOW NJIOTHOCTY; MyTauunn.

Introduction

The term ‘familial hypercholesterolemia’ (FH) is generally
used to refer to monogenic diseases caused by mutations
in the low-density lipoprotein (LDL) receptor (LDLR) gene
(OMIM 606945), in the apolipoprotein B (4POB) gene
(OMIM 107730), in the PCSK9 gene (OMIM 607786), in the
adapter protein gene for the LDL receptor LDLRAPI (OMIM
605747) and some minor genes, such as STAPI, APOE, LIPA,
or in the sterol transporter genes, sterolins ABCG5/ABCGS
(Defesche et al., 2017; Berberich, Hegele, 2019). At the
same time, 80-85 % of FH cases are caused by mutations in
the LDL receptor gene. Mutations in the apolipoprotein B
gene are responsible for 5-10 % of FH cases. Mutations
in the PCSK9 gene and in the LDL receptor adapter protein
gene are the rarest, occurring in no more than 1 % of patients
with FH.

It was previously believed that heterozygous FH occurs
in 1 out of 500 people examined in the population, but the
current data allow us to conclude that it is much more frequent.
A study of 69,106 patients in Denmark who were diagnosed
with FH based on the recommendations of the Dutch Lipid
Clinic Network (DLCN) demonstrated that the prevalence of
the disease is 1:219 (Benn et al., 2012). It may be even higher
in Russia, 1. e. 1:148 (Ershova et al., 2017). However, in this
instance, cases of not only definite, but also probable FH were
taken into account. Such frequency allows attributing FH to
the most common monogenic human diseases.

Already in 2018, the ClinVar database (Landrum et al.,
2016) included 4973 variants of the LDLR gene (Iacocca et
al., 2018) associated with FH, of which 2351 variants were
classified as pathogenic, and 1525 as probably pathogenic,
the rest considered as benign variants or variants of uncertain
clinical significance. The history of FH research in Russia
has recently been reviewed (Vasilyev et al., 2020; Meshkov
et al., 2021a). Most of the mutations leading to FH, as
expected, were found in the LDLR gene, 187 pathogenic or
likely pathogenic variants of which were identified in Russia
(Meshkov et al., 2021a); 67 out of 187 were not described in
other populations of the world. An important article on the
genetics of FH in St. Petersburg was later published based
on targeted sequencing of genes involved in the origin of the
disease (Miroshnikova et al., 2021). As a result, 23 variants
of the LDLR gene sequence were found in the St. Petersburg
population, most of which had not been described in that
area (Mandelshtam et al., 1993; Tatishcheva et al., 2001;
Zakharova et al., 2005, 2007; Vasilyev et al., 2020). The results
of studying mutations in the regions of Russia appeared only
recently (Meshkov et al., 2021b). Continuously replenished
data on the subject indicate the necessity for regular revisions
of'the tables of the LDLR gene mutations in Russia (Meshkov
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etal., 2021a). In our view, such a notion supports the relevance
of the present review: it already mentions 203 pathogenic or
likely pathogenic variants in the gene discussed.

Methods

All available literature concerning LDLR gene mutations in the
Russian population was analyzed. As a result, a summarizing
table was compiled that significantly expands our knowledge
about the spectrum of mutations in Russia, as compared to
previously published data (Mandelshtam et al., 1993, 1998a, b;
Chakir et al., 1998a, b; Krapivner et al., 2001; Mandelshtam,
Maslennikov, 2001; Tatishcheva et al., 2001; Zakharova et
al., 2001, 2005, 2007; Meshkov et al., 2004, 2009, 2021a, b;
Voevoda et al., 2008; Komarova et al., 2013a—c; Korneva
et al., 2013-2016, 2017a, b; Shakhtshneider et al., 2017,
2019a,b,2021; Averkova et al., 2018; Semenova et al., 2020)
(Supplementary Table)!.

The term ‘mutation’, used throughout the text, implies all
rare variants of a gene (widespread polymorphisms excluded)
that are potentially capable of causing a disease, including
the variants with proven or highly probable pathogenicity.
Synonymous substitutions are not considered in this review
(their list is presented in Vasilyev et al., 2020).

Results and discussion

There are more than 4900 variants of the LDLR gene described
in the world, as was already mentioned (Iacocca et al., 2018).
This review reports 203 pathogenic or likely pathogenic
mutations of this gene in Russia (see Suppl. Table). However,
this diversity is not likely to represent the variability of the
receptor gene in the Russian population, since GWS was
introduced somewhat recently, and a systematic study of the
FH genetics in quite a few regions of Russia has not been
conducted. The studies were carried out mainly in large cities
(Fig. 1). Currently most of the mutations found are specific
for each of these cities, and a significantly smaller proportion
is common with other regions. Thus, the largest number of
pathogenic or probably pathogenic variants in Russia (101)
was found only in Moscow (Krapivner et al., 2001;
Meshkov et al., 2004, 2009, 2021a; Averkova et al., 2018;
Semenova et al., 2020), 35 variants were found only in
St. Petersburg (Mandelshtam et al., 1993; Zakharova et al.,
2001, 2005, 2007; Tatishcheva et al., 2001), 23 — only in
Novosibirsk (Voevoda et al., 2008; Shakhtshneider et al.,
2017, 2019a, b), 11 — only in Petrozavodsk (Komarova et
al., 2013a—c; Korneva et al., 2013, 2014, 2017a, b), 33 — in
other regions, sometimes in several regions simultaneously
(Meshkov et al., 2021b).

T Supplementary Table is available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Vasilyev_engl.pdf
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Fig. 1. The number of pathogenic and likely pathogenic variants in the LDLR gene found in Russian cities with
examined populations (excluding common polymorphisms and benign variants).

Table 1. Analysis of the spectrum of pathogenic and likely pathogenic mutations of the LDLR gene in Russia and in the world

Mutation type

Total number

of pathogenic
variants found
in Russia (%)

Number and proportion
of variants specific

for Russia (%)

Number and proportion Proportion of variants of this type

of variants shared with
other populations
in the world (%)

in the world

Defesche et al.,

Large deletions 10 (5)
Splice site mutations 18(9)
In-frame deletions 7(3.5)

and insertions

2017 2018
8-10 9
8-10 9
15-20 4
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Table 2. Pathogenic variants in the LDLR gene that were found in patients with FH from the Russian population in 10 or more families

Nucleotide Predicted change Num-  Nucleotide Populations References Other countries
change accord- in protein ber change accord- in Russia for Russia in the world
ing to refer- of fami- ing to dbSNP
ence sequence lies
NM_000527.5
(LDLR)
c478T>G p.(Cys160Gly) 10 rs879254540 St. Petersburg, Chakir etal., 1998a;  None
Novosibirsk, Mandelshtam,
Moscow Maslennikov, 2001;
Meshkov et al., 2004,
2009, 2021a
€.654_656delTGG p.(Gly219del) 14 rs121908027 St. Petersburg, Mandelshtam etal.,  The Czech Republic,
Novosibirsk, 1998; Mandelshtam, Germany, UK, Israel, The
Moscow Maslennikov, 2001;  Netherlands, Poland, RSA,
Zakharova et al., USA, mainly in Ashkenazi
2005; 2007; Meshkov  Jews
etal, 2021a
€.986G > A p.(Cys329Tyr) 13 rs761954844 St. Petersburg, Zakharova et al., Canada, China,
Novosibirsk, 2005, 2007; Shakht-  The Czech Republic,
Moscow, shneider et al., Philippines, Poland, Taiwan,
Petrozavodsk 2019b; Semenova et The Netherlands
al., 2020b;
Meshkov et al.,
2021a, b; Mirosh-
nikova et al., 2021
c.1202T>A p.(Leu401His) 33 rs121908038 St. Petersburg, Zakharova et al., Finland, The Netherlands,
Novosibirsk, 2005; Brazil, Mexico, Norway
Moscow, Shakhtshneider et
Krasnoyarsk, al., 2019b;
Petrozavodsk Meshkov et al.,
2021a, b; Mirosh-
nikova et al., 2021
c.1775G>A p.(Gly592Glu) 43 rs137929307 St. Petersburg, Zakharova et al., Austria, Belgium, Brazil,
Novosibirsk, 2001, 2007; Greece, Canada, Germany,
Moscow Voevoda et al., 2008; The Czech Republic, Italy,
Semenova et al., The Netherlands, Norway,
2020; Meshkov et al.,, Poland, Portugal, Spain,
2021a, b USA, etc.

Table 3. Occurrence of Russian LDLR gene mutations in other countries

Country Total number of mutations Reference Number of mutations
described shared with Russia
Poland 99 Chmara et al,, 2010 19
The Czech Republic 129 Tichy et al., 2012; 23
Choraetal, 2018
The Netherlands 306 Fouchier et al., 2005; 36
Choraetal, 2018
Spain 205 Mozas et al., 2004; 12
Choraetal, 2018
Italy 251 Bertolini et al., 2013; 28
Pirillo et al,, 2017;
Choraetal, 2018
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At the moment, we can state
a wide variety of mutations in
Russia, of which more than
one third (39.4 %) are specific
for the local population and have
not been found anywhere else in
the world so far (Table 1). The
distribution of mutations by type in
Russia is very similar to that in the
world (see Table 1).

From the analysis of Table 1 it
follows that the underestimated
percentage of large deletions is due
to the fact that targeted sequencing
was introduced only recently, and
a targeted large-scale search for
large deletions was not carried
out: the researchers focused on
exon screening, which determined
a slightly higher percentage of
missense mutations than in the world
as a whole. The systematic search
for large deletions in the LDLR gene
began very recently (Shakhtshneider
et al., 2021). It included patients
with FH in whom high-throughput
targeted sequencing did not reveal
significant mutations in a panel of
43 lipid metabolism genes using
multiplex ligase-dependent PCR
(MLPA), which revealed two
deletions of the LDLR gene in
a studied sample of 80 patients
with FH.

Only a few variants of the LDLR
gene occur in several families, but
unique mutations predominate. The
majority of pathogenic mutations
(142 out of 203 or 70 %) in Russia
were also found in singular families,
and only 61 types of mutations
were found in two families or in
more pedigrees. Around the world,
the largest number of mutations is
described in the 4th exon. Firstly, it
is the largest of all exons in the LDLR
gene. Secondly, it has the highest
density of mutations, amounting
to 0.882 variants per nucleotide
(Chora et al., 2018). It is in this
exon that the largest number of
functionally characterized mutations
was found, and almost all of those
have a pathogenic effect. Our study
showed that the largest number of
mutations in the LDLR gene in the
Russian population is localized in
the largest exons, i. e. the 4th and
9th (Fig. 2). Considering all the
information available, we conclude
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Fig. 2. Distribution of pathogenic and probably pathogenic variants by exons in the LDL receptor gene
in patients with FH in Russia.
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Fig. 3. Distribution density of pathogenic and likely pathogenic mutations in the exons of the LDL
receptor gene per nucleotide in patients with FH in Russia.

that the highest mutation density per nucleotide (Fig. 3) is determined in the 9th, but not
in the 4th exon, in contrast to other databases reported worldwide (Chora et al., 2018).
Only five pathogenic variants of the LDLR gene in Russia can be classified as major,
found in 10 or more families (Table 2). Of these, only one is specific for Russia, while
the rest are widespread in the world.
The greatest similarity in the spectrum of mutations in the LDLR gene in Russia is
observed with Poland, the Czech Republic, the Netherlands, Spain and Italy, which is
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partly determined by the fact that these populations are the
best characterized (Table 3). This similarity probably results
from the presence of widespread Caucasian race mutations
in the world, but is not due to migration or the founder effect.

Conclusion

Thus, the success of further study of the mutation spectrum
of the LDLR gene will depend on several factors, one of
which is the formation of a complete nation-wide register of
patients with FH, and the other is the introduction of targeted
sequencing into routine practice.
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Abstract. An outbreak of a new variant of the coronavirus infection, known as COVID-19, occurred at the end of
2019in China, in the city of Wuhan. It was caused by the SARS-CoV-2 virus. This variant of the virus is characterized
by a high degree of variability and, as the current situation with its spread across different regions of the globe
shows, it can lead to a progressive spread of infection among the human population and become the cause
of a pandemic. The world scientific community is making tremendous efforts to develop means of protection,
prevention and treatment of this disease based on modern advances in molecular biology, immunology and
vaccinology. This review provides information on the current state of research in the field of vaccine development
against COVID-19 with an emphasis on the role of plants in solving this complex problem. Although plants have
long been used by mankind as sources of various medicinal substances, in a pandemic, plant expression systems
become attractive as biofactories or bioreactors for the production of artificially created protein molecules
that include protective antigens against viral infection. The design and creation of such artificial molecules
underlies the development of recombinant subunit vaccines aimed at a rapid response against the spread of
infections with a high degree of variability. The review presents the state of research covering a period of just
over two years, i.e. since the emergence of the new outbreak of coronavirus infection. The authors tried to
emphasize the importance of rapid response of research groups from various scientific fields towards the use
of existing developments to create means of protection against various pathogens. With two plant expression
systems —stable and transient-as examples, the development of work on the creation of recombinant subunit
vaccines against COVID-19 in various laboratories and commercial companies is shown. The authors emphasize
that plant expression systems have promise for the development of not only protective means under conditions
of rapid response (subunit vaccines), but also therapeutic agents in the form of monoclonal antibodies against
COVID-19 synthesized in plant cells.

Key words: plant-based vaccines; plant expression systems; virus-like particles; transient expression; stable
expression; recombinant proteins.
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PaspaboTKa 1 co3gaHne KaHAUIaTHbIX BaKIIVIH
rmpotuB COVID-19 Ha oCHOBe paCTUTENIbHBIX CUICTEM SKCIIPEeCCUI:
COCTOSIHIIE UICC/IeOBaHMil U TIePCIIeKTUBbI
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AHHoTayuumA. Bcnbilwka HOBOro BapuMaHTa KOPOHABUPYCHOW MHbeKLmKn, n3sectHo kak COVID-19, npownsowna
B KOHUe 2019 1. B KnTae, B ropoge YxaHb, 1 6bina Bbi3aBaHa BMpYycom SARS-CoV-2. [laHHbI BapuaHT BUPYCa Xapak-
Tepun3yeTCcA BbICOKOWN CTEMEHbIO 3MEHUMBOCTM 1, KakK NOKa3blBaeT CJIOXKMBLLIAACA CUTYaLMA C ero pacnpocTpaHe-
HMEeM MO Pas3NYHbIM PEFMOHAaM 3EMHOTO WWapa, CNOCobeH MPUBOAUTL K MPOrpeccupyoLlemy pacnpocTpaHeHuto
MHOEKLUUN cpeamn YenoBeyecKon MonynAauMmn U CTaHOBUTbCA MPUYMHON BO3HWKHOBEHNA NaHaemuu. Muposoe
coo6LLecTBO UccefoBaTenell NpunaraeT orpoMHble YCUnuaA Ana pa3paboTKy CpeacTs 3aLmTbl, IPOGUNAKTUKM 1
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neyeHuns 3Toro 3aboneBaHns, OCHOBbIBAsACb Ha COBPEMEHHbBIX JOCTUXKEHUAX B 0611aCTVi MONEKynsipHol 6ronoruu,
MMMYHOMOTMK 1 BakuMHonormun. B npegnaraemom o63ope cymmrpoBaHa MHGOpMaLmsa O COBPEMEHHOM COCTOA-
HUWN UCCNefoBaHNUin B 06nacTy co3fanmna BakumnH npotne COVID-19 ¢ akLeHTOM Ha posib pacTEHUI B peLleHnn
3TOW CNOXKHOW Npobnembl. XOTA pacTeHUs n3gaBHa MCNosib30BasINCh YesloBeYEeCTBOM B KauecTBe UCTOYHUKOB
Pa3NnYHbIX IeKapCTBEHHbIX CYyOCTaHLMIA, B YCNIOBUAX MAaHAEMUN PACTUTENbHbIE CUCTEMbI SKCMPECCMM CTaHOBATCA
npviBneKaTenbHbIMU B KauyecTse 6uodabpurk nnm 6rnopeakTopos AfA HAPabOTKM UCKYCCTBEHHO CO3faHHbIX 6en-
KOBbIX MOJNEKYJ, BKJTIOYAIOLMX MPOTEKTUBHbIE aHTUIEeHbI AR BaKUVHbI NPOTUB BUPYCHOWN NMHbeKUMW. [n3ainH n
KOHCTPYMPOBaHMEe TakUX NCKYCCTBEHHbIX MOJSIEKY NIEXaT B OCHOBE CO3AaHNA PEKOMOMHAHTHBIX CyObeANHNYHbIX
BaKLWH, HaLleNIeHHbIX Ha ObICTpOe pearnpoBaHmne NPOTUB PacNpPOCTPaHeHNs MHGEKLMIA C BbICOKOI CTEMEHbIO 13-
MeHuYMBOCTU. B 0630pe npeacTaBneHO COCTOAHME UCCNeOBaHNIA, OXBaTblBaloLLee NepUog HeMHOrM 6oree AByX
NeT, T. €. C MOMEHTa MNOoABNIEHNA HOBOW KOPOHaBUpPYCHOW nHbekummn. O6cyxaaeTca BaKHOCTb ObicTporo pearu-
pOBaHVA NCCNeAoBaTENbCKMX MPYMN U3 Pa3HbIX HayYHbIX 06acTell B HanpaBaeHNW UCMONb30BaHUA YiKe CyLle-
CTBYIOLMX Pa3pabOoTOK /1A CO3[aHUS CPeACTB 3alMTbl MPOTUB Pa3NINYHbIX MaToreHoB. Ha nprmepe gByx pactu-
TeSIbHbIX CUCTEM SKCMPECCUn — CTabrsbHON U TPAH3MEHTHOM — NMOKa3aHo pa3BUTUe PaboT MO KOHCTPYMPOBaHMIO
PEKOMOUHAHTHBIX Cy6beNHNYHbIX BakUMH NpoTus COVID-19 B pa3nnuHbIX 1abopaTopusx 1 KOMMEPUECKNX KOM-
naHusax. MoguepkHyTa NepCcneKkTYBHOCTb UCMONb30BaHUA PAaCTUTESNIbHBIX CUCTEM SKCNPeccun ana pas3paboTku He
TOJIbKO CPefCTB 3aLnTbl B YCIIOBUAX ObICTPOro pearmpoBaHusa (CyobeanHmyHble BaKLMHbI), HO 1 TepaneBTnYye-
CKUX CPeACTB B BUAE MOHOKIOHaNbHbIX aHTUTen npoTtre COVID-19, cHTe3pyeMbIX B PaCTUTESbHbIX KIETKaXx.

KnioueBble cnoBa: pacTuTesibHble BaKLMHbI; CUCTEMbI SKCMPECCUN PACTeHU; BUPYCONofobHble YacTuubl;

TPaH3MeHTHaA aKcnpeccns; cTabunbHasn aKcnpeccns; peKOM6I/IHaHTHbIe 6enKu.

Introduction

Vaccination is one of the most effective methods of combating
infectious diseases. A vaccine is a preparation that stimulates
the body to form a protective reaction against an infectious
agent. Vaccination is based on the programming of specific im-
munological mechanisms for protection against pathogens of
various infections. Although humanity has managed to avoid
outbreaks of many dangerous infections precisely thanks to
vaccination, the vaccines available in the arsenal are still far
from “ideal”. The use of traditional vaccines, the production
of which is based on attenuated or inactivated pathogens, is
sometimes accompanied by sensitization of the body, a large
load on the immune system, reactogenicity, toxicity, etc.
(Francis, 2018).

The methods and approaches developed to date in the field
of molecular biology, immunology, vaccinology, cellular and
synthetic biology, as well as bioinformatics, allow us to take
a fresh look at the opening opportunities for creating more
advanced means of protection against pathogens of viral and
bacterial origin, devoid of the above disadvantages. The use
of modern biology methods makes it possible to identify and
isolate biological macromolecules or their fragments that
could be used as immunogenic components to activate the
immune system in response to a pathogen. Such components
can be proteins of pathogens (for example, envelope proteins
of infectious agents), which are immunogens. With the use
of genetic engineering technologies, the direction of creating
recombinant subunit vaccines is successfully developing —
artificially created protein molecules that include protective
antigens in combination with adjuvants synthesized in various
expression systems (Salazar-Gonzélez et al., 2015; Demur-
tas et al., 2016; Fischer, Buyel, 2020; McNulty et al., 2020;
Rybicki, 2020).

The creation of recombinant subunit vaccines is most
relevant for pathogens characterized by a high level of vari-
ability. These pathogens include viral pathogens that cause
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acute respiratory infections and influenza (Shoji et al., 2011;
Ward et al., 2020). These pathogens can lead to a progressive
spread of infection in the human population and cause epi-
demics and pandemics. These pathogens include a new type
of coronavirus — SARS-CoV-2.

The availability of data on the genome structure of a new
virus strain isolated using classical methods of virology, elec-
tron microscopy, and molecular analysis at the end of 2019
(Zhu et al., 2020) opened up wide opportunities for applying
new approaches to designing vaccines. The first statements
about clinical trials (https://clinicaltrials.gov/ct2/show/
NCT04283461) appeared two months after the publication
of the primary structure of the genome of this virus (Zhu et
al., 2020). This fact indicates that the existing developments
and understanding of the molecular mechanisms of the forma-
tion of protective reactions on the part of the body’s immune
system make it possible to respond quickly enough to the
emergence of new variants of a viral infection (Pogrebnyak et
al., 2005). However, the use of new vaccines for the prevention
of the population is dictated by the need for a deep assessment
of their effectiveness and impact on the human body, as well as
the possibilities for their industrial development (Jiang, 2020).

In this review, the authors made an attempt to analyze
the possibilities of using plant expression systems aimed at
creating antiviral subunit recombinant vaccines, in particular,
candidate vaccines against COVID-19.

Plant-based expression systems

When developing new generation vaccines, including recom-
binant vaccines, the question of finding highly effective and
cost-effective systems for their expression remains topical.
Currently, Escherichia coli, several species of Saccharomy-
ces, and mammalian cells are most commonly used for these
purposes. New prospects for the production of recombinant
proteins are opening up with the use of recombinant plants
(biopharming) that could act as plant (edible) vaccines (Sala-
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zar-Gonzalez et al., 2015). Plants in whose tissues recombinant
immunogens are synthesized and accumulated are attractive
for obtaining substances for veterinary and medical purposes,
including for obtaining subunit recombinant antiviral vaccines.
Many leading biotechnology laboratories and commercial
firms use plant cells as an alternative expression system for
the production of recombinant proteins for medical purposes
(Fischer, Buyel, 2020; Rybicki, 2020).

Plant-made expression platforms used for the synthesis of
recombinant proteins, including vaccinogenic ones, are based
on stable expression of the target gene when it is delivered to
the nuclear or chloroplast genomes of the plant, as well as on
its transient expression. Figure 1 shows two main platforms
being developed in leading biotechnological centers for the
production of recombinant proteins, including medical ones,
using the synthetic capabilities of the transcription-translation
apparatus of plants. The general principle underlying these
platforms is as follows: by genetic engineering, an artificial
matrix with a target gene is created, according to which the
corresponding protein is synthesized and accumulated in plant
tissues. Plant tissues can be freeze-dried and encapsulated, or
the recombinant protein can be isolated and purified directly
from the tissues. As a rule, genes of envelope proteins of
pathogens of infectious diseases, which are immunogens, are
used as a target gene. As part of expression cassettes, target
genes can be integrated into the plant genome (nuclear or
chloroplast), which will ensure stable expression of the target
gene and accumulation of the target product in plant tissues
(see Fig. 1, a). However, the use of the chloroplast genome
for these purposes, although it seems very promising, is still
far from practical application due to the existence of a large
number of unsolved problems (Waheed et al., 2015; Yu Y. et
al., 2020).

To deliver target genes to plant tissues in a transient expres-
sion system, viral vectors specifically designed for this purpose
are used (Sainsbury et al., 2010), as well as the Nicotiana
benthamiana plant species, the structural features of the leaf
parenchyma of which are optimal for successful agroinfiltra-
tion (see Fig. 1, b). IconGenetics (Germany) has developed
and patented a “magnification” system in which the yield of
a recombinant protein in a transient expression system can
reach up to 80 % of the total soluble protein (TSP) (Gleba et
al., 2005). Despite the relatively low (slightly more than 1 %
ORP) yield of the recombinant protein in plants with a stable
expression system in the case of nuclear transformation, the
use of already available agricultural technologies for growing
transgenic plants provides them with unlimited scalability at
minimal cost (Kermode, 2018). Thus, a plant platform with
stable expression of the target gene is promising for the pro-
duction of high-volume products, such as vaccines for disease
prevention, especially in developing countries.

Transgenic or transplastomic plants with stable expression
of'the target gene are used for large-scale production of recom-
binant proteins over a long period, while the characteristics
of transient expression make it possible to obtain the required
amounts of recombinant protein in short periods of time, which
seems to be extremely important when an emergency response
to the spread of a pathogen is required. For example, the US
Food and Drug Administration (FDA) approved an emergency
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Fig. 1. Plant-made expression platforms used for the synthesis of
recombinant proteins.
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cocktail against Ebola virus called ZMapp™, consisting of
three monoclonal antibodies transiently synthesized in tobacco
plants (Phoolcharoen et al., 2011).

The transient expression system is promising for the de-
velopment of small-scale accumulation of personalized drugs,
such as anti-idiotypic scFv antibodies for non-Hodgkin’s
lymphoma, as well as in case of a need for mass vaccination
of the population in case of outbreaks of seasonal viral dis-
eases caused by rapidly mutating viruses. In N. benthamiana
plants, after three weeks from the moment the viral sequence
was already isolated, sufficiently large amounts of antigens
were synthesized from influenza virus strains HSN1 (bird flu)
and HIN1 (swine flu) (Hodgins et al., 2019; Makarkov et al.,
2019). These recombinant proteins, synthesized in a transient
plant expression system, are being considered as candidate
influenza vaccines and have completed phase Il human trials
(Pillet et al., 2019).

DowAgroSciences (USA) has developed the Concert™
plant cell culture system as an advanced platform for the pro-
duction of a recombinant antigen against Newcastle disease
virus (pseudoplague) in poultry. Although the company did not
launch commercial production of this recombinant vaccine,
this technology has served as the basis for other commercial
products. The reality and effectiveness of this approach has
been repeatedly confirmed by researchers from the world’s
leading biotechnological laboratories, as well as by the activities
of numerous companies and firms specializing in the produc-
tion of one or more closely related products based on their own
expression platform (Margolin et al., 2018; Rybicki, 2018).
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Given the dramatic impact of the COVID-19 pandemic,
it is critical to consider all the technologies at the disposal
of researchers that could be applied to combat the causative
agent of this infectious disease, the SARS-CoV-2 virus. Since
the technology for the production of plant biopharmaceuticals
has already been generally developed, it seems very attractive
in the context of a pandemic in terms of producing not only
inexpensive vaccines, but also antibodies used for therapy,
prevention and diagnosis. The production of antibodies, such
as anti-COVID-19, seems even more promising than vaccino-
genic proteins, since recombinant plant-derived antibodies can
be produced and approved for human use in a timely manner
compared to vaccine development (Hiatt et al., 1989; Tian et
al., 2020). The promise of plant expression systems for use in
the fight against COVID-19 is discussed in reviews (Rosales-
Mendoza, 2020; Shanmugaraj et al., 2020b).

General idea of the immune response

to viral infection

The causative agents of respiratory diseases, which include
various types of coronaviruses, enter the human body through
the mucous membranes of the upper respiratory tract. Virus
particles attach to cell receptors, fuse with the cell membrane,
and enter the cell. Using the replicative apparatus of the cell,
the virus multiplies and the viral particles come out, affect-
ing the cells adjacent to it. In the case of the SARS-CoV-2
virus, penetration into the cell is provided by the S-2 protein,
which is one of the two parts of the surface viral S protein
(spike protein). The second part of this protein — S-1 provides
binding to the ACE2 receptor of the lung epithelium. Having
penetrated inside the cell, viruses become intracellular para-
sites, and the fight against them by the host’s immune system
becomes a difficult task.

Evolutionary, two systems of protecting the body from
the penetration of pathogens have been formed — innate,
immediately responding to danger, aimed at identifying the
pathogen as a whole (innate immunity) and adaptive, aimed at
identifying a huge number of specificities (antigens) in various
pathogens (acquired immunity). The molecular mechanism
of pathogen recognition is based on the detection of some
standard “molecular marks” or pathogen-associated molecular
patterns (PAMPs). Figure 2 shows the general scheme of the
development of the body’s immune responses to the penetra-
tion of the virus.

Innate immune responses are triggered at the first stage of
interaction between the organism and the pathogen. Patho-
gen structures are recognized by the receptors of phagocytic
cells and natural killers, upon interaction with which T-cell
immune response cascades are launched and the elimination
of pathogens and infected cells is coordinated. Toll-like and
NOD-like receptors constitute the main group of receptors
during the development of nonspecific protection (Takeuchi,
Akira, 2010; Channappanavar et al., 2014).

It should be emphasized that in defending itself against
viruses, the cell uses both antibodies (the humoral link of
immunity) and the strategy of destroying cells infected with
the virus (the cellular link of immunity). Membrane proteins
of most viruses are “identification marks” or targets for the
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Fig. 2. Scheme of the immune response of the body to the invasion of
a viral infection.

cell, on which B-lymphocytes activated by T-helpers (CD4+)
differentiate into plasma cells that synthesize antibodies (see
Fig. 2), which prevent the attachment and penetration of the
virus into the cell. Such a defense strategy is effective in the
early stages of infection, until the virus has entered the cell.
After a cell is infected with a virus, another strategy is acti-
vated to destroy them, which is carried out by natural killers
and cytotoxic T-lymphocytes (CD8+) (see Fig. 2). The impor-
tance of the formation of cytotoxic reactions in the fight against
coronaviruses was emphasized earlier (Channappanavar et al.,
2014). The scheme of immune responses of the body to the
invasion of a viral infection, shown in Figure 2, is extremely
simplified in order to draw attention to the key points that are
important when choosing a strategy for developing a vaccine.

Principles

for COVID-19 vaccine development

Modern knowledge in the field of molecular biology, im-
munology and vaccinology provides researchers with a wide
range of methods and approaches for designing new genera-
tion vaccines based not only on data on the antigenic structure
of the pathogen, but also on the mechanisms of the immune
response to the pathogen and its components.

Nucleotide sequences of the SARS-CoV-2 virus genome
are available on the websites of the National Library for
Medicine and the Gene Bank (https://www.ncbi.nlm.nih.gov/
sars-cov-2/). As of mid-July 2021, information on more than
377,000 fully read genomes of this virus, as well as more than
526,000 partially read genomes, is freely available. Since
the outbreak of a new coronavirus infection COVID-19 oc-
curred at the end of 2019 in China, in the city of Wuhan, the
nucleotide sequence of this strain of the virus was condition-
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ally chosen as a reference. Reference sequence data and all
sequenced genomes are available from the gene bank at https://
www.ncbi.nlm.nih.gov/nuccore/NC 045512.2.

At this point in time, on the WHO website, you can find infor-
mation on the status of completed developments for the creation
of'vaccines against SARS-CoV-2 (https://cdn.who.int/media/
docs/default-source/blue-print/15april2022-novel-covid-19-
vaccine-tracker.zip?sfvrsn=225505¢5 3&download=true).
It should be emphasized that to date, 196 candidate vaccines
at the stage of preclinical studies and 153 preparations at the
stage of clinical trials have been registered in the world. On the
WHO website via the same link, you can also find information
about specific vaccine preparations and their manufacturers
that are at the stage of clinical trials and receiving approval
as vaccines from WHO (see the Table).

Analyzing the state of research in the development of vac-
cines against COVID-19, it should be noted that almost all
creators use the immunogenic protein S of the coronavirus as
a basis, which is presented to the immune system in different
ways. It is this protein of the SARS-CoV-2 virus that binds
to the ACE2 receptor of mucosal epithelial cells and ensures
its penetration into the cells of the human body. As can be
seen from the results of the analysis of the status of vaccines
that have been registered and prepared by developers for use
(see the Table), the current market for COVID-19 vaccines
includes both classical vaccines based on the presentation of
antigens of inactivated viruses to the immune system (Gao et
al., 2020) and mRNA vaccines, in which the mRNA encoding
the S protein is packaged in a lipid envelope. Such mRNA,
when it enters human cells, is a template for the synthesis of
the S protein, which is recognized by the cells of the immune
system as a danger signal (Pardi et al., 2018). RNA vaccines
have been shown to induce neutralizing antibodies with high
titers (Jackson et al., 2020). Based on the same mechanism of
antigen presentation, DNA vaccines are being developed that
include a DNA fragment encoding the S protein into vectors,
for example, into plasmids or adenoviruses (see the Table).
In studies in rhesus monkeys, such vaccines stimulated the
production of high antibody titers as well as the production
of cytotoxic lymphocytes (Yu J. et al., 2020). The disadvan-
tage of vector vaccines is the immunogenicity of the vectors
themselves.

Vaccines based on recombinant proteins or peptides are
considered promising. In the case of SARS-CoV-2, full-length
or domains of S, M, and N proteins are considered as candi-
dates for antigens, to increase the immunogenicity of which
epitopes recognized by T- and B-cells of the immune system
are additionally used (Marian, 2021). Such artificially created
recombinant proteins, when they enter the body, activate
the cells of the immune defense systems, which trigger the
formation of the corresponding subcellular populations, the
biosynthesis of antibodies, and the formation of “memory
cells”. The most complete strategy for creating vaccines
against SARS-CoV-2 and the current state of research in this
area are presented in the review (Bakhiet, Taurin, 2021).

It should be emphasized that in the development of antiviral
vaccines, including against COVID-19, two important stages
can be conditionally distinguished, the first of which is directly
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related to the creation of the vaccine itself, which is presented
to the immune system either in the form of a large number of
antigens (inactivated virus), or in the form of the dominant
antigen(s) in the form of mMRNA, DNA, recombinant protein
or peptide. The importance of the second stage is determined
by reliable systems for the production of either the virus itself
or its antigens. Analyzing the current state of research in the
development of vaccines and, in particular, subunit vaccines
of a new generation, it should be noted that, along with well-
established platforms, for example, Chinese hamster cells
(CHO), used in the development of the recombinant vaccine
‘Recombinant Novel Coronavirus Vaccine’ by the Chinese
company Zhifei Longcom (see the Table), plant expression
systems are attracting increasing attention of the global re-
search community (Fischer, Buyel, 2020; Kannan et al., 2020).

The state of research in the development

of plant-based vaccines against COVID-19

Despite the fact that the first work on the attractiveness of
plant expression systems for the biotechnological produc-
tion of vaccinogenic proteins against COVID-19 appeared
relatively recently (Rosales-Mendoza, 2020; Shanmugaraj et
al., 2020a), by now the number of such works has increased
markedly (Capell et al., 2020; Dhama et al., 2020; Ma et al.,
2020; Prasad et al., 2020; Shanmugaraj et al., 2020a). The
authors comprehensively discuss the possibilities of applying
existing biotechnological developments to create subunit vac-
cines based on plant expression systems (Capell et al., 2020;
Ma et al., 2020), as well as the features of creating this type
of vaccine in case of a need for rapid response to the spread
of a pathogen (Shanmugaraj et al., 2020a).

The researchers’ developments on the creation of plant-
based influenza vaccines based on virus-like particles also
formed the basis for the development of vaccines against
COVID-19 (Hodgins et al., 2019; Makarkov et al., 2019).

Moreover, the Canadian company ‘Medicago’, which uses
plant expression systems for the production of recombinant
proteins for medical purposes, used a transient expression
system in N. benthamiana plants to develop a vaccinogenic
protein including S-1 protein of the SARS-CoV-2 virus
(https://www.medicago.com/en/covid-19-programs/). The
company’s developers used the fusion of a sequence encoding
the viral protein S-1 with a sequence providing conformational
transformations of a protein molecule that mimic the surface
of a viral particle. The prospects of creating recombinant
proteins conformationally folded in the form of virus-like
particles, on the surface of which antigens are presented in
the form of recombinant polypeptides, were noted earlier
(Bai et al., 2008). Folding a recombinant protein in the form
of a virus-like particle significantly increases the efficiency
of antigen presentation to cells of the body’s immune system
(Rybicki, 2020). Despite the fact that the vaccine prepared on
the basis of virus-like particles, although it mimics a virus,
such an “artificial virus” lacks a genetic apparatus (RNA
or DNA) and, accordingly, the ability to replicate when it
enters a cell. Previously, numerous studies have shown that
post-translational protein transformations in plant expression
systems ensure its folding into a virus-like particle (D’ Aoust
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Status of COVID-19 vaccines within WHO EUL/PQ evaluation process 02.04.2022

Platform Name of Vaccine Manufacturer / WHO EUL holder Status of assessment

Human Adenovirus Vector-  AZD1222 AstraZeneca, UK *
based Covid_'l 9 Vaccine ............................................................................................................................................................................................
Ad26.COV2.S Janssen Infectious Diseases & Vaccinece *
(J&J), USA
Sputnik-V The FGB Institution “National Research **
Center for Epidemiology
and Microbiology named after
Honorary Academician N.F. Gamaleya
of the Ministry of Health
of the Russian Federation”
Ad5-nCoV SanSinoBIO, **
China
Covishield (ChAdOx1_nCoV-19) Serum Institute of India, *
India
Inactivated SARS-CoV-2 Vaccine, Inactivated IMBCAMS, *
(Vero Cell) CoronavacTM China
Inactivated SARS-CoV-2 Vaccine Sinopharm/WBIBP, **
(Vero Cell) China
COVAXIN Bharat Biotech, **
India
SARS-CoV-2 Vaccine, Inactivated IMBCAMS, China **
(Vero Cell)
Covlran® vaccine Iran e
SARS-CoV-2 Vaccine, Inactivated IMBCAMS, China *HE
(Vero Cell)
Nucleoside modified mMNRA  BNT162b2/COMIRNATY Pfizer, USA *
mRNA-1273 Moderna, USA *
Zorecimeran CureVac, Germany Fxx
Recombinant protein Recombinant Novel Coronavirus Zhifei Longcom, xxx
subunit Vaccine (CHO Cell) China
NVX-CoV2373/Covovax Novavax, USA **
CoV2 preS dTM-AS03 vaccine Sanofi, France Fxx
SCB-2019 Clover Biopharmaceuticals, i
China
Soberana 01, BioCubaFarma, Cuba *HE
Soberana 02
Soberana Plus Abdala
Corbevax Biological E, India el
GBP510 SK Bioscience, il
South Korea
Peptide antigen EpiVacCorona SRCVB “Vector”, Russia FxX
Plant-based expression COVIFENZ® Medicago Inc., Canada xxx

systems

Note. WHO website was used: https://extranet.who.int/pqweb/sites/default/files/documents/Status_COVID_VAX_02April2022.pdf
Status of assessment: * registered, ** end of registration, *** preparatory procedures.
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et al., 2010; Lua et al., 2014). Moreover, it has been demon-
strated that plant expression systems support the synthesis of
functional recombinant proteins, including such complex ones
as antibodies (Diamos et al., 2020).

The website of the biotech company Medicago Inc.
published information on the approval by the Canadian
regulator of a vaccine, which is a recombinant S protein of
the SARS-CoV-2 virus, in the form of virus-like particles
synthesized in tobacco plants (N. benthamiana) (https://
medicago.com/app/uploads/2022/02 /Covifenz-PM-en.pdf).
The vaccinogenic protein isolated and purified from plant bio-
mass is used in tests on volunteers (about 30 thousand people
participated in the experiment). It should be emphasized that
the candidate vaccine obtained on the basis of the plant expres-
sion system has successfully passed three phases of clinical
trials on volunteers (Pillet et al., 2019; Ward et al., 2021) and
is now approved under the commercial name COVIFENZ®
in Canada. The company announced the formation of high
antibody titers in the subjects. Medicago Inc. has evaluated
its candidate vaccine with GSK pandemic adjuvant. Currently,
companies such as GlaxoSmithKlein (GSK, UK), Seqirus
(UK) and Dynavax (USA) are developing licensed adjuvants
(AS03, MF59 and CpG 1018, respectively) for their use with
COVID-19 vaccines. The use of an adjuvant may be of par-
ticular importance in a pandemic situation, as it can reduce
the amount of vaccine protein required per dose, which allows
more doses of the vaccine to be produced and therefore con-
tributes to the protection of more people. Although the exact
dosage of the vaccine for humans has not yet been determined,
the company estimates potential production volumes starting
with 2021 to 80 million doses per year with an increase in
productivity from 2023 to more than 1 billion doses of the
COVID-19 vaccine per year.

Conclusion

As the experience of leading biotechnology companies and
laboratories in optimizing expression systems for the produc-
tion of recombinant proteins shows, plant expression systems
are very attractive for these purposes and are already in de-
mand by some large and medium-sized biotech companies.
The prospect of using plant cells for the production of recom-
binant proteins intended for vaccine prophylaxis is also based
on the possibility of their oral and intranasal administration
and the activation of mucosal responses.

Oral delivery of pharmaceutical proteins appears to be a
desirable target for the biopharmaceutical industry, as it pro-
vides more convenient drug administration than intravenous,
intramuscular, and subcutaneous injections. Oral delivery
will lead to better patient outcomes along with improved
quality of life. Moreover, the attractiveness of plant expres-
sion systems is based on the ability to quickly respond to
pathogens with a high degree of variability. The examples of
successful testing of a plant vaccine against COVID-19 and
the provision of large production volumes for the production
of a vaccinogenic recombinant protein given in this review
confirm the promise of plant expression systems for obtaining
recombinant subunit vaccines.
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