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Ba)kKaeMble KOJUIETH, JOPOTHE YNTa-
tenu! Ilpemnaraem Bamemy BHUMA-
HUIO JIETHUH BBIITYCK «BaBUIOBCKOIO

KypHaJIa TEHETUKU M CEJICKIUN», TTOCBSI-

IIEHHBIA Psly aKTyaJIbHBIX HarpaBIeHUH

B 00J1aCTH T€HETHKH PACTEHHH, JXMBOTHBIX

U YeJIOBEKa, MOJCKYISIPHON M MOITYIISIH-

OHHOM T€HETHKH M KJIETOYHON OMOJIOTHH.

Paznen «MouekyisipHasl U KileTO4Has
OHOOTHS» COCTOUT U3 IBYX 0030pHBIX CTa-
TEH 1 3KCTIEPUMEHTAIEHOTO UCCIIC/IOBaHUSL.
OTKpbIBaeT pyoOpHKy 0030p, B KOTOPOM H3-
JIOKEHBI COBPEMEHHBIC TPEJICTABICHUS O
PO MOOHMITBHBIX SJIEMEHTOB B ITpOIieccax
MopdoreHesa y pacTeHUN M JKUBOTHBIX.
Ponb nucraruna C 1 ero TepaneBTHIecKast
(YHKIWSA B ICUSHUH HEHPOAEreHepaTHBHBIX
3a0oseBanuii (Oosie3Heil Anblreiimepa u
[TapkuHCOHA) PACCMOTPEHBI B CIIEAYIOLIEM
0030pe. B skcnepuMeHTaIbHOM HCCIIEno-
BaHMU pa3jielia Npe/ICTaBICHbI Pe3YJIbTaThl
UCTIONIb30BaHUSI PEKOMOMHAHTHBIX OEJKOB
JUIsl TIPOUIIAKTHKY U JICUCHUST HHPEKINH,
BbI3BAHHBIX OPTOIIOKCBUPYCAMM.

Pasnens! «I'eneruka pacteHuii» u «l'eHo-
(GOHI M ceNeKnHs pacTeHUH» BKIIOYAIOT
IITh OPUIMHAJIBHBIX HccienoBaHuil. Pac-
CMaTpPUBAEMBII B HUX CIIEKTp MPoOIIeM 10-
CTAaTOYHO IIUPOK: OT BIHMSIHUS «BETe€TaTHB-
HBIX» TeHOB YABBY, MhyFIL1 v MhyFIL3
U X TOMOJIOTOB Ha aCHMMETPHIO JIHCTA Yy
BBICHIMX pacTeHHi 10 OmomHpopmarmye-
CKUX TTOAXOAOB i OLCHKH MPU3HAKOB
MPOAYKTUBHOCTH y CEITbCKOXO3SIHCTBEHHBIX
KyJIBTYp. B 071HOM 13 SKCIIepUMEHTAIBHBIX
cTarel MpeayioKeHbl METOINYECKUE PEKO-
MEHJAIUH 110 KPHOKOHCEPBAIMH ATIEKCOB
pacTeHMi KyJIbTYPHBIX BHJOB KapToders
C NOLIAroBbIM MPOTOKOJIOM. [IpuBnekaer
TaKKe BHIMaHKe paboTa, B KOTOPOH 00Cy kK-
JIAIOTCS TPOOJIEMBI ITUTOIIIa3MaTHYE CKOH
MYKCKOH CTEpUJILHOCTH y COPro M Mexa-
HU3MbI BOCCTAHOBJICHUS (DEPTHIILHOCTH.

PyGpuka «Duznonornyeckas TeHETHKA
Mpe/ICTaBICHa 0030PHOI CTAaTheH 1 OPUTH-

OT PEOAKTOPA / FROM THE EDITOR

HaJIbHBIM HCClIeIoBaHIEM. B 0630pe nmnTeparypHBIX TaHHBIX
OCBEIIECHBI BOIPOCHI ITaTOTeHEe3a NCUXWYECKNX 1 Helpoiere-
HepaTUBHBIX 3a0oyieBaHuil. PaccMOTpeHbl MOieny narosno-
TUYECKUX COCTOSHUM € y4aCTHEM CEPOTOHUHEPTUYECKON CU-
CTEMBI, OITHCAHbI TeHETHYECKHUE ITOAXOABI 10 pa3zpadoTke pap-
MaKOJIOTHYECKHX CPEICTB ISl KOppeKIuu Oose3Heil. B 3ama-
1y 9KCTIEPUMEHTAIIBHOM PabOTHI pa3ziena BXOAUIO H3yUeHUE
BIIMSTHHSI HEOHATAJILHOTO BBE/ICHNSI CHHTETHUECKOTO TIIFOKO-
KOPTUKOMHOTO TOPMOHA JIeKCaMeTa30Ha Ha KOTHUTHBHBIE
CTIIOCOOHOCTH JKUBOTHBIX.

JlBa nuTeparypHbIX 0030pa BoluH B pyOpuky «Ienernka
yesioBeka». B 0lHOM M3 HUX 00CYkKIAIOTCsl Pe3ysIbTaThl UC-
CJIEZIOBAHUSI ACIPECCUBHBIX PACCTPONCTB, MOIyUYEHHBIE C
TIOMOIIBIO COBPEMEHHBIX ITOJTHOTEHOMHBIX U TIOJTHOIK30MHBIX
moaAXOoa0B. OnucaHbl KIIIOUYEBLIC pouecCcChl, MpUHUMArOMINE
yudacTue B (QOpMHUPOBAHUY JETIPECCHH, B TOM HCIIE SITUTCHE-
THYeckue (hakTopsl. BTopoii 0030p 3HAKOMHT C MOJIEKYJISp-
HBIMH MCXaHU3MaMU HACJICICTBCHHBIX cnnﬂoueperaanblx
aTakCHi, BXOZSIINX B YMCIO HEHPOTCHEPATUBHBIX 3a00/1eBa-
HUH, KOTOpbIE PUBOJAT K HAPYIICHUIO KOOPANHALINH JIBU-
JKCHUH.

[TpoBeneHNEe TEHETHUECKOTO MOHUTOPUHTA OUCHb BayKHO
JUIS BBISIBJICHUSI MOHOTEHHBIX 3a00JI€BaHNUH Y KPYTTHOTO pora-
TOIo CKOTa. HpezlﬂaraeM BHUMAHUWIO YATATECIIA OPUTMHAJIIBHOC
HCCIIEIOBAaHNE IO NMPUMEHEHHIO MTOJTHOT€HOMHOTO TOMCKA
accouuanyii sl BBISBICHUS JICTAJIbHBIX TAINIOTHIIOB Y M-
OPHOHOB KOPOB I'OJIIUTUHCKOW MJIH YePHO-IIECTPO FOJIITHHH-
3UpPOBAaHHON NOPOAHOM rpynmbl. Enie o1Ha cTaThst OCBsIIEH
TeHETHYECKOMY MOHUTOPHHTY KHU3HECTIOCOOHBIX SMOPHOHOB
JKUBOTHBIX C [IEJIbI0 CO3/1aHHS CHCTEMBI YCKOPEHHOTO BOCIIPO-
M3BOJICTBA BBICOKOIIEHHOTO TNIEMEHHOTO CKOTa. Pe3ynbraTsl
MIPE/ICTaBIICHBI B pa3ielie «l eHeTHKa KUBOTHBIX).

3aBepiaeT KypHasl pyOprka « DKOJIOTHYecKast U MOIyJIsi-
LIMOHHAsI TEHETHKAY, B KOTOPOH MPHUBEECHBI SKCIIEPUMEHTAIIb-
HBIC JaHHBIC 10 U3YYCHUIO (PEHOTHITMYECKONH M3MEHUYHMBO-
CTH JILCTOBOMU IIJIACTUHBI JIUIIBI MEJIKOJUCTHOU. [lomyueHsl
KOPPEISIMN MEX/Ty BapHalUsIMH MPU3HAKOB JIUCTA U yCIIO-
BHSIMH TTPOU3PACTAHHS B TOPOJICKOH CpETie M CETbCKOI MecT-
HOCTH.

M5! pasibl COOOIIUTE HAIUM YUTATENSIM, YTO KYPHAI BO-
men B Tpetuit (kareropust Agricultural and Biological Scien-
ces) u verBepThiil (kateropus Biochemistry, Genetics and
Molecular Biology) xBapTumu 6a3sl maHHBIX Scopus (CM.
https://www.scopus.com/sourceid/211008228197origin=
resultslist#tabs=1).

Axaodemux B.K. [Llymnoui
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The role of transposable elements in the ecological
morphogenesis under the influence of stress
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In natural selection, insertional mutagenesis is an important source of genome variability. Transposons are
sensors of environmental stress effects, which contribute to adaptation and speciation. These effects are due
to changes in the mechanisms of morphogenesis, since transposons contain regulatory sequences that have
cis and trans effects on specific protein-coding genes. In variability of genomes, the horizontal transfer of trans-
posons plays an important role, because it contributes to changing the composition of transposons and the
acquisition of new properties. Transposons are capable of site-specific transpositions, which lead to the activa-
tion of stress response genes. Transposons are sources of non-coding RNA, transcription factors binding sites
and protein-coding genes due to domestication, exonization, and duplication. These genes contain nucleotide
sequences that interact with non-coding RNAs processed from transposons transcripts, and therefore they are
under the control of epigenetic regulatory networks involving transposons. Therefore, inherited features of the
location and composition of transposons, along with a change in the phenotype, play an important role in the
characteristics of responding to a variety of environmental stressors. This is the basis for the selection and sur-
vival of organisms with a specific composition and arrangement of transposons that contribute to adaptation
under certain environmental conditions. In evolution, the capability to transpose into specific genome sites,
regulate gene expression, and interact with transcription factors, along with the ability to respond to stressors,
is the basis for rapid variability and speciation by altering the regulation of ontogenesis. The review presents
evidence of tissue-specific and stage-specific features of transposon activation and their role in the regulation
of cell differentiation to confirm their role in ecological morphogenesis.
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CTpecc-MHAVIIIPOBAaHHAsI aKTUBAIIMS TPAaHCIIO30HOB
B 9KOJIOTMYECKOM MOp(doreHese

PH. Mycrapun! @, 2.K. Xycnytpunosal’ 2@

1 BalwKunpckmin rocynapcTBeHHbIN MeAULMHCKUIA YHUBepcuTeT, Yéda, Poccua

2 VHCTUTYT GMOXMMIN 1 TEHETUKIN — 060COBNEHHOE CTPYKTYPHOE noapasaeneHne Yonmckoro GeaepanbHOro NCCnefoBaTeNibCkoro LeHTpa
Poccuiickoin akagemun Hayk, Yéda, Poccus

@ e-mail: ruji7z9@mail.ru; elzakh@mail.ru

NHcepumoHHbIN MyTareHes, 06yC/IOBAEHHbIN TPAHCMO3ULUAMY MOBUNbHBIX 3/IEMEHTOB, NIEXUT B OCHOBE 13-
MeHeHWI FTeHOMOB B eCTeCTBEHHOM oT6ope. TPaHCMO30HbI ABNAIOTCA CEHCOPOM 3KOMOrMYeCKUX CTPEeCCOBbIX
BO3[eNCTBUIA, Gnarogapa Yemy BO3AeNCTBUA CTPECCOPOB Ha OPraHM3Mbl MOTEHLMPYIOT N3MEHEHUA PaCcMoso-
»KEeHVA TPaHCMNO30HOB, YTO CNOCOBCTBYET afanTauum 1 BUAOO6Pa3oBaHMID. ITO 06YCNOBNEHO U3MEHeHeM
MexaHn3MoB MopdoreHesa, Tak Kak TPaHCMO30HbI CoAep)KaT B CBOEM COCTaBe pPerynATopHble Mocnefosa-
TENIbHOCTH, OKa3blBaloLme Yuc- 1 mpaHc-BO3AENCTBIE Ha SKCMpeccuio creumdnyeckrx 6enok-KoanpyroLwmx
reHoB. MobusbHble reHeTUYecKue 3NeMeHTbl CMOCOOHDI TakKe K CalT-crneynduruueckim nepemeLleHrsam, Ko-
TOpble NPUBOAAT K aKTMBaLMV FreHOB CTPeCCOBOro oTeeta. Kpome Toro, TPaHCMO30HbI Cy»KaT NCTOYHMKaMK
MuKpoPHK, siPHK, onuHHbIX Hekopupytowmnx PHK 1 cainTtoB cBA3bIBaHUA C TPAHCKPUNUMOHHBIMU GaKTOpamu.
B aBontoyuy bnarofaps MOOMIbHLIM reHETUYECKNM SfIEMEHTaM BO3HMKaIOT HOBble 6EMOK-KOANPYIOLLME FeHbl
nyTem ofOMaLUHMBaHWA, SK30HM3aUMN 1 Aynankaumu. [JaHHble reHbl cofepaT HyKNeoTuaHble nocnenosa-
TEeJIbHOCTH, KOTOpPble B3anMMOLENCTBYIOT C MPOLIECCUPOBAHHBIMU U3 TPAHCMO30HHbIX TPAHCKPUNTOB HEKOAN-
pytowmmmn PHK, B CBA3U C YeM OHU HAxXoZATCA MOA YrNpaBieHNEM SMUTreHEeTUYECKNX PerynaTOPHbIX ceTel C
yyacTmem MOOGUMbHBIX FeHeTUYeCKUX 3/1eMeHTOB. [03ToMy Hacsiefyemble OCOOEHHOCTV PacroNioKeHNA 1
CcocCTaBa TPAHCMO30HOB MOTYT MMETb 3HaueHVe B XapakTepe pearmpoBaHUA Ha onpeaenieHHble SKonormye-
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CTpecc-vHayLuMpoBaHHan akTMBaLms
TPaHCMO30HOB B 3KOSIOrMYeckom mopdoreHese

CKMe CTPeCCopHble BO3LENCTBYA. DTO CNYXKNT OCHOBOI f/1f 0TOOPa 1 BbIXKUBaHUA 0CO6eil co cneynduueckim
COCTaBOM Vi XapaKTEPOM PaCMONOXKEHNA TPAHCMO30HOB, CNOCOBCTBYIOWMX afanTauuy Npy onpefeneHHbIX
CpefoBbIX YC/IOBUAX. B 3BONOLIMM CBOMCTBO TPAHCMO30HOB NepeMeLlaTbcs B cnelndmnyeckune cainTbl reHOMa,
perynmpoBaTb 3KCNPECCHI0 reHOB 1 B3aUMOAENCTBOBATb C TPAHCKPUMLMOHHBIMM haKTopamu, Hapsaay co Cro-
COBGHOCTbIO pearvpoBaTh Ha IKOMOTMUYECKMe CTPEeCCOopbl, ABNAETCS OCHOBOW AnA ObICTPO U3MEHUMBOCTU U
BU006Pa30BaHYIA 3a CHET MOAYIMPOBAHUA YNPaB/IeHUs OHTOreHe30oM. Posib TPaHCMO30HOB B SKONOTMYECKOM
MopdoreHese noaTBepKAeHa AaHHbIMK 06 UX TKaHe- U cTagrecneynduyecknx 0CO6eHHOCTAX akTUBaLMM U
yyacTum B ynpasneHun anddepeHLMpoBKOii KNETOK B SMOpUoreHese 1 NocTHaTanbHOM passutun. [onon-
HUTENbHBIM UCTOYHVKOM V3MEHUYNBOCTU CITY>KUT FOPU3OHTAsIbHbI NepeHOC TPaHCMO30HOB, CNOCOOCTBY LI

N3MEHEHNIO NX COCTaBa B reHOMax.

KntoueBble croBa: N3MEHUNBOCTb; MOp¢OFEHe3; CTpecCC; TPAHCMO30HbI; 3BONMIOUMA.

Introduction

The concept of “ecological morphogenesis” includes the
features of growth and development of organisms under
the influence of key adaptation mechanisms that are formed
under the influence of environmental factors (Curran, 2015).
The basic principles of ecological morphogenesis are due
to the differentiation and development of tissues under the
control of genetic programs that have evolved under the
influence of certain environmental factors with the selection
of the optimal adaptive morphofunctional capabilities of the
organism (Deng et al., 2014). In 1942, Conrad Waddington
discovered that some phenotypic traits induced by heat shock
in Drosophila pupae and then selected over several generations
become inheritable in the presence of heat shock (Waddington,
1942). This means that changes in phenotypic traits that were
acquired under the influence of environmental stressors (ES)
can be inherited through the germ line. Waddington developed
the concept of “canalization and assimilation” to explain his
concept in the framework of Darwin’s evolutionary theory.
He called the “canalization” of stress resistance of organisms
and their ability to maintain a constant phenotype. With these
processes, genetic variations of genes of organisms of the same
species that can change the phenotype remain hidden. If stress
is strong enough to overcome this resistance, the path of deve-
lopment may change due to the expression of a particular gene
from the existing hidden variations. This variant of the gene
can be preserved during the selection and become inherited
through the process of “assimilation” (Waddington, 1959).

The literature provides enough data to suggest that transpo-
sons (TE, transposable elements) can serve as hidden genetic
structures capable of changing the expression of specific genes
in response to certain ES (which overcome resistance to the
constancy of the phenotype). This is due to the fact that TEs
play an important role in the regulation of gene expression
in ontogenesis (de Souza et al., 2013; Pavlicev et al., 2015;
Wang et al., 2016; Ito et al., 2017; Ramsay et al., 2017; Saze,
2018) and serve as sources of changes in epigenetic (EG)
factors (Li et al., 2011; Ito, 2012; Kapusta et al., 2013; Gim
etal., 2014; Cho, 2018).

TEs are genetic elements that transpose from one locus
in the genome to another. They can be simple (for example,
insertion elements, IS) or complex (for example, TE, which
contain genes involved in conjugation and drug resistance
in prokaryotes). TE sizes range from 0.7 to 500 thousand
base pairs (Zhang, Saier, 2012). The nomenclature system
of IS-elements of prokaryotes is presented in the database
(http://www-1S.biotoul.fr). The system proposed in 2008
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is still used to classify transposons of bacteria and archaea
(Roberts et al., 2008). TE classified into two classes. Class I
includes retroelements (RE), which are moved by the “copy-
and-paste” mechanism. They are divided into LTR-RE, which
contain long terminal repeats (LTR, long terminal repeat) and
non-LTR-RE (not containing LTR). Different members of RE
contain transcriptase (RT, reverse transcriptase) for replication,
but they differ in the composition of the catalytic components
responsible for integration into the host genome. Class 11
includes DNA-TE, which are moved by “cut-and-paste” or
“rolling circle”. Their transposition is possible due to 3 differ-
ent mechanisms: DDD/E transposase, tyrosine recombinase
and endonuclease HUH in combination with helicase (Kojima,
2018). The most common TE classification is presented in
Repbase (http://www.girinst.org/repbase/). TE occupy a
significant part of the genomes of plants (more than 80 %),
fungi (3—20 %) and animals (3—45 %) (Wicker et al., 2007).
A significant contribution to the study of TE, their systema-
tization and the definition of a regulatory role was made by
Russian researchers. R.B. Khesin in 1984 in his monograph
“Genome inconsistency” described and systematized pro-
karyotic and eukaryotic TE in detail. The author noted the
role of TE in genetic recombination, leading to an increase
in the number of genes. Parallel variability Khesin explained
the influence of TE with similar site-specificity of integration
(Khesin, 1984). In further experimental works on Drosophila,
the role of site-specific integration of TE as the adapting
ability of genomes was confirmed (Kaidanov et al., 1996).
If TEs are located near specific genes, which is associated
with their peculiarities of germinative insertions, a specific
reaction to ES is possible, which explains the concepts of
“canalization and assimilation” at the genetic level. This is due
to the activation of the TE in response to stress (Todeschini et
al., 2005; Markel, 2008; Ito et al., 2016) and the effect of the
TE on stress-sensitive genes due to the content of regulatory
nucleotide sequences in transposons (de Souza et al., 2013;
Feng et al., 2013). For example, the human genome contains
794 972 binding sites with transcription factors (TF) derived
from LTR-RE, which are characterized by specific activation
at different stages of development and depending on the tissue
(Ito et al., 2017). Moreover, during evolution, the ability of TE
to site-specific transposition was formed (Markel, 2008; Feng
etal., 2013), thanks to which TE can dynamically regulate the
expression of protein-coding genes (BCG) in cis and in trans,
as well as stably alter gene regulation due to structural rear-
rangements (de Souza et al., 2013; Sahebi et al., 2018). The
basis of the evolutionary processes is the variability, which is
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induced by the ES (Markel, 2008), which caused the specia-
tion of eukaryotes due to “outbreaks of transpositions” dur-
ing interspecies hybridization, acting as a “genomic shock”
(Cheresiz et al., 2008).

The activation of TE by stress is first described by Barbara
McClintock. In her early observations, McClintock showed
that TE transpositions are associated with heterochromatiniza-
tion phenomena, and mobilization of heterochromatic domains
can alter gene expression. McClintock suggested that the TE,
which she called controlling elements, allows the genome
to react more flexibly to stress (McClintock, 1984). Indeed,
TEs play an important role in adaptation. TE insertions can
affect host gene expression patterns and provide organisms
with mechanisms for rapid genetic variation through the
TE response to stress. For example, in Arabidopsis thaliana,
the transposition of the heat-activated TE ONSEN causes a
mutation of a gene that is sensitive to abscisic acid (ABA).
As a result, plant insensitivity to ABA and tolerance to the
stressor arise. That is, activation of TE under the action of
ES can cause modulation of the host’s reaction to environ-
mental influences. Epigenetic mechanisms usually cause a
silencing effect of a new insertion (for example, for ABA
using IBM2), but they can selectively activate TE under
stress (Ito et al., 2016). Induction of integration events under
the influence of ES was detected in fungi. For example, in
Saccharomyces cerevisiae, Re Tyl is activated under the
influence of various ES, including the lack of adenine (To-
deschini et al., 2005).

The role of TE in evolutionary variability is also associated
with their ability to induce chromosomal rearrangements, in-
cluding deletions, inversions, and replicon fusion — the central
events of many evolutionary processes. Moreover, TEs con-
tribute to a significant reorganization of genes from the initial
random order under the pressure of selection. TE contributed
to the emergence of adaptive mutations that occur randomly,
but with increased speed under the influence of stress in
eukaryotes in the course of evolution (Zhang, Saier, 2012).
Large-scale changes in DNA methylation in response to stress
(Dowen et al., 2012) may reflect the dynamics of expression of
TE, sensitive to ES and to the stress response of the organism
(Todeschini et al., 2005; Markel, 2008; Ito et al., 2016). This
is due to the important role of TE as sources of non-coding
RNA (ncRNA) (Lietal., 2011; Gim et al., 2014; Cho, 2018),
which have a regulatory effect on chromatin structure and
genome methylation (Ito, 2012; Zhang et al., 2015).

In addition, the ability of the animated TE to enhance the
transcription of the stress response genes, as well as exert a
regulatory effect in cis and in trans on various BCGs, makes
the TE universal mediators of the interaction of the genome
with ES (de Souza et al., 2013; Feng et al., 2013; Ito et al.,
2016). For example, in the study of DNA demethylases in
plants, it was revealed that their primary function is to regulate
the expression of stress response genes due to the effect of
TE on their promoters (Le et al., 2014). In addition, the key
influence of the TE on the regulation of the genome is due to
the origin of the transcription factors from the TE (Lin et al.,
2007; Feschotte, 2008) and TF binding sites (TFBS) from the
TE in the evolution. Specific activation of these TFBSs was
detected by switching gene expression during cell differentia-
tion during ontogenesis (de Souza et al., 2013; Ito etal., 2017).
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TEs possess the sensitivity of their expression both to ES
and to the stress reactions of the organism itself. At the same
time, TEs can cause local regulation of certain genes, acting as
enhancers (Makarevitch et al., 2015). In addition, TEs can alter
the expression of specific genes using ncRNA (Cho, 2018).
TEs can act as stress-sensitive regulators, affecting in cis and
in trans the functioning of BCG (de Souza et al., 2013; Sahebi
et al., 2018). In the course of evolution, host genomes have
developed the ability to regulate the activity and specificity
of integration for TE. This mitigates the instability of the ge-
nome caused by uncontrolled transpositions. Recent studies
have shown the key role of small ncRNAs in the regulation of
transpositions in fungi, plants and animals through a conser-
vative mechanism. Signals about the presence of transposon
RNA or about the integration of TE into specific loci of the
genome are transmitted to small ncRNAs that send epigene-
tic modifications and gene silencing back to TE (Wheeler,
2013). The regulation of the host genome by means of TE is
global with the involvement of all ncRNA species (Mustafin,
Khusnutdinova, 2017). The origin of ncRNA from TE sug-
gests that during the course of evolution, TE developed the
ability to self-regulate with the help of processed products of
their own transcription, which ensure their optimal interaction
with the host genome. TEs can induce mutations under the
control of host factors in a process that phenotypically and
mechanistically corresponds to the definition of “directional
mutations” that occur with high frequency when exposed
to stress if they are beneficial to the host. Prototypes of “di-
rected mutations” are found in bacteria, for example, E. coli
strains with a deletion of the crp gene cannot grow on gly-
cerol (Glp(-)). However, insertions of the IS5 into a specific
region immediately prior to the glpFK promoter lead to the
efficient use of glycerol (Glp(+)) at rates that are significantly
increased by the presence of glycerin or loss of the glycerin
repressor (GlpR) (Zhang, Saier, 2012). The non-random TE
integration was found in the Schizosaccharomyces pombe
genome, in which the 7f7 LTR-PE is inserted into promoters
with a preference for stress response genes (Feng et al., 2013).
In addition, sites of preferred stress-induced TE integration
in D. melanogaster were identified (Vasileva et al., 1997). In
D. melanogaster, 94 % of all insertions of the P-element and
all insertions of other elements (jockey, gipsy) in the field of
gene promoters were in the heat shock gene Asp70 (Walser et
al., 2006). That is, transposon-mediated changes are “directed
mutations” (Cheresiz et al., 2008).

The effect of stress on the activation

of transposable elements in plants

Plants are characterized by the peculiarities of the composi-
tion of TE in their genomes, the distribution of TE, as well as
the characteristics of microRNA, which is reflected in their
morphogenesis under the influence of stress (Mustafin, 2018).
The effect of TE on the dynamics of gene expression during
tissue formation is mediated by interaction with epigenetic
factors (ncRNA, DNA methylation and histone modifica-
tion). In plants, siRNAs are responsible for RNA-dependent
DNA methylation (RdADM), which suppresses TE when they
are activated by stress and hybridization events (Ito, 2012).
The ability to regulate gene activity by exposure to target
methylation and histone modifications was also detected in

BaBunosckuii xypHan reHeTuku u cenekuyun / Vavilov Journal of Genetics and Breeding - 2019+ 23 - 4



P.H. MyctadpuH
3.K. XycHyTamHoBa

miRNAs and long ncRNAs (Zhang et al., 2015). Important
sources of these non-coding RNAs are TE (Li et al., 2011;
Kapusta et al., 2013; Lorenzetti et al., 2016; Cho, 2018).
That is, in the course of evolution, TE acquired the ability
of self-regulation by the products of processing their own
transcripts, which is important in controlling the function-
ing of genes in cis and in trans (de Souza et al., 2013) and
through site-specific transpositions (Markel, 2008; Feng et
al., 2013; Sahebi et al., 2018).

NcRNAs, which are derived from TE, are able to exert a
regulatory effect directly on the expression of BCG, which
contain sequences identical to TE (Fig. 1). This is due to the
important role of the TE in the emergence of BCG in the
course of evolution due to their domestication (Zdobnov
et al., 2005; Lin et al., 2007; Feschotte, 2008; Dupressoir
et al., 2012), retrogenes generation (Kubiak, Makalowska,
2017) and exonization (Lin et al., 2008; Sela et al., 2010;
Schmitz, Brosius, 2011; Tajnik et al., 2015). The correlation
between stress induction of TE and activation of cell defense
mechanisms against stress is associated with the presence
of TF binding sites in TE, which induce the genes of cell
defense systems and are often co-opted by host genomes
for their own needs due to their adaptive role (Cheresiz et
al., 2008). The conservation of TEs in the host genomes is
due to their participation in the activation of responses to
the stress response for survival (Feschotte, 2008; de Souza
et al., 2013; Ito et al., 2017).

In plants, the major part of the genomes is occupied by
LTR-RE, which are regulated by various ESs, displaying
finely tuned responses to these stimuli, mainly in the form of
activation. LTR regions contain regulatory motifs similar to
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cellular genes and are involved in the functional plasticity of
host genomes, acting as dispersed regulatory modules that can
reorient stress stimuli for neighboring genes (Grandbastien,
2015). In response to stress, both TE and genes located near
insertions can be transcriptionally activated. TEs are impor-
tant sources of epigenetic factors (Mustafin, Khusnutdinova,
2017), and most plant miRNAs are identical or homologous
to TE (Lorenzetti et al., 2016; Cho, 2018). Therefore, to deter-
mine the response of plants to stress, miRNAs are investigated,
which play an important role in controlling the activity of BCG
and TE. For example, in rice microRNAs were identified that
are subject to regulatory effects by stressors, such as drought,
cold and insolation. Of these newly identified 227 miRNAs,
80 were derived from TE (Barrera-Figueroa et al., 2012). The
activation of LTR-RE in rice was revealed under the influence
of an excess of iron in the soil. It was shown that LTR-RE can
enhance the expression of genes involved in iron homeostasis
(Finatto et al., 2015).

The ideal system for studying the effect of TE on gene
regulation is the maize genome, since it contains many dif-
ferent TEs alternating with BCG. An analysis of the location
of genes near TE and stress-induced transcripts has shown
that these TEs can perform enhancer activity that stimulates
the expression of stress-sensitive genes. It was reported that
TE are important sources of regulation of alleles of genes
sensitive to abiotic ES (Makarevitch et al., 2015). Therefore,
TFBS, which are derived from the TE, can rewrite existing
transcriptional networks. This leads to the emergence of new
adaptive traits, which is important for the formation of new
species. For example, during speciation of cabbage, TE ampli-
fied binding sites with the transcription factor E2F, therefore

Stress

Transcription

DNMT
+ ncRNA

Translation

TE proteins

Histone
modifiers+
ncRNA

Chromatin
modification

Fig. 1. Role of transposable elements in the regulation of genomic functioning under the action of stress.

TE, transposable elements; PCG, protein-coding gene; ncRNA, non-coding RNA; mRNA, messenger RNA; DNMT, DNA methyltransferase.
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in some species of cabbage more than 85 % of all E2F are
inside the TE (Henaff et al., 2014).

The effect of stress on the activation

of transposable elements in animals

In 1985, it was shown that heat shock in D. melanogaster
enhances the expression of RE copia and the hsp-10 gene
(Strand, McDonald, 1985). Further studies revealed that the
features of copia activation are specific for different lines of
D. melanogaster (Cheresiz et al., 2008). These results indicate
the variation in TE sensitivity to stress, even in individuals
within the same species. The probable causes of such vari-
ability may be a violation of the relationship of TE with
various TFs. It can be suggested that the sensitivity of TE to
environmental stressors and stressful changes in the organism
may vary in different cell lines of one organism under the
influence of varying gene expression during differentiation.
In this regard, cells of different organs and tissues may exhibit
the specific susceptibility of TE in the composition of their
genomes to stress. The most highly stress sensitive cells are
brain neurons (Hunter, McEwen, 2013). One of the ways that
the ES affects the brain is the change in epigenetic marks
at different stages of development in ontogenesis, thereby
regulating the expression of specific TE depending on their
location (Hunter, McEwen, 2013). The possible reason for
the inheritance of stress resistance can be the peculiarities of
the composition, distribution, and peculiarities of TE activa-
tion in individual development, which are important factors
of EG regulation of morphogenesis (Mustafin, Khusnutdi-
nova, 2018b). That is, individuals survive in natural selec-
tion, whose location and composition of TEs in the genome
of which contribute to the effect of ES contributing to the
adaptation and survival.

Epigenetic factors may explain the mechanism by which ES
causes long-term changes in physiology and behavior. Stress,
as well as steroid hormones, due to changes in epigenetic
markers (DNA methylation and histone modifications) affect
plasticity in a number of brain regions (Hunter et al., 2015).
These areas include the hippocampus, which contains neuronal
stem cells and is characterized by TE activity necessary for
their differentiation into specific neurons for different areas
of the brain (Mustafin, Khusnutdinova, 2018a). It has been
shown, for example, that acute stress in rats causes significant
and hippocampal-enhanced enhancement of H3K9me3 levels
that target LTR-RE in order to contain potential genomic insta-
bility (Hunter et al., 2012). In addition, some TEs are activated
under the influence of stress caused by viral infections of host
cells. For example, infection of cell cultures with the herpes
virus, human immunodeficiency and adenovirus induces the
transcription of SINE elements (Cheresiz et al., 2008).

The relationship of hormones

with stress-induced transposon activity

The expression pattern of TE is influenced by the type of
cells and tissues (with particular importance in the placenta
and germ cells), aging and differentiation factors, cytokines,
agents and steroids disrupting the function of cells (Taruscio,
Mantovani, 2004). TEs are highly sensitive to hormones, the
level of which, in turn, reflects the body’s response to stress.
Based on this, it can be suggested that the management of
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ontogenesis with the participation of hormones was formed
under the influence of environmental changes during the
adaptation of organisms using TE, participating in the regula-
tion of gene expression in various cells depending on the tissue
and developmental stage. This assumption is based on data on
the key role of epigenetic factors in the regulation of TE activ-
ity. At the same time, TE themselves are sources of ncRNAs
(Lorenzetti et al., 2016; Cho, 2018), which are capable of
being translated into functional peptides (miPEP) (Couzigou
et al., 2016), that regulate gene expression. It is assumed that
peptide hormones can affect the tissue- and stage-specific
TE activation, which is used to control gene expression dur-
ing the growth and development of the organism (Mustafin,
Khusnutdinova, 2018a). This is due to the ability of miPEP
to enhance the expression of its own miRNAs (Couzigou et
al., 2016), which are involved in the epigenetic regulation of
TE (Mustafin, Khusnutdinova, 2017) (Fig. 2).

Stress and steroid hormones affect brain structures, where
a high TE activity has been identified (Hunter et al., 2015),
presumably related to the regulatory effect of transposons on
the differentiation of neuronal stem cells (Mustafin, Khus-
nutdinova, 2018a). The relationship of TE with hormones is
determined both in their sensitivity to steroids and peptides,
and in the regulatory effect of TE insertions on genes that affect
hormone production. For example, the insertion of TE Taguchi
occurs to the cis-regulatory region of the ecdysonoxidase gene,
which encodes a key enzyme to reduce the level of the molt
hormone 20-hydroxyecdysone. Phylogenetic analysis showed
that the TE insertion occurred during the domestication of the
silkworm and was adaptive for Bombyx mori, as it is used as an
enhancer that induces the expression of 20-hydroxyecdysone
(Sun et al., 2014). For the final stages of cortisol and aldoste-
rone synthesis in humans, the CYP//B1 and CYP11B2 genes,
respectively, are responsible. These two genes are homologous
in the proximal regions, however, the insertions of A/u and
L1 caused the divergence of promoters (Cheng et al., 2012).
In the human genome, a micro-transcriptional mechanism
regulating the expression of the Tspo gene was detected. In
the intron of the 7¥po gene, SINE B2 is located, which regu-
lates steroidogenesis specific for the 7spo gene. High levels
of TSPO are expressed in Leydig cells in the testes, and their
expression levels dictate the ability of cells to form androgens
(Fan, Papadopulos, 2012).

An in vitro transfection study with human DMBT! (deleted
in malignant brain tumors 1) promoter constructs showed that
an Alu site approximately 3000 nucleotides upstream of the
gene mediates estrogenic regulation. Estrogen antagonists
tamoxifen, raloxifene and ICI 182,780 also induce the ex-
pression of DMBTI gene through this A/u site (Tynan et al.,
2005). It was found that the ORF-1p L1 element enhances
the transcriptional activity of androgen receptors (AR) and
the expression of the prostate-specific antigen (PSA) (Lu et
al., 2013). Plants produce a large amount of hormonal sub-
stances — phytosterols, which have a diverse effect on their
development. Currently, mutants of Arabidopsis for transpo-
sons are widely available for studying phytosterols (Suzuki,
Muranaka, 2007). Thus, various independent studies have
shown that hormones can affect TE expression, while trans-
posons affect hormone production by insertions into specific
loci and effects on the epigenetic regulation of morphogenesis.
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Fig. 2. Scheme of the role of transposon self-regulation in the regulation of stress-induced adaptive variability of genomes.

ES, environmental stressors; miPEP, product of microRNA translation; PCG, protein-coding gene.

Tissue-specific and stage-specific activation

of transposons

TEs are successfully preserved in evolution, they respond to
certain ES and stress changes in the organism, and also have
a global regulatory effect on the genome. This indicates the
universality of stress-induced TE activity in evolution and on-
togenesis. As stress signals affecting the activity of certain TE,
there may be changes in the intracellular environment during
successive cell divisions, starting with the first division of
the zygote. The specific composition and distribution of TE
for each species suggests that activation of certain TE may
cause activation of some BCG by cis and trans regulation (de
Souza et al., 2013; Sahebi et al., 2018) and silencing of other
BCG via ncRNA formed by processing TE transcripts (Gim
et al., 2014; Cho, 2018). As a result, a cascade of sequential
changes in BCG expression necessary for cell differentiation
may form. The existence of such evolutionary-established
mechanisms of regulation of ontogenesis with the help of TE
can be confirmed if the suppression of the activity of spe-
cific TE required for further regulation of cell differentiation
will stop the further development of the organism. Indeed, in
experiments on mouse embryos, it was shown that depletion
of the long LincGET ncRNA associated with LTR-RE leads
to a complete arrest of further development at the two-cell
stage (Wang et al., 2016). In this stage, many transcripts are
initiated from the LTR-RE (Macfarlan et al., 2012) and are
associated with enhancers that support the polypotency (Fort
etal., 2014).

In embryogenesis, TEs can redistribute the regulation of
BCG expression depending on the developmental stage and
the type of tissue (Pavlicev et al., 2015). In mouse and human
genomes, TE are sources of at least 30 % of transcription
start sites with tissue-specific activation features (Gerdes et
al., 2016). In mice, in early embryogenesis, up to 20 % of the
transcriptome is initiated from RE. In evolution, specific trans-
positions of retroelements became the basis for the distribution
of tissue-specific binding sites for TF (Mak et al., 2014). On
the basis of experimental data on the accumulation of LINE-1
insertions in human embryonic stem cells, accompanied by the
suppression of the activity of certain genes, the role of the TE
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in regulating the work of the genome in cell differentiation was
confirmed (Garcia-Perez et al., 2007). Profiles of specific TEs
may indicate cellular identity. This suggests the importance of
TE in controlling the work of the genome in cell differentia-
tion. The active transcription of TE, which contributed to the
maintenance of pluripotency, as well as the reactivation of
certain REs in the early embryonic development of animals
along stem cell lines was proven (Gerdes et al., 2016).

TEs are important sources of TFBS, which are character-
ized by their ability to be activated depending on the tissue
and developmental stage (Lowe, Haussler, 2012; de Souza
et al., 2013). TFBS, which originated from LTR-RE, differ
in tissue- and stage-specific activation features (Ito et al.,
2017). In addition, TEs can control tissue-specific features
of gene expression by providing alternative splicing sites and
UTR regions, since the alternative variants of the translated
proteins have different properties (Lin et al., 2008; Tajnik
et al., 2015). It was shown that epigenetic regulation of the
function of transposons located in the introns of genes con-
tributes to a change in their regulation in ontogenesis and in
the peculiarities of expression (Saze, 2018). In human tissue
cultures, a difference in tissue-specific gene expression was
detected for 62 different LTR classes in 18 types of tissue.
These results allowed to propose the role of TE as a tissue-
specific regulator of gene expression in ontogenesis (Pavlicev
et al., 2015). Non-LTR retroelements have functions similar
to long ncRNAs, regulating BCG expression in stem cell
differentiation during embryogenesis (Honson, Macfarlan,
2018). In addition, in humans, various long ncRNAs derived
from the retrovirus HERVH are expressed and necessary for
stem cell pluripotency (Ramsay et al., 2017).

Horizontal transfer

of transposable elements in evolution

In addition to the distribution of transposons in the genomes
of eukaryotes, TE composition plays an important role in spe-
ciation, which is modified by horizontal transfer. Horizontal
transfer plays a major role in the evolution of prokaryotes,
in which more than 81 % of their genes are involved in this
process (Palazzo et al., 2017). In the evolution of animals, the

385



R.N. Mustafin
E.K. Khusnutdinova

character of TE spreading by means of horizontal transfer is
noted, like interspecies viral pandemics. For example, about
46 million years ago there was a major surge in the activity
of DNA-TE of the SPIN family, making the sequences of
these TE identical by 96 % in a wide variety of animals (african
clawed frog, lizard anole, senegal galago, rat, mouse, brown
bat) (Pace et al., 2008). In animals, for the first time, horizontal
transposon transfer was detected in 1990 in D. melanogaster
(Daniels et al., 1990). Further studies have revealed the ability
of horizontal transfer of most TEs in insects, reptiles, jaws,
lamprey and mammals (Zhang et al., 2014).

It is assumed that the genes of RAG, forming the complex
necessary for recombination of the V(D)J, in the jawed
vertebrates have arisen due to the horizontal transfer of TE
(Sniezewski et al., 2018). In the insect Helicoverpa zea,
Transib transposase was found, which has properties similar
to RAG. This suggests the possibilities of horizontal transfer
in the evolution and phylogenetic relationship of the TE genes
domesticated by the genomes of various types of eukaryotes
(Hencken et al., 2012). Phylogenetic studies have revealed
a horizontal transfer of retroelements of the An-RTE family
in angiosperms from ancestors of arthropods. In 42 animal
species, retroelements were significantly identical with An-RTE
flowering plants (Gao et al., 2018). In the Horizontal Trans-
poson Transfer DataBase (http://Ipa.saogabriel.unipampa.
edu.br:8080/httdatabase/), great attention is paid to horizontal
transfer in eukaryotes (Dotto et al., 2018).

Recently, mechanisms of horizontal transfer between dif-
ferent taxa are being actively studied. One of the ways of
spreading TE by horizontal transfer was demonstrated by the
example of TE Bari belonging to the 7c/-mariner superfamily,
which in evolution acquired the property of “diffuse promo-
ters” and can move between different genomes (Palazzo et
al., 2017). Viruses can act as vectors for horizontal transposon
transfer. For example, for the Chapaev transposon, the Braco-
virus virus can act as a vector. Due to the horizontal transfer,
Chapaev elements are widely distributed in the genomes of
many animal species (Zhang et al., 2014).

TEs are found in the genomes of giant viruses, where they
participate in the functioning and evolutionary transforma-
tions, and their transfer to the host genomes is not excluded
(Filee, 2018). For example, the transposon Submariner
was found in the genome of Pandoravirus salinus. For this
pandoravirus, the host is the ameba Acanthamoeba castel-
lanii, in the genome of which Submariner and its associated
DNA-TE are found, which indicates the presence of a horizon-
tal transfer between the virus and the host (Sun et al., 2015).
In addition, viruses can activate TE, for example, a cytomega-
lovirus infection can cause the expression of HERV (Assinger
etal., 2013). Moreover, TEs can participate in the integration
of viral genomes into host DNA, as well as in protection
against viral infections (Speiseder et al., 2014; Tarocchi et al.,
2014). For example, in animals, the ability of ERV to cause
restriction of related exogenous retroviruses was identified
(Malfavon-Borja, Feschotte, 2015). At the same time, the
ability to transform ERVs into exogenous retroviruses, and
exogenous viruses to ERV in the genomes of various hosts has
been proven (Zhuo, Feschotte, 2015). Caulimoviridae viruses
in plants have evolved from LTR retroelements (Llorens et
al., 2009). Analysis of the results of experimental work by
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various authors has shown that the relationship between TE
and viruses in the evolution of eukaryotes is global and plays
a crucial role in the variability of the host genomes. A number
of studies have shown the interconversions of viruses and TE
(Zhuo, Feschotte, 2015), as well as the existence of elements
that combine the properties of viruses and transposons. In-
termediate evolutionary link between DNA-TE and viruses
are virophages (Fisher, Suttle, 2011). RVP virophages are
known, which are a hybrid of polytone virophages that can
cause viral infections (Yutin et al., 2015). Polintons are also
known which possess the properties of TE. Polintons exist as
both autonomous and non-autonomous elements. They are
common among various species of animals, mushrooms and
protists. It is assumed that many eukaryotic viruses, includ-
ing megaviruses and adenoviruses, originated from polintons
(Krupovic, Koonin, 2016).

Conclusion

In the scientific literature accumulated enough experimental
data confirming the sensitivity of TE to stress in all living
organisms. The activation of TE under the action of stress
leads to a change and the emergence of new regulatory gene
networks that contribute to variability. This is an important
factor in the natural selection of individuals with a specific
composition and location in their genomes TE, whose activa-
tion under the influence of stress during ontogenesis facilitates
adaptation.

The study of TE activation in different tissues and at
different stages of development under the influence of stress
may be the key to clarifying the mechanisms of ecological
morphogenesis. These studies are promising for diagnostic
and therapeutic models in biology, genetics and biochemistry.
Determining the role of miRNAs and hormones in changing
cell differentiation under the influence of TE is promising
for planning targeted therapy of pathologies associated
with dysfunction of epigenetic factors, as well as a possible
impact on the aging process. The key to modulating the
growth and development of organisms can be the study of
various TEs capable of site-specific transposition. These
studies are promising for the controlled use of stem cells in
organ-substituting technologies. Moreover, to study changes
in regulatory gene networks in evolution, it is promising to
compare the sensitivity to stress of certain TE different taxa
of eukaryotes.
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Autophagy is a dynamic cellular process involved in the turnover of proteins, protein complexes, and organelles
through lysosomal degradation. It is particularly important in neurons, which do not have a proliferative option for
cellular repair. Autophagy has been shown to be suppressed in the striatum of a transgenic mouse model of Par-
kinson’s disease. Cystatin C is one of the potent regulators of autophagy. Changes in the expression and secretion
of cystatin C in the brain have been shown in amyotrophic lateral sclerosis, Alzheimer’s and Parkinson’s diseases,
and in some animal models of neurodegeneration, thus proving a protective function of cystatin C. It has been sug-
gested that cystatin C plays the primary role in amyloidogenesis and shows promise as a therapeutic agent for neu-
rodegenerative diseases (Alzheimer’s and Parkinson’s diseases). Cystatin C colocalizes with the amyloid B-protein
in the brain during Alzheimer’s disease. Controlled expression of a cystatin C peptide has been proposed as a new
approach to therapy for Alzheimer’s disease. In Parkinson’s disease, serum cystatin C levels can predict disease se-
verity and cognitive dysfunction, although the exact involvement of cystatin C remains unclear. The aim: to study
the role of cystatin C in neurodegeneration and evaluate the results in relation to the mechanism of autophagy. In
our study on humans, a higher concentration of cystatin C was noted in cerebrospinal fluid than in serum; much
lower concentrations were observed in other biological fluids (intraocular fluid, bile, and sweat). In elderly persons
(61-80 years old compared to practically healthy people at 40-60 years of age), we revealed increased cystatin C
levels both in serum and intraocular fluid. In an experiment on C57BI/6J mice, cystatin C concentration was signi-
ficantly higher in brain tissue than in the liver and spleen: an indication of an important function of this cysteine
protease inhibitor in the brain. Using a transgenic mouse model of Parkinson’s disease (5 months old), we de-
monstrated a significant increase in osmotic susceptibility of brain lysosomes, depending on autophagy, while in a
murine model of Alzheimer’s disease, this parameter did not differ from that in the appropriate control.
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AyTodarma — AHaAMUYHBIN KNETOYHbIN MPOLIECC, CBA3aHHbIV C 060pOTOM 6enKkoB, 6eMKOBbIX KOMMIEKCOB U Opra-
Henn NocpeACcTBOM IM30COMHON Aerpagdauunn. Aytodarna ocobeHHO BaxxHa B HENPOHaX, KOTOPble He MMELT NPOo-
nudepaTrBHOrO pecypca AfiAa KNeTOYHOro BOCCTaHoBMeHUA. OfHNM 13 MOLLHbIX PerynaTtopos aytodaruy ABns-
etca umctatuH C. MI3meHeHna skcnpeccun n cekpeuun umctatuHa C B ronoBHOM MoO3re nokasaHbl npy 60KoBom
aMmnoTpoduUeckom cknepose, 6onesHn Anblrerimepa v MapKMHCOHa, a Tak»Ke Ha HEKOTOPbIX MOAENAX Hepoae-
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PerynatopHas ponb unctatuHa C
B ayTodaruu n HellpoaereHepayum

reHepauum y »K1BOTHbIX, YTO NMOATBEPXKAAET 3aLNTHYO GyHKUMIO LmcTatnuHa C. BbickazaHO NpeAnosioxeHne, YTo
umctatvH C urpaeT BaxHYI0 poJib B aMUIOMJOreHe3e 1 MOXET PacCMaTPUBATbCA Kak BO3MOXHOe TepaneBTuye-
CKOe CPeAcTBO ANA NpefynpexXAeHnsa 1 NeveHns paja HelpogereHepaTBHbIX 3aboneBaHnii (6onesHn AnbLreii-
Mepa 1 MNapkrHcoHa). UnctatH C Konokanusyetca c aMuiongom 3 B rofloBHOM Mo3re npu 60ne3HU Anbureiimepa.
KoHTponupyemas akcnpeccua nentuga unctatvHa C npeanoxeHa B KauecTBe HOBOro NoAxXoAa K Tepanuu 6ones-
HU Anburerimepa. Mpu 6one3Hn MapKMHCOHa ypoBHM LucTatHa C B CbIBOPOTKE KPOBW MOTYT MPOrHO3MpPOBaThb
TAXKeCTb 3a60N1eBaHNA U KOTHUTUBHYIO ANCOYHKLMIO, XOTA KOHKPeTHOe yyacTue ymctatnHa C ocTaeTca HeACHbIM.
PaccmoTpeHa ponb yuctatHa C B HepoaereHepaummy 1 NpoBefeHa OLeHKa pe3ynbTaToB B CBA3M C aKTUBHOCTbIO
ayTodaruu. Y 300poBbix ntofeit 06HapyxKeHa BblcOKaA KOHLeHTpauma umnctatiHa C B CTMHHOMO3rOBOM XMAKOCTY
MO CPaBHEHNIO C CbIBOPOTKON KPOBY; 3HaUUTENbHO 60Mee HM3Kre KOHLEHTpaLUuy Habogany B Apyrux uonoruye-
CKUX XUAKOCTAX (BHYTPUIIa3Han XKNAKOCTb, Kenub, NoT). [pn oLeHKe BNIMAHNA BO3pacTa 06Hapy»KeHOo NoBbIleHne
KOHUeHTpauun ymctatnHa C Kak B CbIBOPOTKE, Tak M BO BHYTPUINA3HOM XMUAKOCTU Y NOXUNbIX mogen (61-80 neT)
Mo CpaBHEHWIO C MPaKTUYeCKn 3[0POBbIMY NtoAbMK B Bo3pacTe 40-60 neT. B akcnepumeHTe Ha mbiwax C57B1/6J
KOHLeHTpauua umctatuHa C 6bina 3HauMTeNbHO Bbille B MO3TOBOW TKaHW, YeM B MEUYEHN 1 CeNle3eHKe, UTO yKa3biBa-
€T Ha BaXKHYI0 GpYHKLIMIO 3TOrO MHIMOUTOPA LICTEMHOBBIX MPOTEea3 B FOSIOBHOM MO3re. Ha TpaHCreHHOW MbILLVHOM
mMogenu 6onesHm MapKrnHCcoHa (5 MecAUEeB) HaMAEHO 3HaUMTENIbHOE YBENNYEHE OCMOTMYECKOW YYyBCTBUTENTIbHO-
CTUN NIN30COM MO3ra, COOTBETCTBYIOLIEE YCUIIEHNIO ayTodarnu, Toraa Kak Ha MbIlLUHOW Mogenu 6onesHn AnbLreii-
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Mepa 3TOT noka3saTtesib He 06HapYKu U3MeHeHs ayTodaruu.
KntoueBble cnosa: yuctatuH C; aytodarus; HeiipofereHepaums.

Introduction

The search for new markers of aging, neurodegenerative di-
seases, and atherosclerosis is important for modern medicine
(Ciechanover, Kwon, 2015). Cystatins are known to be potent
endogenous inhibitors of cysteine proteases of the papain su-
perfamily and form equimolar, tight, and reversible complexes
with human cysteine proteases (cathepsins B, H, K, L, and S)
(Stoka et al., 2005; Korolenko et al., 2011, 2015).

Cystatin C is a known extracellular endogenous cysteine
proteinase inhibitor, which has been studied more thoroughly
than other cystatins (cystatin SN et al.) and has been evaluated
as a possible marker of several pathological processes (tumor
growth and metastasis) (Poteryaeva et al., 2000; Maxfield,
2014). Increased serum cystatin C concentration is well known
as an alternative measure of renal function (Keppler, 2006).
According to the recent findings cystatin C is regulated at both
transcriptional and post-translational levels (Xu et al., 2015),
moreover, cystatin C production by haematopoietic cells is
significant in the systematic pools of this inhibitor.

Neurodegenerative diseases combine disturbances in certain
structures of brain cells (especially in endosomes and lyso-
somes), which, in the presence of the signs of such a disease,
include some common molecular and cellular mechanisms
(Harris, Rubinsztein, 2011). Protective mechanisms of action
of cystatin C in several neurodegenerative diseases (Alzhei-
mer’s disease, Parkinson’s disease) were suggested (Gauthier
et al., 2011). Cystatin C was shown previously implicated
in the process of neurodegeneration (Kaur, Levy, 2012). An
in vivo study on dopaminergic-neuron survival revealed that
administration of cystatin C to rats with a neurotoxin 6-hy-
droxydopamine-induced lesion partially rescues substantia
nigra dopaminergic neurons. 6-Hydroxydopamine-mediated
lesioning induces relatively slow but sustained upregulation
of cystatin C and suggests that this inhibitor may exert a neu-
roprotective action on dopaminergic neurons (Xu et al., 2005).
Those authors show that cysteine proteinase inhibitors may be
new candidates for neuroprotective treatment of Parkinson’s
disease (Cuervo, Wong, 2014).

We tried to evaluate the biological role of cystatin C in
neurodegeneration, especially as autophagy inducer, which
remains unclear and controversial until now. Destruction of the
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nigrostriatal dopaminergic pathway can trigger neuroinflam-
mation and increase the synthesis of neural growth factors,
both in the striatum and in the substantia nigra. In general, the
pathological processes involved in such responses are poorly
characterized and may contribute to secondary damage and/or
regeneration in the central nervous system (Ling, Salvaterra,
2009; Harris, Rubinsztein, 2011). Increased levels of p62 (also
called as sequestosome 1 (SQSTM1) and higher sensitivity
to 7-oxysterol-mediated lysosomal membrane damage was
shown in macrophages isolated from cystatin C knockout
(CysC~) mice (Li et al., 2016).

Cystatin C as a possible diagnostic marker

of neurodegenerative diseases

Cystatin C has a broad spectrum of biological roles, includ-
ing modulation of inflammatory response (Li et al., 2016).
Using immunohistochemical methods in Alzheimer’s disease
Zhong et al. (2013) have revealed that cystatin C co-localizes
with amyloid-f in amyloid-laden vascular walls and in the
senile plaque cores. These authors suggested that cystatin C
revealed protection against neurodegeneration by inhibition
of cysteine proteases (cathepsin B), suppression of amyloid-3
aggregation and induction of autophagy (Zhong et al., 2013).
Low cystatin C level in cerebrospinal fluid of patients with
Alzheimer disease and dementia confirmed this hypothesis.
In elderly men (free of dementia at the baseline) low levels
of serum cystatin C can precede clinical manifestation of Alz-
heimer’s disease and may be an early marker of future risk
of Alzheimer’s disease development (Sundelof et al., 2008).
Plasma Cys C levels were significantly correlated with de-
mentia development in Alzheimer’s disease and combination
(ratio) of elevated cystatin C and decreased HDL concentra-
tions were suggested recently as potential diagnostic value test
in differential diagnosis of Alzheimer’s disease and vascular
dementia (Wang et al., 2017).

In the brain, Mathews and Levy (2016) have demonstrated
that cystatin C is playing protective roles via several different
pathways that depend upon the inhibition of endosomal-lyso-
somal proteolysis (cysteine proteases inhibition), the induction
of cellular autophagy, via the induction of cell proliferation
and the inhibition of amyloid-f (AP) aggregation. However,
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Fig. 1. Distribution of cystatin C in biological fluids of healthy persons,
aged 30-50 years old (M+m), n =7-10 per group.

Samples of CSF (cerebrospinal fluid) were obtained from the Federal Center
for Neurosurgery, Novosibirsk, when puncturing patients for a diagnostic pur-
pose that were considered as practically healthy individuals according to the
cellular composition of CSF revealed. Cystatin C concentration was measured
by Cystatin C Human ELISA kits, BioVendor (Czechia).

there are opposite points of view of researchers suggesting that
brain amyloid-p level depends mainly on a balance between
its formation from the amyloid precursor protein (APP) and
its removal by proteolysis, with a significant role of several
zinc-proteases including neprilysin, the endothelin converting
enzymes (ECE-1 and -2), and the insulin-degrading enzyme
(Nalivaeva, Turner, 2017). Moreover, cathepsin B, as the most
important cysteine protease, might be also anti-amyloidogenic,
helping in amyloid-f clearance or, instead, might be involved
in amyloid-f production (Zerovnik, 2009).

Parkinson’s disease is characterized by a decreased motor
activity resulting from the death of dopaminergic neurons
in the substantia nigra. a-synuclein, located in presynaptic
terminals of neurons, is considered as the main pathogenic
protein in Parkinson’s disease; another strong pathogenic fac-
tor is oxidative stress (Hara et al., 2006; Huang et al., 2015).
Dopamine can induce autophagic cell death with upregulation
of a-synuclein in human neuroblastoma cells (Gomez-Santos
et al., 2003).

An increased serum level of secreted cystatin C was de-
monstrated during the process of aging (Cuervo, Wong, 2014;
Mathews, Levy, 2016) and in various diseases like tumors
(Gashenko et al., 2013) or atherosclerosis (Korolenko et al.,
2011,2012,2015). In biological fluids of healthy persons, the
highest concentration of cystatin C in our study was noted
in cerebrospinal fluid (CSF), with the following ranking of
concentrations: CSF>saliva>serum > intraocular fluid>tear
fluid>sweat>urine (Fig. 1).

Results similar to our data concerning cystatin C levels in
CSF, saliva, and serum were obtained by other authors (Bjorn-
stad et al., 2015). According to the data that we obtained in
practically healthy persons, the concentration of cystatin C
is increased in the serum and intraocular fluid of people aged
61-80 years (Fig. 2).

At early stage of Parkinson’s disease, increased serum cy-
statin C was associated with sleep-disordered breathing
problems (Xiong et al., 2018). In CSF of patients with amyo-
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Fig. 2. Concentration of cystatin C (ng/ml) in biological fluids of healthy
persons depending from age, n = 7-10 per group.

Data are presented as M+m. *p < 0.05 vs. control (group of healthy 20-
29 years old individuals) or practically healthy persons of 41-60 years old.
Cystatin C concentration was measured by Cystatin C Human ELISA kits, Bio-
Vendor (Czechia).

trophic lateral sclerosis cystatin C level was significantly
decreased, there was a correlation between cystatin C levels
and G73A polymorphism in CS73 gene encoding cystatin C
(Yamamoto-Watanabe et al., 2010). In the brain of patients
with Alzheimer’s disease cystatin C revealed protective role
as a strong endogenous inhibitor of cysteine proteases (ca-
thepsin B), inducer of cellular autophagy related to amyloid-
beta aggregation (one of the several pathways of protection)
(Mathews, Levy, 2016).

Autophagy is a dynamic cellular process involved in the
turnover of proteins, protein complexes, and organelles
through lysosomal degradation (Chen, Klionsky, 2011).
Autophagy is particularly important in neurons, which do
not have a proliferative option for cellular repair (Lee, 2009;
Son et al., 2012). Positive and some negative effects (like the
“Janus-faced” role) of increased autophagy have been un-
covered during development of neurodegeneration (Viscomi,
D’Amelio, 2012; Wang, Hiesinger, 2012).

The experimental model of neurodegenerative
diseases, autophagy, and cystatin C

A common feature of neurodegenerative diseases is the ac-
cumulation of proteins prone to aggregation and protein
inclusions, which are, on the one hand, the markers of these
diseases and, on the other hand, the cellular tools for combat-
ing these diseases; one of the important therapeutic targets
in this process is autophagy (Ciechanover, Kwon, 2015;
Torra et al., 2018). Autophagy is weakened in various ways
in these diseases and decreases with ageing. The removal
of the accumulating toxic proteins and structures is carried
out by the mechanisms of chaperone-mediated autophagy,
macroautophagy, and mitophagy during interactions with the
ubiquitin—proteasome system.

Changes in autophagy are involved in the development
of various age-dependent degenerative disorders such as
neurodegeneration (Tizon et al., 2010b), cancer (Gammoh
et al., 2016), tissue atrophy, alcohol neurointoxication (Luo,
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Fig. 3. Cystatin C concentration in different
organs in intact C57BI/6J mice.

Data are presented as M+m, n = 7 per group. Cys-
tatin C assay was performed with ELISA kit for mice
(BioVendor, Chechia).

2014) and accelerated aging (Coria et
al., 1987; Kovacsetal.,2017). Decreased
concentration of cystatin C in CSF was
reported to have diagnostic significan-
ce in neurodegenerative diseases, such
as amyotrophic lateral sclerosis, which
is characterized by progressive motor
neuron degeneration (Mathews, Levy,
2016). Low concentration of cystatin C
was detected in the serum of patients
with Alzheimer’s disease, correlating
with conversion from mild cognitive
disturbances to dementia; in CSF of
patients with Alzheimer’s disease, the
cystatin C level was found to be lower
as compared to patients with dementia;
therefore, it is possible that changes
of cystatin C in CSF may serve as a
biomarker of disease (Mathews, Levy,
2016). However, according to some data
(Ptikrylova Vranova et al., 2010) cys-
tatin C level in CSF of patients with Par-
kinson’s disease was not changed sig-
nificantly.

Many studies indicate that the weake-
ning of autophagy and/or the incom-
pleteness of protein degradation are im-
portant initiators of Parkinson’s disea-
se (Wang, Hiesinger, 2012; Maxfield,
2014). In vitro studies have revealed that
pharmacological induction of autopha-
gy, for instance, by trehalose (Dehay
et al., 2010) or by resveratrol (Wu et
al., 2013), leads to an improvement in
the molecular patterns of Parkinson’s
disease. In general, it is believed that a
decrease in autophagy and in recogni-
tion of the segregated material is the key
factor of Parkinson’s disease, and pos-
sibly, activation of autophagy is a good
therapeutic strategy against this disease.
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Fig. 4. Autophagy activation in the brain of murine models of Parkinson’s (a) and Alzheimer’s (b)
diseases.

Data are presented as M+m, n = 5-6 per group. Autophagy activation was measured by permeabilization
of lysosomal membranes as an increment of free activity of B-galactosidase (in percentage of the total ac-
tivity of the enzyme) after treatment of brain homogenate in hypotonic media as described in (Pupyshev
et al., 2005). Ceftriaxone (100 mg/kg/day for 5 weeks, intraperitoneally) was applied as a neuroprotective
treatment since it demonstrated a marked neuroprotective potential at experimental neurodegeneration
in the models of Parkinson’s and Alzheimer’s disease (Weng et al., 2016; Tikhonova et al., 2017).

a, Transgenic 5-month-old mice with overexpression of a-synuclein of B6.Cg-Tg(Prnp-SNCA*A53T)
23Mkle/J strain (B6.Cg-Tg) were used as a model of Parkinson’s disease (Pupyshev et al., 2018). *p<0.05
vs. Control (mice of wild-type genotype); b, To induce a pharmacological model of Alzheimer’s disease,
mice of C57BI/6J strain were administered with an amyloid beta fragment (Ap 25-35) (Sigma) bilaterally
i.c.v. as described earlier (Park et al., 2011; Choi et al., 2013). **p <0.01 vs. Control (mice with vehicle (sterile
water) i.c.v. injections); ##p <0.01 vs. B-amyloid + saline group.

Recently new pharmacological modulators of autophagy with a therapeutic poten-
tial were introduced (Galluzzi et al., 2017a, b). Among modulators of autophagy in
brain cells for prevention of neurodegeneration (Cheung, Ip, 2011), various authors
suggested activators of autophagy, like rapamycin (Malagelada et al., 2010), treha-
lose, valproate (Harris, Rubinsztein, 2011), and cystatin C (Watanabe et al., 2018).

According to our data obtained in an experimental study, the cystatin C level was
significantly higher in the brain than in the liver or spleen of C57BIl/6J untreated
mice (Fig. 3), indicating the significant role of this inhibitor in brain tissue.

As demonstrated in our previous study on an experimental murine genetic
model of Parkinson’s disease, autophagy (according to LC3-II expression) was
decreased in the striatum and substantia nigra as compared to other regions of the
brain, thus reflecting injury of motor neurons (Pupyshev et al., 2018). This model
of Parkinson’s disease manifested increased osmotic susceptibility of lysosomes in
the brain (according to a release of lysosomal enzyme B-galactosidase) (Fig. 4, a)
in conjunction with secondary changes of their membranes as a result of dysfunc-
tion of lysosomes and intralysosomal accumulation of toxic material. In a model
of Alzheimer’s disease, we did not notice the changes in the permeabilization of
lysosomal membranes in brain tissue (Fig. 4, b).

Stabilization of lysosomal membrane by a neuroprotector ceftriaxone (see Fig. 4, b)
can be related to anti-inflammatory effect of this drug. In the pharmacological
model of Alzheimer’s disease caused by the central administration of amyloid f in
mice, amyloid B toxicity produced an almost 3-fold increase in LC3-II expression
(as result of activation of autophagy related to neuroinflammatory process in the
frontal cortex) (Fig. 5), and ceftriaxone significantly reduced the rate of autophagy,
which apparently reflects the anti-inflammatory effect of ceftriaxone on the cerebral
cortex and thereby weakening the autophagic response.

Regulation of autophagy is a comlex process, depending on the cell types and
diseases, including neurodegeneration (Kiriyama, Nochi, 2015; Zou et al., 2017).
Current state of knowledge concerning transcriptional, post-transcriptional, and
post-translational regulation of autophagy in yeast and mammals were discussed
(Feng et al., 2015; Hwang et al., 2017). Novel pharmacological modulators of
autophagy were revealed under recent investigations (Ha, Kim, 2016; Gao et al.,
2017; Johnston et al., 2017). Several other approaches have been suggested for re-
storation of autophagy (Martini-Stoica et al., 2016). One of them is introduction of
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Fig. 5. Effect of ceftriaxone on LC3-Il expression
in the frontal cortex of C57BI/6J mice with phar-
macological model of Alzheimer’s disease.

Data are presented as M+m, n = 3-5 per group.
Autophagy activation was measured using immu-
nohistochemical analysis of LC3-Il expression as
described in (Pupyshev et al., 2018). ***p<0.001
vs. control group (H,O+saline) of mice treated
with vehicle (sterile water, i.c.v.) and intraperito-
neal saline injections; #p<0.01 vs. B-amyloid +
saline group.
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Fig. 6. Possible mechanism of regulation of
autophagy in murine primary cortical neurons.
The mammalian target of rapamycin (mTOR)
regulates cell proliferation, cell motility, cell
survival, autophagy (Tizon et al., 2010b; Zou et
al., 2017).

AUTEN-99 (autophagy enhancer 99),
which activates autophagy in cultured
cells and animal models (Kovacs et
al., 2017). AUTEN-99 possibly can ef-
fectively penetrate the blood—brain bar-
rier and somehow protect the progres-
sion of neurodegenerative changes in
the experiment. Nonetheless, further
research is necessary in this direction,
especially a study on in vivo models of
neurodegeneration.

Cystatin C produced by all nucleated
cells and has a stable production rate; it
is freely filtered by the glomerulus and
metabolized after tubular reabsorption
(Svechnikova et al., 1998; Bjornstad
et al., 2015). Earlier cystatin C knock-
out mice were found to be fertile and
have no gross pathological abnormali-
ty or signs of neurodegeneration up
to 6 months of age (Huh et al., 1999).
The absence of neurodegeneration in
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that study might be attributed to young age of mice (less than 6 m.o.) and strong
compensatory mechanisms. Later cystatin C was shown to inhibit amyloid-beta
deposition in Alzheimer’s disease mouse models (Mi et al., 2007). Moreover, induc-
tion of autophagy by cystatin C may be a mechanism that protects murine primary
cortical neurons and neuronal cell lines (Lee et al., 2007; Maetzler et al., 2010;
Tizon et al., 2010a). In the brain, multiple in vitro and in vivo findings have demon-
strated cystatin C protective roles via pathways that depend upon the inhibition of
endosomal-lysosomal pathway cysteine proteases (cathepsin B), via the induction
of cellular autophagy, via the induction of cell proliferation, or via the inhibition of
amyloid-p (AP) aggregation (Gauthier, Liu, 2016; Mathews, Levy, 2016).

There are some controversial results on the effect of certain drugs on serum cys-
tatin C concentrations in humans for estimation of glomerular filtration rate (GFR) in
patients with renal disease. Corticosteroids (prednisolone, repeated administration)
can significantly increase serum cystatin C concentration from 1.24+0.40 mg/L at
baseline to 1.61+0.80 mg/L at the end of a study period (p < 0.05). This finding
needs to be considered when interpreting cystatin C levels in patients with heart
failure receiving corticosteroid therapy (Zhai et al., 2016).

An additional property of cystatin C (except as a protease inhibitor) that makes
this protein clinically relevant is that it can form aggregates by the mechanism
known as domain swapping, similar to that involved in the formation of amyloid f3
plaques in Alzheimer’s disease (Xu et al., 2011; Kaminskyy, Zhivotovsky, 2012).
Secretion of IL-10 in response to inflammatory stimuli downregulates IRF-8 and
consequently cystatin C synthesis in vivo. The serum concentration of cystatin C
decreases in an IL-10-dependent manner in mice treated with the TLR9 agonist
CpG (synthetic analog of bacterial DNA, activator of dendrite cells). Cystatin C
synthesis is therefore more tightly regulated than hitherto recognized. The mecha-
nisms underlying this regulation may be targeted to alter cystatin C production, with
potential therapeutic benefits (Xu et al., 2005, 2011). Transcription factor — IFN
regulatory factor 8 (IRF-8) is critical for cystatin C expression in primary dendritic
cells. Only the cells with IRF-8 bound to the CST3 gene promoter express high
levels of this inhibitor abundantly. Cystatin C can prevent formation of amyloid
plaques associated with Alzheimer’s disease and can itself form toxic aggregates.
Cystatin C regulates NO secretion by macrophages and is a TGF-3 antagonist.

New approaches to Parkinson'’s disease treatment

According to data obtained by Chen et al. (2015), Hu et al. (2016), changes in the
expression of cystatin C in Parkinson’s disease are related to mild cognitive dysfunc-
tion. Recently, it was shown that intracerebroventricular administration of cystatin C
ameliorates amyotrophic lateral sclerosis-like disturbances in mice (Watanabe et al.,
2018). Induction of autophagy by cystatin C was suggested as a potential mechanism
of prevention of cerebral vasospasm during several neurological disturbances in
an animal experiment (after subarachnoid hemorrhage in mice) (Liu et al., 2013).
Possible mechanism of stimulation of autophagy by cystatin C is suggested via the
mammalian target of rapamycin (mTOR) signaling pathway (Fig. 6).

It has been found that the injections of cystatin C into the s. nigra of A53T mu-
tant alpha-synuclein transgenic mice revealed neuroprotective effect in vivo in
Parkinson’s disease model with increased autophagy markers LC3B in different
brain regions (Zou et al., 2017). Authors concluded, that neuroprotective effect of
cystatin C in AS3T transgenic mice was related to upregulating the autophagy and
VEGF pathways. It presents a new approach to the treatment of Parkinson’s disease
through neuronal-vascular protection mediated by cystatin C.

Conclusion

The roles of autophagy in the maintenance of cellular survival and in suppres-
sion of neurodegeneration have been evaluated in Alzheimer’s, Parkinson’s, and
Huntington’s diseases, which are accompanied by the accumulation of amyloid f3,
a-synuclein, and huntingtin, respectively. Autophagy is down regulated in various
ways in these diseases and decreases with ageing. Cystatin C is one of the potent
regulators of autophagy. Changes in the expression and secretion of cystatin C
in the brain have been shown in amyotrophic lateral sclerosis, Alzheimer’s and
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Parkinson’s diseases, and in some animal models of neurode-
generation, thus proving a protective function of cystatin C.
It has been suggested that cystatin C plays the primary role
in amyloidogenesis. Controlled expression of a cystatin C
peptide has been proposed as a new approach to therapy for
Alzheimer’s disease. Neuroprotective cystatin C effect in vivo
(in A53T transgenic mice) was connected with upregulation
in autophagy and VEGF pathways, opening a new approach
to the treatment of Parkinson’s disease through neuronal-
vascular protection mediated by cystatin C. Administration
of cystatin C as a regulator of autophagy holds promise as
one possible approach to the treatment of neurodegenerative
diseases.
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V3yueHle MMMVHOTI€HHOCTY PEKOMOMHAHTHOI'O (pparmMeHTa
OPTOMOKCBMPYCHOTO 6€ejika p35

SLA. XAyceBMql, A.A. Matseesl 2, E.IL. FOanPOBal, M K. Baitkos!, H.B. T]/IKYHOBal' 2®

1 WHCTUTYT XMunyeckoi 6uonorum n yHaameHTanbHon meamnumHbl Cbupckoro otaeneHms Poccuiickoi akagemmnmn Hayk, HoBocnbumpck, Poccua
2 HoBocrbrpCKmii HaLoHaNbHbI MCCefoBaTeNbCKNA FOCYAAPCTBEHHDIN yHUBepcuTeT, HoBOCMOMpCK, Poccms
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HecmoTps Ha nMKBUAauUmMio HaTypanbHOM OCrbl, OPTOMOKCBUPYChI MPOAO/IKAOT OCTaBaTbCA MCTOYHNKOM B1O-
NOTMYECKON ONacHOCTU ANA NIOAEN, Tak Kak B Nprpoae LUPKYINPYIOT BUPYCbl OCMbl KOPOB 1 OCMbl 06e3bAH,
npryem nocnefHuin cnocobeH Bbi3biBaTb HE TOSIbKO Criopajuyeckne ciydam 3aboneBaHuin YesioBeka, HO ©
BCMbILWKX ocrionofo6Homn nHdekumm. Kpome Toro, neprognyeckas BakuMHaLumsa Heobxoarma ana npepcra-
BUTENEN onpefaeneHHbIX npodeccuii (yueHble, U3yyaroLime naToreHHble OPTOMOKCBMPYChI, MEAULIMHCKIME pa-
60THMKM 1 Ap.). OcnonpuBMBaHME — BaKLMHALMA XMUBbIM BUPYCOM OCMOBaKLVHbI, KOTOPOE LUMPOKO MCMOsb-
30BasioCb MpU NMKBMAALMN HAaTypasibHON Ocrbl, ob6ecneurBaeT GOPM1POBaHME Yy BaKLMHUPOBAHHbIX Nofen
AnvTenbHOro uMMyHuTeTa. OAHaKo, AaBasA [OCTAaTOYHO HAfEXHYI0 3allWTy, OCMONPUBMBaHNE HEPEAKO CO-
NPOBOXAAETCA CePbe3HbIMM MOCTBAKLMHANIbHLIMY OCJIOKHEHVAMM, BEPOATHOCTb BO3HWKHOBEHNA KOTOPbIX
0COBEHHO BeinKa AJIA UL, CO CHUMXEHHbIM MMMYHHbIM CTaTycoM. B ¢BA3n ¢ 3TM pa3paboTtka npenapaTtos AnA
npodunakTMKmM 1 neyeHna nHbeKLMiA, Bbl3BaHHbIX OPTONMOKCBMPYCaMK, akTyasibHa U B HacTosALee Bpems. Lenb
[aHHOro 1ccnefoBaHNA — OLeHKa UMMYHOTEeHHOCTU B MbILUMHOW MOAENN PEKOMOUHAHTHOrO 6enka p35A12,
CKOHCTPYMPOBAHHOIO Ha OCHOBe 6enka p35 Bupyca ocnbl KOpoB. PaHee 6bio NokasaHo, uto 6enok p35A12
CBA3bIBAETCA C BbICOK/M CPOACTBOM C MOJIHOPAa3MePHbIM BUPYCHENTPAIN3YIOLMM aHTU-OPTOMOKCBUPYCHBIM
aHTUTEeNOM YenioBeka. B HacTosLweln paboTe pekoMbrHaHTHbBIN 6enok p35A12, HapaboTaHHbIN B kKneTkax E. coli
XL1-blue n ounwweHHbI XxpomaTorpaduryecku, UCNoNb3oBany ANA ABYKPATHON UMMYyHM3aLMKN Mblwen. Yepes
[iBe HeZlenu nocsie BTOPOW MMMYHM3aLuUn y Mblleii 6pany o6pasLbl KPOBU 1 aHaNM3MPOBaIM HaXoAALMecs B
CbIBOPOTKe aHTuTena. Metogamm MMMyHObEpPMEHTHOMO 11 BECTEPH-6/10T aHanm3a 6bl10 MOKas3aHo, YTo CbiBO-
POTKMN UMMYHMN3VPOBaHHbIX XXUBOTHbIX COAEPXKanv aHTUTeNa Knacca IgG, HanpaBneHHble K peKOMOVHaHTHOMY
6enKy p35A12. MeTooM KOHPOKanbHON MUKPOCKONUM MOKa3aHo, YTO aHTUTENA, MHAYLVMPOBaHHbIE BenKoM
P35A12, cnoco6Hbl y3HaBaTb KneTku Vero E6, 3apakeHHble Brpycom ocnoBakumHbl JINBIM-GFP. Kpome Toro, Ha-
XOAALMECA B CbIBOPOTKAX MMMYHU3MPOBAHHbIX MbILLe aHTUTena MOryT HelTpann3oBaTb MHPEKLMOHHOCTb
BMpYyca ocroBakuuHbl JIVIBM-GFP B peakunmn nHrnbrnposaHua 6nawkoobpasosaHms in vitro.

KnioueBble cnoBa: 6e510K p35 OPTOMOKCBYPYCOB; BUPYC OCrbl KOPOB; PEKOMOMHAHTHDBIN 6eM0K; UMMYHW3aLus;
KOHbOKanbHasa MUKPOCKONUA.

Ana untuposanua: Xnycesuy A.A., Mateees A.J1, loHuapoBa E.l., bankos W.K., TnukyHoBa H.B. 13yuyeHne nm-
MYHOFeHHOCTI PeKOMOUHAHTHOTO GparmMmeHTa OPTOMNOKCBMPYCHOTO 6eka p35. BaBUNOBCKMIA XKypHas reHeTUKN
n cenekymm. 2019;23(4):398-404. DOI 10.18699/VJ19.508

Immunogenicity of recombinant fragment
of orthopoxvirus p35 protein in mice

Ya.A. Khlusevich!, A.L. Matveev! 2, E.P. Goncharoval, LK. Baykovl, N.V. Tikunoval 2@

TInstitute of Chemical Biology and Fundamental Medicine, SB RAS, Novosibirsk, Russia
2 Novosibirsk State University, Novosibirsk, Russia
® e-mail: tikunova@niboch.nsc.ru

Despite the elimination of smallpox, orthopoxviruses continue to be a source of biological danger for humans,
as cowpox and monkey pox viruses circulate in nature and the last virus can cause both sporadic cases of
human diseases and outbreaks of smallpox-like infection. In addition, periodic vaccination is necessary for re-
presentatives of some professions (scientists studying pathogenic orthopoxviruses, medical personnel, etc.).
Vaccination against smallpox virus with live vaccinia virus, which was widely used during the elimination of
smallpox, induces the formation of long-term immunity in vaccinated people. However, providing a high level
of protection, the vaccination is often accompanied by serious post-vaccination complications, the probabil-
ity of which is particularly great for individuals with compromised immunity. In this regard, the development
of preparations for the prevention and treatment of infections caused by orthopoxviruses remains important
today. The aim of this study was to assess the immunogenicity in the mouse model of recombinant protein
p35A12, designed previously on the base of the cowpox virus protein p35. It was previously shown that the
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protein p35A12 was recognized by fully human neutralizing anti-orthopoxviral antibody with high affinity.
In this work, recombinant protein p35A12 produced in E. coli cells XL1-blue and purified by chromatography
was used for two-time immunization of mice. Two weeks after the second immunization, blood samples were
taken from mice and serum antibodies were analyzed. It was shown by ELISA and Western-blot analysis that
immunized mice sera contained IgG antibodies specific to recombinant protein p35A12. Confocal microscopy
showed that antibodies induced by the p35A12 protein were able to recognize Vero E6 cells infected with the
LIVP-GFP vaccinia virus. In addition, the antibodies in the serum of immunized mice were able to neutralize the
infectivity of the vaccinia virus LIVP-GFP in the plaque reduction neutralization test in vitro. These experiments
have demonstrated promising properties of the p35A12 protein if it were used as a component of vaccine for

prophylaxis of orthopoxvirus infections.

Key words: p35 orthopoxvirus protein; cowpox virus; recombinant protein; immunization; confocal microscopy.

For citation: Khlusevich Ya.A., Matveev A.L., Goncharova E.P, Baykov |.K., Tikunova N.V. Immunogenicity of
recombinant fragment of orthopoxvirus p35 protein in mice. Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov
Journal of Genetics and Breeding. 2019;23(4):398-404. DOI 10.18699/VJ19.508 (in Russian)

BBepeHune

[pencrasutemu pona Orthopoxvirus (cemetictBo Poxviridae) —
sto cnoxkuele JIHK-conepkamiue BUPYCHI, perIUIIUPYIO-
IMHecs B IUTOIUIA3ME 3apaXCHHBIX KJIETOK M MMEIOIIHE
CBOM COOCTBEHHBIE MEXaHU3MBI PETYISIIIMH PEIUTHKAIIH
n tpanckpuniuu (Shchelkunov et al., 2005; Moss, 2013).
OPpTOMOKCBUPYCHI Pa3IHMYAIOTCS IO CIIEKTPY XO3SHCKOI cIe-
MU(QUIHOCTH: CYIIECTBYIOT BUPYCHI C HIMPOKOH XO3SIHCKOM
cnenuuIHOCTHIO — BUpYC ocmbl KopoB (BOK), Bupyc ocms
00e3bstH (BOO); ecTh BUPYCHI, CITIOCOOHBIE 3apakaTh TOIBKO
OJTHOTO XO3iMHa — BHpYyC akTpomenuu (BD), Bupyc nHary-
pansroit ocnel (BHO) (Buller et al., 1986; Shchelkunov et
al., 2005). HeckoibKko mpencTaBuTENei ATOTO POJIa SBISFOTCS
natoreHHbIMH U151 yenoBeka; BHO u BOO moryT BbI3BaTh
reHepaian3oBanHoe 3aboneBanue (Jezek et al., 1986; MacNeil
et al., 2009; Smith, 2013; McCollum, Damon, 2014; Naka-
zawa et al., 2015), Torna kak nHQEKIHST BUPYCOM OCIOBaKIIH-
Hbl (BOB) nnn BOK 06519HO IPpUBOAMT JHIIH K IOKATHBHOMY
noBpexaeHnto koxu (Moss, 2013).

HecMmotps Ha TO uTO ecrecTBeHHast TpaHcmuccus BHO
OblIa MpeKpallieHa, OPTONOKCBUPYCHI ITPOOJDKAIOT OCTaBaTh-
CsI HICTOYHUKOM OHMOJIOTMYECKOM OIMACHOCTH I JIIONEH, TaK
Kak B IIPUPOJIE HUPKYIUPYIOT OPTOTIOKCBUPYCHI, CIIOCOOHBIE
uHpuposars yenoseka. Tak, BOO Moxer BbI3bIBaTh Kak
CIOpaInvecKue CIy4an OCIIONo00HOT0 3a00IeBaHUS YEIIO-
BEKa, TaK M Bcnblky 1ol nHpeknnu (Di Giulio, Eckburg,
2004; Rimoin et al., 2010; Reynolds et al., 2013). Kpome
TOTO, TIOCTOSSHHO PETHUCTPUPYIOTCS ciydan 3a0osieBaHUI
JIOZIed OCTIOM KOPOB M BaKIMHOIOJOOHBIM 3a00JIeBaHNEM
(Zafar et al., 2007; Campe et al., 2009; Carletti et al., 2009;
Ninove et al., 2009; Silva-Fernandes et al., 2009; Trindade et
al., 2009; Bhanuprakash et al., 2010; Ducournau et al., 2013;
Riyesh et al., 2014; Hobi et al., 2015; Kinnunen et al., 2015).
OnHako B CBSI3M C JMKBHJAIWEH HATypaJdbHOW OCIIBI Mac-
COBOE OCTIONPHUBHBaHKE (BakIHMHAIMS XUBBIM BOB) ObL10
MIpeKpaIeHo Bo BTopoil monosuue 1970-X ., U B HacTosIIee
BpeMsi OOJIBIIMHCTBO HACEIEHUsI HE MMEET UMMYHHTETa K
OPTOIIOKCBUPYCHBIM HMH(pekuusMm. [IpuBuBka xusiv BOB
MPUBOJUT K (POPMUPOBAHHUIO y BaKIIMHUPOBAHHBIX JIIOJIEH
mmtensHoro nmmyHuTera (Crotty et al., 2003). Bmecte ¢
TEeM, 1aBast JOCTATOYHO HaJISKHYIO 3aIHUTY, OCTIONTPUBHUBAHHE
HEPEIIKO COMPOBOXKIACTCS CEPhE3HBIMH TTOCTBAKI[MHAbHbBI-
MU OCJIO)KHEHUSIMH, BEPOATHOCTh BOSHUKHOBEHHUSI KOTOPBIX
0COOCHHO BEJIMKA JUIS JIMI CO CHW)KEHHBIM UMMYHHBIM CTa-
tycom (Fulginiti et al., 2003; Kawakami et al., 2009). B cBsi3u
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C 9THM He NPEeKpalialTcs pa3padboTKy Mpernaparos JUis Ipo-
(buIIaKTUKHN ¥ JIeueHNs] HHEKINH, BBI3BAHHBIX OPTOIIOKCBHU-
pycamu.

C nosiBeHneM PEeKOMOWHAHTHBIX TEXHOJIOTUI BO3HUKIIO
HOBOE HANpaBJICHUE B BAKIIMHOJIOTHH — NPHUMEHEHHUE OT-
JIeTbHBIX QHTUTECHOB BMECTO LIEJIBIX ITaTOTeHOB. Takoi moa-
X0/l TI03BOJIsIeT C(hOKYyCHPOBAaTh UMMYHHBII OTBET Ha OoJiee
3HaUMMBIX MUIIeHsX. [Ipennonaraercs, 4T0 UMMyHHU3ALUSL
OTIPEICTICHHBIM PEKOMOMHAHTHBIM OEJIKOM, HECYIINM Hau-
0oJiee MMMYHOTE€HHBIE SIHUTOIBI, MOIJIA Obl WHIYLUPOBATH
HapaboTKy >(PPEKTUBHBIX aHTHUTEN, KaK MPH KIACCHUECKON
BakIMHAIMK. [leficTBUTENbHO, CyObEIMHUYHBIC BAKIIMHEI
B HACTOSIEe BPEMsI aKTUBHO pa3padaThIBalOTCS U YKe HC-
momb3ytoTcs B paktuke (Bazzill et al., 2018; Medina et al.,
2018; Shi et al., 2018; Wang et al., 2018).

Panee jus mcciieoBaHUs SIHUTONHON crienndUIHOCTH
AHTU-OPTONOKCBUPYCHOTO MOJHOPA3MEPHOTO aHTHTENa 4e-
nmoBeka th1A, cmocoOHOTO HEHWTpaTM30BaTh WH(EKINOH-
HOCTbh BUPYCa OCIIOBAKLIMHBI, ObIJI CKOHCTPYHPOBAH PEKOM-
omuaanTHEI O6enok p35A12 (Khlusevich et al., 2018), mpex-
CTaBIAOIUNA QparMeHT Oenka p35 BUpyca OCIBI KOPOB.
Xapakrep B3aUMOACHCTBUS BUPYCHEUTPAIU3YIOIIETO aHTH-
Tena ¢ 6enxoM p35A12 mo3BOIMIT MPEATIONOKHUTE HAIUIHE
BUPYCHEHTPAIN3YIONIETO 3IHUTOMNA B MOCIIEI0BATEILHOCTH
9TOro pekoMOuHaHTHOrO Oenka. Ilens naHHOTrO HMCcienoBa-
HHUS — OIICHKa crocoOHocTH Oenka p35A12 mHIYIIMpOBATH
o0pa3oBaHKe BUPYCHEHTPAIU3YIOMINX aHTUTEN Y MBIIICH.

MaTeleaﬂbl n metogbl
PexomOuHanTHBIN 6eoK p35A12, CKOHCTPYHPOBAHHBIN pa-
Hee (Khlusevich et al., 2018), mapabaTsiBaiu B KJIeTKax
Escherichia coli XL1-blue, TpanchopMupOBaHHBIX TUIa3MHU-
Joi pQE30-A12 n ungynmposanHnsix 0.2 MM u3onpomnu THo-
rasakrosugom (UIITT). benok p35A12 ouumianu U3 1uTo-
TUTa3MBI TPAaHC(OPMHUPOBAHHBIX KJIETOK C TIOMOIIBIO ad (hIH-
HOH Xxpomatorpadun ¢ ucnonszoBanueM Hocutesst Ni-NTA
Sepharose. MoHoMepHYO (pakKinio OeJiKa OTACIISIA XpOMa-
TorpaduIecKku Ha KoJoHKe ¢ HocuTeneM Superdex 75 10/300
GL (GE Healthcare). Ountnennsiii 6enox p35A12 koHIEHTpH-
poBaiu B ocdarno-conaeBom OypeprHom pactBope (DPCBP,
100 MM NaCl, 50 MM Na,HPO,, pH 7.4) ¢ ncrions3oBanuem
¢unerpoB Amicon Ultra-4 10K (Millipore).

DKCIEPUMEHTBHI C )KUBOTHBIMH ITPOBOJIUIIY B COOTBETCTBUU
C PEeKOMEHJAIMAMH TI0 3aLIUTE KUBOTHBIX, UCTIOIb3YEMBIX
B Hay4HbIX 1essix (Jupexkrusa EU2010/63/EU). Bee skcrie-
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PUMEHTBI C )KMBOTHBIMH ObUIM 0JJ0OpPEHBI KOMHUTETOM I10
6mosTrke MHCTHTYTa XUMUYECKOH OMOIOTHN U (pyHIaMEH-
TampHOW MenuiuHbl CHOUpCKOro oTnencHus Poccuiickoit
akajeMuu Hayk, HoBocubupck, Poccusi. Meiinieit pasmernanu
B IUTACTUKOBBIX KJIETKAX MPU HOPMAJILHOM LIUKJIE IEHb/HOUb.
Bona u ena 6putn ipenocrasneHsl ad libitum.

Jliist IMMYHH3a1lMH HCTIO0JIb30BAJIM caMoK Mbliield BALB/c
BO3pacTa 5—6 Henelnb, MproOpeTeHHBIX B MUTOMHNKE [ ocynap-
CTBEHHOTO HAYYHOTO IIEHTPA BUPYCOJIOTHUH 1 OMOTEXHOIOTUH
«Bextop» (p.n. KomprioBo, Poccust). OunnieHHsIi 6emox
P35A12 pazBoanim B @CBP 1 BBOAWIN HHTPAIEPHTOHEATH-
HO B /103UpoBKe 10 MKT Ha MBIIIb OTHOBPEMEHHO C TIOJIHBIM
anwroBanToM @peiinna (Sigma, CIIIA), oOmuii 00beM HHBEK-
un — 500 mxor. Yepes 2 HexeIn HMMYHH3AITUIO TIOBTOPSIIH,
3aMEHUB TIOJHBIN a/1ploBaHT DpeliH1a HETOIHBIM a/TbIOBAH-
ToM (Sigma). Uepe3 14 mHei mociie BTOPO UMMYHHU3AIMU
coOMpay KpOBb U3 JINIEBOM BEHBI.

CBIBOPOTKY BBIJICIISUTH M3 CBEPHYBIIHMXCS 00pa3IOB KPOBU
HEeHTPU(YTUPOBAHUEM, MTOCIIC YeTr0 00pasilbl CHIBOPOTKU
naKyOmposanu 30 muH npu 56 °C 1 ”HAKTUBAITUH OCITKOB
KoMmIieMeHTa. D()(HEeKTHBHOCTh UMMYHH3ALUH OLICHUBAIN
umMMmyHopepMeHTHbIM aHanu3oM (M®PA) u BectepH-010T
AQHAIIM30M.

Jis BbIsiBIEHUS aHTU-P35A12 aHTUTEN B CBIBOPOTKAX UM-
MYHU3UPOBAHHBIX MbIIIEH B JIyHKH 96-TyHOUHOTO HOJIUCTH-
pooBoro mianmeTa («Mennommepy, Poccust) copompoBamm
6erok p35A12 B ®CBP, 200 ur/nynky. [Tocne ynanenus ne-
CBsI3aBIIETOCS aHTUTeHa JTyHKH npoMbiBasiun OCBP, yuactku
Hecrenu(uieckoro cBs3pIBaHMs O10KMpoBann 5 % pacTBo-
pom obezxupernnoro mosoka B @CBP B teuenne 1 4, mocne
yero JyHkHu cHoBa mpombiBaiu @CBP ¢ 0.1 % Tween 20.
3areM B JyHKHM BHOCWJIN IOCIIEZOBATEIbHBIC Pa3BEICHHUS
ceiBopoTok Mblmeil B @CBP, nauunas ¢ passenenus 1:200,
¢ marom passeznenust 1:2. [lnanmersr nakyOupoBanu 1 9
mipu 37 °C. O6pa30BaBIINECS IMMYHHBIE KOMIUIEKCHI BBISB-
JISUTH KOHBIOTaTOM TTOJIMKIIOHAJBHBIX AHTUTEN KO3BI ITPOTUB
IgG (H+L) mbimu co menovnoit pocdarasoit (Sigma) B pas-
BemennH 1:8000. 3aTeM JTyHKH MTOCIEIOBATEIFHO IPOMBIBAIN
DCBP ¢ 0.2 % Tween 20 u AP-Oydepom (100 MM NaCl, 5 MM
MgCl,, 100 MM Tpuc-HCI, pH 9.5); uMMyHHbIE KOMILIEKCBI
OKparmmBaiy napa-aurpodenundocdarom B AP-Gydepe.

Jlis mpoBesieHNsT BECTEPH-OJIOT aHaAIM3a JIN3aT KIETOK
E. coli, npogynupyronmx 6emnox p35A12, ¢ppakuuoHupo-
Basn sMekTpodoperndecku B 12.5 % monmakpuiaMuIHOM
rene ¢ 0.1 % nonennncynbharom HaTpUs ¥ TEPEHOCHIIN Ha
HUTPOILCIUTIONO03HYI0 MeMOpaHy (Sigma), KoTopyr mociie
OIOKMPOBAHKS CAlTOB HECEUN(PHIECKOTO CBA3BIBAHUA 5 %0
pacTBOpoM obezxupenHoro monoka B @CBP unkyoupoBanu
C MBIIIUHBIMH CBIBOPOTKaMHU, pa3BefieHHbIMU 1:200 B ©DCHP
¢ 0.1 % Tween 20. CBsi3aBIIrecs: aHTUTENA BBISIBIISIIN KOHBIO-
raToM IOJIMKJIOHAIBHBIX aHTHTeN Ko3bl npotuB IgG (H+L)
MBIIIK CO IIeaoyHor (ocdarazoii (Sigma) B pa3BegeHUn
1:8000. Buzyanm3amnuio IMMYHHOTO KOMIUTEKCA TIPOBOINIIH,
J06aBIsist S-Opomo-3-uHmonu Gpocdar 1 HUTPO-TETpa3oiie-
BbIH TOy0O0i. B KauecTBe MOJIOKHUTEILHOTO KOHTPOJISI HC-
TMIOJIF30BAIIM TIOTHOpa3MepHoe aHTuTeNo yenoBeka th1A, cre-
muduuHoe Kk Oenky p35 opronmokcBupycos (Khlusevich et
al., 2018), koTopoe MHKYOMPOBAIM aHAJOTMYHO MBIIIIHHBIM
CBIBOPOTKAM, HO BBISBIISUIA C TIOMOIIBIO TTOMUKJIOHAIBHBIX
antuTen ko3bl mpotus IgG (H+L) uenoseka (Sigma).
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B skcniepumeHTax 1o OLeHKe B3aUMOEHCTBUS ChIBOPOTOK
MBIIIEH ¢ ku3HecrnocoOHpIMU BuproHaMu BOB wncmons-
3oBayn mwramm JIMBII-GFP, B xoTopoM reH, xopupyromuit
3esieHbId uyopecuenTHbli 6enok (GFP), BcTpoeH B cocras
rera TuMuauHKHHA3E ([TeTpos u ap., 2013).

Jiist ipoBesieHusl Jla3epHO-CKaHUPYIOMEH MUKPOCKOIINU
cycnensuto BOB (280 BOE), wtamm JIMBII-GFP (ITerpos
u ap., 2013), pazsenennyio B 100 MK THTAaTETHHON CPEIbI
DMEM c 2 % sMOproHaIbHOIN CBIBOPOTKOM, 00ABISITH K
MOHOCJIOI0 Ki1eTok Vero E6, BeIpalieHHbIX B 35 MM ydamikax
[erpu s muxpockormu (Ibidi, ['epmanns), n mHKyOHpOBaIN
B TeueHue 1 4 npu 37 °C. 3aTeM KIETKH TpU pa3a OTMbIBAIU
nUTaTeNnbHOM cpenoil. Uepes 2 Hst 3apakeHHbIE KIETKH (QUK-
cuposaiu 10 % pactBopom ¢opmanuna, npomeisann @CBP
n OnokupoBait 3 % ObIYBUM CHIBOPOTOUHBIM ATEOYMUHOM | 9
npu 37 °C. Jlanee K pUKCHPOBaHHBIM KJIETKAM JJOOABJISUTH Chl-
BOPOTKH IMMYHH3UpOoBaHHBIX MbIei B DCEP B pa3Benennn
1:200 n naxy6uposamm 1 4 ipu 37 °C. Ilocne npombIBaHUS
kietok crepuiibHbIM DCBP cBsi3aBiInecs: aHTUTENA BBISBIIS-
JIY TIONTMKJIOHATBHBIMA aHTHTENaMH K036l ipotuB I1gG (H+L)
MBIIIH, KOHBIOTHPOBAHHBIMHU C (DIIyOPECIEHTHOH METKOH
Alexa Fluor 633. Uepe3 yac MHKYOALUHU KIICTKH IPOMBIBAIIH
crepmwibHbM @CBP 1 nobasmsi 300 HM pacteop DAPI (Life
Technologies, CIIIA) 8 @CBP ayist okpammBaHust KICTOYHBIX
saep. B kauecTBe 0TpHLIATETLHOTO KOHTPOJISI HCIIOIB30BaIN
HOPMaJIbHYIO MBIIITHHYIO CBIBOPOTKY.

B kagecTBe MOJI0KHUTEITEHOTO KOHTPOJIS HCITOIb30BAIIH TT0JT-
HopasmepHoe aHTu-p35 anrtureno yenoseka th1A (Khlusevich
etal., 2018), KoTopoe HHKYOHPOBAIN AHAJIOTHYHO MBIIITHHBIM
CBIBOPOTKAM, HO BBISIBIISUIA C TIOMOIIBIO TTOJUKJIOHATBHBIX
aHTHTen Ko3bl potuB IgG (H+L) yenoBeka, KOHBIOTHPOBaH-
HBIX ¢ (uryopeciieHTHOH MeTKoit Alexa Fluor 633.

W3o0paskenus criennpuyeckoro B3anMOICHCTBIS aHTHTEI
¢ knerkamu, 3apaxkeHHsIMU BOB JIMBII-GFP, nomxyvanu ¢
TTOMOTIIBI0 KoH(oKamsHOTro MUKpockorna LSM 710 (Carl Zeiss,
I'epmanust) ¢ 20-kpaTHBIM 00bekTHBOM. DIiryopecrieHTHBIC
meTku DAPI, GFP u Alexa Fluor 633 Bo30y»kiasu Ha JyTHHAX
BoJH 405, 488 1 633 HM COOTBETCTBEHHO; DMHUCCHIO JIETEK-
TUpOBaJM Ha AnuHax BoiH 440—-480, 490-530 u 630-700 um
cooTtBeTcTBeHHO. [lomy4eHne u 00paboTKy n300paXkeH il BbI-
noHsuTH B makete mporpamm ZEN black edition (Carl Zeiss).

Jlnst OlleHKH BHPYCHEHTpaIM3yIoIe aKkTHBHOCTH CBHIBO-
POTOK MBIIIEH, UMMYHH3HUPOBaHHBIX OYHUILEHHBIM OEIKOM
p35A12, cycnensuro BOB, mrramm JIMBII-GFP (ITetpos
u ap., 2013), pa3senennyo B nutarensHoii cpene DMEM
¢ 2 % CBHIBOPOTKOU TEJAT, CMEIINBAIM B PAaBHOM 00bEME C
Pa3IUYHBIMY Pa3BeICHUAMH MBIIINHBIX CBIBOPOTOK U MHKY-
6uposanu 1 4 ipu 37 °C. ITocie 3TOr0 cMech HacIauBaIn Ha
MOHOCJIOH Ki1eToK Vero E6 B 24-TyHOUHBIX KyJIBTypalbHbIX
ranmerax (TPP, [sefinapus). Yepes 2 1 cMech yaasiim,
KJIETKU IpoMbiBanu cpegoii DMEM u kyasTuBHpOBamu B
nutarensHol cpene DMEM ¢ 2 % cBhIBOPOTKOI TENAT mpu
37 °C. B KOHTpONBHBIE JTYHKH BHOCHJIN CYCIIEH3HIO BHpYCa
6e3 1o0aBIeHNsI MBIIIMHOM CHIBOPOTKH. Yepe3 HEeCKOIbKO
nHel kietku okpammBainu 0.1 % kpucraummyeckum (uosie-
ToBBIM B 10 % pactBOpe (popmainbIeruia u MoACIUTHIBATN
OsIIKY. YpOBEHb HEHTpaIM3alK PacCYUTHIBAIN 110 (op-
myne N=(V =V )V x100 %, e V —cpeaHee KOIHYECTBO
OnsAIIeK B KOHTPOJIBHBIX JIYHKaX, a V, — KOJIHYECTBO OJIsiLIeK
B OKCHEPUMEHTAJIBHBIX JTyHKaX.
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Pe3ynbratbl

PexomOnHanTHBIN Oenok p35A12, HapaOGoTaHHBIN B KIET-
kax E. coli XL1-blue, ounmanyu u3 Gppakuuu pacTBOPHUMBIX
nuToIUIa3MaTudeckux OemkoB (puc. 1, a). [Ipu oumcTke
neseBoro Oenka ¢ nomombio adgduuHol xpomarorpadpuu
¢ ucnonb3zoBanueM Ni-NTA cedapossl BMecTe ¢ OCiIKOM
p35A12 ¢ monexynsipHoit Maccoit okono 30 k/la coounmiaics
KJICTOYHBIN OEJIOK ¢ MOJIEKYJISIpHOM Maccol okoio 25 k/la
(cm. puc. 1, a). BectepH-6110T aHaNMM3 OYMIIEHHOTO Oeka
P35A12 moaTBepauit ero CiocoOOHOCTH B3aUMOICHCTBOBATh
C MOJIHOpa3MEpHBIM aHTHTEIOM YenoBeka fh1A, HanpasieH-
HBIM K OPTOTIOKCBUPYCHOMY O€JKY p35; HOTIOTHUTENBHBIIT Oe-
JIOK C MOJIEKYIISIpHOM Maccoit okoo 25 k/la anturemom th1A
HE BBIABIISIICS (CM. puc. 1, 6).

OunmieHHsid 6enok p35A12 ucnonp3oBan ST UMMY-
Hu3anuu Meimeidr BALB/c. IMMyHH3aMi0 TIPOBOAMIIH TIO
TaK Ha3bIBAEMOW KOPOTKOM cxeMme: OEOK BBOIMIH JIBAXKIbI
B 103upoBKe 10 MKT Ha MBIIIb C UHTEPBAJIOM B 2 Henenu. 13
00pa3oB KpoBH, COOpAHHBIX Yepe3 7 JHEH Imociie BTOpOi UM-
MYHU3alUH, OTACTIIIN CBIBOPOTKY U OLIEHIIN HAJTMUUE B HEH
aHTHTeN NPOoTHB Oenka p35A12. Jlanasie MDA moarsepaunu
HaJIM4ue CrelM()UIeCKUX aHTHUTEN B CHIBOPOTKaX MMMYHH-
3MpOBaHHBIX MbIIeH (puc. 2). Kpome Toro, 3Tv ChIBOPOTKH
BBISBISUIH Oenok p35A12, mepeHeceHHBI Ha HUTPOILEILTIO-
JI03HYI0 MEMOpaHy, B BeCTEepH-OI0T aHamm3e (cM. puc. 1, 0).

JUis BU3yanu3alyy B3aMMOJCHCTBUS HAXOASIIUXCS B Chl-
BOPOTKAaX UMMYHHU3UPOBAHHBIX MbIIIEH aHTH-P35A12 anTH-
TeJI C KJIETKAMH, 3apPKEHHBIMH OPTOIIOKCBHPYCOM, HCIIONb-
30BajM JIa3epPHO-CKAHUPYIOLIYI0 MUKpocKonuio. B skcme-
pUMEHTaX MPHUMEHSUIN CKOHCTPYHUpPOBaHHBIN panee BOB,
mrramm JIUBII-GFP (IletpoB u nip., 2013), mpu pa3sMHOKSHUN
KOTOPOTO B IIUTOILIAa3Me 3aPAXKEHHBIX KJIETOK HAKaIJIUBAETCs
6enoxk GFP u KIeTku OKpalInBaroTCs B 3€JICHBIN IBET MpHU
BO30YKJICHUH CBETOM C JUTHHOW BOJHEI 488 HM U JICTEKIINH B
nuanasone 1yl BostH 490-530 um. Knetku Vero E6 3apakanu
BOB JIMBII-GFP u o6pabarbiBain CIBOPOTKAMH UMMYHH-
3UPOBAHHBIX MbIIIEH U HOPMAJIbHOU MBILLIMHONU CHIBOPOTKOM
(oTpULaTeNbHBIN KOHTPOIb). MBIIINHBIE aHTUTENA BBISBIIS-
JI KOHBIOTaTOM aHTHUBUAOBBIX aHTHUTEIN C (IIyOPECIICHTHON
MeTkoit Alexa Fluor 633. Drot duyopodop Bo3Oy) maercs
CBETOM C JIJTMHO BOJIHBI 633 HM, 1 00BEKTHI, MeUeHHBIE Alexa
Fluor 633, okpammBaroTcsi KpaCHbIM LIBETOM IPH ICTEKIIUH B
cBeToBoi obmact 630-700 HM.

Pesynbrarsl kOH(OKaIBHONH MUKPOCKOIIHH, MTPEACTaBICH-
HbIC Ha PUC. 3, OAHO3HAYHO CBUJIETEIBCTBYIOT O CIIOCO0-
HOCTH CHIBOPOTKH MMMYHH3HPOBAHHBIX MBIIIEH BBISBISATH
3apakeHHbIE KJIeTKU. Buano, uro meuennsie Alexa Fluor 633
aHTHTeNa, HallpaBJIeHHbIC K cyMMapHOMY IgG MpIn, JToKa-
JIM3YIOTCS Ha TIOBEPXHOCTH 3aPayKEHHBIX KJIETOK (OKpaIICHbI
3€JI€HbIM) U HE BBISABISIOT He3apaxxeHHbIe kieTku Vero E6.
[Tonxopasmepuoe antuteno fhlA, BeIABICHHOE MCYCHHBIMU
Alexa Fluor 633 anTuTenamu, HampaBICHHBIMH K CyMMap-
HoMy IgG uenoBeka, Takke BBIABISET KJIETKHU, 3aPaXKCHHBIE
BOB JIMBII-GFP.

st mpoBepKu CIIOCOOHOCTH PEKOMOMHAHTHOTO Oenka
p35A12 BBI3bIBaTH HAPAOOTKY AHTHTEI, 00TATAIONINX BUPYC-
HEUTPaJIU3YIOIUMU CBOMCTBAMH, UCCIIENOBAIM BUPYCHEH-
TPAIN3YIONIYI0 aKTHBHOCTH CBIBOPOTOK MIMMYHH3UPOBAHHBIX
Mblmed. B skcnepumenTax amns 3apaxkenus kietok Vero E6
taxxe ucnoib3osanu Bupyc BOB JIUBII-GFP. I1pu nnky6a-
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Fig. 1. (a) Electrophoretic resolution (12.5 % SDS-polyacrylamide gel) of
cellular and protein fractions of E. coli XL1Blue/pQE30-A12. (b) Western
blot analysis of purified p35A12 protein.

Lanes in the gel: (7) induced cell culture of E. coli XL1Blue/pQE30-A12,
(2) periplasmic fraction, (3) fraction of soluble proteins of the cytoplasm,
(4) inclusion body fraction, (5) molecular weight markers, (6) fraction of
proteins not bound to Ni-NTA, (7) fraction eluted with 25 mM imidazole, (8)
fraction eluted with 100 mM imidazole, (9) concentrated purified p35A12
protein. Strips of nitrocellulose membrane with transferred p35A12 protein
probed with: (7) fh1A, (2) pooled serum of immunized mice, (3) normal mouse
serum.
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Fig. 2. ELISA evaluating the binding of sera from immunized mice and a
normal mouse (NMS) to p35A12 protein.

I[H 3TOTO BUPYCa C PA3IMIHBIMHU Pa3BEICHUSIMU MBIITHHBIX
CBIBOPOTOK OOHAPYKEHO CHUKEHUE HH(DEKIIMOHHOCTH BUPYCa
6osee yem Ha 50 % mpu pa3BezeHnU CbiBOPOTOK 1:20 1 1:100
(puc. 4). HopmanbHas MBIIIIHAS CBIBOPOTKA, OTYYEHHAS OT
HEUMMYHHU3UPOBAHHOTO JKUBOTHOTO, TAKOW CIIOCOOHOCTBIO HE
obmazgana (cM. puc. 4).

O6cyxpeHue

[IIupokoe npuMeHeHHe BaKI[MH Ha 0CHOBE kuBoro BOB mo-
3BOJIMJIO ITOOEIUTH HATYPAJIBHYTO OCITY — OZTHO M3 CAMBIX OTIac-
HBIX HH(EKINOHHBIX 32001€BaHN B HICTOPUH YEJIOBEUECTRA.
OpHako nocse JTMKBUIAIMY HaTypanbHOU ocnibl BcemupHas
opraHm3anus 3apaBooxpaHeHus B 1980 1. pexkomeHoBana
MPEKPaTHTh NPUMEHEHNE BaKIIMH HA OCHOBE JKUBOT'O BHpYCa
OCIOBAKIIUHBI U3-32 OTHOCUTEJILHO OOJIBIIOTO YHUCIIA CEPhe3-
HBIX OCJIIO)KHEHHH M 1Mo00YHBIX 3 dekroB. Mcmonb3oBanne
KITACCHYECKHX BAKIMH /IS MACCOBOH BaKI[MHAIIUH, BEPOSITHO,
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Fig. 3. Confocal microscopy of Vero E6 cells infected with vaccinia virus LIVP-GFP.

Infected monolayer cells were incubated with sera of mice immunized with p35A12 protein (g, b), normal mouse serum (c), and full-
length human fh1A antibody (d). Monolayer non-infected cells incubated with sera of mice immunized with p35A12 protein were used as
negative control (e). Bound antibodies were detected with anti-species goat anti-mouse IgG or human antibodies conjugated with Alexa
Fluor 633. In addition, preparations were stained with DAPI for cell nuclei. Images of the antibody binding with cells were obtained using a

LSM 710 confocal microscope (Carl Zeiss, Germany). Scale bar — 10 pm. 7 - DAPI; 2 - GFP; 3 - Alexa Fluor 633; 4 - merged.
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Fig. 4. Neutralization of plaque formation by smallpox vaccinia virus LIVP-GFP on Vero E6 cell culture by different dilutions of sera

from p35A12-immunized mice.

Thevirus-neutralizing activity of twentyfold diluted sera of 9immunized mice, normal mouse serum (NMS, negative control), and serum from
a volunteer repeatedly vaccinated with vaccinia LIPV virus (positive control) are presented.

MIPHUBEJO OBl K BO3PACTAHUIO YHUCIIA OCIIOKHEHUI, TIOCKOIBKY
B TIOCJICTHHE TOIBI Y BCE OOJBINETO YHCTA JTFOJCH PETHCTPH-
PYIOTCSI pa3IMYHOTO pojia HapyIIeHUs UMMyHUTeTa. BMecte
¢ TeM HeOOXOTUMOCTh B BaKIIMHAX, 3AIUIIAIONTUX OT OPTO-
MTOKCBUPYCOB, HE UCYE3IIA, IIOCKOJIBKY B IPHPOJIE TO-TIPEIKHE-
MY CYILIECTBYIOT TATOT€HHBIE /15 YeJI0BEKA OPTOMOKCBUPYCHI,
1 BCIbIIKa octibl 00e3bsH B CIIIA n3-3a Bupyca, ueit npupos-
HBIU pe3epByap HAXOJAHUTCS Ha IPYTOM KOHTHHCHTE, I0Ka3alia
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ato. Kpome Toro, meproauieckast BaKIIMHAIIAS HEOOX0IMMa
JUTSL TIPSIICTaBUTEIICH OTPEICICHHBIX podeccuil (YUeHBIE,
I/I3y‘~laIOLL[l/le IIaTOTCHHBIC OpTOHOKCBprCbI, MCOUIIMHCKHUE
pabotauky u np.) (Petersen et al., 2016).

Pa3paboTka BakIIiH Ha OCHOBE BBICOKOATTCHYHPOBAHHBIX
BI/lpyCOB OCITOBAKIIMHBI, HC CHOCO6HI)IX pa3MHO)KaTbC5l B
KIeTKax gyenoBeka (Meyer et al., 1991), mpuBena K OITydeHHIO
BakuH MVA u LC16m8 (Meyer et al., 1991; Kidokoro et al.
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2005), KoTopbie KpaitHE PEIKO BBI3BIBAIOT ITOOOYHBIC PEAKIIHU
Y MOTYT IPUMEHATHCS AXKE JUTs BAKIIMHAIIMN HHIUBUYyMOB
¢ ocnabnenasiM nMmyHHuTeTOM (Olson, Shchelkunov, 2017).
OTH BakIMHBI HE BBI3BIBAIOT JUINTEILHOTO HAIPSIKEHHOTO
UMMYHHUTETA, U LENeco00pa3HO UX HCIIOIb30BaTh IS Tep-
Bo# BaknmHanuu (Olson, Shchelkunov, 2017; Shchelkunova,
Shchelkunov, 2017). B cBsi3u ¢ 3TUM IpoJOIDKAIOTCS T10-
MIBITKHM CO3JaHUS PA3INYHBIX BAPUAHTOB MPOTUBOOCIICHHBIX
BakuuH, BKiovass JJHK-BakumHbI M BakIMHBI HA OCHOBE
I€HHO-MH)KEHEPHBIX BapUaHTOB BHPYyCa OCIIOBAKIMHBI (Jie-
TaJbHO paccMoTpeHo B 0030pe (Shehelkunova, Shchelkunov,
2017)). OnHIM U3 IEPCIIEKTUBHBIX MOAXO/OB SBISICTCS TIOITY-
YeHHe CyObeIMHUYHBIX BaKIMH JUIsi pa3pabOTKU CTpaTeruu
Oe3o0macHON BaKIMHAIMH, BKIIOYAIONIEH Ha IEpPBOM dTare
BaKIMHANNIO CyObEeANHIYHOHN BaKIIMHOM, TIOCIIE YEer0 MOXKHO
ObLI10 OBl MPUMEHSITH BAKLIMHBI HA OCHOBE aTTEHYHPOBAaHHBIX
opTonoKcBUpycoB. st co3nanust CyObeANHUYHBIX BAKIINH
HEoOX0IMMO JIETAIEHOE NCCIIEI0BAaHNE TIOTEHIIHAIBHBIX HM-
MYHOT'€HOB.

IIpn ocronpuBHBaHUN WIN WH()UIIMPOBAHUN OPTOIIOKC-
BUpPYCaMH B OpraHn3Me 4YeJOBeKa HapaOaThIBalOTCs aHTHTE-
Jia IPOTHB LIMPOKOTO CHEKTPa OEIIKOB, IKCIIPECCUPYEMBIX Ha
Pa3HBIX CTaIUSIX HHPEKINH, TPUIEM HapsILy C MEMOpaHHBI-
MH 000JI04eYHBIMU OelTkaMHM, KOTOpPbIE JOCTYITHBI Onaroja-
Psl X PACIOJIOKEHHIO Ha TOBEPXHOCTH BUPYCHOM YaCTHIIBI,
HapaOaThIBaeMBble aHTUTENA CHEIU(PUIESCKH B3aNMOJICHCT-
BYIOT U ¢ KOpoBbIMHU Oenkamu BuproHa (Jones-Trower et al.,
2005). B ciiydae opTONOKCBUPYCOB HanOOJIE€e 3HAYUMBIMU
Juts (POPMUPOBAHUSI IMMYHHUTETA Y YETIOBEKA SIBISTFOTCS OeI-
ku B5R, A27L u p35 (Piitz et al., 2006). I1epBsrit 6enok 3Kc-
noHuposaH Ha nosepxHoctu EEV (BHekierouHslll 000510-
4euHBIA BHUpYC), a 6enku A27L u p35 — Ha MOBEPXHOCTH
IMV (BHYTPHKJICTOYHBIN 3peIblii BUPYC). AHTHTEIA TPOTHB
3THX OEJIKOB 00J1aJaf0T BUPYCHEHTPATU3YIOIIUMH U ITPOTEK-
TuBHBIMU cBoiicTBamu (Piitz et al., 2006). Panee namu ObLT
CKOHCTPYHPOBaH XHUMEpPHBIH 0€I0K p35 BUpyca OCIBI KOPOB,
comepkamuii Ha N-koHie -rangakro3uaasy (JyOpoBckas u
Ip., 2007). ITozaree OBLT MOMyYeH PeKOMOMHAHTHBIN OEIOK
p35A12, conepxamuii ¢ 1 mo 239 aMUHOKUCIIOTHBIE OCTaTKU
Oenka p35 BUpYyca OCIBI KOPOB, U MOKa3aHO, YTO BUPYCHEH-
TPaJIM3YIOLIHE AHTUTENA YeJIOBEKA PACTIO3HAIOT 3TOT OEIIOK C
BbIcokoi 3¢ pexruBHOCTRIO (Khlusevich et al., 2018).

3aknioyeHune

B HacrosmieM uccienoBaHNu T0Ka3aHo, 9To Oenok p35A12,
CO3/IaHHBIIl Ha OCHOBE Oenka p35 BHpyca OCIbl KOPOB, PH
BBEJICHUH B MBIIIEH HHIYIIUPYET y HUX 00pa30BaHUE aHTHUTEN,
KOTOpBIE CIIOCOOHBI HE TOJIBKO Y3HABATh KIICTKH, 3apa’keHHbIC
BUPYCOM OCIHOBaKIMHBI, HO U HEUTPaIn30BaTh HHPEKIINOH-
HOCTb BUPYCa OCIIOBAKINHBI B OKCIIEPUMEHTAX in vitro. Ilpn
U3y4YE€HNU MMMYHOJIOTHYECKHX CBOMCTB MOJHOpPA3MEpHON
(hopmbl pekomOuHaTHOTO Oerka p35 ocroBakiuakl (Lin et al.,
2000; Davies et al., 2005) o6HapykeHO, YTO CBIBOPOTKH, TIOITY-
YEHHBIEC OT IMMYHHM3HPOBAaHHBIX )KUBOTHBIX, TAK)KE 001212111
BUPYCHEHTpaIH3yOINUMU CBOHCTBaMHU. OHAKO B YKa3aHHbIX
paboTax rcciIea0BaTell NCTIONb30BAIIH ISt IMMYHH3AIHH pe-
KOMOMHAHTHBIN MTOJTHOpPa3MEpHBIN OeIoK p35 B T03MPOBKaX,
MIPEBBIIAIOIINX Ha MOPSAI0K J03UPOBKY, HCIIOIb30BAHHYIO B
Harmei padote. ClenyeT OTMETUTB, UTO Ja’ke TaK Ha3bIBaeMast
KOpOTKasl CXeMa UMMYHU3allUN — JBYKpPaTHOE BBEJCHUE pe-

MOJEKYNAPHAA N KNETOYHAA BUONOINA / MOLECULAR AND CELL BIOLOGY
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M3yueHne MMMyHOreHHOCTV PEKOMOVHAHTHOTO
bparmeHTa OPTONOKCBUPYCHOTO Genka p35

KOMOMHAHTHOTO Oelika p35 B HU3KOM J03UPOBKe, o0ecreuunsia
WHJIYKIUIO BUPYCHEHTPATN3YIONIIX aHTHTEI.

[TpoBeneHHbIE SKCTIEPUMEHTHI TPOIEMOHCTPUPOBAIIH BbI-
COKYI0 MMMYHOT'€HHOCTB Oelika p35A12 u nenecoodpazHOCTb
€ro BO3MOXHOTO MCIIOJb30BAaHUS B KAUECTBE KOMIIOHEHTA
CyOBEIMHUYHON BaKIMHBI MJIM BOBJICYCHUS TCHA, KOTUPYIO-
mwero p35, B JIHK-Bakuuny. Bmecre ¢ Tem TpebyroTest 1aiib-
HeWIme JIeTadbHbIe UCCIIEN0BAHMS i Vivo Ul OLIEHKH TIPO-
TEKTHBHBIX CBOWCTB Oenka p35A12 M mpeamouTHTENbHBIX
CX€M MMMYHU3aluUu, O6eCHe'~Il/IBalOLHI/IX 3aluTy MBIIIEH OT
OPTOTOKCBUPYCHBIX MH(DEKITHH.
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Transcription factors MhyFIL1 and MhyFIL3
(Monotropa hypopitys) determine the asymmetric
development of above-ground lateral organs in plants

A.V. Shchennikova @, A.M. Kamionskaya, A.V. Nezhdanova, K.S. Gavrilova, M.A. Filyushin, E.Z. Kochieva, K.G. Skryabin
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Itis believed that the complete mycoheterotroph pinesap Monotropa hypopitys adaptively evolved from a pho-
tosynthetic mycorrhizal ancestor, which had lost its photosynthetic apparatus and vegetative organs (stem and
leaves). The aerial part of the plant is a reproductive axis with sterile bracts and inflorescence with a flower type
canonical for higher plants. The origin of leaves and leaf-like lateral organs is associated, among other factors,
with the evolution of the YABBY genes, which are divided into “vegetative” and evolutionarily recent “reproduc-
tive” genes, with regard to their expression profiles. The study of the vegetative YABBY genes in pinesap will
determine whether their functions (identification of cell identity on the abaxial surface of the lateral organs) are
preserved in the leafless plant. In this study, the structural and phylogenetic analysis of the pinesap vegetative
genes MhyFIL1 and MhyFIL3 is performed, the main conserved domains and motifs of the encoded proteins
are characterized, and it is confirmed that the genes belong to the vegetative clade YABBY3/FIL. The effect of
heterologous ectopic expression of the MhyFIL1 and MhyFIL3 genes on the phenotype of transgenic tobacco
Nicotiana tabacum is evaluated. The leaves formed by both types of plants, 355:MhyFILT and 35S:MhyFIL3,
were narrower than in control plants and were twisted due to the changed identity of adaxial surface cells. Also,
changes in the architecture of the aerial part and the root system of transgenic plants, including aberrant phyl-
lotaxis and arrest of the shoot and root apical meristem development, were noted. Some of the 35S:MhyFIL1
and 35S:MhyFIL3 plants died as early as the stage of the formation of the first leaves, others did not bloom, and
still others had a greatly prolonged vegetation period and formed fewer flowers than normal ones. The flowers
had no visible differences from the control except for fragile pedicles. Thus, the absence of structural changes
from the M. hypopitys flower in comparison to autotrophic species and the effect of MhyFIL1/3 heterologous
expression on the development of tobacco plants indicate the preservation of the functions of the vegetative
YABBY genes by the MhyFIL1/3 genes in pinesap. Moreover, the activity of YABBY transcription factors of the FIL
clade in M. hypopitys is not directly related to the loss of the ability of pinesap to form leaves during the evolu-
tionary transition from autotrophic nutrition to heterotrophy.

Key words: Monotropa hypopitys; mycoheterotroph; heterologous gene expression; abaxial-adaxial asymmetry;
transcription factors; YABBY; “vegetative” YABBYs; FILAMENTOUS FLOWER.
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®axkTopsl TpaHCcKpunium MhyFIL1 u MhyFIL3
(Monotropa hypopitys) oripenensitoT aCUMMeTPUYHOe pa3BUTHIE
OGOKOBBIX OPraHOB HAJI3€MHOI 4YaCTU pacTeHUs
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CumnTaeTca, YTo NOMHLIN MUKOreTepoTpod, NoabenbHNK Monotropa hypopitys, ananTMBHO 3BONIOLUOHUPOBAN
13 GOTOCMHTE3MPYIOLLErO MUKOPU3HOIO MpefLecTBEHHNKA, NOTEPAB NpK 3TOM annapaT ¢oTocrMHTe3a U Be-
reTaTuBHble OpraHbl (cTebenb 1 NNCTbA). Hag3eMHas YacTb pacTeHUst NpeacTaBnseT coboin LBETOHOC CO CTe-
PYABbHBIMY NPULBETHYKAMUN 1 COLBETMEM C KAHOHMYECKMM /1A BbICLUMX PAcTEHUIA TUMOM LiBETKA. Y pacTeHunin
NPOVCXOXAEHME NIOCKOTOo NINCTa U APYrnX INCTONOA0OHbIX NaTepasibHbIX OPraHoB CBA3bIBAIOT C dBOMOLMEN
reHoB YABBY, koTopble, B 3aBUCUMOCTY OT NPOGUIIA SKCMPECCUM, Pa3fenAoTCA Ha «BEreTaTUBHbIE» 1 3BOSIO-
LMOHHO 6osnee no3fgHUe «penpofyKTUBHbIE» TeHbl. M3yueHne «BereTaTBHbIX» reHoB YABBY nopbenbHuKa
NO3BOJSIUT BbIACHUTb, COXPaHWANCL NN UX GYHKLUMUN (onpeaeneHne NAEHTUYHOCTU KNeTOK abakcranbHON no-
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MhyFIL1 and MhyFIL3 determine the asymmetry
of the above-ground lateral organs in Monotropa hypopitys

BEPXHOCTM NaTepasibHbIX OPraHoB) y pacTeHua 6e3 nuctbes. B HacToAwwem nccnefoBaHny NPoBeAeH CTPYK-
TYpHO-bUOreHeTNYeCKNn aHanm3 reHoB nogbenbHuka MhyFILT n MhyFIL3, oxapakTepun3oBaHbl OCHOBHble
KOHCepBaTUBHbIe AOMEHbI U MOTUBbI KOAMPYEMbIX MU GENKOB 1 MOATBEPKAEHA NPUHAAJIEXHOCTb reHOB K
«BeretaTMBHOM» Knage YABBY3/FIL. lpoBefeHa oLeHKa BANAHNA reTeposIorMyHO SKTONNYECKON dKCnpeccnn
reHoB MhyFIL1 v MhyFIL3 Ha ¢peHOTMN TpaHCreHHbIX pacTeHunin Tabaka Nicotiana tabacum. Moka3aHo, uTo 06a
TUna pacteHunia, 355:MhyFILT n 35S:MhyFIL3, dopMunpytoT nUCTbA 6onee y3Kre, YUem B HOPME, U CKPYUYEHHbIE 3a
cyeT N3MEHEHHOW NAEHTUYHOCTY KIIeTOK afiakCnasibHOM NOBEPXHOCTU. BbiABEHbI TakXKe N3MEeHeHNA apXuTeK-
TYpbl HAA3EMHOIN YacTy U KOPHEBOW CUCTEMbI PacTeHUIA, BKoYasa abeppaHTHbI GprnnoTakcuc U nogasneHne
Pa3BUTKA anuKasibHbIX MepucTem nobera 1 KopHs. YacTb pacteHuin 35S:MhyFIL1 n 35S::MhyFIL3 norm6ana ewe
Ha cTagnun GopMrpPOBaHNA NEPBbIX JINCTLEB, YAaCTb HE LiBEMA, OCTalbHbIE IMENV CUIbHO YBENUYEHHbIN Nepros
Beretaumu 1 npu useteHMn GopmMnpoBann MeHblLUe LiBETKOB, YeM B HOpMe. LIBeTKn He nmenv BUgMUMbIX OTan-
YK OT KOHTPONA, 33 NCKIYEHNEM TOMKINX LIBETOHOXeK. TakM 06pa3om, OTCYTCTBUE U3MEHEHNIA B CTPOEHUN
LBeTKa NofbesbHMKa B CPaBHEHUN C aBTOTPOPHLIMY BAAMY, @ TakKKe 0COOEHHOCTY BIIMAHNA reTeponormy-
Hol aKkcnpeccun reHoB MhyFIL1/3 Ha pa3BUTUeE pacTeHn Tabaka rOBOPAT O COXPAHEHUN reHamMy NOoAbENbHY-
Ka MhyFIL1/3 ¢yHKuMM «BereTaTuBHbIX» reHoB YABBY. lMNpu stom y M. hypopitys aktnsHocTb YABBY-pakTopos
TpaHckpunuum rpynnsl FIL HanpamMyto He cBsi3aHa C noTepeli CnocobHOCTN GOPMUPOBATL INCTbA NMPY SBOJHO-
LIMOHHOM NepexoAe NoAbesibHUKa OT ayTOTPOGHOro NUTaHUA K reTepoTpodum.

KnioueBble cnoBa: Monotropa hypopitys; mukoreTepoTpod; reTeponiornyHan sKCnpeccus reHa; abakcmanbHo-
aflakcmanbHaa acMMMeTpUs; TpaHCKpUnuMoHHble dakTopbl YABBY; «BeretatmBHble» YABBY; FILAMENTOUS

FLOWER.

Introduction

The most significant event in plant evolution is considered
to be the emergence of photosynthesis, due to which most
modern plants are autotrophs and only about 1 % of flowering
plants are heterotrophic. Among the latter, a special place is
occupied by complete mycoheterotrophs, which, in the course
of adaptation to adverse environmental conditions, have
acquired the ability to obtain nutrients through mycorrhiza
(a symbiotic association of roots with fungi). The range of
adaptation consequences due to photosynthesis incapability
includes the degradation and rearrangement of the genome,
large-scale loss of functional genes, etc. (Wicke et al., 2016;
Graham et al., 2017).

The monotropoid type of mycorrhiza is characteristic only
for members of the subfamily Monotropoideae of the Erica-
ceae family (Leake, 1994), including Monotropa hypopitys
(syn. Hypopitys monotropa). Compared with the related
photosynthetic species Pyrola rotundifolia, achlorophyllous
M. hypopitys is characterized by considerable structural rear-
rangements in the genome, an increased rate of accumulation
of nucleotide substitutions in the genes, a significant reduction
in the plastome, and a loss of the photosynthesis apparatus
from both the plastome and the nuclear genome (Ravin et al.,
2016; Graham et al., 2017). Such changes often lead to degra-
dation and/or modification of vegetative structures (Graham
etal.,2017). Thus, pinesap is not only deprived of chlorophyll
but it does not form aboveground vegetative organs. The
reproductive axis bearing sterile bracts and inflorescence
develops bypassing the vegetative stage, from adventitious
buds in the pinesap mycorrhiza root system (Wallace, 1975;
Merckx et al., 2013).

The development of photosynthesis is closely related to
the evolution of the leaf, which changed from radially sym-
metric to asymmetric, thus increasing the insolation of its
surface (Stewart, Rothwell, 1993; Cronk, 2001; Bowman et
al., 2002; Beerling, Fleming, 2007). It is believed that the
asymmetric leaf of seed plants originated in part due to the
duplication and diversification of Y4BBY genes (Eckardt,
2010). The evolution of the ancestral Y4ABBY gene produced

a family of genes with different specializations, which could
be associated with further transformations of the leaf and the
emergence of other asymmetric organs that formed the flower
(Mathews, Kramer, 2012).

The abaxial-adaxial asymmetry of all lateral organs is
characteristic of most extant plants. One of the main factors
determining the identity of the abaxial surface of organs is
the family of YABBY transcription factors (Bowman et al.,
2002; Bartholmes et al., 2012). In angiosperms, this family is
divided into five subfamilies: three “vegetative” — YABBY'1/
YABBY3 (FILAMENTOUS FLOWER (FIL)), YABBY2/
FASCIATED (FAS) and YABBY, and two “reproductive” —
CRABS CLAW (CRC) and INNER NO OUTER (INO) (Ya-
mada et al., 2011; Bartholmes et al., 2012; Finet et al., 2016).
“Reproductive” YABBY's have a narrow specialization, while
“vegetative” YABBY's are involved in determining the polar
development of vegetative and reproductive organs and are
also important for proper organization and phyllotaxis of the
shoot apical meristem (McConnell, Barton, 1998; Bartholmes
etal., 2012). Thus, the “vegetative” YABBY genes preserve the
expression profile of the ancestral gene, although they cannot
completely replace the “reproductive” YABBYs (Yamadaetal.,
2011; Bartholmes et al., 2012).

The study of the YABBY genes of the complete mycohetero-
troph M. hypopitys could clarify the possibility of preserving
the ancestral functions by the “vegetative” YABBYs upon
loss of the vegetative organs. The YABBYS (MhyYAB5) and
YABBY3/FIL (MhyFILI, MhyFIL2, and MhyFIL3) genes
with opposite expression patterns have been identified in
pinesap (Shchennikova et al., 2018). In bracts, which are
evolutionarily closer to leaves than to floral organs, only
trace amounts of MhyFIL2 transcripts are observed, and the
expression levels of MhyFILI and MhyFIL3 are 5-10 times
lower than that of MhyYAB5 (Shchennikova et al., 2018). In
the absence of leaves in pinesap, the reduced MhyFILI and
MhyFIL3 expression in bracts suggests a loss of part of the
“vegetative” YABBY function.

In this study, we perform a functional analysis of the vegeta-
tive YABBY genes, MhyFILI and MhyFIL3, in leafless pinesap
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M. hypopitys. The study of homologs of genes determining
leaf asymmetry in higher plants in a complete mycoterotroph
can expand the understanding of the evolution of the YABBY
transcription factor family in the course of dramatic adaptive
rearrangement of the plant.

Materials and methods

We invoked data from the transcriptome analysis of M. hy-
popitys roots, sterile bracts, and flowers (at the stage of
anthesis) (Beletsky et al., 2016). To amplify and clone the
coding sequence of the pinesap YABBY genes MhyFIL1 and
MhyFIL3, primers were designed on the basis of previously
identified gene transcripts (Shchennikova et al., 2018): for-
ward — 5’-catcatgtcctcctcaaattctt-3 (for both genes), and
reverse — 5’-cttcttgattagtagggggacaca-3’ (MhyFILI) and
5’-cttettgattagtagggggagacc-3° (MhyFIL3). Total RNA was
isolated from pinesap flowers, where the expression of the
MhyFIL genes was highest (the RNeasy Plant Mini Kit, QIA-
GEN, USA), and used for cDNA synthesis (Reverse Transcrip-
tion System, Promega, USA). The complete coding sequences
of the MhyFILI and MhyFIL3 genes were amplified at the
following PCR conditions schedule: denaturation 95 °C 5 min;
30 cycles of denaturation (94 °C, 30 s), annealing (55 °C,
30 s) and elongation (72 °C, 1 min); extension (72 °C, 7 min).
Amplificates of the expected size were purified (MinElute Gel
Extraction Kit; QIAGEN, USA), cloned into the pPGEM®-T
Easy (Promega, Madison, WI, USA), and sequenced (Core
Facility “Bioengineering”, FRC “Fundamentals of Biotech-
nology” RAS). Sequence analysis of the fragments confirmed
the cloning of the MAyFILI and MhyFIL3 cDNAs. The
nucleotide and amino acid sequences were analyzed with
the following software: Clone Manager 7.11 (http://clone-
manager-professional.software.informer.com/), NCBI-CDD
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) and
MEME 5.0.1 (Bailey, Elkan, 1994). Alignment of sequences
of genes and proteins encoded by them was performed us-
ing ClustalX (Larkin et al., 2007) and MEGA 6.0. (Tamura
et al., 2013). For phylogenetic analysis, NCBI BLAST
(http://blast.ncbi.nlm.nih.gov/) and MEGA 6.0. (Tamura et
al., 2013) were applied with tree generation by the maximum
likelihood method based on the JTT model (Zuckerkandl,
Pauling, 1965). To analyze the function of the MhyFIL1 and
MhyFIL3 transcription factors, two types of transgenic Ni-
cotiana tabacum plants with constitutive expression of the
MhyFIL1 and MhyFIL3 genes were obtained. Two binary
vectors were constructed based on the pBinl9 plasmid,
containing the cDNA (MhyFIL1/MhyFIL3) expression
cassette in sense orientation under the control of the 35S
CaMV promoter and NOS terminator. Agrobacterium tu-
mefaciens AGLO strains carrying the constructed plasmids
were used for tobacco leaf disc transformation with further
regeneration according to the previously described protocol
(Goloveshkina et al., 2012). Regenerants were analyzed for
the transgene presence in the genome by PCR with primers
specific for the 3’-sequence of each gene (see above) and
the 35S promoter (5’-caatcccactatccttcgeaagacce-3). The
phenotypes of plants that gave a positive PCR signal were
compared with the control (nontransgenic tobacco). The
following parameters were assessed: the vegetation period
(from planting in the greenhouse to budding), the structure
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of the aboveground vegetative part of the plant, and the
phenotypes of the roots, leaves, and floral organs.

Results

Structural and phylogenetic analyses of MhyFIL proteins
(Shchennikova et al., 2018) by NCBI-BLAST, NCBI-CDD
and MEGA 6.0 confirm that MhyFILs belong to the YABBY3/
FIL clade (Fig. 1). MhyFIL3 is closer to the ancestor than
two other proteins, MhyFIL1 and MhyFIL2. As expected,
the closest relatives of MhyFIL are representatives of the
YABBY3/FIL clade in species of the Ericales order (basal
Asterids), which include pinesap (see Fig. 1). Members of the
YABBY3/FIL clade of other asterids form a sister subcluster
(see Fig. 1). Inside the clade YABBY3/FIL, proteins of rosids
(Arabidopsis thaliana) form a basal subcluster to analyzed
asterid proteins (see Fig. 1). Analysis of putative conserved
motifs (MEME 5.0.1) in the analyzed proteins reveals two
sequences characteristic of all YABBY transcription factors
and corresponding to the zinc finger and YABBY domains
(Bartholmes et al., 2012). YABBY3/FIL proteins differ from
members of other clades by the presence of six clade-specific
(interdomain and C-terminal) motifs, and proteins of asterids,
including Ericales, have an N-terminal motif, which is absent
from A. thaliana YABBY3/FIL proteins (Rosids) (see Fig. 1).
According to the conserved motif scheme obtained, all three
MhyFILs are structurally closer to FIL than to YABBY3
(A. thaliana) (see Fig. 1).

For functional analysis of transcription factors MhyFIL1
and MhyFIL3, transgenic N. tabacum plants with individual
constitutive expression of the cDNA of each of the MhyFIL1
and MhyFIL3 genes were obtained. Independent transgenic
regenerants T, 35S::MhyFILI (3 plants) and 35S::MhyFIL3
(12 plants), which rooted and formed true green leaves, were
adapted to greenhouse conditions and then compared with the
control (nontransgenic tobacco).

In contrast to the control, the obtained tobacco plants,
35S::MhyFILI and 35S::MhyFIL3, developed the bushy
structure (instead of a single stem), had a significantly longer
vegetation (on average, 282 days vs. the control 48 days), and
formed abaxially twisted leaves (with an altered identity of the
adaxial surface), and a strongly thickened and shortened root
with abnormal leaf-like outgrowths (instead of an extensive
root system) (Fig. 2).

Reproductive axes that developed on one of the shoots
of the bushy 35S::MhyFILI and 35S::MhyFIL3 plants pro-
duced flowers outwardly similar to wild flowers, but often
with rotting/brittle pedicles. Seeds were obtained from only
six 35S::MhyFIL3 and two 35S::MhyFILI plants. In the T,
generation, changes in plant morphology increased. Only
one bushy plant 35S::MhyFIL3 formed a wild-type shoot that
blossomed and gave seeds. The obtained seeds germinated,
but the seedlings were characterized by abnormal develop-
ment of roots (severe shortening and arrest in development)
and shoot meristems (maximum shoot height 1.5-3.0 cm,
bushiness, early development stop), which led to the death of
the seedlings. In this regard, further analysis of the transgenic
phenotype was impossible.

A microscopic analysis of the leaf surface of transgenic
plants in comparison with the control confirmed that the
cell identity on the adaxial side was partially changed as a
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Fig. 1. Phylogenetic tree based on the alignment of 24 amino acid sequences of the YABBY transcription factors of pinesap and other plant species.
Analysis was performed in MEGA 6.0 using the maximum likelihood method based on the JTT model (Tamura et al., 2013).

The Pinus taeda YAB sequence was used as an outgroup. The lengths of the branches estimated as the genetic distance (the number of substitutions per site), and
the essential bootstrap values for 1000 replicates are shown at the base of the branches. The NCBI accession numbers are given against the names of proteins. To
the right of the dendrogram - a scheme of conserved motifs of the analyzed proteins obtained as a result of the MEME 5.0.1 (http://meme-suite.org/tools/meme)
analysis is represented. Below are the sequences of two motifs corresponding to the zinc finger (ZF) and YABBY domains.

result of heterologous transgene expression. There appeared
stomata-like structures, which normally should not be on the
upper surface of the leaf. Probably, they were the cause of
leaf twisting.

Discussion

It is believed that mycoheterotrophic plants adaptively evolved
from photosynthetic mycorrhiza lines, and the growth of such
plants at poor insolation led to the inactivation and loss of
the photosynthesis apparatus (Bidartondo, 2005; Buchanan-
Wollaston et al., 2005; Zhang, Zhou, 2013; Ravin et al., 2016).
In pinesap M. hypopitys, this was probably the cause of the
subsequent disappearance of the unnecessary aboveground
vegetative structures, including leaves (Wallace et al., 1975;
Merckx et al., 2013). The achlorophyllous pinesap reproduc-
tive axis is often mistaken for a stem with leaves. However,
the presence of MADS-box gene transcripts homologous
to APETALA3, TM6 and SEPALLATA3 in sterile bracts
(“leaves”), whereas in higher plants these genes are expressed
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only in flowers, is one of the signatures of the reproductive
nature of the M. hypopitys aerial part (Shulga et al., 2018).

The origin of asymmetric leaves and their further transfor-
mations, including the emergence of asymmetric flowering
organs, as mentioned above, are associated, in part, with the
evolutionary duplication and diversification of plant-specific
YABBY genes (Eckardt, 2010; Mathews, Kramer, 2012). The
structure and function of these genes are described in detail
in a photosynthetic plants, model and other species (Bowman,
2000; Bowman et al., 2002; Finet et al., 2016; Strable et al.,
2017). In complete mycoheterotrophs, YABBY genes are also
present and transcribed (Shchennikova et al., 2018). It is not
clear, however, whether the functions of the vegetative Y4ABBY
genes are preserved in these leafless plants.

In this study, we investigated possible functions of two
“vegetative” YABBY genes of pinesap, MhyFIL1 and MhyFIL3,
by obtaining and characterizing two types of transgenic
tobacco plants with overexpression of each of the analyzed
genes.
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35S::FIL

Fig. 2. Transgenic tobacco plants 35S::FIL1/3 (indicated as 35S::FIL) in comparison with the control nontransgenic plant N. tabacum (WT).

It is known that the simultaneous knockout of all “vegeta-
tive” YABBY genes in an A. thaliana plant leads to the forma-
tion of narrow twisted or radially symmetric leaves, since all
leaf cells become adaxial (Stahle et al., 2009). Theoretically,
in case of overexpression of such genes, the formation of
radially symmetric leaves should also be expected, the only
difference being their abaxial identity. The observed narrow-
ing and curling of leaves in 35S::MhyFIL1/3 plants confirm
this assumption.

Interestingly, the effects described above also occurred with
the heterologous overexpression of the FIL genes BraYAB1-702
(Brassica rapa) and TaYABI (Triticum aestivum) in transgenic
A. thaliana plants (Zhao et al., 2006; Zhang et al., 2013).
Both species (B. rapa and T. aestivum) are photosynthetic
autotrophs; therefore, the similarity of the effect of constitu-
tive expression of the BraYAB1-702 and TaYABI genes in
A. thaliana with the effect of the overexpression of MhyFIL1/3
in transgenic tobacco plants indicates the preservation of the
ancestral role of the FIL genes in determining the identity of
cells of the abaxial leaf surface.

Itis also known that the correct morphogenesis of the meristem
depends on the correct activity of the F/L genes (Bartholmes
etal., 2012). For instance, 4. thaliana with a double mutation,
fil yab3, among other defects, demonstrates aberrant phyllo-
taxis (Goldshmidt et al., 2008). It is shown that transcription
factor FIL nonautonomously and consistently affects the
phyllotaxis and growth of lateral organs, coordinating the
expression of markers (WUSCHEL, CLAVATA3 (CLV3))
of the central zone of the shoot apical meristem (Goldshmidt
et al., 2008). The ectopic expression of SrGRAM (FIL-like
gene in Streptocarpus rexii) completely suppressed the de-
velopment of the 4. thaliana shoot meristem (Tononi et al.,
2010). The disturbance of the aboveground architecture of the
35S::MhyFIL1/3 transgenic plants and the resulting protracted

vegetation may thus be caused by aberrant phyllotaxis up to
the arrest of the shoot apical meristem development caused
by ectopic MhyFIL1/3 overexpression.

It is worth highlighting the dramatic changes in the root
structure of 35S::MhyFIL1/3 plants. In previously published
papers, there was no information about what happens to the
roots of such plants. The researchers may have omitted this
aspect, since normally YABBY genes are expressed only in
leaves and flowers, and therefore their functions are associated
exclusively with these organs (Siegfried et al., 1999; Sarojam
etal., 2010). Indeed, various combinations of yabby-mutations
in A. thaliana do not affect root development (Boter et al.,
2015). It is known that the apical meristems of the root and
shoot are supported in a similar way, and CLV3 and WUS-
CHEL-RELATED HOMEOBOX 5 (WOX35) genes are markers
of the quiescent center of the root meristem (Fiers et al., 2005;
Stahl et al., 2009; Chu et al., 2013). Hence, it is reasonable to
assume that the root phenotype in 35S::MhyFIL1/3 plants is
a result of suppression of the apical root meristem develop-
ment due to the interference of the MhyFIL1/3 transcription
factor in the regulation of the expression of N. fabacum genes
homologous to CLV3 and WOX5.

Conclusion

The obtained results may indicate that, despite the absence
of aboveground vegetative organs from pinesap, the func-
tion of the MhyFIL1/3 genes as “vegetative” YABBY genes
is preserved. In M. hypopitys, transcription factors FIL1
and FIL3 still determine the asymmetric development of the
lateral organs of the plant aerial part, which follows from
the normal structure of pinesap floral organs, as well as the
characteristics of the influence of heterologous MhyFIL1/3
gene expression on the development of tobacco, in particular,
its leaves. Thus, the activity of the MAyFIL1/3 genes is not
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directly related to the loss of the pinesap ability to produce
leaves during the evolutionary transition from autotrophic
nutrition to heterotrophy.
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The sporophytic type of fertility restoration
in the A; CMS-inducing cytoplasm of sorghum
and its modification by plant water availability conditions
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The A; type of CMS in sorghum is one of the most difficult to restore fertility because of the low frequency of fertility-
restoring genes among sorghum accessions, the complex mechanism of fertility restoration that occurs with the
complementary interaction of two gametophytic genes Rf3 and Rf4, and the sensitivity of their expression to air
and soil drought. In order to test the hypothesis of the sporophytic type of fertility restoration in CMS lines with
A; type cytoplasm developed in our laboratory, we analyzed segregation in the self-pollinated progeny of fertile
F, hybrids grown under different water availability conditions (in a dryland plot, in plots with additional irrigation,
in a growth chamber, and in an experimental field with a natural precipitation regime) and in their backcrosses to
the maternal CMS-line. The presence of sterile plants in the F, and BC, families with the maternal CMS line grown
in all tested water availability conditions argues for the sporophytic mechanism of fertility restoration. Cytological
analysis of fertile F, hybrids revealed a significant amount of degenerating pollen grains (PGs) with impaired
starch accumulation and detachment of the PG contents from the cell wall. It is assumed that the expression of
the fertility-restoring genes Rf3 and Rf4 in the hybrids with studied CMS lines starts already in the sporophyte
tissues, normalizing the development of a certain part of the PGs carrying the recessive alleles of these genes (rf3
and rf4), which are involved in fertilization and give rise to sterile genotypes found in F, and BC, families. For the
first time, the transgenerational effect of water availability conditions of growing a fertility-restoring line on male
fertility of the F, generation was detected: a pollinator grown in a plot with additional irrigation produced more
fertile and less sterile individuals compared to the same pollinator grown under a rainfall shelter (p < 0.01), and the
segregation pattern changed from digenic to monogenic, indicating heritable inhibition of the expression of one of
the fertility-restoring genes (kind of “grandfather effect”). The possibility of selection for the stability of the fertility
restoration system of the A; cytoplasm to functioning under conditions of high vapor pressure deficit during the
flowering period was shown. These data may contribute to the creation of effective fertility restoring lines for this
type of CMS in sorghum.

Key words: Sorghum bicolor (L) Moench; cytoplasmic male sterility; A, cytoplasm; fertility-restoring genes;
epigenetics; transgenerational inheritance; drought; vapor pressure deficit.
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Criopo(UTHBIN TUII BOCCTAHOBJIEHUS (PepTUIbHOCTU
B IIMC-MHIOVIIMPVIOLIEN [IUTOIJIa3Me COpPro Tura Asx
11 ero Moau@uKamIus yCJI0BUSIMU BJIaroo6eCcriedueHHOCTY pacTeHU

A.A. dapkouun @, B.B. Koxxemsikun, M.JL. LiBeToBa

HayuHo-nccnenoBaTenbCKMin MHCTATYT CebCKOro xo3ancTaa loro-Boctoka, CapaTos, Poccusa
® e-mail: lelkonin@gmail.com

As-n LUMC copro — ofuH 13 cambIx TPYAHbIX A1 BOCCTAHOBNEHUA GepTUIBHOCTY BCIEACTBME HU3KOM YacToTbl
BCTPeYaeMOoCTV FreHOB-BOCCTAHOBUTENE, CJIOKHOTO MeXaHU3Ma BOCCTAHOBIEHVA GepTUIIbHOCTU, MPOVNCXOASALLEro
npw KOMMAIeMEHTaPHOM B3aMMOZENCTBIM ABYX raMeTOGUTHBIX reHOB, Rf3 1 Rf4, uyBCTBUTENBHOCTY UX SKCMIPECCU
K BO3JYLUHOW 1 MOYBEHHOI 3acyxe. C Liesiblo NPOBEPKY M’MMoTe3bl 0 CMOPOPUTHOM TrMNe BOCCTaHOBEHUsA GepTumb-
HOCTW Y cO3AaHHbIX Hamn LIMC-nuHuiA Ha ocHOBe LMTOMMa3Mbl Tna A; aHanvM3mpoBany paclieneHme B camo-
OMbINIEHHOM MOTOMCTBE GpepPTUIIbHbIX TMOPUAOB F;, BbIpaLleHHbIX MPU PasHbIX peXrMax BlaroobecneueHHOCT (Ha
JensfHKax C 3acyLnBbIM GOHOM, C BnaroobecneyeHHbIM GOHOM, B KNMMaTUYECKO KamMepe 1 Ha OMbITHOM rose
Npwv ecTeCTBEHHOM peXuUmMe BrnaroobecneyeHHOCT). [pUCyTCTBIE CTePUIIbHBIX PacTeHuin B cembsx F, n BC, ¢ Ma-
TepurHcKol LIMC-nnHueit, BbipalleHHbIX MPU BCEX UCMbITaHHbBIX PEXUMax BlaroobecneyeHHOCTY, CBUAETeNbCTBYeT
B M0JIb3y CMOPOPUTHOrO MEXaHU3Ma BOCCTaHOBNEHNA depTunbHOCTU. LinTonornueckuii aHanns GpepTunbHbIX rv-
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CnopoduTHBIN TN BOCCTAHOBMEHUA
depTtunbHocTy B UMC A3 copro

6prpoB F, BbIABMN 3HAUMTENIbHOE YMCIIO AEreHeprpYOLWMX MblibLeBbIX 3epeH (13) ¢ HapylleHem HaKonneHns
Kpaxmarna, OTpbIBOM cofepXumoro 13 oT KneTouHom cTteHku. Mpegnonaraercs, YTo y ruGpuaoB C N3yUYeHHbIMY
LIMC-nuHuamm reHbl-BocctaHoBuTeny Rf3 1 Rf4 HaumHaloT GyHKLMOHMPOBATL YxKe B TKaHAX criopoduTa, Hopma-
Nn3yn pas3BuTME HeKoTopow YacTu M3, Hecylmx peLieccriBHble annenm reHoB rf3 v rf4, KoTopble y4acTBYIOT B OMNo-
[OOTBOPEHVU U [AlOT Hayano CTepusibHbIM reHoTunam B cembsax F, 1 B BC,. BriepBble 06Hapy»eHo TpaHcreHepa-
LI'OHHOE BAUsAHME YCIIOBMIA BlaroobecrneyeHHOCT pacTeHNI IMHUU-BOCCTAHOBUTENA Ha XapaKTep pacLienneHns
Mo MyXCKOI GepTUNbHOCTY B MOKoNieHNM F,: onbinnTenb, BbipalleHHbIN B rpafgKke C JOMOHUTENIbHBIM MOJIMBOM,
JaBan 6osbLue GepTUIbHbIX U MeHbLLE CTEPUIbHBIX MHAVBUAYYMOB MO CPAaBHEHMIO C OMbIANTENIEM, BbIPALLEHHbIM
B «3acyLIHMKe» (p < 0.01). Mpwn 3TOM XxapaKkTep pacLyenneHns N3MeHsANCA C AUTeHHOrO Ha MOHOTEHHbIN, CBAETENb-
CTBYS O HacC/elyeMOM UHTMOUPOBaHUN SKCNPECCUI OJHOTO 13 FeHOB-BOCCTaHOBUTENel (CBOeobpasHbii «<ahpdeKT
AefyLwKn»). NokasaHa BO3MOXHOCTb 0OTOOPA Ha YCTOMYMBOCTb CUCTEMbI BOCCTAHOBIIEHNA GepTUNBHOCTY B LIMTO-
nnasme A; K yHKLMOHMPOBAHMUIO B yCOBUAX AedULMTa BNAXKHOCTN BO3AyXa B MEPVOA LIBETEHNA, YTO MOXET Cro-
co6CTBOBaTb CO3[aHMI0 HOBbIX BOCCTaHOBHUTeNe depTunbHOCTM 3Toro Trna LIMC.

Kntouesble cnioBa: Sorghum bicolor (L) Moench; yutonnasmaTmyeckas MyXXcKas CTEPUSIbHOCTb; LmTonaasma As;
reHbl-BOCCTAaHOBUTENN GEPTUIBHOCTY; SMUTeHeTVKa; TPaHCreHepaLUVoHHOe HacnefoBaHue; 3acyxa; Aebuuyut
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Introduction

The development of the reproductive structures is the stage of
plant ontogeny most sensitive to environmental stresses. One
of the causes for this sensitivity is the high energy intensity in
microspore- and gametogenesis (Dolferus et al., 2013). It is
known that the energy demand of plant is covered by the mi-
tochondriome of the plant cell. Besides, mitochondria are the
primary targets of environmental stresses, which disrupt their
functioning and information exchange between the mitochon-
drial and nuclear genomes (Atkin, Macherel, 2009; Jacoby et
al.,2012; Ngetal., 2014; Liberatore et al., 2016). This fact is of
particular importance for hybrids with cytoplasmic male steril-
ity (CMS), resulting from remote hybridization, in which the
information exchange between the nuclear and mitochondrial
genome, established during coevolution, is disturbed (Touzet,
Meyer, 2014) and the resistance to environmental stresses is
debilitated (Li et al., 2012).

Among the different types of sterile cytoplasm found in
sorghum (Reddy et al., 2005), A, cytoplasm, the source of
which is IS1112C accession, is one of the most difficult to
restore fertility. This difficulty arises from the low frequency of
fertility-restoring genes among sorghum accessions (Worstell
et al., 1984; Torres-Cardona et al., 1990; Dahlberg, Madera-
Torres, 1997) and the sensitivity of their expression to air and
soil drought (Kozhemyakin et al., 2017). Genetic analysis of
fertility restoration in hybrid combinations between CMS lines
with A; cytoplasm of the Texas Agricultural Experimental
Station (USA) and IS1112C indicated the functioning of a
digenic gametophytic fertility restoration system, in which
the complementary interaction of two genes (Rf3 and Rf4)
is necessary for the formation of viable pollen (Tang et al.,
1998; Pring et al., 1999). F, hybrids with restored male fertil-
ity, heterozygous for the Rf3 and Rf4 genes, yield 25 % of the
fertile pollen that reduces the seed set and limits the practical
use of A cytoplasm in sorghum breeding, compared to other
types of sterile cytoplasms (A, and A,), providing the 100 %
seed set in F, hybrids.

Later, a sporophytic fertility restoration system for the A,
CMS type was found in Sudan grass accessions (Tang et al.,
2007). It is known that gametophytic and sporophytic fertil-
ity restoration systems have fundamental differences (Chase,
Gabay-Laughnan, 2004). In a sporophytic fertility restoration

system, a fertility-restoring gene, functioning in the anther
tissues (sporophyte), prevents degeneration of pollen grains
(PGs) after meiosis, which is typical of most types of CMS
(Kaul, 1988). As a result, hybrids that are heterozygous for
fertility-restoring genes (Rf/rf) produce PGs carrying the
fertility-restoring allele (Rf) and PGs carrying the recessive
allele (7f), unable to restore fertility. Therefore, sterile plants
are present in the self-pollinated progeny of such hybrids
(F,), as well as in backcrosses with the maternal CMS line
(rflrf). With the gametophytic fertility restoration system,
the fertility-restoring gene functions in male gametophytes
(developing PGs). As a result, hybrids that are heterozygous
for fertility-restoring genes (Rf/rf) contain both fertile PGs,
carrying the Rf allele, and sterile PGs, which degenerate
because of the lack of the restoring allele. Therefore,
sterile plants are absent from the self-pollinated offspring
of such hybrids, as well as from their backcrosses with
the maternal CMS line, and only plants with full restora-
tion of male fertility (Rf/Rf) and semi-sterile individuals
(Rf7rf), arising from the transmission of the 7fallele through
egg cells, are present.

We showed in our previous study that severe vapor pressure
deficit during flowering inversely correlated to the level of
fertility of F, hybrids in the A, cytoplasm; also, the cultiva-
tion of hybrid populations with artificial irrigation favored
the selection of lines restoring fertility for this type of CMS
(Kozhemyakin et al., 2017). The presence of a significant
number of sterile plants in F, families formally supported the
sporophytic type of male fertility restoration in F hybrids, but
careful analysis showed that sterile plants flowered on dates
with severe vapor pressure deficit, which could be the cause
of their sterile phenotype.

The purpose of the experiments presented in this paper
was to test the hypotheses of the sporophytic type of fertility
restoration of CMS A, by the Rf3 and Rf4 genes, known as
gametophytic fertility-restoring genes, and of the transgen-
eration effect of plant water availability conditions on the
expression of male fertility in the offspring of F, hybrids. In
addition, this paper presents the first data on the efficiency of
selection for the sustainable functioning of the male fertility
restoration system in the A, cytoplasm under conditions of
air drought during the flowering phase.
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Materials and methods

Experiments were conducted with F,—F; hybrid popula-
tions obtained by crossing the CMS lines A, KP-70 and A,
Topaz, created earlier by us, to the A;-type CMS fertility
restorer KVV-96. These CMS lines were developed using
a nonrecurrent backcrossing program with A; Tx398 as the
nonrecurrent parent. The genotype of A; Tx398 is 7/3rf3rf41f4
(Tang et al., 1998). We created the KVV-96 line by selection
of fertile plants from the hybrid combination A; Karlikovoe
beloe xIS1112C (Kozhemyakin et al., 2017). The IS1112C line
has the A, type of cytoplasm and is a donor of the Rf3 and Rf4
genes (Pring et al., 1999; Kulhman et al., 2006).

The CMS lines, fertility restorers, F , F,, and testcross
hybrids were grown in experimental fields of the Agricultural
Research Institute for the South-East Region (Saratov, Russia)
(51°32°N, 46°02°E) in 2016-2018. Sowing was made in the
last third of May. Plants were grown in 4-meter rows with
row spacing 70 cm and a distance between plants 12—15 cm.
Standard agricultural techniques for grain sorghum growing
were applied.

Agricultural climatic conditions of vegetation periods var-
ied from year to year (Table 1). Year 2016 was characterized
by dry conditions: the average daily temperatures in each
calendar month during the growing season (June-August)
were 1.6—4.8 °C higher than the average annual value, and the
amount of precipitation was three times less (hydrothermal
coefficient 0.02). Year 2017 was characterized by a significant
excess of precipitation in the first half of the growing season
(from germination to flowering), while in June, during the
booting phase, the average daily temperature was lower than
June temperatures averaged over years. In 2018, the first half
of the vegetation, before flowering, proceeded under dry con-
ditions, whereas in the second half of the growing season, from
mid-July (during the flowering period), a significant amount
of precipitation was recorded.

To study the effect of plant water availability on the expres-
sion of male fertility and the inheritance of ability for fertility
restoration, plots with different irrigation regimes were used:
with additional watering (two times per week, 7-8 L/m?,
starting from the booting phase to the end of flowering) and
without watering (dryland environment). To obtain a dry-
land environment, the plot was covered with a translucent
polycarbonate rainfall shelter before the beginning of the
booting phase.

Table 1. Agroclimatic conditions during the experiment’

Month Indices

May 15.0 16.1 14.0 18.3 52
June 19.4 21.0 18.0 19.9 54
July 214 23.6 21.8 228 56
August 19.9 24.7 22.8 23.7 58

Sporophytic type of fertility restoration
in the A; CMS of sorghum

The F, hybrids used in this study were obtained by in-
dividual crosses of plants of CMS line A; KP-70 grown at
natural water availability to KVV-96 plants grown in dryland
and irrigated plots (two pollinators from each environment).
The F, hybrids obtained from individual crosses were grown
in 2016-2018 in dryland and irrigated plots (four hybrid com-
binations in each environment). The offspring of four paternal
plants were also grown in such plots as a control.

In 2017-2018, F, families obtained from individual self-
pollinated F  hybrids from different selective environments
and BC, obtained from crossing these F, hybrids to the CMS
line A, KP-70 were grown in the experimental field with the
natural plant water availability regime. Some F, families
were also grown in irrigated plots. One of the hybrid popula-
tions of F, (A, Topaz/KVV-96) was grown in an LGC-4203
growth chamber (Daihan, Korea) at the 14L: 10D light/dark
schedule, 70 % relative humidity, and temperatures 28 °C in
the daytime/24 °C at night.

To determine the level of male fertility, all plants were
isolated with parchment bags before flowering. Depending on
the level of seed set, plants were classified as sterile (s) (0 %
seed set), partially sterile (ps) (<40 %; most often, 10-20 %),
fertile (f) (> 40 %; most often, 80—100 %).

For the cytological analysis of pollen, branches from dif-
ferent parts of panicles of the F hybrids and the offspring of
paternal plants were fixed in acetoalcohol (1: 3), washed twice,
and stored in 75 % alcohol at 4-6 °C. Slides were prepared
from a mixture of anthers isolated from 10—15 branches of
individual plants. Pollen was stained with 1 % iodine solution
in potassium iodide. In each plant, pollen from hermaphrodite
and male flowers was analyzed separately. In each slide, 100
PGs were counted in four replicates. In each selective environ-
ment, 15-17 F, plants and the same numbers of individuals
from the offspring of paternal plants were studied.

Indicators of vapor pressure deficit (VPD) during the flow-
ering phase were provided by the Laboratory of Hydrometeo-
rology of the Agricultural Research Institute for the South-East
Region. For each plant an individual indicator was calculated,
which was the average of indicators within five days before
the flowering of the top of the panicle and five days after the
beginning of flowering.

Statistical analysis of segregations in the F, and BC, popu-
lations was performed using the y*test with Yates’ correction
and the exact binomial test (McDonald, 2014), checking the

2018 Average 2016 2017
perennial
62957550043 ....................... 7 72 ......... 9 93281 .......
52860746945 ......................... 90 ......... 6 67 ......... 141 .......
53962160251 ........................ 2 88 ......... 5 13887 .......
48658051244 ......................... 83 ........... 9144 .......

T According to the Laboratory of Hydrometeorology of the Agricultural Research Institute for South-East Region (Saratov, Russia).
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hypotheses of mono- and digenic control. The significance of
differences in the level of fertility in different experimental
variants was assessed by variance analysis using the AGROS
software package, version 2.09 (S.P. Martynov, Institute of
General Genetics, RAS). The proportions of fertile and sterile
plants in different progenies were also compared by Fisher’s
tests (Zaitsev, 1984).

Results

Effect of drought stress on restoration of fertility in the F,
hybrids. Analysis of seed sets in F; @ A, KP-70 x & KVV-96
hybrids grown under different water availability conditions
shows that the KVV-96 line can restore the fertility of A,
type CMS (Table 2). However, the proportion of fertile
plants among F, hybrids decreases significantly in dryland
plots, and the proportion of partially sterile plants increases
as compared to irrigated plots. These data indicate that plant
water availability conditions regulate the expression of the
fertility-restoring genes of the KVV-96 line, and this fact
should be taken into consideration when analyzing segregation
in the F, and BC, families.

Sporophytic type of male fertility restoration in CMS A,
In accordance with the hypothesis of the gametophytic nature
of male fertility restoration in the CMS-inducing cytoplasm
A, by two fertility-restoring genes (Tang et al., 1998; Pring
et al., 1999), F, hybrids obtained by crossing CMS lines
(rf3rf3rf4rf4) with the line IS1112¢ (Rf3Rf3Rf4Rf4), have the
genotype Rf3rf3Rf4rf4. As a result of meiosis, four classes of
gametes are produced in such hybrids (Rf3Rf4, Rf3rf4, rf3Rf4,
rf3rf4), while only PGs with the genotype Rf3Rf4 turn out to
be fertile and PGs with other genotypes degenerate. In this
regard, only plants with restored male fertility should be pres-
ent in the F, generation, since only pollen grains carrying both
fertility-restoring genes are involved in fertilization. Similarly,
only plants with restored male fertility (Rf37f3Rf4rf4) should
be expected in the backcross of F, hybrids to the maternal
CMS line.

However, in our experiments in the F, families obtained by
crossings A,-CMS lines to the KVV-96 line, created on the
basis of the IS1112C line, grown in different environmental
conditions (in irrigated plots, in field plots with the natural
water availability regime, and in the growth chamber), male-
sterile plants were regularly observed. In this regard, data
from the irrigated plots and the growth chamber with high
relative humidity (70%) are the most impressive, because
in such conditions the drought effects, which prevent the
restoration of fertility in A, type CMS (Kozhemyakin et al.,
2017), were absent.

In 2016 (see Table 3), in the irrigated plot, the ratio of
plants with restored fertility (f+ps) and sterile plants (s) cor-
responded to digenic segregation 15: 1, or 12f:3ps: s, when
considering partly sterile plants a separate class. Such segrega-
tion testified that the restoration of fertility in the conditions of
water abundance is controlled by two fertility-restoring genes.
When growing the same F, family in a dryland plot, the ratio
of plants with fully or partially restored fertility and sterile
plants differed from the digenic segregation, but corresponded
to the monogenic segregation 3: 1 (Table 3), which indicated
inhibition of the expression of one of the fertility-restoring
genes in drought conditions. The causes of the segregation 3: 1
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Table 2. Characterization of male fertility of F, sorghum hybrids
QA, KP-70 x 3 KVV-96 grown under different plant water
availability regimes (2016)

Water availability

Percent of plants with fertility level (%)*
conditions

Note:a-average over four replications; f - fertile (seed set > 40 %, usually
80-100 %); ps — partially sterile (< 40 %, usually, 10-20 %); s — sterile (0 %
seed set); Data within the columns marked with different letters differ
significantly at p < 0.05; **p < 0.01.

in the growth chamber are uncertain. Perhaps, with a larger
sample size, the segregation pattern in the growth chamber
would have been different.

In the 2017 season, the segregation in the progeny of F,
hybrids § A; KP-70 x @ KVV-96 was studied, while the size
of the F, populations grown in the irrigated plot was increased.
Again, as in the progeny of F; JA; Topaz x & KVV-96 hy-
brids, sterile plants were present in the F, families, which
favored the sporophytic type of fertility restoration. The ratio
of fertile, partially sterile, and sterile individuals corresponded
to the digenic segregation 12:3: 1 (Table 4). It is noteworthy
that sterile plants from the F, families, transferred from the
plots with additional irrigation to the growth chamber with
70% relative humidity, formed male-sterile panicles. This
fact testified that the male sterility of such plants was caused
by their genotype rather than environmental factors (severe
vapor pressure deficit) at flowering. However, sterile plants
were absent from the BC,F, families obtained by pollinat-
ing the maternal CMS-line with the pollen of F, hybrids
(see Table 4).

The causes of the discrepancy between the segregations in
F, and BC, are not clear. They may be related to differences
in the functioning of fertility restoration systems in BC, and
F, or with gamete selection in F| plants, since the progeny of
panicles from the main stem was used to obtain F,, whereas the
pollen from the second and third panicles was used to obtain
BC,. Also, the average daily vapor pressure deficit during the
flowering of the main panicles was 24.9 hPa, whereas during
the flowering of the second and third panicles, 15.8 hPa. It is
possible that the lack of air humidity was a factor affecting the
functioning of gametophytic fertility-restoring genes, and thus
contributing to the selection of certain classes of pollen grains.

In 2018, F, progeny obtained from F, hybrids grown in the
dryland and high water availability environments was ana-
lyzed. The studied progenies were grown concomitantly under
conditions of the experimental field and irrigated plots. All the
analyzed families included significant numbers of sterile and
semi-sterile plants (Table 5); however, when analyzing the
observed segregations, only those sterile plants that bloomed
on the same dates as the fertile plants were taken into account,
because their sterility was caused by the genotype but not by
the severe vapor pressure deficit.
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Sporophytic type of fertility restoration
in the A; CMS of sorghum

Table 3. Segregation of the hybrid @ A;Topaz x 3KVV-96 in the F, generation

under different plant water availability conditions (2016)

Water availability conditions Number of plants

Irrigated plot 35 9 4

Table 4. Segregation for male fertility in the F, generation of the @ A;KP-70 x 3 KVV-96 hybrids
and in BC,F, with the maternal CMS line grown in irrigated plots (2017)

Hybrid combination

f ps
F, (@A3KP-70 X 3 KVV-96-1) 71 10
F, (@A;KP-70 X 3 KVV-96-5) 74 21
BC; [RA;KP-70X (R A; KP-70 X & KVV-96-1)] 7 23
BC, [R A5 KP-70 X (R A5 KP-70 X 3 KVV-96-5)] 6 26

Number of plants

Ratio ha p
5 .................
4 ................... 12f3p515 ................... 1859 ................. 0 395 ...............
3 ................... 12f3p515 ................... 1231 .................. 0 540 ...............
............ 1b
3C .......................................................................................................

Note: @- average indicators of vapor pressure deficit (VPD) at flowering: average daily VPD = 15.1 hPa; maximum VPD = 31.2 hPa; b_when transferred to the

growth chamber, panicles with 30 % seed set developed; ¢-1 % seed set.

In the F, families grown in the irrigated plots, the ratio of
fertile, partially sterile, and sterile plants corresponded to the
digenic segregation 9f: 6ps: 1s. It is plausible that under con-
ditions of 2018, only those plants whose genotype contained
both fertility-restoring genes (Rf3—Rf4—) were fertile, whereas
plants whose genotype contained only one dominant gene (Rf3
or Rf4), had the partially sterile phenotype. In BC,, the ratio
of plants with partial restoration of fertility and sterile plants
corresponded to the segregation 3ps: Is (see Table 5), which
should have been observed when there are four classes of male
gametes (Rf3Rf4; rf3Rf4; Rf3rf4; rf3rf4) in diheterozygous
paternal plants (F hybrids) crossed to plants of the CMS line
(rf3rf3rf4rf4). These data confirm the sporophytic type of
fertility restoration in F, hybrids.

It is noteworthy that in the F, families derived from the F,
hybrids obtained with the participation of the paternal parents
grown in the dryland environment (KVV-96-c 1dr), the segre-
gation pattern in the field conditions deviated from the digenic
segregation (9:6:1) and corresponded to the monogenic
segregation 3 : 1, indicating that one of the fertility-restoring
genes of the paternal parent did not function in these families
(see Table 5).

A detailed analysis of the influence of growing conditions
of fertility-restoring lines and F, hybrids on the expression
of male fertility in the F, generation showed that water avail-
ability conditions of F hybrids did not affect the segregation
pattern in F,. However, the conditions of growing of the
fertility-restoring line (donor of the Rf genes) influenced the
segregation pattern in the progeny of F, hybrids (see Table 5).
The proportion of sterile plants in the F, families derived
from the donor of the Rf-genes from a dryland environment
(KVV-96-3 1dr) was significantly higher (p < 0.01), and the
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proportion of fertile plants was lower (p < 0.01) than in the
F, families derived from the F, hybrids obtained by using
the Rf donor grown under high water availability conditions
(KVV-96-d 2ir). As a result, the F, families derived from
the donor of the Rf genes from the high water availability
conditions showed the digenic segregation 9:6: 1, whereas
in F, families derived from the Rf donor from the dryland
environment (KVV-96-3 1dr), the proportion of sterile plants
was significantly higher (p <0.01), and of fertile plants, lower
(p <0.01) than with sterile individuals, and the segregation
was monogenic (3:1). This result presumably indicates that
the inhibition of one of the Rf genes in the fertility restorer
grown under a rainfall shelter had a transgenerational effect.
This effect was inherited over two generations. However, when
growing the F, family derived from the F, hybrid obtained
with the Rf donor from the dryland plot (KVV-96-1dr) in the
irrigated plot (see Table 5, first row), the segregation corre-
sponded to the ratio 9:6: 1. This fact testifies to the reversibility
of drought-induced inhibition of the fertility-restoring gene
under a high level of plant water availability. In addition, this
fact provides an example of the transgenerational effect of
growing conditions of the donor of Rf genes on the expression
pattern of these genes in the F, generation.

Cytological analysis of pollen of F, hybrids. Assuming
that with the sporophytic type of fertility restoration, pollen
in F, hybrids contains mostly fertile PGs, whereas under
gametophytic fertility restoration, segregation for different
types of PGs (fertile:sterile) takes place in the anthers of I,
hybrids, we performed a cytological analysis of the pollen of
F, QA3 KP-70 x $ KVV-96. We noted a significant number
of sterile PGs in anthers of fertile hybrids; the proportion of
fertile PGs with no signs of degeneration was low (3—7 %),
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Table 5. Characterization of the male fertility of hybrid combinations in the A5 cytoplasm (2018)2

Hybrid combination Gene-  Water availability
ration  conditions®
3 F, F, (BCy)

QA KP-70 X 3 KVV-96-1 dr F, dr dr ir

Q A;KP-70 X 3 KVV-96-2 ir F, ir ir ir
QA;KP-70x 3 (A; KP-70/KVV-96-2ir)  BC, ir ir ir
9A3 KP-70 X 3 KVV-96-1 dr F, dr ir Field
QA;KP-70 X 3 KVV-96-2 ir Fy ir ir Field
QA3 KP-70 X 3 KVV-96-1 dr F, dr dr Field
QA;KP-70 X 3 KVV-96-2 ir F, ir dr Field
Total for (QA;KP-70x 3 KVV-96-1dr)  F, dr Field
Total for (R A; KP-70 X 3 KVV-96-2 ir) F, ir Field

CnopoduTHbI TN BOCCTAaHOBNEHNA 2019
depTtunbHocTy B UMC A3 copro 23.4
Number of plants Ratio x2 p
...... fpss
e 42 ..................... 25 ............ 7 ..................... 9f6p5‘|5 ....... 0943 ...... 0624
e 44 ..................... 27 ............ 2 ..................... 9f6p5'|5 ....... e 0707
e 23 ............ 8 ..................... 3p515 ........... 0011 ...... 0916
...... 29(420%)2317(246%)9f6p515401300
3(f+ps):1s  0.005 0.944
 51(543%) 34 9(96%)* 9:psils 1225 0542
18(265%) ...... 35 .......... 15(221%) ....... 9f6p5'|5 ....... 4145100 .......
3(f+ps):1s 0.176  0.675
 49(516%™ 35 11(116%) Of6psils 379 0.150

Note:?-the average indicators of the vapor pressure deficit during the flowering period: the average daily = 10.1 hPa; the maximum = 19.5 hPa; °~dr - dryland

* ¥

plot; ir - irrigated plot; *,
p<0.05and p <0.01, respectively.

and it did not match the 25 % expected from the literature data
(Pring etal., 1999) (Table 6). A significant part of the PGs that
looked fertile at low magnification showed disorders of starch
accumulation and detachment of the PG contents from the cell
wall under a detailed study at high magnifications (Figure). In
addition, starch color in some PGs was changed, apparently
due to amylose replacement by amylopectin. However, if
these violations did not affect the ability of the PGs to fertil-
ize, then the ratio of all the “fertile” PGs and “sterile” PGs did
correspond to the 1:3 segregation in some plants (No. 161-1
(*=1.08, p = 0.299) and No. 165-2 (x> = 0.013, p =0.909)
from the irrigated plots), while one of the plants from the
dryland plot had a higher proportion of fertile pollen, and the
segregation of fertile and sterile PGs did not fit the 1:3 ratio
(No. 165-9: y*=9.72, p < 0.01).

These data indicate that PGs containing both dominant
genes Rf3 and Rf4 and the recessive alleles of these genes
could develop in the F hybrids. It is noteworthy that PGs with
the aberrations described above were also observed in plants
of paternal Rf'donor lines; however, the proportion of fertile
pollen was significantly higher than in the hybrids.

Thus, the results of cytological analysis indicate that pollen
grains bearing recessive alleles of these genes could develop
in the F, hybrids heterozygous for the fertility-restoring genes
Rf3 and Rf4. It is possible that in the CMS-lines created by us
the fertility-restoring genes Rf3 and Rf4 begin to function in
the tissues of the sporophyte, normalizing the development of
part of the PGs carrying the recessive alleles of these genes
(/3 and rf4), which participate in the fertilization and give
rise to sterile genotypes detected in F, or BC,. However, such
“precocious” functioning of these genes contributes to the
development of only part of the PGs, while a significant por-
tion of pollen grains without restoring alleles still degenerates.
The presence of numerous “intermediate” PGs phenotypes
with signs of partial degeneration (see Figure), which were

- differs from the proportion of plants of a similar fertility class in the offspring obtained using a pollinator grown in a dryland plot at

not described in earlier studies on A, type CMS of sorghum,
argues for this hypothesis.

Selection for severe VPD tolerance. Water and its move-
ment inside the anther play important roles in pollen develop-
ment and anther dehiscence (Wilson et al., 2011). An important
factor regulating anther dehiscence is air humidity. As is
known, an indicator characterizing air humidity is vapor
pressure deficit: the difference between the maximum pos-
sible and actual water vapor tension at specific temperature
and pressure.

Assuming that vapor pressure deficit at the flowering
phase suppresses fertility restoration in A; CMS of sorghum
(Kozhemyakin et al., 2017), we set up an experiment to study
the possibility of selection for tolerance for a high level of this
factor (Table 7). In the F, © A3 Topaz x ¢ KVV-96 population,
two groups of fully fertile plants were selected: flowering
at VPD = 13.8 hPa and at VPD = 23.0 hPa, respectively. In
the F; generation, under conditions of 16.4-16.6 hPa VPD
at flowering, the levels of fertility in these groups differed
significantly: 61.0 and 80.7 %, respectively (p < 0.01) (see
Table 7). These differences were due to the presence of plants
with low seed sets (< 50 %) in the first group, whereas such
plants were absent at all from the second group. These data
indicate the presence of a genetic factor contributing to
tolerance for severe VPD, which acts at the flowering stage
and affects the expression of the fertility-restoring genes.
Apparently, under conditions of high VPD level (23.0 hPa),
fertility restoration was possible only under homozygosity
for this genetic factor; as a result, there was no segregation in
the progeny of these plants, whereas during selection under
the conditions of low VPD level (13.8 hPa) there could be
heterozygotes, which segregated in the F; generation (see
Table 7). These data indicate the efficiency of the selection
for tolerance of the fertility restoration system of A,-type
CMS for severe VPD.
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Sporophytic type of fertility restoration
in the A; CMS of sorghum

Table 6. Results of the cytological analysis of pollen formed in hermaphrodite flowers of the F, sorghum hybrids
with A;-type CMS and the paternal line with the same type of cytoplasm grown in dryland and irrigated plots (2017)

Plant No., seed set

Percentages of pollen grains

Without signs
of degeneration

Pollen of fertile F, hybrid 9 A, KP-70 x 6\KW-96 (a); pollen of fertility-restoring line KVV-96 (b), scale bar 50 pm; ¢ - types of pollen
grains (PGs): 1, 2 - change of starch coloration, 2-4 — detachment of PG content from the pollen cell wall, 4, 5 — abnormal starch

accumulation; scale bar 20 um.

Discussion

The current notion of the genetic control of CMS is that the
sterilization of the male reproductive system results from the
operation of mitochondrial CMS-inducing genes, whereas the
nuclear genes restoring fertility generally arrest the expression
of the former at the transcriptional or posttranscriptional level
(Chase, Gabay-Laughnan, 2004; Horn et al., 2014; Bohra
et al., 2016). If the expression of the restorer gene starts in
sporophyte (anther) tissue, the fertility restoration follows the
sporophytic mode. Both fertile PGs, carrying the dominant
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fertility-restoring gene, and PGs carrying its recessive allele,
unable to restore fertility, develop in the anthers. If the restorer
expression starts in gametogeny, only PGs carrying the restorer
gene are fertile, whereas those not carrying it degenerate and
fail to participate in fertilization (gametophytic type of fertility
restoration) (Kaul, 1988).

Our experimental results indicate that this classification
is somewhat conventional. The appearance of sterile plants
in F, and BC, families with the maternal CMS line grown at
different water availability conditions (in an irrigated plot, in
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Table 7. Effect of selection under contrasting air humidity conditions during
the flowering period on the manifestation of male fertility in the self-pollinated
progeny (F;) of the F, hybrids @ A;Topaz x 3 KVV-96

Mean seed set level,
% Vapor pressure deficit during

the flowering period, hPa

57.7 16.4
63.0 16.4
60.7 16.2
62.7 16.5
61.0a 16.4

Family Number of plants
with seed set levels
100_71% ............. 7 0_51% .........................................
8/2 4 5
9/2 7 3
10/1 5 3
10/2 6 3
Total 22 14
11/1 9 5
11/2 10 4
13/1 1 4
13/2 10 4
Total 40 17
E
LSDygs

76.0 16.9
81.0 16.6
83.7 16.7
81.9 16.3
80.7b 16.6
300.3%*

36

Note: Data denoted by different letters differ at p < 0.05, in accordance with the Duncan Multiple Range test; **p < 0.01.

a growth chamber at 70 % humidity, under a rainfall shelter,
and in an experimental field at natural water supply) argues
for the sporophytic control of fertility restoration by two
restorer genes in hybrid combinations studied. Taking into
account that the source of the fertility-restoring genes was
IS1112C, carrying the fertility-restoring genes Rf3 and Rf4,
which, according to literature data (Tang et al., 1998; Pring
etal., 1999), are gametophytic fertility-restorers, we consider
this fact exceptionally interesting and unusual, since the ga-
metophytic and sporophytic types of fertility restoration are
controlled by different genetic systems (Kaul, 1988).

However, the cytological analysis of pollen from fertile
F, hybrids revealed a significant percentage of degenerating
pollen grains to argue for the gametophytic type of fertility
restoration. It is conceivable that in the genotype of the CMS-
lines created by us, these fertility-restoring genes Rf3 and Rf4
act differently than in the genotype of CMS lines created in
the USA at the Texas Experimental Station. Indian researchers
also showed the sporophytic type of inheritance of fertility
restoration in CMS A, controlled by three complementary
fertility-restoring genes (Reddy et al., 2010).

Probably, the expression of the fertility-restoring genes Rf3
and Rf4 in the hybrids with studied CMS lines starts already
in the sporophyte tissues, normalizing the development of a
certain part of the PGs carrying the recessive alleles of these
genes (73 and rf4), which are involved in fertilization and
give rise to sterile genotypes found in F, and BC, families.
A similar hypothesis was put forward to explain the appear-
ance of sterile plants in the progeny of some maize hybrids

with the S type of CMS, having the gametophytic type of
fertility restoration (Duvick, 1965).

This is the first finding of the transgenerational effect of
water availability conditions of growing a fertility-restoring
line on male fertility in the F, generation: a pollinator grown
in a plot with additional irrigation formed much more fertile
and less sterile individuals compared to the same pollinator
line grown under dryland conditions. The segregation pattern
changed from digenic to monogenic, indicating a heritable
inhibition of the expression of one fertility-restoring gene
under drought conditions (kind of “grandfather effect”). It is
known that such transgenerational effects arise from a diver-
sity of epigenetic changes (Hauser et al., 2011; Paszkowski,
Grossniklaus, 2011; Kumar et al., 2015; Tricker, 2015; Alsdurf
et al., 2016). They are based on changes in the methylation
pattern, induced, among all, by environmental factors, in
particular, drought stress (Lukens, Zhan, 2007; Wang et al.,
2011; Tricker et al., 2012; Zheng et al., 2013).

Perhaps, just the methylation changes cause the loss of
the function by one of the A; CMS restorer genes under
drought conditions. By the MSAP analysis of F| hybrids A,
KP-70/KVV-96, we found DNA fragments whose methyla-
tion patters under contrasting water availability conditions
correlated with the manifestation of male fertility (Elkonin
et al., 2019). Apparently, methylation pattern changes are an
important mechanism controlling fertility restoration in the
A, sorghum cytoplasm.

The possibility of selection for the stability of functioning
of the fertility restoration system for the A, cytoplasm in
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conditions of severe VPD during the flowering period was
demonstrated in our work (see Table 7) also deserves atten-
tion. Such selection may contribute to the creation of new
fertility-restoring lines for this CMS type.
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MoanuduipoBaHHbIN METO, POIIeT-BUTPUPUKALIN
IJIsI KpMIOKOHCepBAalllIM aIlleKCoB In Vitro pacTeHmii KapTodesis

T.A. raBp]/IAEHl(Ol’ 2@, H.A. lllsauxol!, H.H. Boakogsal, }0.B. Yxartosa!l

T DepepanbHbIit nccneaoBaTeNbCKMIA LEHTP BCePOCCUCKMIA MHCTUTYT reHeTUYECKIX pecypcoB pacteHuil um. H.W. Basunosa (BUP), CaHkT-MeTep6ypr, Poccusa
2 CaHkT-TeTepbyprckuii rocyfapcTBeHHbI YHUBEPCUTET, bronoruyecknin dakynotet, CaHkT-MNeTepbypr, Poccus
&) e-mail: tatjana9972@yandex.ru

Konnekunun Bo3pgenbiBaemoro Kaptodena Solanum tuberosum, coxpaHaemble B NoneBbix reH6aHKax, HeCyT 3Ha-
ynTeNbHbIE NOTEPY U3-3a BO3AEWCTBUA IKCTPEMabHbIX GaKTOPOB BHELLHEN cpefbl, 3a60neBaHNA U BpeguTenei.
MpaKTnyeckoe pelueHne nNpobrembl HAfEXHOro XpaHeHnA reHodoHAa Bo3fenbiBaeMoro Kaptodena coctout B
CO34aHMMN OyONeTHbIX KPUOKOIEKLUNIA, COXPAHAEMbIX MPU CBEPXHU3KMX TeMMepaTypax B KprnobaHkax. M3BecTHO
HeCKOJsIbKO METOAOB KPUOKOHCepBaLum KapTodens, N3 HUX B HacTosALLee Bpemsa B MUPOBbLIX reHbaHKax Hanbonee
LUIMPOKO MCMONb3yeTCA MeTOA AponneT-BuTpudukauuy, paspabotaHHbii b. MaHucom ¢ konneramu B 2005 T. B Ha-
LWen cTaTbe NpeAcTaBieHo NoApobHoe onucaHne MoanudrLMPOBaHHOrO MeToAa APOreT-BUTprUdMKaLmMmn, KoTo-
PbIi NPUMEHAETCA ANA KPMOKOHCEPBaLMM aneKCcoB in Vitro pacteHnin KapTodensa Bo BcepoccMnckom NMHCTUTYTE
reHeTnYecKmnx pecypcos pacteHuin um. H.W. Basunosa (BVIP). MopgnduumposaHHbi B BUP meTop BKNtoYaeT 0CHOB-
Hble 3Tanbl OPUrMHaNbHOIO MeTofAa APOoneT-BuTpudUuKauuy, paspaboraHHoro b. MaHncom ¢ konneramu: 1) nog-
roToBKa PacTUTENIbHOrO MaTepuana; 2) n3onaumna anekcoB MUKpopacTeHnid; 3) obpaboTka SKCMIaHTOB pacTBopa-
MU C KpronpoTeKkTopamu; 4) KPOKOHCePBaLMA/MOrpyXeHne B XKNAKNIA a3oT; 5) oTTanBaHmne; 6) NOCTKPMOreHHoe
BOCCTAHOBJIEHME 1 YYeT pereHepaLnoHHON cnocobHocTu. MpeanoxeHHble Hamn moandukaumm stanos 1,2 n 6
NO3BOJIAIOT CYLECTBEHHO COKPATUTb NPOAOCIKUTENBHOCTb SKCMEPMMEHTOB MO KPUOKOHCEPBALIMMN B CPAaBHEHNM C
opurnHanbHbIM MeTogoM. B paboTte npeacTaBnieHbl pe3ynbTaTbl SKCNEPUMEHTOB MO KPUOKOHCEPBALIMM abopureH-
HbIX 0KHOAMEPUKAHCKNX COPTOB U COBPEMEHHbIX CENEKLIMOHHBIX COPTOB KapTodens, KOTopble Oblv BbIMOMHEHbI C
ncnonb3oBaHnem moaudmumpoBaHHoro B BUP metopa pponnet-sutprdnkaummn. bonbluas yactb (76.7 %) nyyeH-
HbIX 06Pa3LiOB KyNbTYPHOro KapTodensa XxapakTeprnsoBanacb BbICOKMMM MOKa3aTenaMm NOCTKPUOTEHHON pereHe-
paunn (40-95 %), n y 23.3 % m3yuyeHHbIX 06PaA3LOB YacToTa pereHepauuy nocsie 3aMopaxXMBaHUA—-OTTanBaHNA
Bapbuposana ot 20 fo 39 %, YTo COOTBETCTBYET NpeAesibHO AOMYCTUMbIM MUHUMANbHbIM 3HaYEHNAM A4 3aKNagKn
Ha AnuTeNbHOe XpaHeHre B KpnobaHK. B HacToALlee BpemAa MognMLMPOBaHHbIA METOA APONNeT-BUTpUdrKaLm
NCMOMb3yeTcA ANA PacLlUMPeHNA KPUOKOMNEKLUN KyNbTypHbIX BUAOB KapTodensa B BUP.

KnioueBble cnoBa: Kaptodenb; KproKoHcepBaLua; AponneT-BUTpudrKaLms; KpnobaHk.

Ana yntupoBaHusa: Nspunenko T.A., lUeauko H.A., Bonkosa H.H., YxaTtoBa 0.B. MoanduumnpoBaHHbiii meToq
aponneT-BuTprdrKauum Ana KPUOKOHCepPBaL MK anekCcoB in vitro pacteHnin KapTodena. BaBunoBckui xxypHan
reHeTuKn u cenekumm. 2019;23(4):422-429. DOI 10.18699/VJ19.505

A modified droplet vitrification method for cryopreservation
of shoot tips from in vitro potato plants

T.A. Gavrilenko 2@, N.A. Shvachko!, N.N. Volkoval, Yu.V. Ukhatoval

1 Federal Research Center the N.I. Vavilov All-Russian Institute of Plant Genetic Resources (VIR), St. Petersburg, Russia
2 saint Petersburg State University, Biological Faculty, St. Petersburg, Russia
@) e-mail: tatjana9972@yandex.ru

Collections of common potato maintained in the field genebanks suffer significant losses due to the impact of
extreme environmental factors, diseases and pests. The solution of the problem of safe long-term preservation of
common potato accessions is to create doublet in vitro and cryo-collections. Cryogenic collections are stored at
ultra-low temperatures in cryobanks. Several methods of potato cryoconservation are known, of which the droplet
vitrification method developed by B. Panis with colleagues in 2005 is the most widely used in genebanks. This paper
provides a detailed description of the modified method of droplet vitrification, which is used for cryopreservation
of apexes (shoot tips) of potato in vitro plants at the N.I. Vavilov All-Russian Institute of Plant Genetic Resources (VIR).
The method modified at VIR includes the main steps of the original droplet-vitrification method developed by
B. Panis and colleagues: 1) preparation of plant material, 2) isolation of shoot tips, 3) treatment of explants with
cryoprotector solutions, 4) freezing/immersion in liquid nitrogen, 5) thawing, 6) post-cryogenic recovery and eva-
luation of viability and regeneration capacity. The modifications of stages 1, 2 and 6 proposed at VIR lead to a
significant reduction in the duration of cryopreservation experiments in comparison with the original method of
B. Panis. This paper presents the results of cryopreservation of modern potato cultivars and South American land-
races which were obtained using the method of droplet vitrification as modified at VIR. The majority (76.7 %) of

© laBpunenko T.A,, LLisauko H.A., Bonkosa H.H., YxatoBa 0.B., 2019



T.A. laBpuneHko, H.A. LLIBauko
H.H. Bonkosa, l0.B. YxaToBa

2019
23-4

MoandurumpoBaHHbIi METOA APONNET-BUTPUGUKaLUM
[NS KPMOKOHCEPBALIMM aneKCOB in vitro pacTeHnii Kaptodens

the studied accessions of cultivated potato were characterized by high rates of postcryogenic recovery (40-95 %)
and 23.3 % of the samples had the values of postcryogenic regeneration from 20 to 39 %, which corresponds to
the minimal permissible values for long-term storage in a cryobank. Currently the modified droplet-vitrification
method is used for further expanding of the VIR potato cryocollection.

Key words: potato; cryopreservation; droplet-vitrification; cryobank.
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BBepeHune

Kosmtekuuu BosaensiBaemoro kaprodeins Solanum tubero-
sum, COXpaHseMbI€ B TTOJIEBBIX TeHOAHKAX, HECYT 3HAUNTEIb-
HBIE MTOTEPU M3-32 BO3AEHCTBHUS SKCTPEMaIbHBIX (DaKTOpOB
BHEIITHEH cpenibl, 3aboneBanuii u Bpeautenei. [Ipaktudeckoe
peteHne mpooIeMbl Ha/IS)KHOTO XPaHSHUS TeHO(OHIA BO3/Ie-
JIBIBAEMOTO KapTo(esisi COCTOMT B (JOPMHPOBAHHH JTyOIETHBIX
in Vitro KOJUIEKLIMI U CO3[JAaHUU Ha UX OCHOBE KPUOKOJUIEKLIUH,
KOTOPBIE I0JITOCPOUHO COXPAHSIOT B KPHOOAHKaX MPH CBEPX-
HI3KKX Temrneparypax (Keller et al., 2006; 'aBpunenko u zip.,
2007; Engelman, 2014; Niino, Valle Arizaga, 2015; Panis et
al., 2016; Vollmer et al., 2016).

B Hacrosiiiee Bpemst pa3paboTaHbl MEeK/TyHapO/JHbIE CTaH-
JapThl reHOaHKOB JJIA JJTATEIBHOTO XpaHCHU S CEMSH B YCJI0-
Busix Hm3KuX temneparyp (FAO, 2014), cormacHO KOTOPBIM
coxpaHsiercsi U kojuieknusi oopasios cemsiH B BUP (Dunn-
nenko, 2007). Yto kacaercs CTaHAAPTOB XPAHEHUS KPHO-
KOJIJIGKLIMH 00pa31ioB BETETATHBHO PAa3MHOKAEMBbIX KYJIBTY,
B 4aCTHOCTH KapToders, TO A0 MOCIEIHEro BPEMEHU OHHU
Haxo/sITCSl Ha CTaAuM aKTUBHOTO oOcyxkaeHus (Kaczmar-
czyk et al., 2011; Niino, Valle Arizaga, 2015; Vollmer et al.,
2016, 2017; YxaroBa, ['aBpuinenko, 2018). /lannast cutyanus
CBsI3aHa C TE€M, YTO HU OJIMH U3 CIIOCOOOB KPUOKOHCEPBALIUH
HE ABJSIETCSl YHU(UIMPOBAHHBIM JUIS ONIPEAEIEHHOTO pac-
TUTEJNBbHOTO 00BeKTa. Harpumep, B MUPOBOH MPaKTHKE IS
KPUOKOHCEPBALUU AlIEKCOB 71 Vifro PpAaCTEHUI BO3/E/IbIBAEMO-
ro kaprodens S. tuberosum WUCTIONB3YIOT METOIBI OBICTPOTO
3aMOpaXnBaHMs: JaporuieT-3amopaxkusanus (Kaczmarczyk
et al., 2011), Burpuduxauuu (Kushnarenko et al., 2017),
nporuteT-suTpudukanun (Kim et al., 2006; Bamberg et al.,
2016; Vollmer et al., 2017). IlepeunciieHHbIE METO/IBI pa3Iya-
FOTCSI TEXHUKOM MCTIOTHEHUS OTACJIBHBIX 3TAIIOB U COCTaBOM
pacTBOpoB ¢ KpuompoTekTopamu (Yxarosa, ['aBpuineHko,
2018). Tak, mpu HUCHOIB30BAHUU METOAA BUTPU(DUKALNU
AKCIUIAHTBI 00pa0aThIBAIOT PACTBOPOM C KPHOIIPOTEKTOPOM
(dame Bcero — PVS2) HemocpencTBeHHO B KPHOMPOOUPKE,
a B BapMaHTE METO/A JIPOIIJICT-3aMOPasKUBAHUSI IKCILIAHTEI
MOTPY>KAIOT B KaIlIv SKUIKOH cpeibl MS ¢ KpHOIIPOTEKTOPOM
(10 % pactBop DMSO), HaHeceHHbIE HA MOJIOCKU (POIIBTH.
Meron aporeT-BuTpr QKA CoueTaeT 0COOCHHOCTH ABYX
MpeaAbILAYIUX METOAOB: OKCIJIAHTBI TIOMCIIAOT B KaIlJIU € pac-
TBOPOM KpHOMpPOTEeKTOpa (Jamie Bcero — PVS2), HaHeceHHbIe
Ha MOJIOCKH (DOJIBrH.

B HacTtosiiiee Bpemst JiiIsl KpHOKOHCEPBALUU KapTodes
IIMPOKO MCHONIB3YETCsI METOJI APOIUIET-BUTPH(PUKAIINH, KaK
HauboJyiee BOCIPOU3BOJUMBINA U MPOCTON B MCIIOJIHEHUH.
W3navansHo Meton 6bL1 paspabotan b. ITanncom c¢ xomme-
ram JUTs KpUOoKOHcepBanuu o0pas3mnoB Oanana (Panis et al.,
2005). B nanpueliniem opuruHaibHbIN poTokon b. [Tannca
ObUT MHOTOKPATHO MOJIUGUIIMPOBAH JJISI PA3JIUYHBIX pac-

TUTENBHBIX 00BbEKTOB, B TOM uncie kaprodemns (Kim et al.,
2006; Bamberg et al., 2016; Vollmer et al., 2017) (ITpnoxe-
uue 1)!. B BUP kpurokoHcepBanus anekCcoB MUKPOPACTEHUIH
KapTodes C MCTIONB30BAHNEM METO/Ia IPOILICT-BUTPUPHKA-
in Obuta Hawata B 2010 1., mpu aTom niportokoin b. [Tannca
TakKe ObLI CyriecTBeHHO Moauduuuposan (/lyHaesa u ap.,
2011; Shvachko, Gavrilenko, 2011; YxaroBa u ap., 2017).
B IMpunoxenun | mpuBeneHsl YeThIpe MOIUPHUKAMH OPH-
THHAJIBHOTO MeToja AporuieT-Butpudukanuu b. [lanuca
(Panis et al., 2005), KOTOpbIe CETOIHS UCTIONB3YIOT TSI KPHO-
KOHCEpBalUU 00pa3loB KapTodesss B BEIYIIMX MHUPOBBIX
renbankax: CIP (Ilepy); USPG (CILA); NAC, NAAS, RDA
(FOxnas Kopes); BUP (P®) (mporoxon IPK, I'epmanus ne
MPUBOJINTCS, TIOCKOIBKY B 3TOM T'eHOAaHKE /10 CHX IOp HC-
MOJIB3YETCsI APOILIET-MeTox). Bee Moanpukanmy BKII0YaoT
IIecTh OOIIMX ATAMOB: 1) MOATOTOBKA PACTUTEIHHOTO MaTe-
puana; 2) u30JALHs alleKCOB MUKpOpacTeHHi; 3) oOpaboTka
SKCIIaHTOB pacTBOopoM PVS2 ¢ kpuonpotexropamu; 4) Kpuo-
KOHCEPBAIHsA/TIOTPYKEHUE B KHIKUH a30T TOJI0COK (POIIBIH ¢
KaruisiMu pactBopa PV S2, B KOTOPBIX HAXOASATCS SKCIUIAHTBI,
5) orTauBaHue; 6) MOCTKPUOTEHHOE BOCCTAHOBJICHHUE U YUYET
perenepannoHHoil criocobHocTH (cM. [lpmi. 1 u pucyHOK).
CpaBHEHHE OPUTHHAIBHOTO M YETHIPEX MOIU(PHUIIMPOBAHHBIX
METOJIOB JPOILIET-BUTPU(DUKAUK TTO3BOJISIET 3aKIIOUUTD,
4TO (haKTUUECKHU KakJas MOAM(UKAIMS OTINYaeTCs 110 IPO-
JIOJDKUTEIIBHOCTH OTZEBHBIX 3TAIOB, COCTABY KYJIBTYPasb-
HBIX CPEJl M YCJIOBUSIM KyJIBTUBHpOBaHus. [10 cpaBHEHUIO C
opuruHasibHbIM MeTozioM b. Ilanuca npennoxenusie B BUP
MOAN(UKALNY 3TATIOB 1, 2 ¥ 6 TIO3BOIMIN CYIIECTBEHHO CO-
KPaTUTh IPOAODKUTEIBHOCTh BCETO IIUKIIA KPHOKOHCEPBAIU
(cm. Ipum. 1).

B nanHo# crarbe MpUBEAECHO MOAPOOHOE OMHCAHIE MOJIH-
¢unmposanHoro B BUP merona aporuier-Butpudukaimu, a
TaKKe MPE/ICTABICHBI PE3YIbTAThl €r0 MCIIOIb30BAHUS IS
KPHOKOHCEPBAIMU aNeKCOB in Vitro pacteHuit 43 oOpasnos
TpeX KyJIbTYpPHBIX BUJIOB KapTodes.

MaTtepwuan nuccnegosaHua

B kadecTBe Marepuaa uccie0BaHKs HCII0JIb30BaHbI 44 00-
pasta u3 in vitro xomnexun BUP, Bkrowas 43 o0pasma Kyib-
TYpHOTO KapToQeist 1 0inH 00pasell JUKOTo BUaa S. spegazzi-
nii (cM. Tabsuiry). OOpasibl KYJIbTYPHOTO KapTodess Obuin
NpENCTaBIEHBl: 5 00pa3aMy TeTPaIUIONIHBIX aHAUNCKHX
a0OpHUTeHHBIX COPTOB — S. tuberosum ssp. andigenum; 7 00-
pastaMu YHIHHCKHX a0OpUTEHHBIX COPTOB — S. fuberosum
ssp. tuberosum; 20 oOpa3naMu aHAMMCKUX AUTUIOMITHBIX
KYJIBTYPHBIX BUJIOB — S. phureja (8 00pa3uoB) u S. stenotomum
(12 o6pa3toB); 10 ceneKHOHHBIMI COPTAMH BO3/IEIIbIBAEMO-

T Npunoxenus 1 1 2 cm. No agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2019-23/appx7.pdf
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ro kaptodens S. tuberosum M OTHAM CEJICKIIMOHHBIM KJIOHOM
NZ-32. Bce 06pasis! paHee ObUTH AETaTbHO 0XapaKTEePH30-
BaHBI 110 YUCITy XPOMOCOM, TEHOTHITHPOBAHbI C HCIIOJIb30Ba-
HueM SSR-MapkepoB U MapKepoB pa3HbIX THIOB LIUTOILIA3M
(Gavrilenko et al., 2010; Antonova et al., 2017).

MeToabi
MuTaTtenbHble cpepbl N pacTBOPbI ANA KPUOKOHCepBauun

Be3ropmonanibHasi cpena Mypacure u Ckyra (MS) tBep-
Jlasi: MaKpOJIEMEHTBI, MUKPOAJIEMEHTHI, BUTaMHUHBI (Mu-
rashige, Skoog, 1962), caxaposa 30 r/i, arap 7 r/x, pH 5.8.
[Tocie TpUroTOBIEHNUS CPENY ABTOKIABUPYIOT.

BesropmonanbHas cpenja MS skukast: MAaKpOCOIH, MUKPO-
counu, Butamunsl (Murashige, Skoog, 1962), caxaposza 30 1/,
pH 5.8. Cpeny HeoOX0a1MMO TTPOABTOKIABUPOBATS.

PactBop LS (Loading solution): ocM0- 1 KpHOTIPOTEKTOP
Ha ocHOBe MS ¢ noGasieHnem caxapossl 136.8 /i1, mmueporna
184 r/n, pH 5.8. [IpuroToBIEHHYIO CPeIy HE aBTOKJIABHPYIOT
u Xpasat B MoposuibHuke npu —20 °C. Ilepen npuMeHeHu-
€M HeoOX0IUMOe KOJMYECTBO CPEIbl CTEPUIIM3YIOT uepe3
CTEPWILHBIN MeMOpaHHbIA GUIBTpP (AuameTp mop 0.45 Mrm)
(Panis et al., 2005).

PactBop PVS2 (Plant Vitrification Solution — BuTpudu-
LUPYIOIINIT PaCTBOP): MAKPOCOJIN, MUKPOCOJIH, BUTAMUHBI U
g 1o MS (Murashige, Skoog, 1962), caxaposa 136.8 r/n
(0.4 M), tmurepon 300 r/1, stwnennukois 150 v/, DMSO
150 r/n, pH 5.8. Cpena He MOIJICKUT aBTOKJIIABUPOBAHHIO U
CTEPUIIN3YETCSI C TOMOIIBIO CTEPHITEHBIX MEMOPAHHBIX (PHITb-
TpoB ¢ pazmepom 1op 0.45 mxwm (Sakai et al., 1990). Xpanurcs
B MoposuibHuKe pu —20 °C.

PactBop RS (cpena ans pazmopakuBaHus): )KAIKAs cpe-
na MS ¢ nobasnennem 410.4 r/n caxapo3ssl, pH B npenenax
5.6-5.8. Cpeny MO)KHO aBTOKJIaBUPOBATh.

Cpena MSTo /Ui 1OCTKpUOT€HHON pereHeparum: MaKpo-
COJIM, MUKPOCOJIH, BUTAMHHEI 10 MS, caxapo3a 20 r/i1, arap
7 t/n, 3earud pudosuxa 0.5 mr/n, YK 0.5 mr/n, 'K 0.2 mr/n
(buToropmMoHBl HOOABIAIOT MOCIE ABTOKJIABHPOBAHUSA),
pH 5.8 (Towill, 1983). Jlyist crepunu3aiiun 6e3ropMOHAIBEHY O
cpeny MS aBTokiaBupytoT. PacTBop pUTOrOpMOHOB CTEpHITH-
3yIOT Yepe3 CTepIIIbHbIN MeMOpaHHBIN (GHIBTp (pazmep mop
0.22 MxMm) 1 100aBISIOT B oxutaxaeHHyo 10 50 °C cpeny MS.

MopuduumpoBaHHbiii B BUP meTop
AponneT-euTpuduKaymm gnsa KPUoKoHcepBaLmn
aneKcoB in vitro pacteHnn Kaptodpens

IepBbiii 3TAN — MOATOTOBKA MUKpOpacTeHuil. OCHOBHas
3ajJia4ya IepBoro 3rarna — MUKPOPa3MHOXKEHUE U TMOIyueHHe
JIOCTATOYHOTO KOJHMYECTBA AlleKCOB ISl IPOBEICHHS TPEX
MOBTOpHOCTEH dKcrepuMenTa. C 3TOH LENbI0 UCTIONB3YIOT
OJIHOY3JIOBbIE MUKPOYEPEHKH in Vitro pacTeHuii kaprodels,
KOTOpBIE BBICAXMBAIOT MO 15-20 mMTyK B CTEKISHHBIE CO-
cynel oobemoM 0.5 11, 3anonHeHHbIe 45—50 MIT THTATEITBHON
arapu3oBaHHO# cpensl MS 6e3 ropmonoB ¢ 30 /11 caxapo3sl
Ha 3—4 Hexenn (CM. PUCYHOK, @). KyTsTHBHpOBaHHE TPOBOMST
Ha CBETOYCTaHOBKE C OCBEILEHHOCTH0 3—4 kik npu 20-25 °C
¢ 16-uacoBbIM (oToTIEpPHOIOM.

Bropoii 3Tan — uzoasiuus dkcnaanToB. Harpasnex Ha o-
Jy4eHHE JIOCTATOYHOTO YHCIIa SKCIIIIAHTOB JUIsl KPHOKOHCEP-

424

A modified droplet vitrification method for cryopreservation
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Balyu. B kauecTBe 3KCIIAHTOB KCIIONB3YIOT alleKChl T0OEroB
MHUKPOpPACTEHUH. J{J1sI H30JIAIIMH arTleKCOB BEIOWPAIOT XOPOIIIO
Pa3BUTHIC MUKpOpacTeHust KapTogerst. Bce paboTbl Ha qaHHOM
JTare NPOBOJSIT CO CTEPEOMUKPOCKOIIOM U CO CTEPUIIbHBIMU
MEIUIUHCKUMU UIVIaMH, HaJCTHIMH Ha JIBAa OZHOPA30BBIX
WMpULa — 110 OJHOMY JUIS KaX10i pyku. JIeBoil pykoii ore-
parop MpMKUMaeT YacTh MHUKpornoodera (MUKpOUEpeHOK), a
MIPaBOIl PyKOH OTCEKaeT JIMCThS M CTEOENb, OCTABIISS alleKe
HETOBPEIKICHHBIM (CM. PHCYHOK, 0, 6). BepXyIiednsie mouku
MHUKpOpacTeHui pazmepom 1.8—2.5 MM oMeIaroT B )KUIKYIO
cpeny MS Ha BpeMs H30JISIIUU OCTATIBHBIX IKCIIIIAHTOB.

OTaenpHO OCTAaHOBUMCS Ha YUCIIE SKCIIAHTOB, HEOOXOIH-
MOM JUIsl HaJIS)KHOTO KpUOXpaHeHus: odpasna. J{is kaxoro
o0pasiia KpHOKOHCEPBALUS BBITIOJIHSETCS B TPEX HE3aBHCHU-
MBIX TIOBTOPHOCTSIX. B Ka)kmol MOBTOPHOCTH OIIBITA H30-
nupytoT 60 skcrnanToB: 10 U3 HUX UCTONB3YIOT B KAU€CTBE
KOHTPOJISI [Tl TPOBEPKH BIMSHHUS MUTATENBHBIX CPEJI, 0CMO- 1
KPHOIIPOTEKTOPOB HA >KU3HECIIOCOOHOCTH JKCILIAHTOB (Oe3
00paboOTKH KUIKUM a30ToM); 20 — MOrpy)KaroT B XKHIKUHI
a30T Ha | 9 14 yueTa pereHepannoHHON CIOCOOHOCTH TTOCIIe
orranBanus; 30 sKkcrutaHTOB (0€3 OTTAaMBaHUs) IEPEAAIOT Ha
JUIMTEIbHOE KpHuoxpaHeHue B Ouokpuoxomiuiekc BUP. Co-
IJIACHO JIUTEPATYypPHBIM JaHHBIM, OHOTO 4Yaca JKCIIO3UINU
9KCIUIAHTOB B XXHMJKOM a30T€ JAOCTATOYHO ISl a/IeKBaTHON
o1leHKH ((HEKTUBHOCTH IIOCTKPUOTEHHOMN pereHepaiuu
(Panis et al., 2005; Kim et al., 2006; Yoon et al., 2006; Kacz-
marczyk et al., 2011; Bamberg et al., 2016).

Tpetuii 3Tan — 00padoTKa IKCIJIAHTOB KPHONPOTEK-
TOPOM, IIPOBOJIAT [T OCMO- M KPHOTIPOTEKIINH IKCIIAHTOB.
Ha sToM 5Tare npuMeHsIoT NByXCTYIIEHYATYI0 HHKYOAIHIO
M30JIMPOBAHHBIX SKCIUIAHTOB: CPa3y MOCIIE U3O0JISIINHU aleKChl
B yamike [leTpn momemaroT Ha 20 MHH IPH KOMHATHOM TEM-
nepatype B pactBop LS, nocie uero ux nepenocst Ha 30 MuH
Ha JIeJl B 3apaHee OXJaKAeHHBINH pacTBop PVS2. PacTBops!
LS u PVS2 conmepxar cMech 0CMO- ¥ KPHOTPOTEKTOPOB
(LS — caxaposs! n mmunepoina, PVS2 — caxapossl, mmieposia,
stuieHrkons 1 DMSO).

YeTBepThlIii 3TaN —3aMOPAKUBAHUE IKCINIAHTOB B JKU/I-
KOM a30Te, 3aKJII0YACTCs B HEMOCPEACTBEHHOM BO3/ICHCTBUH
JKHJIKOTO a30Ta Ha arekchl nobderos. [lepen morpyxennem
B JKHJIKHH a30T MOJATOTABINBAIOT TOJIOCKH AJIOMHUHHEBOM
¢ompru pazmepom 25 x5 MM. CTepHIbHBIM HAKOHEUYHHKOM
HaHOCAT 10 5 Kamesb cpeabl PVS2 Ha xaxayro moJiocKy.
[TepeHOCST IO OAHOMY aNeKkCy B KaXIy0 Karumo (CM. pUCy-
HOK, 2). 3aTeM ITOJIOCKHU ()OJIBTH C SKCIIIIAHTAMH ITOTPYXKAIOT B
KPHOIIPOOUPKH, 3aNI0JIHEHHBIE KUIKHM a30ToM (110 2 1ojioc-
KH Ha TIPOOHMPKY ), TUTOTHO HX 3aKPHIBAOT M OITYCKAIOT B TIepe-
HOCHOH cocyq /Iproapa ¢ >kuaknM a3oToM. Kpronpooupku
repeJ HayaJloM KCIIePUMEHTa MapKHUPYyIOT, 0003HA4YNB Ha-
3BaHME copTa, HoMmep B katasiore BUP u rox 3axiaaku Ha uim-
tesnpHOe Kpruoxpanenune. Cocyn J{proapa ¢ MapKupOBaHHBEIMU
KpHOTIPOOMPKaMH, COJIEPIKALLIMH arleKChl TT00ETOB, Iepe/IatoT
B OMOKPHOKOMIUIEKC Ha JJIUTEIbHOE KpHOoXxpaHeHue. s
OLICHKH YaCTOTHI TOCTKPHOTEHHOM perenepaniy 00pasIos J10-
CTaTOYHO MOIPY3UTh KPUOITPOOUPKY B )KUAKHUI a30T Ha OJIUH
yac. OJJHOTO Yaca SKCIO3ULUH B XKHUIKOM a30T€ JOCTATOUHO
JUTS aICKBaTHOM OIIeHKH Y PeKkTHBHOCTH pereHepanuu (Panis
et al., 2005; Kaczmarczyk et al., 2011).

IIaTelil dTam — oTTauBaHue. DTOT 3TAll HEOOXOIUM IS
OLICHKH YacCTOTHI TIOCTKPHOTECHHOW pereHepaniy o0pasiios.
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MopnndrumnpoBaHHbI MeTOA [POMeT-BUTpUPrKaumnm
[NS KPMOKOHCEPBALIMM aneKCOB in vitro pacTeHnii Kaptodens

Step 3

‘ Step 6

Stages of cryopreservation of potato accessions by the droplet vitrification method modified at VIR:

(a) In vitro micropropagation of plants (step 1); (b) Isolation of shoot tips of in vitro of plants; (c) An isolated explant (step 2); (d) Incubation of the explants in drops
of the PVS2 cryoprotectant solution immediately before immersion into liquid nitrogen (step 3); (e) Post-cryogenic regeneration of a sample of S. stenotomum,
k-11053 (112) on the 6th week of cultivation after freezing—thawing; (f) Post-cryogenic regeneration of a sample of S. phureja k-99 (P7-20a) on the 8th week after

freezing-thawing (step 6).

[omockn (oabru ¢ 3KCIIAHTaMH M3BJIEKAIOT ITHHIETOM M3
JKMJIKOTO a30Ta M OBICTPO MOTPYXKAIOT UX B pacTBOp RS Ha
15 muH. 3aTeM JKCIUIaHThI TIEPEeHOCAT B yamku [letpu co
cpenoit MSTo.

IllecToii 3Tan — U3y4yeHue COoCOOHOCTH 00pPa3LOB K
NMOCTKPHOTEHHOMY BOCCTAHOBJIEHHIO (OIIEHKA YaCTOThI
MOCTKPHOTeHHOIi pereHepanuu). Yamku Iletpu ¢ sKc-
mnaHTamu Ha cpene MSTo nmomeraroT Ha CBETOYCTaHOBKY €
OCBEIEHHOCThIO 3—4 KK, Temmeparypoit 20-25 °C u 16-ya-
coBbIM (oToreprosoM. DHHEKTUBHOCTh BOCCTAHOBICHHS
rocie KPHOKOHCEPBAIMH JUTSl KKI0To 00pasiia OIeHHUBAIOT
Ha 8- Hezlesie Oecrepeca oyHOro KyJbTHBUPOBAHHUS I10 I10-
KazaTeJsiM: 1) JKU3HEeCTIOCOOHOCTH SKCIUIAHTOB (YHCITO0, % 3e-
JIEHBIX MOYeK Ha nutarenbHoil cpene MSTo; mapannensHO
YUUTBIBAIOT U MPOLIEHTHOE COJEP)KaHWE HEKPOTHU3UPOBAB-
IIUXCS SKCIIAHTOB) M 2) PETeHEPaImOHHON CITOCOOHOCTH
(amncno, % SKCIIAHTOB, c(hOPMHUPOBABIINX MHKPOITOOETH)
(CcM. PUCYHOK, €). DTH 1oKa3aTeIn BHOCAT B TaOJIUILy PeKo-
Menmyemoro obpasma (I[Ipui. 2), BEIYHCISIS cpeHue 3Ha4e-
HUSI TI0 TPEM HE3aBHCHUMBIM IIOBTOPHOCTSIM OIIBITA C MOZICYe-
TOM OIMOKH cpenHero. CTarucTHYeCKy 0 00pab0TKy JaHHBIX
MIPOBOJIAIT C UCTIOIB30BAaHNEM METO/IOB OTHCATENILHOH CTaTh-
CTHKH. BimsiHne Qaxkropa «reHOTHID» OLECHUBAIM METOJOM
OIHO(AKTOPHOTO aHAJN3A.

MuHUMaIbHBIE 3HAYEHHS YaCTOTHI TOCTKPUOTEHHOM pere-
Hepanuu o0pasia, IepejaBaeMoro Ha JUTUTENTbHOE XpaHeHNE

B KpHOOAHK, YETKO HE PErNIaMEHTHPOBAHBI; STOT BOIIPOC, C
MOIPOOHBIM aHAIIM30M ITOJIXO/IOB K pacueTaM 3HauCHHH JaH-
HOTO MOKa3arelisi B 3aBUCHUMOCTH OT YHCJIa COXPaHSIEMBIX
9KCIIIAHTOB, TOAPOOHO 00Cy K maeTcs B 003ope (Yxartosa, I'aB-
punerxo, 2018). Panee MexayHapoqHble OpraHU3aIlH, 3a-
HUMAIOLIHECs BOIPOCAMHU COXpPaHEHHUs OMOopazHOOoOpa3us,
PEKOMEH/IOBAJIM BKJIIOYATh B KPHOKOJUIEKIIMN 00pasIbl, Jac-
TOTa IIOCTKPHOTCHHON pereHepanni KOTOPBIX COCTaBISET HE
menee 20 % (IPGRI, 2000). B vacTosiiiee Bpems B OTACTBHBIX
reHOaHKax PUHAT Ooee XKECTKUI periaMeHT: JUTs 3aKJIa KK
o0pasiia B KpHOOAHK PEKOMEHIYETCsl MUHIMAJIBHO JOITYCTH-
Mast 4acToTa MOCTKPHOTEHHOW pereHepanny SKCIIAaHTOB He
Hiwke 39 % (Panis et al., 2016).

B BUP kprokoruiekims KapTodels opMUpyeTCcs COTIIACHO
CJIEJLYIOIIMM TPEOOBAHUSIM: JUISl ONIPE/ISIICHHUS] YaCTOThI ITOCT-
KPHOTEHHON pereHepannuy KakKIoro odpasna HeoOXoammo
MIPOBE/ICHUE TPEX HE3aBUCHMBIX ITOBTOPHOCTEH KPHOKOH-
cepBalyu. B cOOTBETCTBUU C MOJY4YEHHBIMU pE3yJIbTaTaMH
MOCTKPHUOT€HHOTO0 BOCCTaHOBJIEHHsT 00pasiibl nquddepeHin-
PYIOTCS Ha TpHU Ipynmbl: A) oOpasibl ¢ BEICOKOW 4acTOTON
MOCTKPUOTeHHOH pereneparuu — Bbie 40 %; B) oOpasibl
CO CPEJHMMH IOKa3aTeJsIMH 4acTOTHl pereHepanud — OT
21 o 39 %; B) o0pasubl ¢ HU3KOH pereHeparoHHON CII0-
coOHOCTBIO — HIKE 20 %. OOpasibl U3 IEePBBIX ABYX IPYII
(A u B) cunTarorcs HaJe)KHO COXpaHSIEMBIMU B KpHOOaHKe,
00pa3ibl n3 TpymnIsl B TpeOyroT MHANBHYaIbHOTO TOAXO0A —
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100 yBEIMYEHUsI YKcia TOBTOPHOCTEH, IMOO0 JanbHenen
MOIUHUKAIIII METO/a APOTUIeT-BUTpUUKauu (Yxarosa,
laBpuienxo, 2018).

MowaroBblin NPOTOKON

1.

10.

11.

12.

13.
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OnHOY37I0BBIE MUKPOYEPEHKH i Vitro pacTeHHH KapTo-
(enst BeicaauTh 110 15-20 MITYK B CTEKISIHHBIE COCYIIBI
oobsemoM 0.5 11, 3anmonHenHble 45-50 M1 mUTATEILHON
arapu3oBaHHOM cpenbl MS 6e3 ropmonos ¢ 30 r/i ca-
Xapo3bl, U KyIbTUBUPOBAaTh B TeueHUe 3—4 Henenb npu
2242 °C, poromnepuone 16/8 (cM. pUCYHOK, a).

.B JJaMHUHape € UCIIOJIb30BaAHUCM CTCPCOMUKPOCKOIIA AT

Ka)K/I0# IIOBTOPHOCTHU U30JIMPOBATH CTEPUIILHBIMU UTJIa-
MH, 3aKpeTUICHHBIMH Ha ImpHuIax, 60 amekcoB MUKpPO-
pacrtenuii kaprodenst pazmepom 1.8-2.5 mm (cM. pucy-
HOK, 0, 6).

. I/ISOJ'II/IpOBaHHBIe AIIEKCBI IOMECTUTH B CTEPUIIBHYIO OOHO-

Pa30BYIO IUTACTHKOBYIO Yamky [leTpu (auamerpom 6 cm)
¢ 5 MJI KUJIKOM cpesibl MS 10 OKOHYaHHMsI U30JISLIMN BCEX
OCTaJTbHBIX YKCTIIAHTOB.

. I[OBaTOpOM CO CTCPUJIIbHBIM HAKOHCYHUKOM oobemoM 1 M

wim crepwibHOM nunerkoit [lacrepa oobemom 2-3 mut
YOATUTB KUIKYIO cpexy MS u3 wamku [letpu. Crennts
3a Te€M, YTOOBI alleKChl HE MOTaJIM BHYTPb HAKOHEYHHKA.
HakoHeYHMK CMEHUTS.

. Jl03aTopoM €O CTEpHIBbHBIM HAaKOHEYHHKOM 00BEMOM

1 mur mnm crepunpHOi nunerkoit ITactepa oobeMom
2-3 mu no6aButh B yaniky Ilerpu 5—10 mut pactBopa LS
TakK, YTOOBI BCE alleKChI OBUTH UM MOIHOCTBIO MOKPBITHI.
OctaButsh B 1aMuHape Ha 20 MUH ITPU KOMHATHOMU TeMITe-

patype.

. 103aTopoM €O CTEepHIBbHBIM HAKOHEYHUKOM 00BEMOM

1 mut mim crepunbHOi nunerkoit ITactepa oobeMom
2-3 mut ynanuth pactBop LS u3 yamku [letpu. Cnenuthb
3a TeM, 4TOOBI aTlleKChI HE MO BHYTPh HAKOHEYHUKA.
HakoHe4uHWK CMEHUTD.

. J103aTopoM CO CTEepUIIbHBIM HAKOHCYHUKOM 00beMOoM 1 Mt

i crepuibHON munetkoi [lactepa oobemom 2—-3 M
BHecTH B yaniky [letpu 5—10 mu1 3apanee oxJ1axJ1€HHOTO
pactBopa PVS2 tak, 4To0BI BCe arnekchl ObUIM UM T10J1-
HOCTBIO MOKPBITHL. OcTaBuTh vamky [lerpu ¢ anexcamu
B JlamMuHape Ha 30 MHH Ha XJIaI03JIEMEHTE.

. Cnyctsa 20 MuH MHKyOanuu anekcos B pactsope PVS2

Ha4yaTh MOATOTOBKY IMTOJIOCOK aJFOMUHHUEBOI (DONBIH: B
CTeKJISIHHY10 yaky [letpu nuamerpom 10 cM nuHLIETOM
moMeCcTHTh 10 MOJI0OCOK CTEPHIIbHON (OTBIH.

. J103aTopoM €O CTEpHIbHBIM HAKOHEYHHKOM 00BEMOM

10 MKJ WU TUCIIEHCEPOM HAaHECTH Ha KaXAYH IO-
JIOCKY 10 5 karenb pactBopa PVS2 oOosemom 2.5 MK
Kask1asl.

[1a3HBIM TUHIIETOM EPEMECTUTH IT0 OTHOMY aIeKCy M3
IJIaCTUKOBOM yaiku [leTpu B KaKTyro Karuito Ha [0JIOCKE
tompru. JlecaTs amekcoB OCTAaBUTHh B MCXOIHON HaIlke
[etpu (cM. pHCYHOK, 2).

[IpoBecT MapKUPOBKY ISTH KPHOMPOOHUPOK, yKa3aB
Ha3BaHME W HOMEp KaTtayjora o0pasma, a Taxke ToJ Ipo-
BEJICHUS KPUOKOHCEPBAIIHH.

HOCTaBI/ITb B J'IaMl/IHap HeHOHHaCTOBbIﬁ mITaTuB AJIsd
KPHOIIPOOHUPOK.

HanuTe B IITaTUB XKUAKHUHA a30T.

A modified droplet vitrification method for cryopreservation
of shoot tips from in vitro potato plants
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OTKpbITBIE MapKUPOBaHHbIE KPUOMPOOUPKH O OJHOU
CTaBUTh B IITATUB, 3aIIOJTHEHHBIH )KHUAKAM a30TOM; KPBIIII-
KH CKJIaJbIBaTh B MyCTYIO CTEKJIIHHYIO yanky I[leTpu.
Bce kpronpoOupKy MOIHOCTHIO 3aJIUTh KUJIKUM a30TOM.
. [Hocne 30-muHyTHOH MHKYOanuu B pactBope PVS2 mo-
J0CKHU (DOIIBTH € arleKcaMu OBICTPO MOTPY3HUTH 110 OAHON
B KQKIYI0 KPHOIPOOUPKY, JOJIUTh KUIKHN a30T 10 KpaeB
Y TIOMECTHTH B KJKAYI0 KPHOIPOOHPKY BTOPYIO MOIOCKY
(hosBry C aneKkcamu.

KpuornpoOupku 3aKphITh, IEPEHECTH UX U3 HITATUBA B 3a-
IIOJIHEHHBIN XKUIKUM a30TOM cOoCya J{proapa 1 IoCTaBUTH
B MOPO3HJIBHUK HA OJIMH 4ac.

[TocTaBuUTh B JTaMHUHAP CTEPUIIBHYIO OTHOPA30BYIO IJIac-
THKOBYIO damky Iletpu (qmamerpom 6 cm).

Hanutse B wamky Iletpu 15-25 ma pacteopa RS mpu no-
Mol crepuiibHO# nunerku [Tacrepa oobemom 3—5 mut.
ATeKchl, OCTaBJIEHHbIE B MCXOAHOM yamike [letpu ¢ pac-
TBOpoM PVS2, rma3HeIM MUHIETOM MEPEHECTH B YALIKY
ITerpu ¢ pactBopoM RS u octaButTh Ha 15 MuH npu
KOMHATHOU TeMIiepaType (BapuaHT KOHTPOJ «— LN»).
UYepes 15 MUH KOHTPOJIBHBIE all€KChl U3BIEYb MUHIETOM
u3 pactBopa RS u momectuts ux B yamiky Iletpu co cpe-
noit MSTo 1t TOCTKPHOTEHHOTO BOCCTAHOBJICHHS.
Yammky [Terpu 3akpbITh apauiaMoM, MOANUCATH Ha3Ba-
HHe 00pa3ia, HOMep MOBTOPHOCTH OIBITA, ATy U CIOBO
KOHTPOIB» WIN «—LN», 0603Hagasi OTCYTCTBHE dTara
HOTPYKEHUS HKCIIJIAHTOB B KUK a30T.

Yamky Ilerpu nocTaBuTh Ha CBETOYCTAHOBKY.

ITo mpormrecTBIM OAHOTO Yaca KPHOKOHCEPBAIIMH B JKH/I-
KOM a30T€ JOCTaTh U3 MOPO3HWIbHMKA cocyd Jproapa ¢
KPHOIIPOOUPKaAMHU.

ITocTaBUTH B JIaMHUHAP HEHOIIACTOBBIM INITATUB IS
KPHOTIPOOUPOK.

Hanute B I1TaTUB XKUIKUN a30T.

[MuHIEeTOM HOCTATh IBE KPHOTIPOOMPKH U3 cocyra Jlproa-
pa ¥ IOMECTUTH UX B IITATUB, aKKyPaTHO OTKPBITh KPHO-
MPOOUPKH U AOJIUTH B HUX XKUJIKUH a30T.

BBICTPBIM M TOYHBIM JIBHKEHHEM INUHIIETA MEPEHECTH
MOJOCKU (DOJIBTU C IKCIUIAHTAMH U3 KPUONIPOOMPKH B
yaiky [lerpu ¢ pactBopoMm RS 1 octaBuTh Ha 15 MuH nipu
KOMHATHOH TeMIiepaType (BapHaHT «OIBIT» WK «+LN»).
Uepes 15 MUH «KpHOKOHCEPBUPOBAHHBIE» AEKCHI U3-
BJI€Ub MHUHIIETOM U3 pacTBopa RS u momecTuTh uX B
yamky [letpu co cpenoit MSTo mist MOCTKPUOTEHHOTO
BOCCTAHOBIICHHUS.

Yawku [lerpu 3akpbiTh napaduiaMoM, NOANKCATH Ha3Ba-
HHE 00pa3ia, HOMEp MOBTOPHOCTH OIIBITA, ATy U CIIOBO
«ombIT» WK «+LN», 0003Hadas 3Tan NOrpy>KeHus Kc-
IIJIAHTOB B >KUJIKUH a30T.

31. Yamxku [leTpu mocTaBUTH Ha CBETOYCTAHOBKY.

Heo6xogumbie matepuasnbl u o60pyaoBaHue

Becwr ananutnueckue ¢ TouHocThio 10 0.01 1

pH-meTp;

AJIEKTPOILINTKA C BOASHOI OaHel Wi MUKPOBOJIHOBAs IIE4b
JUISL PACTBOPEHUS arapa;

XOJIOAWJIBHUK JUTS XpaHEHHsI pab0vYHMX pacTBOPOB U Peak-
TUBOB;

aBTOKJIAB;

CyXOXKapoBbl€ MIKA(BI YIS CYIIKH U CTEPHIIN3ALNH MOCY/IbI;
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Indicators of post-cryogenic recovery of potato accessions cryopreserved
by the droplet vitrification method modified at VIR

No. Potato variety Ploidy Accession  Control (without freezing) (-LN) Indicators of post-cryogenic recovery
level® no.in after freezing-thawing (+LN)
the VIR Viability, % Regeneration Viability after Regeneration rate
catalogue rate, % thawing, % after thawing, %,

* (Gavrilenko et al., 2010)
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e JIAaMHHApPHBIN OOKC ¢ TOPU3OHTAIBEHBIM ITOTOKOM BO3/IyXa;

o CTEPEOMHUKPOCKOIL;

+ CBETOYCTAHOBKHM B KOMHATaX C TEPMOPETYIALNCH HITH KITH-
MaTHYECKUE KaMephl;

« cocyn Jlproapa 00beMoM 25 11 15t XpaHSHHUS )KUIKOTO a30Ta;

« cocyn Jrroapa mm Tepmoc oobemom 0.5—1 11 1yt mpoBee-
HUSI KPHOKOHCEPBAIMH U IIEPEHOCa KPUOKOHCEPBUPOBaH-
HOTO Marepuaia B KpuoOaHK;

e WHCTPYMEHTHI U PACXOJHbBIC MaTCpPHAIbl: MUHIETH pa3-
JIMYHOTO pa3Mepa, NpenapaBaIbHbIC UL, CKAIBIICIIH, HOX-
HHUIIBI, KPHOTIPOOUPKH 00beMOM 1.8 MJ1, CTepHIIbHBIE MEM-
OpanHbIe (PUIBTPEI, KUIKAN a30T.

Pesynbratbl
Pesynprarer kprokoHcepBamn 44 06pa3IoB KapToQers, BbI-
MIOJIHEHHOM € UCTIOJIb30BaHNEM Mo duimpoBanHoro B BIP
METO/Ia IPOILIeT-BUTPU(BHUKALIUH, IPEICTABICHBI B TAOIHIIE
1 Ha PUCYHKE.

B Bapuante koHTpOIs «—LN» (6e3 morpy>KeHust arnekcoB
B JKUJIKMI a30T) YHMCJIO YKU3HECIIOCOOHBIX M pereHepupo-
BAaBIIMX HKCIIAHTOB COBIA/ANO0: (PAKTHUECKH BCE BBDKHB-
M KCIUIAHTHI OBIIM CIIOCOOHBI K pereHepannu. Yacrora
pereHepanuu B KOHTpolsie Bappuposaia ot 60.3 mo 100 % u
CYIIECTBEHHO HE 3aBHCENa OT reHoTHMa. ToNbKo y 01HOTO 00-
pasua S. spegazzinii OTMEUEH CPaBHUTEIBHO HU3KHH YPOBEHB
pereHeparmu B KoHTpode (53.3 %) (cM. Tabnuiy).

Bonbmras gacts (76.7 %) n3ydeHHBIX 00pa31oB KyJIETYpPHO-
TO KapTodeJIst MPOsIBUIIA BEICOKYIO 9aCTOTY MOCTKPUOTEHHOM
pereneparmu (40.0-94.9 %) u Bouwia B rpynmy A (cM. Tab-
muny). I'pynmy b coctasnmm 23.3 % 00pa31oB KyJabTypHOTO
KapTodens, y KOTOPBIX CPEeHsI 9acTOTa MOCTKPUOTEHHOTO
BoccTaHOBIEHUsI BapbupoBaina oT 20 10 35.5 %, 9To cooTBeT-
CTBYET MPEACTBHO JOMYCTUMBIM MUHUMAJIbHBIM 3HAUCHUSIM
3aKJIaJKU Ha JUIMTEJIbHOE XpaHeHne B Kprobank. Hanbosee
HHU3Kasl 4acToTa pereneparuu nocie orraubanus (13.3 %)
3aukcupoBaHa y oOpasiia TuKoro Buaa S. spegazzinii. Bepo-
STHO, JUIS JAHHOTO 00pa3na HeoOXOIUMBbI TOTIOITHUTEIbHBIC
AKCIIEPUMEHTHI 110 T10JI00PY ONTHMAIIBHBIX YCIOBHH KpPHO-
koHCcepBanuu. OT™MeTHM, 9TO MoAu(uIpoBaHHbI B BUP
METOJI IPOILIET-BUTPU(UKALINYU pa3padaThIBaJICS I KPHO-
KOHCEPBAIMH KYJIBTYPHBIX BUIOB KapToheist — abOPUTreHHBIX
1 CEJIEKIIHOHHBIX COPTOB.

OTMeueHa JI0CTOBEPHAs MOJOKUTEIbHAST KOPPEIISIIIHS
(0.99; p < 0.05) Mexmy MmoKa3are/IIMU JKU3HECIIOCOOHOCTH
U PEreHEepalOHHON CIIOCOOHOCTH 3KCIUIAHTOB B KOHTPO-
ne (-LN), a Taxke cTaTUCTUYECKH 3HAUYMMasi IOJIOKUTEIb-
Has koppersiuus (0.88) MexIy ypOBHSAMH MOCTKPHOTEHHON
JKU3HECTIOCOOHOCTH M PeTeHEPAIIMOHHON CITOCOOHOCTH IKC-
IUIAHTOB TOCIIEe 3aMopakuBaHus—oTTanBaHus (+LN). [Toka-
3aTeI )KU3HECTIOCOOHOCTH IKCIUIAHTOB B KoHTpoie (—LN) u B
BapuanTe KprokoHceparn (+LN) He koppemmposanu (0.55;
p>0.05), KaK ¥ TTOKa3aTeJIH PEreHePAIIMOHHON CIIOCOOHOCTH
(0.53; p>0.05).

YpoBeHb MIIONTHOCTH U BHOBAsI TPUHAUISKHOCTH 00pa3-
1I0B KYJIBTYPHBIX BHJIOB KapTo(erst He OKa3bIBaJId 3HAYHUMOTO
BIUSHUS HA YaCTOTY MOCTKPUOTEHHOM perenepanuu. Cyiie-
ctBerHOE (p < 0.05) BIUSHHUE HAa YAaCTOTY TOCTKPHOTEHHOMN
pereHepanuu 1nocie OTTauBaHMs OKa3blBaJl TEHOTHIL. [ pym-
nel A 1 b copmupoBasiuch BHE 3aBUCUMOCTH OT BHJIOBOI
MIPUHAUISKHOCTH 00Pa3IOB ¥ NX YPOBHSI INIOWIHOCTH.

428
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3aknioyeHune

CyI1IecTBYIOIIIE METO/IBI KPHOKOHCEPBALIMH COPTOB KapTode-
JId HE ABJIAIOTCA YHUBEPCAJIBHBIMU U TpeGyIOT IIOCTOSHHOT'O
COBEPILICHCTBOBAHMSA, YTO OCOOCHHO aKTyaJIbHO IpH padoTte
¢ OOJIBIIMMU KOJUICKIUSIMH, BKJIIOYAIOIMMH IIHPOKOE TeHe-
TH4eckoe pasHooOpasue. Ha ceroqusmramii 1eHb B MEPOBBIX
reH0aHKax a7 KpHOKOHCEpBaluu Kaptodens Hanbomee
IIMPOKO UCTIONB3YETCS] METO IPOILIET-BUTPH(DUKAIINH, pa3-
paborannbiii b. [lanucom (Panis et al., 2005). [To cpaBHeHUIO
C OPUTMHAJIBHBIM METO/OM IipeasiokeHHble B BUP monu-
(pmKanny TMO3BOJISIOT CYIECTBEHHO COKPATHThH MPOIOJIKHU-
TCJIBHOCTD 3KCIIEPUMCHTOB 110 KPUOKOHCEPBAIIUU, ITPU 3TOM
6oubiast 9acTb (76.7 %) U3ydeHHBIX 00pa3IoB KyJIbTYPHOTO
KapTogelss UMesa BBICOKHE TTOKa3aTesly ITOCTKPUOTEHHOTO
BoccranoBneHus (40-95 %) u 'y 23.3 % 00pasioB cpeaHss
4acTOTa MMOCTKPUOTEHHOTO BOCCTAHOBIICHHS BapbUpOBasia
ot 20 no 39 %. B nHacrosmee Bpemst MOAH(UIMPOBAHHBII
METOA IpOIUIeT-BUTpU(PUKanNN ncnoias3yercs B BUP s
PpacIIMpeHNs KPHOKOJUIEKIIUH KYyJIBTYPHBIX BUIOB KapTodes.
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Hcrnonb30oBaHMe MeToa IyTeBbIX KO3pPuiimeHToB S. Wright
IIJISI CTAaTUCTUYECKOTO aHa/In3a CUCTEeMBbI
B3aMMOCBSI3aHHBIX IIPU3HAKOB puca

AL HaAaMap!{yKl, M.P. Kosauenko?, C.J1. CesatTuenko? @

1 MHCTUTYT prca HaumoHanbHoM akaiemui arpapHbix Hayk YKpauHbl, ¢. AHTOHOBKa, CKafoBCKUiA paiioH, XepcoHcKas obnacTb, YKpauHa
2 WHcTuTyT pacteHmeBoacTtsa um. B.A. lOpbeBa HaumoHanbHOM akagemny arpapHbiX Hayk YKpanHbl, XapbKoB, YKpanHa
&) e-mail: yurievregion@gmail.com

B HacTosALwee Bpema akTyaneH nyteBoi aHanu3 S. Wright npoayKTMBHOCTM pacTeHuit. Lienbto nccnepgosaHmnin 6oino
onpefennTb NapHble KO3bPULMEHTbI Koppenauuii 1 nyTesble KoapduureHTsl S. Wright nprsHakos copToB purica 1
Ha X OCHOBE BbIABUTb BKAZ KaxJoro 13 HUX B NPOAYKTUBHOCTb pacTeHus. MicxogHbiM MaTepuranom 6binv 10 cop-
ToB puca. OnbiTbl NpoBeaeHbl B 2013, 2014 1 2016 IT. B YCNIOBUAX OPOLLUEHNA Ha OMNbITHOM nose MHcTuTyTa purca Ha-
LIMOHaNbHOWN akageMun arpapHbix Hayk YKkpauHbl. [Toces ocywectenanu ceankon CKC-6A c Hopmow BbiceBa 7.0 MH
BCXOXMX ceMAH Ha 1 ra. MNpeflwecTBeHHUK — ntouepHa. Mnowagb agenaHkm — 5 M2, mexaypaaba — 15 cm. AHanmsupo-
Bany pacTeHVA No npr3Hakam: NpoayKTMBHOCTb (Macca 3epHa) pacTeHunsA, Macca BCell MeTenkuy, Macca 3epHa ¢ 6o-
KOBbIX CTebneil, NPOAYKTUBHAA KYCTUCTOCTb, KONMYECTBO 3€PEH B METEJTKE, KONMYECTBO KOJIOCKOB B MeTesIKe, Macca
1000 3epeH, macca 3epHa C MeTesKM, BbICOTa PacTeHUA, AJIHA W MIIOTHOCTb MeTeNKU, KOIMYECTBO NMYCTbiX KONOCKOB
B MeTesIKe, NycTo3epHOCTb. [apHble KoadduumeHTbl Koppenauun onpegenanu no metoguke b.A. locnexosa, ny-
TeBOW aHanu3 — no metoguke S. Wright no pa6ote A.M. Cegnosckoro, C.IM. MaptbiHoBa 1 J1.K. MamoHoBa (1982).
OnpepeneHa Koppenauma NpoayKTMBHOCTM € 12 KONNYECTBEHHbIMU MPU3HaKaMK prca: TeCHasA — C MacColr 3epHa
c 60KOBbIX cTebrel; cpefHAA — C MacCON BCel METENKMN U C Maccoii 3epHa ¢ meTesnikin. CornacHo nyTeBoMy aHanmsy
NPOAYKTUBHOCTU PacTEHUIN, KOPPENALMA NPU3HAKOB PacTEHMI C NPOAYKTUBHOCTBIO 3aBUCUT Kak OT MPAMbIX, Tak
N OT KOCBEHHbIX 3GPEeKTOB BAVNAHUA KaXXAOro Npri3Haka Ha NPOAYKTUBHOCTb. YCTaHOBMIEH OTHOCUTESbHbIN BKNag
BUAHUA KaXKAOro 13 12 nccnepgyemblix NPU3HAKOB Ha NPOOYKTUBHOCTb Prca, Kak NPAMON (HenocpenCcTBEHHbIN),
TaK 1 KOCBEHHbIN (MOOOYHbIN) 3pdeKTbl UX NPV B3aMMOAENCTBUN C APYTMMY NMPU3HaKaMU. 3TO JaNio BO3MOXHOCTb
PacKpbITb MPUYMHBI U CNEACTBMA B3aMMO3aBUCMMOCTEN MeXAY MPU3HaKamMy 1 BbIAENNUTb CeNeKUMOHHO-LEHHbIe
na otbopa Npr3HaKK, Takme Kak Macca Bcell MeTesK/ U NPOAYKTUBHAA KyCTUCTOCTb, KOTOPbIe MMeny HanbonbLunii
npaAmon 3¢ eKT BAMAHUA Ha NPOAYKTVBHOCTb N AOCTOBEPHYIO KOPPENALMIO C HEl.

KntoueBble cioBa: puC; COPT; NPU3HAK; NPOAYKTUBHOCTb PacTeHUSA; KOppenAumsa; NnyTeBon aHanus; BKNag Konunye-
CTBEHHOTO NMPU3HaKa B MPOAYKTUBHOCTb; CENEKLNMOHHOE 3HaYeHmne nprsHaka.

Ana yutuposanua: MNanamapuyk [.M., Kozauenko M.P, CeatyeHko C.U. icnonb3oBaHme meTofa nyTeBbIx KO3GdurLm-
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Use of S. Wright’s path coefficient method
for statistical analysis of interrelated traits in rice
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S.Wright's analysis of plant productivity is of great current interest. The research objective was to determine the pair
correlation coefficients and S. Wright's path coefficients for rice varieties and, on their basis, to identify the contribu-
tion of each of them to the plant productivity. Ten rice varieties were taken as the test material. The experiments were
conducted in the irrigated experimental field of the Institute of Rice of the National Academy of Agrarian Sciences
of Ukraine in 2013, 2014 and 2016. Seeds were sown with an SKS-6A manual seeder; the seeding rate was 7.0 min
germinable seeds per hectare. The predecessor was alfalfa. The plot area was 5 m?; the sowing distance was 15 cm.
The plants were analyzed for the following traits: plant productivity (grain weight), panicle weight, grain weight
from side stems, productive tillering capacity, grain number per panicle, spikelet number per panicle, 1000-grain
weight, grain weight per panicle, plant height, panicle length and density, empty spikelet number per panicle, and
incidence of blind seed disease. Pair correlation coefficients were determined by B.A. Dospekhov’s method; path
analysis, by S. Wright's method. The correlations of productivity with 12 quantitative traits of rice were determined:
the correlation was close with the grain weight from side stems and medium with the panicle weight and with the
grain weight per panicle. Path analysis of the plant productivity established that the correlations of plant traits with
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Mcnonb3oBaHue MeTofa nyTeBbIX KO3OULMEHTOB
S. Wright gna npusHakoB puca

the productivity depended both on direct and indirect effects of each trait on the productivity. The relative contribu-
tion of each of the studied 12 traits to the rice productivity was determined; both direct and indirect effects of their
interactions with other traits were evaluated. This made it possible to discover causes and consequences of interrela-
tions between the traits and, as a result, to choose valuable-for-selection traits, such as panicle weight and produc-
tive tillering capacity, which had the greatest direct effects on the productivity and significant correlations with it.

Key words: rice; variety; trait; plant productivity; correlation; path analysis; contribution of a quantitative trait to

the productivity; selection value of the trait.

For citation: Palamarchuk D.P, Kozachenko M.R., Sviatchenko S.I. Use of S. Wright's path coefficient method for
statistical analysis of interrelated traits in rice. Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov Journal of Genetics and
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BBepeHune

O} PeKTHBHOCTD HCIIONB30BaHUS UCXOMHOTO MaTepraja B
CEJIEKIIMU 3aBUCHT OT BO3MOKHOCTH YCTaHOBHTH OCOOEH-
HOCTHU KOJMYCCTBCHHBIX IMPHU3HAKOB paCTeHHﬁ, OCHOBHBIM
U3 KOTOPBIX SIBIISIETCS MPOAYKTHBHOCTB, MIIM Macca 3epHa C
pacrenusi. Ha ypoBeHb NpOIYKTUBHOCTH BIMSIIOT KaK YCIIO-
BUSI BHEITHEN Cpe€anbl, TAK U TCHOTUIINYCCKUC 0COOEHHOCTHU
XapakTepa IPOSBICHHS OTISIbHBIX IIPU3HAKOB HCCIIEYEMBIX
00BEKTOB. B CBSI3M ¢ 3TUM CEJIEKIMOHHYIO OIEHKY COPTOB
1eJIeco00pa3Ho MPOBOAUTH HE 10 OTACIBHBIM IIPH3HAKAM, a
C Y4ETOM X B3aMMO3aBHCHMOCTH, OIPEENIEMOH METOJOM
KOPPEJSIMOHHOTO aHaJM3a. DTO MO3BOJISIET Y3HATD, B KAKOH
CTENEeHU U3MEHSIETCS OCHOBHOM IIPU3HAK, B YaCTHOCTHU IIPO-
JTYKTHBHOCTB PACTEHHS, B 3aBUCUMOCTH OT 3HaYCHUH NPYTUX
MPU3HAKOB, B PE3YJIBTATE YET0 BO3MOXEH IPOTHO3 3P HeKTHB-
HOCTH 0TOOpa yKe IO HUM.

Ha Ba)XHOCTB yCTAHOBIICHUSI KOPPEISIINI pa3IMUHbIX IPH-
3HAKOB pacTeHui Ayt onpeaenenus apdexTuBHOCTH 0TOOpa
IO OT/EJIBHBIM U3 HUX B Pa3HbIX YCIOBHSIX, Ha LieJiecoo0pas-
HOCTH OTOOpA IO UX KOMIUIEKCY, BBIICICHHS OTACIbHBIX
MPU3HAKOB (XapaKTepHCTHK) ¢ HAHOOIBIINM BKJIJIOM B U3-
MCEHYUBOCTb OCHOBHOI'O ITPU3HAaKa YKa3bIBaJIM MHOT'IC aBTOPBI
Ha TIpUMepe TaKuX KYIbTYp, Kak puc (Samonte et al., 1998;
Siirek, Beser, 2003; Oprox u ap., 2008, 2011; Khan et al.,
2009; Akinwale et al., 2011; I1Imak, 2013; Hossain et al., 2015;
Ratnaetal., 2015) u sumens (Bhutta et al., 2005; Ataei, 2006,
Ilker, 2006; Emine, Necmettin, 2012; Akdeniz et al., 2014).

IIpu onpenenenny pocToii NapHOi KOppeIIsALny He BCerna
MOXHO BBISIBUTH BIIMSIHME OTJCJIBHBIX npusHakoB. Cyie-
CTBEHHOE 3HAYCHNE MOT'YT UMETh KOCBEHHBIE () (DEKTHI APY-
I'UX NpU3HaKoB. To ecTh napHbie KO3()GHUIUESHTBI KOPPEISILIUH
XOTSl M BayKHBI JUUISI OTPEICIICHUS] OCHOBHBIX KOMITOHEHTOB
BJIMSIHUSI HA TTOKA3aTelld OCHOBHOTO ITPHU3HAKa, OJIHAKO HE
Jar0T IOJIHOIO MPEACTABJICHUA O 3HAUYCHUHN NPAMBIX U KOC-
BEHHBIX BO3€HCTBUN OTIEJIBbHBIX IPU3HAKOB.

[ToaTomy 115t ompeeneHns BKiaga Kax/J0ro U3 Kojaude-
CTBEHHBIX IPU3HAKOB B OCHOBHOM, HallpUMep MPOLYKTUB-
HOCTh PACTCHHS, HEIIOCPEACTBEHHO (TpsiMble d(P(PEKTH) U
NPY B3aMMOJAEHCTBUY C JAPYTMMH NpU3HaKaMH (HEIpsMbIe,
KOCBEHHbIE, IT000YHBIE AP (PEKThI) UCIONIB3YIOT TaK Ha3bIBa-
eMbIi myTeBoit aHamm3 S. Wright. 310 3 peKTUBHBIN MeTO
CTAaTHCTHYECKOTO aHaJlu3a MPUYMH U CICACTBUM B cUCTEME
B3aUMO3aBHCUMBIX IIPU3HAKOB. Takium 00pazoM OIpeIeNsiioT
JIETePMHHAHTHBIC IPU3HAKH KaK KPUTEPUH 0TOOPA, M0 KOTO-
PBIM OH OyzeT 9 QEKTUBHBIM, Ha YTO yKa3aHO B HEKOTOPBIX
paborax mo pucy (Samonte et al., 1998; Ekka et al., 2011),
stamento (Sinebo, 2002) u menurie (Finne et al., 2000).

[TyTeBoit MeTOx B CENEKIUH pacTeHUH sl aHaIn3a Ipo-
JlyKTUBHOCTH B 3aBUCUMOCTH OT APYI'MX IIPU3HAKOB PACTCHUN

BrepBbIe ObUT Henonb30BaH B 1959 . D.R. Dewey u K.H. Lu
(CennoBckuii u ap., 1982). Psa ucciemoBareneit HCIOIb30-
BanM aHanu3 ko3ddurmentos myrerd S. Wright u xoaddu-
IIMEHTOB KOPPEJSINK JUI OOBSICHEHNS B3aUMOCBSI3eH MEX-
JIy KOJIMUECTBEHHBIMHU TPU3HAKAMU PA3JIMYHBIX PACTCHUIL, B
yacTHOCTH puca (Samonte et al., 1998; Stirek, Beser, 2003;
Akhtar et al., 2011; Bagheri et al., 2011; Basavaraja et al.,
2011; Bhadru et al., 2011; Ekka et al., 2011; Mugemangango
Cyprien, Vinod Cumar, 2011; Haider et al., 2012; Hossain et
al., 2015), ssamens (Ataei, 2006; Myxopmoa, 2011) u mre-
Hunsl (Myxopnosa, Kanamnuk, 2010; Myxopzosa, 2014).

BblTH yCcTaHOBIICHBI HEOAWHAKOBBIC YPOBHHU MPSIMBIX (-
(heKTOB MPHU3HAKOB pacTEHWH HA MPOJYKTHBHOCTH COPTOB
Pa3NIMYHBIX KYJIBTYp: Ul WHAEKCA NPOJYKTUBHOCTH puca
(Stirek, Beser, 2003), xomn4ecTBa 3epeH B KOJIOCE SUMEHS
(Ataei, 2006) u mmenuns! (Shahid et al., 2002), BeicoTsI pac-
Tenni nmenunpl (Aycicek, Yildirim, 2006). Heo6xoaumocts
M3Y9IEHUsI B3aNMOCBSI3€H CTPYKTYPHBIX 3JIEMEHTOB PACTEHUH
METOZIOM ITyTE€BOTO aHAJM3a OTMEUEHA TaKKe B MCCIIEI0Ba-
Husix Ha 000ax (Tirk et al., 2008) u coe (Cuukaps, 1998). Ta-
KHM 00pa3oM, B Pa3HBIX HCCIIEIOBAHNSX TOBOPHUTCSI O LIEJIECO-
00pa3HOCTH ONpEENICHUS] B3aUMOCBS3H MEKIY OCHOBHBIM
U JAPYTMMHU IPU3HAKAMHU PACTEHUH C UCIIOJIb30BAHUEM HE
TOJIBKO MAPHBIX KOA(P(PUIIEHTOB KOPPEIALINH, HO U ITyTEBBIX
K03((UIIUEHTOB IS HAXOXKJICHUS TPSMBIX U KOCBEHHBIX
3¢ }eKkTOB B3aMMOCBS3aHHBIX PH3HAKOB.

Lernbro HacToOsATIIEH pabOTHI OBIIIO YCTAHOBUTH OCOOCHHOCTH
B3aUMOCBSI3eH MEX/y KOIMYECTBECHHBIMH IIPU3HAKAMU pac-
TEHMH puca IMyTeM ONpe/esieHHs] MapHbIX KOIPPUIMEHTOB
KOPPEJSIIMU U IyTeBBIX KOA((UIIMEHTOB, IO KOTOPHIM BBbI-
SIBUTH NIPSIMOE 1 KOCBEHHOE BIIMSTHHE PA3IIMYHBIX IPU3HAKOB
Ha MPOJyKTUBHOCTH PACTEHUSI, HA OCHOBE YETr0 OIPEICIUTh
UX CEJIEKIIMOHHOE 3HAUCHHE.

MaTtepwuanbl n metopbi

Uccnenosanus BemmonHensl B 2013, 2014 u 2016 rT. B oTHENE
CeJIEKIIMM M Ha ombITHOM moje Muctutyta puca Haumo-
HaJbHOU aKaJIeMUU arpapHbIX HayK YKpauHbl B PA3JIMYHBIX
TIOTONTHBIX YCIOBHSX. [ maporepmudecknit ko dunuent Ce-
nsauHOoBa B 2013 1. cocraBma 0.9, B 2014 . — 0.9, B Ooiee
6naronpusataom 2016 . — 1.2,

MatepuanaoM IS UCCIEAOBAHUH Cry>kuiau 10 mydmmmx
coptoB puca: Komangop, Oxanun, Ykpanna 96, Magic,
Lotto, Bukont, Anmupas, Fukushikiri, Giza-177, Sakha 101.
Pactenus ObUTH BBIPAIIEHBI B COPTOUCTIBITAHUH B YCIOBHAX
OpOIICHHSI.

OpoliieHune MpoBeJIeHO M0 TUITY YKOPOUSHHOTO 3aTOIICHHS.
Ilocne nmoceBa puca 4eku cpasy 3alMBalId BOJOU HA 5 AHEH,
TIOCJIE Yero MOYBY B YeKax IOCYIIHBAIIN JI0 TIOJITyYESHUS T10I-
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HBIX BCXO/I0B. BTOpoe 3aroruieHne 4eKkoB HauMHAIM IOCIe
TMIOJTyYEHHS TTOTHBIX BCXOJ0B M Hayasia pocTa pacTeHUH puca
W 110 MEpEe MX Pa3BHUTHsI MOJHUMAIIN CIIOH BOJBI 10 YPOBHS
15 cM, mocrne 4ero mojAep KUBaIM ero Ha 3TOH OTMETKE 110
MIOJTHOM CIIENOCTH MOCEBOB.

[TpoTuB COPHSKOB B MOCEBAX pHca MPUMEHSUIN TePOUIIHT
Huranens 25 EJl m.a. HOpMoi#i 1.6 1/ra ¢ MCHONB30BaHHEM
onpeickuBaresns OBM-630. IIpotuB nupukymnsprosa mo-
ceBbl oOpadareBann (yHrummaom Mmnakr K B konndectse
1.6 n/ra.

Ilepen nuckoBaHHEM ILIacTa JIOLEPHBI BECHOM, B IEPBOM
Jiekaje anpeisi, BHocuian ynoopenust N90 (cymbdar ammo-
nust) 1 P20 (cynepdocdar npocroit). [TogkopMky pacrenuii
puca MpOBOIIIIN KapOaMuIoM (MOYeBHHA) B a3y KyIICHHS
Hopmoit N50 nelictByromiero BemectBa Ha 1 ra. Ilpeate-
CTBCHHUKOM OBbLJIa JIFOIEPHA.

IToceB ocymectssmm cesuikoir CKC-6A ¢ HOpMOH BBI-
ceBa 4.5 MiH Bcxokux ceMsiH Ha 1 ra. B 2013 . k ybopke
coxpanuioch 101-105 pactennii Ha | ra, B 2014 . — 96100,
B 2016 . — 93-98 pacrenwmii Ha 1 ra.

Tnomans AeASHKU — 5 M2, KOJIMYECTBO PAIKOB — 6, MEXKTY-
psanbs — 12.5 cm. KonnuectBo nosropenuit — 4. Ypoxkai co-
Ompany ceneKIMoHHBIM KoMOaitHOM Yanmar.

CrpykrypHbIi ananu3 o 50 pacteHusM (¢ KOpHSIMH) Jie-
nanu 1o 13 npuzHakam j11st Beex 10 copToB 0€3 UCKITIOYEHUS:
MIPOXYKTUBHOCTH (Macca 3epHa) pacTeHHs, Macca BCe MeTe-
KH, Macca 3epHa ¢ OOKOBBIX CTeOIeH, MPOAYKTHBHAs KyCTHC-
TOCTb, KOJIMYECTBO 3€PEH B METEJIKE, KOJIMYECTBO KOJIOCKOB B
metenke, macca 1 000 3epeH, Macca 3epHa ¢ METEIIKH, BBICOTA
pacTeHusl, JUINHA U ITIOTHOCTh METEIIKH, KOJIMYECTBO ITyCThIX
KOJIOCKOB B METEJIKE, TyCTO3EPHOCTb.

[Tapuble kK03(pGOUIUEHTH KOPPETAnHi () Ompemensuin
MEXIy BCeMH 13 KOIMYeCTBEHHBIMHU MTPU3HAKAMH C HCTIOJIb-
30BaHKMEM OCHOB CTATHCTHUECKON 00paboTku 1o ([Jocmexos,
1973). [1yTeBoit aHaTH3 MPOBOAMIIN B COOTBETCTBUH C METO/TH-
koit S. Wright o padore A.H. Cemnosckoro, C.I1. MapTsiHoBa
n JL.K. Mamonoga (Ceanosckuit u ap., 1982). Dxcnepumen-
TaJbHbIC JJaHHbIE 00pabaThIBAIM C MCIIOIB30BAHUEM TIPO-
rpamMmHoro odecriedenust Excel mepcoHanbHOT0 KOMITBIOTEpA.

3aBUCUMOCTB IPOAYKTUBHOCTH OT APYTUX MPU3HAKOB MOXK-
HO BBIPA3UTh Yepe3 ypaBHEHHE MHOXECTBEHHON pETrpeccun

Y=Yc+b, (X,-X,)Tb, (X=X, ) +...

oot+b, (X, -X,)TE, (1)
rae Y — MpOXyKTHBHOCTB; YC — CPEAHSs CTAaTUCTHUYECKas
HpOAYKTUBHOCTB; X, X,, X, — 3Ha4eHus 1-ro, 2-ro u n-ro
HPHU3HAKOB COOTBETCTBEHHO; X, X, ., X, — CPEHEE CTaTh-
CTHYECKOE 3HaueHHe 1-ro, 2-T0 M 1-TO MPU3HAKOB COOTBET-
CTBEHHO; b, — ko3 duiment perpeccun X, Ha Y; b, — koad-
¢unuent perpeccun X, Ha Y; b, — ko3 HUIHEHT perpeccun
X, Ha'Y; E — o0mas omubka ypaBHEHHUs, KOTOPAsk BKIIIOYAET
1 OHIMOKY OTIBITA.

3areM BBOIATCS 0003HAUECHUS:

y=Y-Yox, =X, - X 55 =X-X5 . 0x, =X, - X,
a TAK)K€ PEeKOMEHIOBAHHbIE U3MEHEHUsI IIPU3HAKOB OT Jielie-
HHS UX HA CBOM CTaHJAPTHBIE OTKIOHEHUS G
x,=X,-X, o, mai=1,2,...,n, (2)
rae n — o0IIee KOITUIeCTBO MPU3HAKOB, BIUAIONINX Ha TPO-
JyKTUBHOCTb.
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Use of S. Wright's path coefficient
method for traits in rice

Torna ypaBHenue (1) npuHuMaeT Buj
y/csy =b,(0)/0,) " (x)/6,)+b,'(05/0)) " (x)/5,) + ...
..+bn'(6n/0y) : (xn/cn)+oe/0y) “(E/o,). 3)

Bennunny P, = b;’ (0,/0,) Ha3piBaroT KO3GQUIMEHTOM ITyTH
IPU3HAKA X; K 3aBUCUMOIi epeMeHHOH y (B HallleM Clrydae —
MPOAYKTHBHOCTE). TakuMm 00pa3om, 1myTeBoi KOdQPUIIHEHT
S. Wright (Paiita) — 3T0 cTaHAapTH3UPOBAHHBIN KO3()(U-
[UEHT PErpecCUy HE3aBUCHMOIO MPH3HAKA Ha 3aBUCHMYIO
(yHKIHIO.

B omnune ot ko3 GUIMEeHTa KOPPEIIHH, ITyTEeBOH KO-
3G GUIUCHT ABIAETCS BEKTOPHOU BEIUYNHOM, T. €. UMEET Ha-
MPaBJICHUE B CUCTEME IIPU3HAKOB. J[11s1 HAX0XKICHNS 3HAYCHHU
MyTeBBIX KOI(DPUIMEHTOB HEOOXOIMMO CHaYala pacCunuTaTh
napHbpie KOAQGUIHEHTHI KOPPEISAIHUNA MEX/TY TPH3HAKAMH.

Pesynbratbl

YcTaHOBICHBI TTApHBIE KOA(PPHUIIMEHTHI KOPPEISAINN KOJTH-
YCCTBCHHBIX NPHU3HAKOB pUCa U NYTCBbIC KOS(i)(l)I/IHI/IeHTI)I
MPOJTyKTUBHOCTH PaCTEHUM.

Koppensiuua KonmyecTBeHHbIX NPU3HAKOB prica
YcTaHOBJIEH YPOBEHB B3aUMOCBSI3eH MeX Ty 13 KomndecTBeH-
HbIMU Npu3Hakamu Bcex 10 coproB puca B 2013, 2014 u
2016 rr. o mapHbIM ko3 duirieHTam koppensuuu (Taom. 1).

OCHOBHOM TMPU3HAK PACTEHUS — MPOIYKTUBHOCTH (Macca
3epHa) — IOCTOBEPHO ITOJIOKUTEIEHO W OUYEHb TECHO KOppe-
JIMPOBAJI BO BCE TPH T'0fIa ¢ Maccoi 3epHa ¢ OOKOBBIX cTeOei
(r = 0.99%; r = 0.99%; r = 0.99%; 3mecp u nanee 3HAUYCHUS
ko3 durrenTa Koppesiuuu » npuseneHsl aug 2013, 2014
1 2016 IT. COOTBETCTBEHHO), T. €. OTOOP 10 3TOMY MPHU3HAKY
OyneTt Hambosiee d(h(HEeKTUBHBIM, CpEeHE — C MAaccOd 3epHa
¢ metenku (r = 0.40%; r = 0.60*; r = 0.56*), maccoit Bcel
metenku (r = 0.49%; r = 0.60%; r = 0.56%) U KyCTHCTOCTBIO
(r=0.55%, r = 0.32; r = 0.34), omHaKO OTPHUIIATEIHLHO KOP-
peNMUpOBal ¢ KONWYSCTBOM ITYCTHIX KOIOCKOB (7 = —0.12;
r=-0.25; r=-0.44*) u mycrozepuoctrio (r=—0.14; r=—0.22;
r=-0.45%).

[IponykTHBHOCTH (Macca 3epHA) METEIKH KaK OIWH U3
CTPYKTYPHBIX 3JIEMCHTOB MPOAYKTUBHOCTH PACTCHUSI UMEJIa
OUYEHb TECHYIO MOJIOKUTENIbHYIO0 KOPPEJISIIUIO C MacCOM Beel
Metenkd (7 = 0.99%; r = 0.99%; r = 0.99*) u maccoii 3epHa ¢
6okoBbIX crebmeit (r = 0.90%; r = 0.87*; r = 0.89%), no ko-
TOpBIM 0TOOp OymeT Hanbosee 3(h(HEKTUBHBIM, CPEIHIOI — C
MPOMYKTUBHOCTRIO pacTeHus (= 0.40%*; r=0.60%*; = 0.56%),
KOJIMYECTBOM 3epeH B MeTenke (r=0.53%; r=0.61%; r=0.78%)
1 KOJIMYECTBOM KOJIOCKOB B MeTenke (= 0.53*; r = 0.61%;
r=0.78%), omHaKO OTPHUIATEITBHYIO — C IPOMYKTUBHOU KyC-
tuctocThio (r =-0.36; r =—0.50%; r =—0.22) 1 mycTO3epHO-
cteio (r=-0.33; r=-0.32; r =-0.41%).

[IpomykTHBHAS KyCTHCTOCTh CPETHE KOPPEITMPOBAIa C Mac-
coli 3epHa ¢ 00KOBBIX cTebeit (= 0.66*; r=0.56*; r=0.46%)
Y IPOAYKTUBHOCTRIO pacTeruii (= 0.55%; r=0.32; r=0.34),
a orpumarensHo (mocroBepHo B 2014 1) — ¢ Maccoi Bceit
metenku (r = —0.25; r = —=0.50%; r = —0.22), KOIUYIECTBOM
KoJockoB B Metenke (r =—0.24; r =—-0.41%; r =-0.26), xonu-
4eCcTBOM 3epeH B Metenke (# =—-0.24; r=-0.41*%;r=0.25)u
Maccoii 3epHa ¢ metenku (r =—0.36; r =-0.50%; r =-0.22).

JinHa MeTeIKH MMeJia TONOKUTEIBHYI0 KOPPETSIHIO C
Maccol 3epHa ¢ OOKOBBIX cTebmei (r = 0.94%; r = 0.89%;
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Table 1. Correlation coefficients of quantitative traits in 10 rice varieties
No. Year 2 3 4 5 6

Mcnonb3oBaHre meTofia nyTeBbiX KO3$PMLNEHTOB 2019
S. Wright gna npusHakoB puca 23.4
8 9 10 11 12 13

1, Plant height; 2, tillering capacity; 3, panicle weight; 4, grain weight from side stems; 5, productivity (grain weight per plant); 6, panicle length; 7, spikelet number
per panicle; 8, grain number per panicle; 9, number of empty spikelets per panicle; 10, grain weight per panicle; 11, 1000-grain weight; 12, incidence of blind seed

disease; 13, panicle density. *The correlation coefficient is significant at 5 %.

r=0.96%), omHaKO OTPHUIIATENHHYIO — C ITIOTHOCTHIO METEIIKA
(r=-0.40%; r =-0.33; r =-0.56%).

KomnruecTBO 3epeH B METEIIKE MOJI0KUTEIILHO KOPPEIUPO-
BaJIO C IIOTHOCTBIO MeTenku (= 0.84*; »=0.87*; r=0.70%),
Maccoi 3epHa ¢ OOKOBBIX ctTebmei (r = 0.96*; r = 0.92%;
r = 0.98%) u KOIMUYECTBOM KOJOCKOB B MeTenke (7 = 0.99%;
r=0.99%*; r=0.90%*), cpenHe — C IPOAYKTUBHOCTHIO METEIKH
(r=0.53%; r=0.61*; r = 0.78%), a oTpHIaTEITFHO — C KOJIH-

YECTBOM ITyCTHIX KOJIOCKOB B MeTenke (» =—0.96%; r=—-0.93%;
r=-0.68%), mycrozepHocTbio ( =—0.89%; r=0.84%*; r=0.78%)
u maccoii 1000 3epen (r =-0.66%; r=—-0.62%; r=-0.31).
Macca 1000 3epeH umena TOITOKUTETBHYIO KOPPETISAIHIO
¢ Maccoif 3epHa ¢ 00koBBIX ctebmneit (r = 0.95%; r = 0.87%;
r=0.98%), 0llHAKO OTPHUIIATCIILHYIO — C KOJTMYCCTBOM KOJIO-
ckoB B MeTenke (7 =—0.66*; r=—-0.59%; r =—0.38) u xomu4e-
CTBOM 3epeH B MeTenke (7 = —0.66%; r =-0.62%; r =—-0.31).
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B pesysnbrare omnpepeneHus mapHbiX ko3 (UIHEHTOB
KOppEJSIMY yCTAaHOBIICHO, YTO MPOAYKTHBHOCTh PacTeHNS,
Macca 3epHa C METEJIKH, Macca 3epHa ¢ OOKOBBIX cTeOiei
HOJIOKUTEJIFHO B3aMMOCBSI3aHbI MEXIY COOOM.

IlonoxurenpHast CBA3b MOJYUYEHA TAKKE MEXKAY Maccoi
METEJIKU, KOJIMYECTBOM 3€PEH B METENKE U IJIOTHOCTBIO Me-
TEJIKU, MEXJLy Maccoil 3epHa ¢ METEIIKH, KOJIMYECTBOM 3€PEH
1 KOJIMYECTBOM KOJIOCKOB B METEJIKE, MEX/ly MAacCOH 3epHa
¢ OOKOBBIX CTEOJIEeH M KOJINYECTBOM KOJIOCKOB B METEJIKE U
TUIOTHOCTBIO MeTenKu. [IycTo3epHOCTh OTPHUIIATEIHHO BIHUSIET
Ha Maccy, KOJINYECTBO 3€PEH U KOJIOCKOB B METEIIKE U Yepe3
9TH TMPU3HAKU — HA IFIOTHOCTh METEIIKH.

MyTeBoii aHaNV3 NPOAYKTUBHOCTY PacTeHU prca
Jlnist orpeznesneHus myTeBhIX KoadduimeHToB (Pj) MBI BOC-
TIOJIb30BAJIMCh JINHEHHBIM YPaBHEHHUEM

Sy P =1 @

rie P; — myTeBod KOO(UUHMEHT OT j-ro NpU3HaKa K y; 1y —
K03 (HUITMEHT KOPPETSAIMNHA MEXIY i-M H j-M MPHU3HAKAMU;
; — K03(OUINEHT KOPPEISIIHA MEXTY ¥ U i-M IIPH3HAKOM.
3areM ¢ UCTOJIb30BaHUEM 3HAYCHU I KO PHUIIUECHTOB KO-
pemsiim 3a 2013 1. OpITa cOCTaBICHA CHCTEMA U3 JBCHAALIATH
ypaBHEHHH (4) ¢ IBEHaALIaThIO HEU3BECTHBIMU Ty TEBBIMH KO-
s unyenTamu (npameiMu dddeKkTamu IpU3HAKoB): P, (BbI-
cotel pactenus), P, (kyctucroctu), P, (Maccel MeTenku),
P, (Maccel 3epHa ¢ O0KOBEIX cTeOneit), Py (IIuHbI MeTeKH),
P, (komu4ecTBa KOIOCKOB B MeTeNke), P, (konuuecTsa 3epen
B MeTeslke), Py (KoIM4ecTBa MyCThIX KOJOCKOB B METEIKE),
P, (macce1 3epHa ¢ MeTenku), P, (maccer 1000 3epen), P, (1myc-
TO3EPHOCTH), P, (IIOTHOCTH METENKH) (CM. PUCYHOK).

C moMoImp0 TOCTYIHOTO B MHTEpHeTe MeTona ['aycca
(https://planetcalc.ru/3571) OblI0 HaiIeHO pemIeHHE ATOH

Ty

Use of S. Wright's path coefficient
method for traits in rice

CHCTEMBbI JINHEHHBIX alreOpandyeckux ypaBHEHHH, 3a/laHHBIX
B BUJI€ MaTpHUIlbl. PerieHnem sSBIsieTCs BEKTOP MyTEBBIX KO-
a¢punmenToB 3a 2013 . AHAJTOTUYHO MBI IOJTyYHITH BEKTOP
nyTeBbIX Koo dunmentos 3a 2014 u 2016 rr. (Tadm. 2).

IMoxcrapue 3nadenus npameix opderros P; (=1, 2, ...,
12), ¢ moMomIbi0 TabIMYHOTO KOMITBIOTEPHOTO TIpoIieccopa
Excel mosyunim pa3iioxkeHue KOppeJIsiiii MeXKLy POy KTHB-
HOCTBIO ¥ Ka’K/IbIM KOJTMYIECTBEHHBIM MIPU3HAKOM Ha IPSIMOI
ero 3pdexT 1 KocBeHHBIE IPPEKTHI APYTUX MPU3HAKOB BCEX
10 copros (Tadm. 3).

Pezynbrars! ObUTH CBE/ICHBI B TAOJIUITY — MaTPHILY ITyTEBBIX
KO3 PUIIMEHTOB KaXkKI0TO MTPU3HAKA K IIPOTyKTUBHOCTH pac-
TEHMSI: MPSIMBIX d(PPEKTOB Ka)KI0ro U3 HUX Ha MPOIYKTHB-
HOCTh M IOOOYHBIX 3P (PEKTOB IPYyTUX MPU3HAKOB, KOTOPHIE
COCTABJISIIOT IIPHYMHHO-CIIEICTBEHHYTO cucTeMy. CTpyKTypa
MaTpHUIbl COOTBETCTBYET CUCTEME ABEHA/IIATH YPAaBHEHHH C
12 mpsmeiMu 3 hexTamu.

B pesynbrare myTeBOro anaimsa NpoyKTHBHOCTH YCTAHOB-
neHsl npsivbie 3 GexTbl 12 NpU3HAKoB B MX BKJIAJE B ypo-
BEHB MPOAYKTUBHOCTH (TI0 IIEHTPATBHON JHaroHaiu Tad. 3),
MX KOCBEHHBIH 3(QEKT B CBA3SX MPOTYKTUBHOCTHU C APYTHU-
MM [TpU3HAKaMU (110 BEPTHKAIN KaKA0r0 U3 IPU3HAKOB, CM.
Tabm. 3), a Tak)Ke KOCBEHHBIN d(PPEKT APYTHX MPU3HAKOB B
CBSI35IX KaK0T0 U3 12 MPU3HAKOB B OTJCIBHOCTH C IPOIYK-
TUBHOCTBIO (110 TOPU30HTAIM Ka)JIOTO U3 NPU3HAKOB, CM.
Taom. 3).

HauGonpmmii npsimoit 3¢ ¢deKT Ha MPOTyKTUBHOCTH (CM.
tabn. 3) 3a 2013, 2014 u 2016 rr. HaOmoasCs y nMpU3HaKa
«macca Bcert metenku» (0.51; 0.95; 0.75 cooTBETCTBEHHO
o rogam). Ero kocBennsIit addexT (o Beprukanu tadm. 3)
OBUI ITOJIOKUTEIBHBIM B CBSI3SIX IPOIYKTUBHOCTH C BBICOTOM
pactenus B 2016 1., Mmaccoif 3epHa ¢ 60KOBbIX cTebeit (2014,
2016 IT.), KOTHYECTBOM KOJIOCKOB B METEJIKE, KOJTHICCTBOM 3¢-

(1.00.P,+0.13.P,+0.16.P,+0.27.P,+0.39.P,~0.07.P,~0.06.P,+0.01.P;+0.14.P, +0.21.P, ~0.04.P, ~0.23.P, = 0.31
0.13.P, +1.00.P,~0.25.P,+0.66.P,+0.18.P,~0.24.P,~0.24.P,+0.23.P,~0.36.P,~0.01.P, +0.23.P,, ~0.31.P , = 0.55
0.16.P,~0.25.P,+1.00-P,+0.15.P,~0.24.P, +0.52.P, +0.52.P,~0.55.P+0.99. P, +0.22.P, ~0.54.P, +0.64.P,, = 0.49
0.27.P,+0.66-P,+0.15.P,+1.00.P,~0.94.P,+0.96.P,+0.96-P,+0.94.P;+0.90.P, +0.95.P, +0.92.P,, +0.97.P,, = 0.99
0.39-P,+0.18.P,~0.24.P,+0.94.P,+1.00-P;+0.11.P,+0.12.P,~0.16.P,~0.25.P,~0.34.P, -0.17-P,, +0.40-P,, = -0.04
-0.07-P,~0.24.P,+0.52.P,+0.96.P,+0.11.P,+1.00-P,+0.99.P,~0.94.P,+0.53.P - 0.66-P, —~0.87.P,, +0.84.P , = 0.07
-0.06-P,~0.24.P,+0.52.P,+0.96.P,+0.12.P,+0.99.P,+1.00-P,~0.96.Py+0.53.P, ~0.66-P, ~0.89.P,, +0.84.P , = 0.07
0.01.P,+0.23.P,~0.55.P,+0.94.P,~0.16.P, ~0.94.P,~0.96.P,+1.00.P,~0.34.P,+0.39.P, +0.61.P,,~0.48.P , = -0.12
0.14.P,~0.36.P,+0.99.P,+0.90.P,~0.25.P, +0.53.P,+0.53.P,~0.34.P,+1.00.P,+0.12.P, ~0.33.P,, +0.39.P,, = 0.40
0.21.P,-0.01.P,+0.22.P,+0.95.P,~0.25.P,~0.66- P, ~0.66-P,+0.39.P;+0.12.P  +1.00-P, +0.37.P, ~0.23.P,, = 0.22
-0.04.P,+0.23-P,~0.54.P,+0.92.P,~0.17.P;~0.87.P,~0.89.P,+0.61.P;~0.33.P,+0.37.P, +1.00-P, ~0.44.P,, = -0.14

| -0.23-P;~0.31-P,+0.64-P,+0.97-P,~0.40-P;+0.84-P +0.84.P,-0.48Py+039-Py-023.P,~0.44-P, +1.00-P,, = 0.14

The system of 12 equations with 12 variables, 2013.

Table 2. Path coefficients (P)) of the j* trait on y (productivity of all 10 varieties)
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Table 3. Results of the path analysis of the productivity of all 10 rice varieties

1, Plant height; 2, tillering capacity; 3, panicle weight; 4, grain weight from side stems; 5, panicle length; 6, spikelet number per panicle; 7, grain
number per panicle; 8, empty spikelet number per panicle; 9, grain weight per panicle; 10, 1000-grain weight; 11, incidence of blind seed disease;
12, panicle density; 13, productivity (grain weight per plant); P, unaccounted (residual) factors (2013: min =-0.0126, max = 0.0414; 2014: min =-0.0117;

max = 0.0027; 2016: min = -0.0057, max = 0.0084).
*The correlation coefficient is significant at 5 %.

PEH B MeTeJKe, Maccoii 3epHa ¢ MmeTesku, maccoi 1000 3epen
Y INIOTHOCTBIO METEJIKH, OJTHAKO OTPULIATENILHBIM — B CBSA3SX
MPOILYKTUBHOCTH C KYyCTHCTOCTBIO, KOJMYECTBOM IYCTBIX
KOJIOCKOB B METEJIKE U ITyCTO3EPHOCTHIO. B CBA3sX npu3HaKa
«Macca BCeH METEeNKH» ¢ MPOXYKTHBHOCTBIO (II0 TOPHU30H-
Tanu Tali. 3) TMOJIOKUTEIBHBIM OBUI KOCBEHHBIH (P(EKT

MIPU3HAKOB «Macca 3epHa C METEJIKM» U «KOJMYECTBO 3epeH
B METEIIKE», & OTPUIATEIbHBIM — KYCTHCTOCTH, YTO C YI€TOM
00BIIOTO MPSIMOTO AP PEKTa MACCH METEIKA BHIPA3IIOCH B
JIOCTOBEPHOM Cpe/iHel KOPPEsALMH MOCIEIHEN C TPOTyKTUB-
HOCThIO (7= 0.49; 0.60; 0.56). ITpsimoii (—0.01; —0.01; —0.03)
1 KOCBEHHBIC 3(D(DEeKTHI MPU3HAKA «Macca 3epHa ¢ OOKOBBIX
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0OEroB» HE3HAUYMMBI. A 0YEeHb TeCHasI TOJIOKUTEIbHAS KOp-
pEenAIus 3TOTO MpU3HaKa ¢ mpoxykTuBHOCTHIO (0.99; 0.99;
0.99) 6112 0OyCIIOBIIEHA BO BCE TPH rojia KOCBEHHBIM A dek-
ToM KycTucToctH, B 2013 1. — eme u maccoit 1000 3epeH, B
2014 r. — 1 Maccoi METENKH, ¥ KOTMYECTBOM 3€PEH C METENKH,
B 2016 1. — Maccoii METEJKH, ITTHHON METEIIKH, KOJTUYECTBOM
3epeH C METEIIKH, MacCol 3epHa C METEJIKH U IUIOTHOCTHIO
MeTenku. Cinadbrii mpssMoit 2P QPEKT BIUAHUSA Ha TPOTYKTHB-
HOCTh OKa3bIBaJl MPHU3HAK «Macca 3epHa ¢ merenkm» (0.11;
0.03; 0.12), HecyIIeCTBEHHBIM OBLT TAKXKE M €TI0 KOCBCHHBIH
3¢ deKT B cBA3AX MPOLYKTUBHOCTH C APYTUMH ITPU3HAKAMHU.
OpnHaKo B CBS3SX ITPHU3HAKA «Macca 3epHa C METEJIKI C ITPO-
JIYKTHBHOCTBIO TIOJIOKHUTEIILHBIM ObUT OOJIBIION KOCBEHHBIN
3 deKT mpru3HaKa «Macca BCEH METEeIKM» Ipu HEOOIBIIOM
OTPHILATEIILHOM KOCBEHHOM 3((eKTe KYCTHCTOCTH, YTO B
UTOTE BBIPA3UIIOCh B CPEIAHEM OJIOKHUTEITLHOM JJOCTOBEPHOM
mapHOM KO3 GHUIHEHTE KOPPEISIIINU MacChl 3epHa C METEITKH
¢ mpoxyktuBHOCTHIO (0.40; 0.60; 0.56).

Bosnbinum 0611 IpsiMoid 3 (eKT nmpu3HaKa «KyCTHCTOCThY
(0.72; 0.85; 0.52), MONOKATETHHBIMU OKA3QJIMCh TAKXKE €ro
KOCBEHHBIE 3(P(EKTH B CBS35IX MPOAYKTHBHOCTH C MAacCOH
3epHa ¢ OOKOBBIX ITOOErOB, OJHAKO OTPULATENBHBIMU — C
Maccoi BCel METEJIKH, MacCOM 3epHa ¢ METEIKU U KOJIU4e-
CTBOM KOJIOCKOB U 3€pEH B METEJIKe. B CBA3sX KycTHCTOCTH
C TIPOAYKTUBHOCTBIO MOJIOKUTEIbHBIE KOCBEHHBIE 3()(DEKThI
JIPYTHX MPU3HAKOB OBUIM HE3HAYUTEIBHBIMH, & OTPULIATEIb-
HBIH 3 dekT Macchl Bcelt METeNKH ObIT HEOOIBIINM, YTO B
UTOTE CKa3aJIOCh Ha CPeTHEH MTOJIOKUTEIbHOM BEJIMYHMHE rap-
HOH KOPPENALIH MEKITY KYCTUCTOCTBIO M ITPOJYKTHBHOCTBIO
(0.55;0.32; 0.34).

ITo npusznaky «macca 1000 3epen» npsimoit adpdext ObuT
ciabem (0.11; 0.08; —0.17), moOOYHBIN — HE3HAYUTETHHBIM,
a KOCBEHHBIH 3(h(heKT OONBIIMHCTBA IPYyTUX TPU3HAKOB — HE-
BBICOKHM ITOJIOKUTEIIbHBIM, B PE3YyJIbTaTe 4ero KOAQPpUIHEHT
TapHOit Koppernsmu Mexxy Maccoit 1000 3epeH 1 POy KTHB-
HOCTEIO0 oKkazaics Hu3kuM (0.22; 0.11; 0.14). HeonnHakoBBIi
YPOBEHB IIPSIMOTO P eKTa Ha MPOLYKTUBHOCTh HAOIIOIAICS
10 TIPU3HAKY «IUIOTHOCTh METENIKW»: HE3HAUNTEIbHBINA B
2013 (0.02) u 2014 rr. (-0.01) mpu HE3HAYUTEILHOM KOC-
BEHHOM 3(]deKTe U npu HEBBICOKOM KOCBEHHOM 3(dekTe
OONBITMHCTBA IPYTHUX MPU3HAKOB, ofHAKo B 2016 T. mpsamoit
sddexr 6bu1 monoxuTeabHEIM (0.47) IpH HE3HAYUTEIEHOM
KOCBEHHOM 3((eKTe MPU3HAKA U TIOJOKUTCILHOM KOCBCH-
HOM 3((eKTe OTACTBHBIX APYTHX MPHU3HAKOB (Macca Bcel
METEJKH, KOJIMIECTBO 3€PEH B METEJIKE ), HO OTPHLIATEIEHBIM
s dekre OONBIIMHCTBA IPYTUX MPU3HAKOB, YTO BBIPA3MIIOCH
B HU3KHX, XOTA ¥ OJIOKHUTENBHBIX MAPHBIX Kod(duimenTax
KOPPEJSIINY ITIOTHOCTH METEIIKH ¢ MPOAYKTUBHOCTHIO (0.14;
0.28; 0.32).

[Ipu3HaK «BBICOTA PACTEHUIT» HE UMEN 3HAUMTEILHOTO KaK
psAMOTo (K TOMY K€ pasHOHArpasiIeHHoro no rogam — 0.12;
0.03; —0.17), Tax ¥ KOCBEHHOTO BIMSHMS Ha MPOAYKTHUB-
HocTh. OHO CKa3aloch 4epe3 HeOOIbIINE MOTOKHTEIbHBIC
nobounsie 3ddexTsl paga apyrux npusHakos: B 2013 . —
KyCTHCTOCTH, MAaCChl BCEH METEJIKH, MacChl 3epHa C METEIIKH
u maccel 1000 3epeH, 9TO BBIPA3MIOCH B CPEIHEM HMapHOM
KO3 PUIIEHTE KOPPEISIIMN MEK/Ty BHICOTON M TPOTYKTHB-
HocThio (0.31), a B 2014 1. — TOJIBKO Macchl BCEH METENIKHU
nipu otcyTeTBuH Koppersun (—0.03), 8 2016 . — maccsl Beeit
METEJKH U JUTHHBI METEJIKH, OJTHAKO TP 3HAYCHUH MPSMOTO
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koa(duimenta nytu —0.17 Koppessiys MKy BBICOTOH U
MIPOTYKTHBHOCTHIO MpaKTH4YecKku oTcyTcTBoBana (0.08).

[Tycro3epHOCTh TOXKE MPAKTHYECKH HE UMeENa IPSMOTO
(0.02; —0.01; 0.09) u KOCBEHHOTO BIUSHUS HA MPOAYKTHB-
HOCTb, OJJHAKO B CBSI3M C OTPHIATEIHBIM KOCBEHHBIM 3(-
(heKTOM IPYTuX MPU3HAKOB (0COOEHHO MacChl BCEH METEIKH
1 KOJHMYECTBA 3€PEH B METeJKe) nmapHbie kK0d()duuueHTs
KOPPEJSIIUU MEXIY ITyCTO3EPHOCTBIO M MPOAYKTHBHOCTHIO
OBUIM OTPUIATEIBHBIMH, XOTS M He3HaYMMbIMH B 2013 u
2014 rr. (-0.14; -0.22; —0.45).

Jmaa metenku B 2013 1 2014 rT. mpakTHYECKN HE OKA3HI-
BaJia 3HAYMMOT0 Kak npsimoro (—0.02; 0.01), Tak 1 KOCBEHHOTO
3¢ pekTa Ha MPOTYKTHUBHOCTb,  MTOJIOKUTEIILHBIN KOCBCHHBIH
3P PEeKT KyCTHCTOCTH OBLT KOMIICHCHPOBAH OTPHUIIATEIEHBIM
BIIMSTHUEM MAacChl BCEH METEIIKH U APYTUX MPU3HAKOB, B pe-
3yJIBTATE Yero MapHble KOAPPUIUESHTH KOPPEISILIU MEKITY
JUIMHOHM METEIIKH M MPOLYKTHBHOCTBIO PACTEHHS OKA3aJINCh
npaktrdecku HyneBbiMH (—0.04; —0.07). B 2016 1., mamnpo-
THUB, NPSIMOH dPPEKT ITHMHBI MeTeaKH ObuT Ha ypoBHe (.25,
a KOCBEHHBIH 3()(EKT B CBS35IX NPOAYKTUBHOCTH C BBICOTOH
1 Maccoil 3epHa ¢ OOKOBBIX ITOOETOB — ITOJIOKUTEILHBIM.
Oj1HaKO M3-3a OTPHUIATEIILHOTO KOCBEHHOTO 3(h(heKTa IPyrux
MIPU3HAKOB (TUIOTHOCTH METEIIKH, BBICOTA, KOJIMYECTBO KOJIOC-
koB B Metenke, Macca 1000 3epeH) napHbIi KOIQPUITHEHT
KOPPEJSIIMY MEXIY JUIMHON METENKH M HPOAYKTHBHOCTHIO
oKazascs mpakTdecku HyaeBsM (—0.01).

IIpusnak «xonudecTBo 3epeH B MeTenke» B 2013 u 2014 rr.
He uMmen oobinoro mnpsimoro (0.09; 0.16) u 3HAaYUMOrO 10-
609HOTO Y(PPEKTOB Ha MPOLYKTHBHOCTH, W XOTSI KOCBEHHBIN
s deKT Macchl Beeil MeTeNKN ObUT MOJI0KUTEIBHBIM, O/THAKO
110 OOJIBLIMHCTBY JAPYTUX npu3HakoB B 2013 . oH noiyueH
OTPUIATENBHBIM, U B PE3YNIBTATE KOPPEISAINS MEXIY KOJIHU-
YECTBOM 3€pPEH B METENKEe M MPOAYKTHBHOCTHIO B 2013 .
okazanach HesHauumoit (0.07). B 2014 r. oTpunarenbHbie
3¢ PeKTH OBUTH MEHEee 3HAYUMBI, i COOTBETCTBCHHO yBEIIH-
yuiics 1 ko3 dunuent koppersiunu (0.27). B 2016 1. npsimoit
s deKT nmpru3HaKa «KOJIMYECTBO 3€PEH B METEJIKE)» COCTABHII
0.42 mpu MOOKUTETHHOM KOCBEHHOM 3((dekTe mpr3Haka B
CBSI35IX MPOJYKTUBHOCTH C MacCOW BCEH METENIKH, Maccoi
3epHa ¢ OOKOBBIX II00ETOB, KOJIMYECTBOM KOJIOCKOB B METEIKE,
Maccoi 3epHa ¢ METEIIKH U TUIOTHOCTBIO METEIIKH, a TaKKe
IPY 3HAYUTEIEHOM KOCBEHHOM 3 deKTe Macchl Bceit merel-
KU U TUIOTHOCTH METEJIKH, YTO BBIPA3UIIOCH B JIOCTOBEPHOM
CpeIHeM HapHOM KOA(QQHIINEHTE KOPPEIAINN MEXIY TPH-
3HAKOM «KOJIMYECTBO 36PEH B METEIIKE» U POAYKTHBHOCTHIO
pactenust (0.50).

Kak mpsimoif 3¢ppext mpu3Haka «KOIMIECTBO KOJIOCKOB B
merenke» (—0.01), Tak u ero mobounsle 3¢ dektsl B 2013 .
ObUIM HE3HAYUMBIMH, U XOTSI KOCBEHHBIH A EKT Ipru3HaKa
«Macca Bcel METEIKI ObLT MOJIOKHUTEIBHBIM, OTHAKO U3-3a
OTpHUIATEIBHBIX KOCBEHHBIX 3((EKTOB OOIBIIMHCTBA IPYTHX
MIPU3HAKOB KOPPEJISIUS MEXK/IY KOJHMUYECTBOM KOJOCKOB B
METeJIKE U MPOLYKTHBHOCTBIO PACTECHHUS IPAKTUIECKH OTCYT-
crBoBaia (0.07). B 2014 r. ero 3nauenne cocrasmio 0.27, Tak
Kak OBbLIIN TTOJIOKUTENLHBIMH KOCBEHHBIE AP (heKThI IPH3HAKOB
«Macca BCeH METENKI) 1 «KOJIMUECTBO 36PEH B METEIIKEY, XOTSI
npsimoit (—0.06) 1 KocBeHHBIH 3 PEKTHI TPU3HAKA KKOJINYE-
CTBO KOJIOCKOB B MeTeJIKe» ObUTH He3HaYuMbIMU. B 2016 1. BO
BIIMSTHUY TIPU3HAKA «KOJIMYECTBO 3€PEH B METEJIKE)» Ha Ipo-
JYKTHBHOCTH HaOJII0a1ach COBCEM MHAs 3aKOHOMEPHOCTH!
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npsiMoii 3h(eKT ObLIT OUEHb OTPHULIATEIBHBIM, OTPHLIATEIBHBIM
OBLT TakKe MOOOYHBIHN (P (PEKT eT0 B CBA3AX MPOTYKTUBHOCTH
€ Maccoi BCel METEIKH, MacCcol 3epHa ¢ OOKOBBIX KOJIOCKOB,
JUIMHOM METEJIKH, KOJIMYECTBOM 3€peH B METENIKe, MacCOi
3epHa ¢ METEJIKH U IUIOTHOCTBIO MeTeski. OTMedeH IoJo-
JKUTEIBHBIN AP (EKT ¢ KyCTHCTOCTBIO, KOJIMYECTBOM ITyCTBIX
KOJIOCKOB B METEJIKE, ITyCTO3ePHOCTRIO U Maccoii 1000 3epeH,
OJTHAKO BCIJICACTBHE MOJOKUTEIFHOTO KOCBEHHOTO 3 dhekra
JPYTHX MPU3HAKOB (Macca BCeil METENIKHU, KOJIMIECTBO 3epeH
B METEJIKE, TNIOTHOCTh METEIIKU ) TAPHBIH KOI(DGHUIIMESHT KOpP-
PEISIIUE MEXIY M3y4aeMbIM IPU3HAKOM M MPOLYKTHBHO-
ctbio 6611 cpeauM (0.39).

[Tpu3HaKK «KOJIMYECTBO IYCTHIX KOJOCKOB B METEIIKE» U
«ITyCTO3EPHOCTH)» NPAKTHYECKH HE NMENU HHU NPSMOTO, HH
KOCBEHHOTO BIIMSTHHS Ha MPOXYKTUBHOCTH PACTEHHMS, OJTHAKO B
CBSI3H C OTPULIATEIILHBIM KOCBEHHBIM 3()(DEKTOM psijia APYTrux
MIPHU3HAKOB (0OCOOEHHO MAacChl BCE METENKH M KOJIMYeCTBa
3epeH B METENKe) MapHbIH KOIQ(PUIMEHT KOPPESIUN ObLT
OTPULATEIILHBIM.

O6cyxpeHue

B nccnenoBaHusx MHOTHX aBTOPOB IIOKa3aHa Ieaecoo0pas-
HOCTb OIIPE/IeNIEHNs B3aNMOCBS3€H MeX Iy TpU3HaKaMu pac-
TEHWH Pa3IMYHBIX KYJIBTYpP, B TOM YHCIIC PUCA, C TOMOIIBIO
KaK HapHbIX Kod()(UIIMEHTOB KOPPEISILIMU, TaK U ITyTEBBIX
ko3 durmeHToB. B uacTHOCTH, yCTaHOBICHBI HEOTMHAKOBBIE
MpsIMbIE U KOCBEHHBIE BKJIAJIBI OTACIBHBIX MPU3HAKOB B MX
BJIMSIHME Ha TPOAYKTHBHOCTH puca (Samonte et al., 1998;
Siirek, Beser, 2003; Ekka et al., 2011).

B Hammx ucciaenoBaHusIX HaliAEHBI 0COOCHHOCTH B3aHMO-
CBA3EH MEXAY Pa3JINYHBbIMU [IPU3HAKAMU PACTCHUM puca 110
MapHBIM KO3 GHUIIHEHTaM KOPPEISINH, a TAKKE TPUIUHHO-
CJIC/ICTBEHHBIC 3aBHCUMOCTH B CHCTEME B3aWMOCBSI3aHHBIX
IMIPU3HAKOB B PE3YJIbTATC ITYTCBOI'O aHaJIN3a MPOAYKTUBHOCTH
pacTeHni. YCTaHOBIEHO, YTO NMPOJYKTUBHOCTb PAcTEHUS,
Macca 3epHa ¢ METEJKH M Macca 3epHa ¢ OOKOBBIX cTeOueit
TMOJIOKHUTENILHO CBSI3aHBI MEKAy coOoil. Kpome Toro, moso-
JKUTETTbHAS B3aUMOCBS3h HAOIIOAIach MEXKTy MacCOi Bcer
METEJKH, KOJTMYECTBOM 3€PEH B METEIIKE U IIIOTHOCTBIO Me-
TEITIKH; MLy Maccoi 3epHa ¢ METEJIKH, KOJIMYECTBOM 3epPEH B
METEJIKE 1 KOJIMUECTBOM KOJIOCKOB B METEJIKE; @ TAKIKE MEKITY
Maccoil 3epHa ¢ OOKOBBIX cTeOIeH, KOJINYECTBOM 3€PEH B
METeJKe, KOJIMUECTBOM KOJIOCKOB B METEJIKE U IUIOTHOCTHIO
MmeTenku. I1ycTo3epHOCTh OTPUIATENBHO BIHMSIET HA Maccy
BCEH METEJIKH, KOJIMYECTBO 3€PEH B METEIIKE, KOJTMIECTBO KO-
JIOCKOB B METEJIKE U TIOCPEICTBOM 3TUX IPU3HAKOB HA IJIOT-
HocTh MeTenkn. Ha maccy 1000 3epeH oTpuIiaTebHO BIUSIOT
KOJIMYECTBO 3€PEH M KOJINIECTBO KOJIOCKOB B METEJIKE.

B pesynbrare myTeBOro aHajmusa MpPOAYKTHBHOCTH pac-
TEHHH pHca pelleH KOMIUIEKC 3a/1ad B CHCTEME IPHYUHHO-
CJIC/ICTBEHHOI B3aMMOCBSI3M IIPHU3HAKOB: YCTAHOBJIEH OTHO-
CUTEJIBHBIIN BKJIaJ KaXKI0T0 U3 12 MpU3HAKOB Ha MPOLYKTHUB-
HOCTB, IPUYEM KaK MPsIMOH (HETOCPENCTBEHHBIHN), TaK U
KOCBEHHBIN (110004HBIH) 2((eKThl TPH B3aMMOAEHCTBHU C
JPYTUMHU IpHU3HAKaMH. DTO Jall0 BO3MOXKHOCTb PAaCKPBITh
MPUYUHBI B3aUMO3aBUCUMOCTEH MEXIy NMPHU3HAKAMU W BBI-
JICJINTH TPU3HAKH, C TIOMOIIbI0 KOTOPBIX IIEI€CO00pasHO
[IPOrHO3UPOBATh IPOAYKTUBHOCTb PACTEHUM.

YCTaHOBICHO, YTO YPOBEHb KOPPEISIIUU MEXIY TOKa3a-
TEJISIMH TIPOYKTUBHOCTH M IPYTUMH TIPU3HAKAMH PAaCTCHUIH
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Mcnonb3oBaHue MeTofa nyTeBbIX KO3OULMEHTOB
S. Wright gna npusHakoB puca

HEOJIMHAKOBO 3aBHCHUT KaK OT MPSIMOTO U KOCBEHHBIX 3 (dek-
TOB BJIMSHUS OTJEIBHOTO MpPU3HAKa HA MPOAYKTHBHOCThH B
CBSI35IX MPOIYKTUBHOCTHU C JIPYTUMH TIPU3HAKAMHM, TaK U OT
KOCBEHHBIX d(()EKTOB BIMSHHUS APYTUX IPU3HAKOB B CBS3AX
MPOAYKTUBHOCTH C U3y4aeMbIM OTJCIbHBIM HPU3HAKOM.

YpoBeHb npsiMoro 3¢ peKTa BIUSHUS KaXK10T0 OTJCIHHOTO
MPU3HAKA Ha [TPOAYKTUBHOCTH HEOIMHAKOB U MOXET OBITh BbI-
COKHM TIOJIOKUTETBHBIM BO BCE TO/bI (Macca BCel METEIKH,
KyCTHCTOCTh) WJIM B OTACIBHBINA Hanbosee OIaronpHsTHBIN
0 TOrOHBIM yci1oBUAM 2016 T. (IJIOTHOCTH METENKH, KOJIH-
YECTBO 3€PEH B METEJIKE, JUIMHA METEIIKH), OYeHb HU3KUM B
OIaronpHUATHBIHN rof] (KOJINYECTBO KOJIOCKOB B METEIIKE) HITH
HE3HAYMMBbIM (110 OCTAJILHBIM MPU3HAKAM).

YpOBHHU Ka)JIOTO W3 KOCBEHHBIX (MOOOYHBIX) 3 (eKTOB
BIIMSTHUSL KaXK/I0TO OTJEIBHOTO NMPHU3HAKA B CBA3SX MPOIYK-
TUBHOCTH C JIPYTMMH IpU3HAKAMH, a TAK)KE KOCBEHHBIX
3G (EKTOB APYrUX NMPU3HAKOB B CBA3AX MPOLYKTUBHOCTH C
M3YYEHHBIM OT/ICIBHBIM IIPU3HAKOM MOTYT OBITh Pa3HBIMHU,
JIake MPOTHBOMOIOKHOTO HANpaBJIEHUs, U 3aBUCAT OT IO-
TOAHBIX YCIOBMH BbIpaliuBaHus pacteHuid. K romy xe ypo-
BEHb MPSIMOTO 3 deKTa BIUSHNS OTACIBHBIX PU3HAKOB Ha
MPOAYKTHBHOCTH PACTEHUI HE BCEI/ia OJIMHAKOBO BIIMSET HA
YPOBEHb NMAPHBIX KO3 PHUIIHUEHTOB KOPPETSALUN MEXTY HUIMHU
Y TIPOTyKTUBHOCTBIO, TaK KaK B IAHHOM CJTydae MPOsIBISIETCS
3aBHCHMOCTB U OT COOTHOUICHHSI KOCBEHHBIX (PEKTOB BIIH-
SIHUSI IPYTHUX MPU3HAKOB HA MPOIYKTHBHOCTb.

BbiBogbl

B pesynprare myTeBoro aHainsa MPOLYKTHBHOCTH OIpe-

JieJieHa HauOOoJbIIas CEJICKIHOHHAs [IEHHOCTh OTICIBHBIX

KOJIMYECTBEHHBIX IIPU3HAKOB PACTEHUH PUCA, KOTOPbIE MOT'YT

OBITh JAETEPMHUHAHTHBIMH ISl 0TOOpa M MPOTHO3a YPOBHSA

NPOAYKTHBHOCTH PACTCHUI:

— Macca Bcell MEeTeJIKH, KOTOpasi BO BCE TPH I'0jia Mella BBICO-
KHeE TIPSIMOH U B HEKOTOPOI! CTEeTIEHH KOCBEHHBIH 3(ppeKThI
BIMSIHUSI HA MTPOTYKTUBHOCTB M JUIS KOTOPOH IONTydeHa
JIOCTOBEpHAsI TIOJIOKUTEIIbHAS TTapHasi KOPPEJSIHUs ¢ Ipo-
IYKTHBHOCTBIO;

— TIPONYKTHBHAS KyCTHCTOCTb, KOTOPAsi TAKXKE BO BCE TOJIbI
MMeJIa BBICOKUE MPSIMON M KOCBEHHBIN d(QEKThI BIUSHUS
Ha MPOAYKTUBHOCTH H MOJIOKUTENBHYIO TAPHYIO KOPPeIsi-
LIUIO C TIPOTYKTUBHOCTHIO.
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Factors to affect inbred beet plants
while developing material for linear selection

M.L Fedorova, E.G. Kozar, S.A. Vetrova®), V.A. Zayachkovskyi, V.A. Stepanov
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Considering its capacities, the generative system of Beta vulgaris L. is regarded as highly productive. While in-
breeding, the reproductive potential of cross-pollinated beet plants with gametophytic self-incompatibility (SI)
changes significantly and is determined by a joint effect of multiple factors including the level of inbred depres-
sion. In the present study, original data have been obtained revealing relationships between inbred beet seed
productivity, its self-incompatibility and microgametophyte parameters, which is crucial for developing and
maintaining constant fertile beet lines. It has been discovered that inbred depression increases the number of
sterile microgametes and anomalous pollen grains, reduces pollen fertility and the length of pollen tubes. As a
result, the seed yield in inbred beet progeny, including Sl ones, reduces significantly just after the third inbreed-
ing. At the same time, highly productive inbred beet is characterized by a lower rate of pollen tube growth
in vitro. In inbred plants, there is no close relationship between pollen viability and seed productivity, because
the elimination of germinated male gametes and degeneration of seed embryos may go over the entire period
of fertilization starting its progamic phase. The Sl plants have more degenerating embryos than self-fertile
ones, but seed vessel outgrowth in the seeds with abortive embryos makes them morphologically similar to
fertile seeds. For that reason, when assessing inbred beet plants based on their self-incompatibility/self-fertility,
one should consider the qualitative characteristics of the seeds. Using the method of recurrent selection based
on such factors as seed productivity, pollen tube length and field germination rate increase the output of plant
forms with a potentially high self-compatibility in their progeny. To support such genotypes in the progeny,
one has to, starting from the third inbreeding, perform sib crossing to reduce the negative effect of inbred
depression and self-incompatibility.

Key words: beetroot; inbreeding; inbreeding depression; seed productivity; incompatibility; microgameto-
phyte; pollen germination; pollen tubes.
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DaKTOPbI, BAUSIOIINE Ha PENIPOAYKTUBHYIO CIIOCOOHOCTD
MHOpeOHbIX pAaCT€HM CBEKJIbI CTOJIOBOI
TIPpY CO3JaHUM JIVMHENHOTr0 MaTepuasia OIS CeIeKIUN

M.J. ®epoposa, E.I. Kosapsp, C.A. BeTpOBa@, B.A. 3asgukoBckuit, B.A. CrenaHos

MepepalnbHblii HayUHbI LEHTP OBOLLEBOACTBA, Noc. BHUMCCOK, OguHuoBCKuin panoH, MockoBcKas 06nacTtb, Poccus
& e-mail: lana-k2201@rambler.ru

leHepaTuBHas cuctema Beta vulgaris L. no cBoemy yCTpOWCTBY 1 BO3MOXXHOCTSIM OTHOCUTCA K BbICOKOBOCHPO-
nsBogsALeil. Mpu camoonbiNeHny PenpoAyKTUBHDBIA NMOTEHLMAN NepeKPecTHOOMbIIAEMbIX PAaCTEHU CBEKIIbI
CTONOBOW, UMEIOLUX FaMeTOOUTHBIV TUM CaMOHECOBMECTUMOCTU, CYLLECTBEHHO U3MEHAETCA 1 onpeaenser-
CSl COBOKYTMHbIM AECTBUEM Pa3HbIX GaKTOPOB, B TOM UMCIe 1 YPOBHEM UHOPeAHO Aenpeccun. Bnepsble Ha
KyNbType CBEKJIbl CTOJIOBOI MOJTyUeHbl OPUrHabHbIE AaHHble O XapaKTepe B3aMOCBA3EN CEMEHHOW Mpo-
OYKTUBHOCTM UHOPEAHDBIX PAacTeHNI C PYHKLMOHANbHBIMY NapamMeTpamMm MUKporameTodunTa 1 CTeNeHbo camo-
HEeCOBMECTUMOCTY, YTO MMEET BaXKHOe 3HaueHue Npu CO3AaHUM 1 NOAAEPMKAHUM KOHCTAHTHbBIX GepTUIbHbIX
NIMHUIA. YCTaHOB/EHO, UTO B pe3ysbTate MHOPeAHOI Aenpeccrn YBENMUYMBAETCA YACSIO CTEPUIIBHBIX MUKPOTa-
MET 1 MblIbLIEBbIX 3€PEH C aHOMaJIbHbIM Pa3BUTUEM; CHUXKAETCA GepTUbHOCTb MblfibLbl U ANIMHA MblbLEBbIX
TPY6OK; ceMeHHas NPoAyKTUBHOCTb B MOTOMCTBaX MHOPEAHbIX PAacTEHUIA, B TOM YMC/e CKIIOHHBIX K CaMOObl-
NeHWIo, PE3KO CHMKAETCSA YKe Nocsie TPeTbero NHopuauHra. MNpw 3Tom Ana BbICOKONPOAYKTUBHbBIX MHOPeaHbIX
pacTeHuii CBEKIbl CTONOBON XapakTepHa MeHbLUas CKOPOCTb POCTa MblibLEBbIX TPYOOK B YCIIOBUAX in Vitro.
Mexxpay YpOBHEM »MN3HECNOCOBHOCTH MblibLibl U CEMEHHON NPOAYKTUBHOCTbIO MHOPEAHbIX pacTeHunii TecHas
B3aMIMOCBA3b OTCYTCTBYET BBUJY TOrO, YTO SMVMMHALMA MPOPOCLUMX MY>KCKUX ramMeT 1 AereHepauuns 3apo-
OblLel CeMAH MOTYT MPOVCXOAUTb Ha BCEM NPOTSKEHWU NPOraMHON 1 nocnegytowmx a3 oniogoTBOpeHus.
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Factors to affect inbred beet plants
while developing material for linear selection

[lereHepupyoLmnx 3apoaplleil y CaMOHeCOBMECTUMbIX GOpPM HaMHOTO GosblUe, YeM y camoPepTUIIbHbIX, HO
B pe3ysnbTaTe pa3pacTaHyisi OKONOMIOAHUKA Y CeMAH C HEA0Pa3BUTbIMM 3apoAblllamm HabnogaeTca mopdono-
rMyeckoe CXOACTBO CO BCXOXKMMMU ceMeHamu. [103ToMy npu oLeHKe MHOpeHbIX PacTeHUIA CBEKIIbl CTONOBOI MO
MPU3HAKY «CAMOHECOBMECTUMOCTb/CaMObEePTUNbHOCTbY ClIeyeT YUUTLIBATb KaUeCTBEHHbIE XapaKTePUCTIKN
cemsH. Micnonb3oBaHne MeToAa PeKyppPeHTHO CenekLuy Mo Npr3HakaM «ceMeHHas NpofAyKTUBHOCTbY, «4Jn-
Ha MblNbLEBbIX TPYOOK» 1 «MOJeBas BCXOXECTb» MOBbILIAET BbIX0A GOPM C MNOTEHLMANIbHO BbICOKOW CaMOCO-
BMeCTVIMOCTbIO B MOTOMCTBe. [1nA noafep»KaHus BbiAeNIeHHbIX B MHOPeHbIX MOTOMCTBAX LieHHbIX TeHOTUMOB
Heo6XOAMMO HauMHan C TPETbEro MHOPUAVHIA NPOBOANUTL CUOGCOBbIE CKPeLIMBaHWS, YTO MNO3BOMAET CHU3UTb
HeraTBHOE BAVsHNE NHOPe[HON Aenpeccuy U CaMOHECOBMECTVIMOCTH.

KnioueBble CfioBa: CBeKia CTONOBas; MHOPUAVHT; MHOPeAHasA Aenpeccus; CeMeHHas MPOAYKTUBHOCTb; CamMo-
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Introduction

Table beet (Beta vulgaris L.) is one of the most common root
vegetables and is cultivated all over the world. The presence
of heterocyclic nitrogen-containing betacyanin pigments such
as betanin and betaine in its roots makes this culture unique
and essential in terms of human nutrition (Krasochkin, 1971;
Pialetti, 1976; Mabry, 1980; Escribano et al., 1998; Tesoriere
et al., 2004; Lapin et al., 2007; Sleptsov et al., 2015).

Table beet outperforms other root vegetables in productivity
due to the structure of the generative system and its cross-
pollination potential. Table beet is clearly identified as a cross-
pollinating plant with the gametophytic self-incompatibility
system (Owen, 1942; Maletsky et al., 1970). However, in
addition to pollinating by pollen grains from other plants
(xenogamy), the plants can be pollinated by pollen grains from
other flowers of the same plant (geitonogamy) and from the
same flowers (autogamy) (Zhuzhzhalova et al., 2007).

A wide variety of foreign and domestic breeds of table
beet is available in the market, however, the producers prefer
F, hybrids, which are more unified, flexible, and therefore
better suited for production. The cultivation technology
minimizes the manual labor involved, which in turn reduces
money and time costs (Burenin, Pivovarov, 1998; Fedorova,
Burenin, 2010). The heterosis effect reaches its peak, when
the progeny hybridity is at its maximum that is effectively
achieved by various genetic reproductive systems, particularly
cytoplasmic male sterility (CMS) potentially presenting in
each cross-pollinated population (Maletsky, 2010).

Selection for heterosis includes several consecutive
stages as follows: studying a variety of original material
preferably among monogerm samples, obtaining inbred
progenies, selecting valuable biotypes and using them as
the base for obtaining fertile (mf) and sterile (ms) lines with
high combining ability, obtaining F, hybrids with the set of
agriculturally valuable attributes. Obtaining homozygous lines
via inbreeding is considered a critical element of a formative
process facilitating the identification of valuable biotypes with
recessive alleles, when dealing with complex heterogeneous
populations of cross-pollinating cultures. Self-pollination
makes it possible to decompose heterogeneous populations
into series of homozygous lines of target genes, which, in
addition to inbreeding depression, possess valuable attributes
(Vavilov, 1935).

At the early stages of CMS-based hybrid creation, it is
not only genetic and breeding aspects that present problems
for breeders, but seed production as well. As opposed to
cross-pollinating variety populations, whose genetic stability
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is ensured by cross-pollination within the intrabreeding
population, self-fertilization ability is required for obtaining
and maintaining the lines (Balkov, 1978; Fedorova, Stepanov,
2005; Zhuzhzhalova, 2010; Burenin, 2015).

Seed productivity of inbred beet progenies is highly variable
as aresult of various genes, including the self-incompatibility
gene, as well as inbreeding depression. Self-incompatibility
during self-pollination occurs, when pollen grains and the
pistil have matching S-genes. Depending on the action
period of genes and localization of their byproducts, two
types of homomorphic self-incompatibility are defined for
the eudicot group, namely sporophytic and gametophytic.
However, some species may demonstrate a combination
of individual attributes of these systems (Zhuzhzhalova
etal., 2007).

Growth inhibitor (protein complex) in the SSI system is
activated at the stigma, when pollen grains and the pistil
have matching monomers, which inhibit pollen germination
(Lewis, Crowe, 1958; Knox, Heslop-Harrison, 1970; Foote
et al., 1994; Chantha et al., 2013). According to the recent
data, the GSI system in a number of species is based on
recognizing specific ribonuclease (S-RNase) in the diploid
tissue of the pistil splitting the stored rRNA of its own pollen
grains (pollen tube growth is terminated) and S-related F-box
proteins of the male haploid capable of inactivating a subset of
S-RNase alleles, except for their allele relative (Entani et al.,
2003; Yamane et al., 2003; Kubo et al., 2010; Ramanauskas,
Igi¢, 2017; Chen et al., 2018). The SI system in beet plants
is controlled by four S-loci, while having a gametophytic
incompatibility type, but it still remains understudied at the
molecular level (Lundqvist et al., 1973; Zhuzhzhalova, 2010).

While the percentage of self-incompatible plants in sugar
beet populations may reach 50 % or more, they also include
self-compatible plants, whose pollen grains germinate
massively as a result of self-pollination (Magassy, 1965;
Korneeva, Golichenko, 1989; Logvinov et al., 1993; Darmency
et al., 2009). The plants setting up to 50 seeds are considered
self-sterile or self-incompatible (SI), 50 to 100 seeds prone to
self-fertilization (PSF), 100 seeds and above self-compatible
or self-fertile (SF) (Balkov, 1978).

It is shown that compatibility attribute and the percentage
of SF plants in inbred sugar beet progenies may become
fixated; their seed productivity in a series of generations may
increase, though it is not a universally observed phenomenon
(Konovalov, Maletsky, 1990; Zhuzhzhalova, 2010; Oshevnev,
Gribanova, 2010). Consecutive self-pollination reduces pollen
grain fertility in inbred progenies, which in turn depends on the
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genotype of the inbred plants (Maletsky, 1995; Zayachkovsky
etal., 1999; Korneeva, Vlasyuk, 2003; Darmency et al., 2009).
In addition, pollen grain fertility in self-compatible plants
following single to triple inbreeding decreases significantly
slower than in inbred progenies of self-incompatible plants,
demonstrating a sharp increase in pollen grain development
anomalies leading to microgametophytic sterilization during
gametogenesis.

The further inbred reproduction leads to lower pollen
fertility in SF-forms, which in case of deep inbreeding (up
to I,,) may fall down to 20 % of the initial value (Konovalov,
Maletsky, 1990; Fedorova, Stepanov, 2005). As a result,
similarly to SI-forms, valuable genotypes may be lost in
SF-forms, which occurs most often in the process of creating
fertile B-lines responsible for CMS fixation (Lyalko et al.,
1997; Zhuzhzhalova, 2010). Thus, when dealing with inbred
table beet progenies, the primary goal is to search for the mf-
forms not only prone to self-pollination but also capable of
overcoming the inbreeding depression. At the same time, it is
important that seed productivity threshold under inbreeding
depression is not neglected.

The goal of the presented research was to study the relations
between seed productivity and functional parameters of male
gametophytes in table beet plants during inbreeding in order
to develop constant lines and ensure their preservation and
reproduction.

Materials and methods

The research was performed at the facilities of the Federal
Scientific Vegetable Center (VNIISSOK) from 2007 to 2017
with seed plants of various inbred beet progenies obtained
using Nezhnost variety population. The breed was derived
via free cross-pollination of foreign hybrids with cylindrical
root shape followed by individual selection, inbreeding, and
sister crossing. It was the very first inbred generation of this
population that included fully fertile and partially sterile
plants with the CMS attribute manifested to various degrees
(i. e. different ratios of sterile and fertile anthers at flower,
inflorescence, or branch scales). CMS in table beet plants is
manifested phenotypically as a marker coloring of ms-anthers
with individual parts of plants showing a wide spectrum of
maroon tints from pink to brown (Fedorova et al., 2011).

The plants were grown in a protected ground in unheated
hangar- or block-type hothouses under conditions of spring-
summer crop rotation with natural lighting using one-year
(stecklings) or two-year development cycles. Enforced self-
pollination of the seed plants and sib crossings were performed
using two types of pollination bags, namely parchment for
isolation of individual branches of the plant, and calico for
individual plants and groups of plants. To overcome the
inbreeding depression, sib (sister) group crossings (a group
of at least three plants under the common pollination cover)
were used starting with the third inbreeding.

Biometric and functional microgametophytic parameters
in fertile and partially sterile inbred plants were studied
in vitro using the technique developed at VNIISSOK
(Kozar et al., 2017). The sample size for triple analysis
calculations and measurements was 300-500 pollen grains.
A microphotographic study was carried out using a Micros
microscope with DCM 300 digital camera and Canon A560
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photographic system with magnifications x10x 10 and
x20x10. Pollen grains from various fractions were calculated
and their parameters measured using the Scope Photo software.
The viability of the microgametophytic population was
estimated as the percentage of germinated pollen grains in the
total number of grains in the sample analyzed. Polymorphism
was assessed based on the percent ratio between pollen
grain fractions, which included fertile, germinated (viable),
anomalous, and sterile grains.

The reproductive ability and self-compatibility of inbred
plants were assessed based on seed productivity (SP) and
field germination rate. Genotypes with seed productivities of
0 to 1 g were classified as SI regardless of the germination
rate, as were plants with higher productivity with germina-
tion rates below 20 %; a PSF group included the plants
with seed productivities from 1 to 4 g; and a SF group — the
plants with seed productivities above 4 g with germination
rates above 20 %.

Express tests of seed quality were performed by means
of microfocus radiography using the PRDU-02 and RM-1
systems. The internal structure of seeds was analyzed using
the methods described in Technique of Radiographic Studies
for Agriculture (Arkhipov et al., 2001) and Crop Science and
Radiographic Analysis of Seed Quality in Vegetable Cultures
(Musaev et al., 2012). Mathematical processing of the results
was implemented using the Microsoft Excel statistical analysis
tools.

Results
Comparative analysis of the obtained SP data showed that
inbred progenies (I,-1,) included both low productive plants
and the ones setting a sufficient number of seeds, and the ratios
between them varied significantly within the inbred progeny
on the whole and for each sample in particular. The percentage
of SI plants in inbred populations showed steady increase of
as much as three times on average in each subsequent inbred
generation. As a result, the percentage of plants capable of
self-pollination in the third inbred populations was 33 %,
whereas the same value for the first inbred generation was
90 %, with 56 % of plants having seed productivities of over
5 g. Average seed productivity parameters of the inbred plants
from different generations remained approximately the same:
I —11.2;1,—11.9; I, - 10.4 g/plant (Suppl. material 1)!.

The effect of consecutive self-pollination on the variability
of microgametophytic parameters was studied and the
relation of these parameters with the reproductive ability of
the inbred beet plants was analyzed in breed sample 274,
whose population was characterized by the lowest amount
of SI genotypes (7 %). Here, the plants selected for further
inbreeding were primarily the ones prone to self-fertilization,
which were typically present in all inbred progenies. The
structure of their inbred progenies included fully ST genotypes
(SP = 0 g), whose percentage increased gradually with
inbreeding depth (I, — I5)and reached 21 % in the fifth inbred
generation (Table 1).

According to the average values, seed productivity in the
plants capable of self-pollination remained high up to the third
inbred generation. Further inbreeding dramatically reduced

1 Supplementary Materials 1-3 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2019-23/appx8.pdf
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Factors to affect inbred beet plants
while developing material for linear selection

Table 1. Seed yield and pollen fertility for different inbred beet progenies No. 274

Inbreeding Seed yield, g/plant Plants (%) with seed productivity Pollen fertility, % Portions of plants (%) with different
(average) (average) levels of pollen fertility
0g 0.1-40g >4g9 <70 % 70-90 % >90 %
I 14.5 7 33 60 92 1 26 73
l 13.4 8 42 50 84 3 33 64
I 9.3 14 55 31 80 10 61 29
I, 2.5 16 64 20 82 8 44 48
I 6.1 21 49 30 76 20 35 45
P s e
70r1 O Average
_— max
60 I min
50 T
40}
L
£ 30t
c
[o)]
S 20f
= 10 J\D
0 1 L
I I, I3 I I I3
Sterile Anomalous

Fig. 1. Sterile and anomalous microgametes in the pollen populations of different inbred beet plants: g, fertile pollen grains;

b-e, anomalous pollen grains; f, sterile pollen grains.

seed productivity in plants, including the SF group, which
then only accounted for 20-30 %. It may be explained by the
effect of growing inbreeding depression on the development
of reproductive organs. As a result, pollen grain fertility de-
creased due to the increasing number of sterile microgametes
and anomalous pollen grains (deformation, detachment of
contents from the shells, germination of several pollen tubes,
etc.); the number of these plants doubled in the fifth inbred
progeny (Table 1, Fig. 1).

Inbreeding depression also affected functional parameters
of pollen grains, primarily in vitro pollen tube growth. The
average pollen tube length in plants from the fourth-fifth
inbred generations after three-hour germination turned out to
be twice as short as in plants from the third inbred generation.
In addition, consecutive inbreeding progenies starting from
the second inbred generation showed a gradual decrease in the
variability of this attribute and an increase in the percentage
of plants with low pollen tube growth rate (Lpt< 200 per unit)
(Table 2).

In addition, plants from various inbred generations mani-
fested differences, although less significant, in fertile pollen
grain viability, which generally fell within a wide interval
(055 %). However, no specific regularity was observed to
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describe variations in population structure regarding ratios
of genotypes with different viability values. For instance,
genotypes with average pollen grain germination rate (viability
of 10-30 %) prevailed in the third inbred generation; low
viability (<10 %) prevailed in the fourth inbred generation,
but most plants from the fifth inbred generation showed the
ability of pollen grains to germinate in vitro (with viability of
over 30 %). It possibly has to do with phenotypic variability,
which is to a significant degree determined by the effect of
agricultural climatic cultivation conditions on simultaneous
maturation and pollen grain maturity. In other words, the
data obtained indicate that the inbreeding depression of
microgametophytic development combined with self-
incompatibility affects the reproductive ability in inbred
plants.

Relation between seed productivity and microgameto-
phytic parameters in beet plants with different inbreed-
ing levels. Structural analysis of individual groups of inbred
mf-plants with different SP values showed a certain relation
between microgametophytic parameters and seed productivity
up to the third inbreeding. For example, in the third inbred
generation plants with low fertility (<70%) and viability
(<10 %) were only encountered in the low productive group
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Table 2. Variability and structure of inbred beet progenies considering the viability and pollen tube length
of the fertile pollen of seed plants
Inbred Viability, % Plants with survival capacity, % Pollen tube length, Plants (%) with
progeny rel. units Ly (rel. units)
average min-max <10 10-30 >30 average min-max <200 200-300  >300
I3 20 1-44 23 48 29 446 78-790 19 14 67
I, 17 0-52 44 32 24 263 94-540 24 44 32
I5 25 0-55 20 20 60 257 110-430 28 30 42
HCP 9 84
50r T O Average
- _ max
& 40f I min
N
()]
2 30
2
g 20
3 EJ\[
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g L
0
oo s [ A A A
mf-plants ms-plants

Fig. 2. Variability of the seed productivity in fertile (a) and partially sterile (b,

a plant) plants in different inbred beet progenies.

(SP < 1g); in the fourth inbred generation these genotypes
were found in the group with average SP (1-4 g), and in
the fifth inbred generation in the high productivity group
(SP>4 g) as well; in addition, the percentage of inbred plants
with low pollen viability almost leveled off in all groups at
20-30 % of the total number of plants in each respective
group. Inbreeding depression of pollen tube growth manifested
itself in some plants as early as the second inbred generation,
and percentages of these genotypes in groups with low and
average SP reached 25 and 20 % respectively in the third
inbreeding progeny (Suppl. material 2).

From the breeding perspective, the plants from all inbred
progenies of high productive groups with high fertility and pol-
len grain viability of over 30 % are of interest. The percentage of
plants with high pollen tube growth rates (L,>300 pm/hour)
in this group decreased with higher inbreeding levels and
reached 20 % in the fifth inbreeding progeny, whereas this
value was about 60 % in the low productive group (see Suppl.
material 2).

A decrease in seed productivity and its variation range
in the plants prone to self-pollination show similar patterns
in mf-plants and partially sterile ms-plants (Fig. 2). At the
same time, the following differences are observed: average
seed productivity of ms-plants in case of self-pollination is
significantly lower than in fully fertile plants, whose variation
range is almost twice as wide in the first three inbreeding
progenies. Sharp decrease in seed productivity was observed
in mf-plants from the third inbred generation and in ms-plants
from the fourth inbred generation with prevalence of SI forms.

¢ - individual sterile anthers at flower; d, e - ms-flowers and branches on

Thus, the observed growth in the number of SI plants in the
fourth-fifth inbred generations is primarily associated with
the presence of partially sterile plants in progenies, which
are to be removed starting from the third inbreeding. It is
especially important for developing a mf-line responsible for
CMS fixation (see Table 1).

In other words, the research showed that reproductive poten-
tial of inbred plants subjected to multiple self-pollinations is to
a greater extent determined by the degree of self-compatibility
since both low and high seed productivities were observed
in plants with different CMS manifestations and functional
parameter combinations of pollen grains. The further analysis
confirmed the absence of constant correlation between the mi-
crogametophytic attributes and seed productivity of individual
plants from each inbred progeny. However, the mf-plants
prone to self-fertilization demonstrated a stable trend in all
progenies, namely that of a lower in vitro pollen tube growth
rates in productive genotypes (Fig. 3, @). A similar relation
was also observed in individual inbred families, especially in
the ones with widely varying seed productivity. For example,
the correlation coefficient between pollen tube length and seed
productivity in plants from the third inbred generation was

=—0.64 for inbred families No. 274-2 and 274-4, while for
other families it varied from » =-0.19 to » =—0.59.

The relation between pollen grain viability and seed pro-
ductivity of inbred plants is ambiguous. A positive correlation
between these parameters (»=0.40...0.49) is only observed in
generations with high inbreeding levels I;_; for the mf-plants
prone to self-fertilization. Moreover, pollen grain viability
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Fig. 3. Relation between seed productivity and pollen tune length (a), and the pollen-grain viability (b) of inbred mf-beet Sl plants.

affected the number of fertile seeds (» = 0.53...0.56) with
normal embryos capable of producing adult plants to form
roots only in some of these progenies (Fig. 3, b). Thus, in
case of comparable pollen grain viabilities, the fertilization
outcomes may still be different for inbred plants with varying
degrees of the SI attribute manifestation.

It is caused by the fact that male gamete elimination occurs
throughout the whole duration of the progamic phase, and
the more incompatible the plant, the earlier the progamic
phase anomalies are observed and the more pronounced they
are. The absence of fertilization is the main cause of embryo
deaths. However, embryo development may continue up
until the sphere stage even without fertilization, but as soon
as the central cell does not function properly and does not
form an endosperm, the embryo dies. A study of subsequent
embryogenesis stages during seed formation has shown that
embryo and seed degeneration in case of self-pollination
of beet plants is observed at various development stages,
while the number of degenerating embryos is much higher
in self-sterile forms, than in self-fertile ones. The seeds with
underdeveloped embryos bear superficial resemblance to
fertile seeds as a result of seed vessel outgrowth (Zhuzhzha-
lova et al., 2007).

In this context, the fertile seed weight per plant calculated
as M,= M, x B/100, where M is the total seed weight (g)
per plant, and B is the field germination rate (%), should be
considered a more adequate criterion for ranking plants by
self-incompatibility/fertility. Genotypes with M, <0.5 g/plant
are attributed to the SI group; the ones with 0.5<M<1.0 g/plant
to the PSF group; and the ones with M,>1.0 g/plant to the
SF group (Fig. 4, a). It can be seen from the figure that both
SI and SF groups include plants with comparable total seed
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productivities, but field germination rate and therefore fertile
seed weight is higher in SF plants with low productivity than
in SI plants.

Microfocus radiography, which makes it possible to identify
the presence of a developed embryo in each seed even before
germination, may be used to obtain a preliminary estimate of
the manifestation degree of self-incompatibility in the given
inbred beet progeny (Musaev et al., 2017a, b). It can be seen
from the radiographic image that internal areas in most seeds
from inbred progenies 274/5-6-1-9a and 274/2-3-15-4a were
either fully shaded or only show rudiments of non-viable
embryos (light areas), which did not germinate when sown
(Fig. 4, b).

Taking seed productivity and field germination rates into
account, these progenies were attributed to the SI group (see
Fig. 4, a); the progenies of families 274/5-5-3-3a and 274/5-
5-3-1a were attributed to the SF group, since despite low
total seed productivity (about 2 g), they were characterized
by high filed germination rates (76 and 53 % respectively),
which is also confirmed by radiography results. In addition,
radiographic images may be used to identify individual plants
and progenies as polygerm or monogerm, which is important
for choosing a breeding type (see Fig. 4, b).

Sib crossing for preserving valuable inbred lines. Sib
crossings within individual progenies of mf-forms reduce the
inbreeding depression effect on microgametophytic functional
parameters. For instance, pollen grain viability in plants from
progenies of the initial inbred form 274-5-6-1 increased by
4-32 % depending on the progeny (apart from 274-5-6-1-
11a). Pollen tube growth rate also increased in most samples,
the tube length being 1.2-2 times as high as in inbred plants.
Progenies of 274-5-6-1-11a and 274-5-6-1-12a were the only
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exceptions, where the value considered varied within the
experimental error (Suppl. material 3).

A close relation was observed between pollen grain viability
and pollen tube length in plants from inbred and sib progenies
(r=0.88 and r = 0.64 respectively), as opposed to seed pro-
ductivity since its increase during sib crossings was caused
not only by reduced inbreeding depression but the absence
of negative self-incompatibility effects as well. Nevertheless,
an inverse relation was observed between tube lengths and
seed productivities (» =—0.47), similarly to inbred progenies.

In most progenies resulting from sib crossings, productivity
either showed statistically significant increases (1.4—6.6 times
and more) or remained at the level typical for inbred plants.
The quality of the obtained seeds improved significantly, and
their field germination rates per seed unit (glome) were over
40 % in most progenies. Here, 42 % of sib progenies had
polygerm glomes (with the field germination rate of over
100 %), whereas the percentage of polygerm samples among
inbred progenies did not exceed 10 % of all plants studied.
This should be taken into account while creating fertile lines,
especially the ones responsible for sterility fixation since it
requires monogerm plants.

Conclusions

Obtaining self-fertilizing constant lines for table beet heterosis
breeding is a complex process, because the self-incompatibility
attribute is under gametophytic control, and its manifestation
degrees vary significantly in plants from inbred progenies.
In case of self-pollination, the reproductive ability of table
beet plants also depends on the inbreeding depression level,
which affects microgametophytic functional parameters and
seed embryo development.

The use of recurrent breeding based on seed productivity,
pollen tube length, and field germination rate increases the
yield of forms with potentially high self-compatibility in
the progeny. To ensure reproduction and preservation of the
valuable linear material, one should perform sib crossings

not later than the third or earlier inbred generations from
promising inbred progenies by selecting the mf-forms most
prone to self-fertilization.
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Genetic approaches to the investigation
of serotonergic neuron functions in animals
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The serotonergic system is one of the most important neurotransmitter systems that take part in the regula-
tion of vital CNS functions. The understanding of its mechanisms will help scientists create new therapeutic
approaches to the treatment of mental and neurodegenerative diseases and find out how this neurotransmit-
ter system interacts with other parts of the brain and regulates their activity. Since the serotonergic system
anatomy and functionality are heterogeneous and complex, the best tools for studying them are based on
manipulation of individual types of neurons without affecting neurons of other neurotransmitter systems. The
selective cell control is possible due to the genetic determinism of their functions. Proteins that determine the
uniqueness of the cell type are expressed under the regulation of cell-specific promoters. By using promoters
that are specific for genes of the serotonin system, one can control the expression of a gene of interest in sero-
tonergic neurons. Here we review approaches based on such promoters. The genetic models to be discussed
in the article have already shed the light on the role of the serotonergic system in modulating behavior and
processing sensory information. In particular, genetic knockouts of serotonin genes sert, pet1, and tph2 pro-
moted the determination of their contribution to the development and functioning of the brain. In addition,
the review describes inducible models that allow gene expression to be controlled at various developmental
stages. Finally, the application of these genetic approaches in optogenetics and chemogenetics provided a
new resource for studying the functions, discharge activity, and signal transduction of serotonergic neurons.
Nevertheless, the advantages and limitations of the discussed genetic approaches should be taken into con-
sideration in the course of creating models of pathological conditions and developing pharmacological treat-
ments for their correction.

Key words: serotonergic neurons; genetic models; viral transduction; optogenetics; chemogenetics.
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I'eHeTMUYeCKMe MOAX0AbI K M3VUeHNI0 QYHKIINI
CEepOTOHMHEPIMYECKIX HEIPOHOB V >KMMBOTHbIX
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2 DepepanbHblii MCCNeRoBaTENbCKUIA LeHTP VIHCTUTYT umtonorum u reHetnkn Cnbrpckoro otaeneHna Poccuinckor akageMmnm Hayk,
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CepoToOHMHepruyeckaa cucteMa, KoTopas NMpuUHMMaeT yyacTve B perynauun 6onbwmnHctea dyHkumn LIHC,
ABNACTCA OJHOWN V3 BaKHENWNX HEMPOTPAHCMUTTEPHbIX CUCTeM. [1aToreHe3 MHOMMX NCUXMYECKNX U HEeNpo-
JereHepaTUBHbIX 3ab0neBaHWii BKIOYaeT HapyLueHNA B GYHKLVOHMPOBaHNM 3TOW cnucTembl. [ToHMaHne Me-
XaHU3MOB ee PaboTbl MOMOXET He TOJIbKO pa3paboTaTb HOBble TeparneBTUYecKre Noaxoabl K IeYEHNI0, HO 1
YCTaHOBWTb, KaK 3Ta HEMPOTPaHCMUTTEPHaA cMCTEMa B3aUMOAENCTBYeT C APYrMMi oTAenamm mosra, perynu-
pyA nx aeAatenbHOCTb. BBUAY CNOXHOCTY 1 reTepOreHHOCTV aHaTOMO-QYHKLIVIOHaIbHOTO YCTPONCTBa CepoTo-
HWHEPrnyecKom CMcTeMbl, B HacTosLLiee BPemaA JTyYLNMM MHCTPYMEHTaMM 1A ee n3yyeHuns ABAAIOTCA MeToAb,
OCHOBaHHbIE Ha MaHMNYIMPOBaHNN OTAENIbHLIMU TUMaMN HEMPOHOB 1 He 3aTparnsaloLlne HenpOHbl APYTUX
HepOTPaHCMUTTEPHbIX cucTeM. Takoe n3bupaTenbHoe yrpaBfieHre KneTkamm BO3MOXKHO 3a CUeT reHeTunye-
CKOW ieTEPMMHUPOBAHHOCTN UX GYHKLWIA. Benkn, obycnosnuBaiolwme YHUKaNIbHOCTb KNETOYHOrO THMa, KC-
npeccrpyloTca B HeM NoA perynauueil KneToyHo-cneynuduyHbix npomotopos. C cnonb3oBaHMeM NPOMOTO-
POB, CneunPrUHbIX ANA reHOB CEPOTOHNHOBOW CUCTEMbI, BO3MOXHO YMNpaB/ieHne 3KCNpeccueit reHa uHTepeca
B CEPOTOHMHEPruyecknx HelipoHax. B o63ope paccMoTpeHbl Noaxoabl C MPYMEHeHNeM Takux MPOMOTOPOB.
[eHeTnyecKkne Mofeny, Co3faHHble NPY MOMOLLM OMUCAHHbIX MOAXOJ0B, UCMOJb3YIOTCA /1A YCTaHOBMIEHNA
POV CepOTOHMHEPIrMYECKON CUCTEMbl B MOAYNIMPOBaHNM NoBeaeHnA 1 06paboTke ceHCopHOI MHOpMaLMK.
B yacTHOCTW, reHeTYecKne HOKayTbl MO CEPOTOHVMHOBLIM reHaMm sert, pet1 n tph2 nomornu BbIACHATb BKNaf
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leHeTnYecKne NOAXOAb! K N3ydeHnio GYHKLMIA
CEPOTOHWNHEPTNYECKNX HENPOHOB Y KMNBOTHbIX

3TUX TeHOB B d)OpMVIpOBaHVIe n q)yHKLl,VIOHVIpOBaHVIe rOIOBHOIo mMo3ra. Kpome TOro, oNMUCbIBAKOTCA NHAYUN-
6enbHble mMofenn, KoTopble No3BoNuUIN ynpasniAaTb 3Kcnpeccme|7| reHOB Ha pPa3/InyHbIX CTaguAX OHTOreHe3a.
W HakoHeL, npueefeHbl npumepbl OOCTUPKEHWI B NMPUMEHEHNN 3TUX TEHETUYECKNX MOAXOA0B B ONTOreHeTnKe
1N XeMOoreHeTnke, KOtopble npefoctaBuin HOBbIN pecypc ana nsyyvyeHuma d)yHKLlI/IIz, paspﬂp,HoM AKTUBHOCTN 1
CUTHaNbHOM TPaHCOYKUNN CEPOTOHNHEPTNYECKNX HeVIpOHOB. I'Ipm co34aHnN moJenen NaTonormyeckmx cocTo-
AHUN 1 pa3pa60TKe ¢apmaKonormquKmx CpencTs X Koppekunnm Ha OCHOBE pPaCCMOTPEHHbIX reHeTU4YeCKnx
noaxonos H806XOL|VIMO y4uTbiBaTb, YTO KaXKAbI N3 HAX MMeeT CBOW JOCTOUHCTBA 1 OrpaHN4YeHnA, n BbI6VIpaTb

Hanbonee NOAXOAALMNIA U3 HUX.

KnioueBble cnosa: CePOTOHMHEPTNYeCcKne HeVIpOHbI; reHeTunyeckne Mmogenn; BupyCcHaa TpaHCAyKUuMA; ontore-

HEeTNKa; XeMOoreHeTnKka.

Introduction

The serotonergic neurotransmitter system is involved in the
regulation of many physiological functions, such as pain
sensitivity, the sleep/wake cycle (Whitney et al., 2016), nu-
tritional and reproductive behavior, cognitive functions, and
mood (Wong-Lin et al., 2017). It also modulates the functions
of the olfactory system (Carlson et al., 2016). Many clinical
and preclinical studies emphasize the role of serotonin in the
pathogenesis of various mental disorders (Vadodaria et al.,
2018).

Serotonin synthesis in the CNS is performed by serotonergic
neurons located in brainstem nuclei, the ventromedial part
of the medulla oblongata, and the reticular formation of the
pons (Baker et al., 1991). The projections of these neurons
are widely distributed in the brain and spinal cord. The rela-
tively small number of serotonin neurons and the scattered
distribution of their axons complicate the task of studying
their functions. In addition, although serotonin neurons are
anatomically clustered, their groups are not homogeneous in
their electrophysiological properties and usually consist of
several subpopulations, which are extensively studied (Ren
et al., 2018). Thus, electrophysiological studies carried out
by introducing an electrode into raphe nuclei do not provide
an adequate understanding of the functions of individual cell
populations (Calizo et al., 2011). Although works conducted
using pharmacological approaches have made a significant
contribution to understanding serotonin neurotransmission,
they also have limitations: peripheral effects, the inability to
control certain types of neurons, and, in some cases, unclear
mechanisms of action (Choi et al., 2004). Therefore, nowa-
days the attention of researchers is focused on genetic tools
that make it possible to manipulate certain types of neurons
without affecting neurons of other neurotransmitter systems.

Gene promoters used

for transgene expression

in serotonergic neurons

Expression of a gene of interest in cells of a certain type is
supported by tissue-specific promoters. For expression of
target genes in serotonergic neurons, the tph2, pet-1, and sert
promoters are used (Hainer et al., 2016). The advantage of the
tph2 gene (neuronal tryptophan hydroxylase), the key enzyme
in serotonin biosynthesis, is that it is highly expressed exclu-
sively in serotonergic neurons within the brain, unlike the ph/
gene, which is hardly expressed in the CNS (except for pineal
gland cells, in which it serves as an intermediate in melatonin
synthesis) (Patel et al., 2004). The #ph2 promoter contains a
NRSE silencer, which prevents transcription of this gene in
non-neuronal cells (Patel et al., 2007), and binding sites for

the Pet-1 transcription factor (Liu et al., 2010), which directs
the development of serotonergic neurons during ontogeny
and plays an important role in maintaining the serotonergic
phenotype in adult neurons (Liu et al., 2010; Fernandez et
al., 2017). Due to the fact that Pet-1 itself is a marker of
serotonergic neurons, its gene promoter (or, specifically, its
enhancer (Scott et al., 2005)) is also considered tissue-specific
for them (Deneris, 2011). Among others, Pet-1 controls the
expression of sert (or slc6a4), a serotonin transporter gene,
whose promoter is also used in studies of serotonergic neurons
(Hainer et al., 2016). However, unlike Pet-1 or Tph2, sert is
expressed not only in serotonin neurons but also in astrocytic
glia (Blakely, 2001) and can be synthesized in neurons of the
prefrontal cortex, thalamus, and retina during the development
of the nervous system (Gaspar et al., 2003).

In addition to aforementioned genes, those for aromatic
L-amino acid decarboxylase (aadc or ddc), vesicular trans-
porter of monoamines (s/c/8a2 or vimat2), monoamine oxidase
A and B (maoa and maob), 5-HT1a/b-autoreceptors (htrla
and htrib) are vigorously involved in the functioning of the
serotonergic neuron, and so are genes encoding enzymes for
the synthesis and reduction of tetrahydrobiopterin (BH4)
(Miiller, Jacobs, 2010). However, the endogenous promoters
of these genes are either weak or not specific enough to be
used for gene manipulation in serotonergic neurons (Deneris,
Wyler, 2012).

Transgenic animal models for examining
serotonergic neurotransmission

Transgenic animals are widely used for studying the seroto-
nergic system. Animal models are used to clarify the role of
specific genes in the development and functioning at different
levels of organization: from a single cell to the whole body.
The most common genetic models are knockout, knock-in, and
BAC-based animals. A bacterial artificial chromosome (BAC)
is a DNA construct whose length can exceed 350 thousand
base pairs (Shizuya et al., 1992), and this feature makes it
applicable for large-insert cloning of genes or their promoter
regions (Zhuang et al., 2005). In this case, transgenesis is
carried out by introducing BAC into the zygote pronucleus
(Richardson-Jones et al., 2010). Genetic knockout and knock-in
are usually obtained in two steps: first, the gene of interest
is inserted into the embryonic stem cells using homology-
directed repair (To get knockout, the sequence replaces the
gene of interest.) and then the modified cells are introduced
into the blastocyst. Adult chimeric animals are mated with
wild-type animals, and their heterozygous offspring are se-
lected (Zhuang et al., 2005). These offspring are also crossed
among themselves and animals carrying the insertion in the
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homozygous state are selected from the third generation
(Richardson-Jones et al., 2011).

To examine the serotonergic system with above approaches,
different lines of transgenic animals have been generated and
most of them are based on the Cre-LoxP or Flp-FRT recom-
binations. Cre and Flp recombinases recognize the LoxP and
FRT sequences, respectively, and catalyze the recombination
of the flanked DNA fragment to remove or invert it. The
flanked region of DNA can be a gene or a stop cassette in
front of the gene, so its removal turns the expression off or on
(Muiioz-Jiménez et al., 2017). Based on this recombination,
several lines of transgenic animals have been raised for target-
ing the serotonin system, where Cre recombinase expresses
under the control of a specific promoter (sert, pet-1, or tph2)
(Hainer et al., 2016). These animals are used for obtaining
genetically modified animals with conditional knockout (Liu
etal., 2010) and conditional induction of the serotonin system
genes (Piszczek et al., 2013) to study the contribution of par-
ticular genes (Features and design of these and other genetic
models are described in the Table.) For example, the same
approach proves the necessity of Pet-1 for not only launching
the serotonin program in neurons but also maintaining the
serotonergic phenotype in the future (Liu et al., 2010).

Moreover, use of both Cre and Flp recombinases allows
studying individual neuron subtypes in the serotonin system,
as well as its development, by analyzing the descendants
of certain rhombomeres (Kim et al., 2009). There are also
many other methods to produce transgenic animals without
recombinases. An example is the CRISPR/Cas9 technology,
by which the first transgenic pigs with #ph2 knockout were
obtained (Li et al., 2017).

Despite the undeniable contribution of genetically modi-
fied animals with constitutive changes in gene expression
described previously, their main disadvantage is that they
are unfit for studying the effects of a single alteration in the
neurotransmitter system, because during the development of
the nervous system they may experience a compensatory ef-
fect of other neurotransmitter systems, as well as aberrations
in neurons in general (Hainer et al., 2016).

Inducible expression models
Inducible genetic models permit one not only to avoid adaptive
effects but also to study the development of the serotonergic
system in ontogeny. One of the widely used systems for gain-
ing spatial and temporal control over transgene expression is
the inducible system Cre-ERT2. Cre-ERT2 recombinase is a
chimeric protein constructed by fusion of Cre-recombinase
and a mutant human estrogen receptor form, which binds the
synthetic ligand tamoxifen (TMX) instead of estradiol. After
being activated by tamoxifen treatment, chimeric recombinase
passes through the nuclear membrane into the nucleus, and
induces flanked region recombination, resulting in temporal
control of the gene of interest (Kristianto et al., 2017).
Another way to control transgene expression without us-
ing Cre recombinases involves ligand-inducible systems,
such as Tet-ON/Tet-OFF. Administration of tetracycline-like
compounds causes changes in the tetracycline-dependent
transactivator (rtTA or tTA) conformation. Depending on the
type of system, this protein becomes able to bind (Tet-ON) or
not to bind (Tet-OFF) the tetO sequence, thereby initiating or
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blocking transgene expression, respectively (Das et al., 2016).
Besides, there is a modification of this system in which a gene
under control of a tissue-specific promoter encodes a chimeric
tetracycline-dependent transactivator protein fused with the
KRAB domain, a strong repressor. The resulting chimeric
protein strongly suppresses the expression of the gene of inter-
est by binding to the tetO upstream of it (Richardson-Jones
et al., 2011). Several genetic models based on the Tet-OFF
and Tet-ON systems have been produced for examining the
serotonergic system (Weber et al., 2012; Donaldson et al.,
2014; Hilber et al., 2015). For example, the effect of reduced
expression of autoreceptors 5-HT1A on anxiety behavior
in adulthood has been discovered (Donaldson et al., 2014).
However, unlike Cre activated recombinases, the effect of the
tetracycline-inducible system is reversible, because it does not
change the DNA sequence, and this feature expands the range
of possible applications of this system. The disadvantage of
this method is that doxycycline (the most stable and com-
mon tetracycline-like compound) has its own effects on the
animal behavior and the expression of some genes (Shishkina
et al., 2017), which impede the interpretation of behavioral
test results.

Viral vectors

Viral vectors are another promising approach for studying
the serotonergic system. They are stereotaxically delivered to
the raphe nuclei at a certain developmental stage and do not
affect foregoing ones. Many studies have been conducted to
apply the viral vector approach to transgenic animals. Most of
them are based on Cre/LoxP recombination (Tye, Deisseroth,
2012; Verheij et al., 2018), so that vectors should ensure the
expression of their transgene in cells where Cre recombinase
is synthesized. Nowadays, there are over 250 Cre transgenic
mouse lines available as part of “Gene Expression Nervous Sys-
tem Atlas” project in collaboration with the Intramural Research
Program of the National Institute of Mental Health (http://
www.gensat.org) (Gong et al., 2007) and from commercial
repositories such as the Jackson Lab (http://jaxmice.jax.org).

Along with that, efforts are being made to create viral vec-
tors specifically expressing a transgene in the serotonergic
system not only in transgenic animals but also in wild-type
animals or selection lines. Benzekhroufa et al. (2009) designed
a vector for serotonin neurons where a two-step transcription
amplification system (TSTA) was used to increase the expres-
sion of the gene of interest. In this system, the enhancement
of the tph2 promoter fragment was achieved by adding the
UAS enhancer and the GAL4-p65 chimeric cis-regulator, as
well as many variations of the UAS enhancer cassettes to the
promoter. This approach allows achieving high and specific
transgene expression in serotonin neurons. Based on these
constructs, lentiviral and adeno-associated viral vectors were
created for serotonin neuron targeting (Benzekhroufa et al.,
2009). Moreover, these vectors were improved by optimiz-
ing the IRES site and adding the WPRE sequence to increase
the expression level of the genes delivered by the retroviral
vectors (Nishitani et al., 2019).

Another interesting approach takes advantage of viral deliv-
ery and RNA interference. The interaction of small interfering
RNAs with the mRNA of the target gene leads to the mRNA
destruction, thus preventing its translation and inhibiting the
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Genetic models used to study the serotonergic system

Genetic model Model design
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Model features

2019
23-4

Example

Injection of a genetic construct with a
gene of interest under the control of a
cell-specific promoter into an animal
pronucleus

Genetic construct persists in all cells lifelong,
not reversible, can be transmitted to offspring

Targeted viral
transduction

Stereotaxic injection of a genetic
construct with a gene of interest under
the control of a cell-specific promoter in
the region of interest

Genetic construct is stereotaxically delivered

in the area of interest and can provide inducible
and reversible specific expression of the gene
of interest

Benzekhroufa
etal., 2009

An existing gene is replaced or disrupted
with an artificial piece of DNA (STOP
cassette or a new gene)

The gene is absent from all cells of the body
throughout life

Mosienko et al.,
2012

Conditional knockout An animal bearing the Cre gene
downstream (and under the specific
control) of the cell-specific promoter and
an animal bearing the LoxP gene are

crossed

Gene expression is absent only from
CRE-expressing cells

Liu etal., 2010

An animal bearing the Cre gene
downstream of the cell-specific promoter
and an animal bearing a STOP sequence
flanked by LoxP are crossed

Gene expression is observed only
in CRE-expressing cells

Piszczek et al.,
2013

Inducible knockout An animal bearing the gene for inducible
CRE-ERT2 recombinase downstream of
the cell-specific promoter and an animal
bearing a gene of interest flanked by LoxP

are crossed

Gene expression is absent only from CRE-
expressing cells after tamoxifen treatment.
The system provides time- and space-specific
irreversible lack of gene expression

Liuetal., 2010

Inducible transgenic  An animal bearing the tetO sequence
upstream of a gene of interest and an
animal bearing a gene for tetracycline
transactivator (tTA or rtTA) protein
downstream of the cell-specific promoter

are crossed

Modulation of gene expression occurs only in
cells expressing tTA or rtTA after treatment with
tetracycline-like compounds. The system provides
modulation of temporal- and space-specific
reversible gene expression

Hilber et al., 2005

Inducible suppression An animal bearing the tetO sequence
upstream of a gene of interest and an
animal bearing a gene for tetracycline
transactivator (tTA or rtTA) protein fused
with KRAB downstream of the cell-specific

promoter are crossed

Modulation of gene expression occurs only

in cells expressing tTA-KRAB or rtTA-KRAB after
tetracycline-like compounds treatment. The
system provides modulation of time- and space-
specific reversible gene expression

Richardson-Jones
etal, 2011

The insertion of a gene or promoter
sequence before the gene of interest

The expression of the endogenous gene
of interest is preserved

Intersectional
transgenic

An animal bearing sequences flanked by
loxP and FRT (LoxP - STOP - LoxP - FRT -
gene 1-STOP2 - FRT - gene 2) and an
animal bearing Cre and Flp recombinases
under the specific control of two different
cell-specific promotors are crossed

Gene expression depends on the expression
patterns of Flp and Cre recombinases; suitable
to study different subtypes of neurons in
neurotransmitter systems

Kim et al., 2009

Injection of short hairpin RNA (shRNA),
which depletes target gene expression,
into the region of interest in the brain

The expression of the endogenous gene of
interest is suppressed for a short period (several
days after a single injection)

synthesis of the encoded protein (Rao et al., 2009). Thereby,
miRNAs control gene expression not at the transcriptional
level as in the above systems but immediately after it. In ad-
dition, the effect of a single injection of siRNA lasts only for a
few days (Albert et al., 2014). For viral targeting, a functional
miRNA analogue, small hairpin RNA (shRNA), is used (Rao
et al., 2009). The main feature of this system is its targeting.
A miRNA can work only in those cells where the mRNA of

its specific gene is synthesized. However, this is the main
obstacle for its use: the gene of interest must be endogenous
and tissue-specific. This method is also applicable to studies
of the serotonergic system (Gautier et al., 2017; Verheij et al.,
2018). For example, when examining the effects of ph2 gene
expression suppressing in bulbospinal serotonin neurons, their
role in modulating the perception of neuropathic and inflam-
matory pain was shown (Gautier et al., 2017).
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In general, the delivery of DNA and/or RNA using recom-
binant viral particles holds promise not only in the study of
serotonergic neurons but also in medicine, in particular, in
genetic therapy. However, it has its drawbacks. For example,
the organism may develop an immune response, resulting in
the loss in delivery effectiveness with repeated injections (Lu-
kashev, Zamyatnin, 2016). Another problem is the stereotaxic
method of delivery of the virus. Invasive intervention injures
the brain, which may adversely affect the research results.

Optogenetic and chemogenetic

approaches

The methods described above for achieving cell-specific gene
expression are used in optogenetics and chemogenetics. Both
approaches permit one to control a certain type of neurons in
a selective manner to study their functions, firing activity, and
signal transduction. In optogenetics, cell-specific promoters
are used to govern the expression of genes for light-activated
ion channels or pumps genes in the neuron type of interest.
Optogenetic proteins change the permeability of the cell
membrane for certain ions, which makes it possible to control
the discharge activity of the cell with high temporal resolution
(Lammel et al., 2016). For optogenetic studies of serotonergic
neurons, a BAC line of transgenic Tph2-ChR2 (H134R)-
EYFP mice has been developed, in which the transcription
of membrane-depolarizing Channelrhodopsin-2 (ChR2) is
controlled by the #ph2 promoter (Zhao et al., 2011). The
same promoter has been used to create mice in which the
ChR2 (C128S) gene is located after the tetracycline-dependent
operator (tetO), while tTA is under the control of the ph2
promoter. By using this line of mice with inducible expres-
sion of ChR2 in serotonin neurons, the contribution of these
cells to the modulation of anxiety-like behavior and patience
to wait for a delayed reward was studied (Miyazaki et al.,
2014; Ohmura et al., 2014).

There is one more general approach that does not require the
creation of a separate line of animals for the expression of each
opsin type in target cells. It is the use of lines expressing Cre
recombinase under the control of the sert or pet-1 promoter. In
this approach opsins are delivered to neurons by transduction
with adeno-associated viruses. The vector contains the opsin
gene in the inverted orientation. The gene is flanked by DIO
(Double-floxed Inverted Orientation) on both sides and located
downstream from the strong neuronal promoter 4Syn. As an
example, Sert-Cre mice were injected with viral vectors contain-
ing depolarizing Channelrhodopsin (AAV-hSyn-DIO-ChR2)
and hyperpolarizing halorhodopsin (AAV-hSyn-DIO-NpHR)
to elucidate the role of the serotonergic system in social deficit
in the mouse model of autism (Walsh et al., 2018). Other stud-
ies using the same approach to deliver ChR2 to serotonergic
neurons of the dorsal raphe nucleus revealed the roles of these
cells in suppressing spontaneous discharge activity in olfactory
neurons (Lottem et al., 2016), in the neurological response
to the expected reward (Li et al., 2016), and in suppressing
spontaneous locomotor activity in the open field and reducing
the speed of movement (Correia et al., 2017). In addition to
the Sert-Cre line, where the sert promoter is used to achieve
specific expression of Channelrhodopsin in serotonin neurons,
the similar Pet1-Cre line is used in optogenetic studies (Challis
etal., 2014; Liu et al., 2014; Luo et al., 2017).
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To deliver optogenetic proteins to serotonergic neurons of
animals that had not been subjected to genetic modifications,
lentiviral vectors based on the rat and mouse /p/2 promoters
were designed. They made it possible to study the differences
in the depressive-like and anxious behavior of these species,
stimulating the neurons of the dorsal raphe nucleus (Nishitani
etal., 2019).

In chemogenetics, receptors designed to interact with chem-
ical ligands that are inert in the body are used. Nowadays, there
are a number of receptors associated with G-proteins called
DREADD (Designer Receptors Exclusively Activated by
Designer Drugs), which have been obtained by modification
of human muscarinic receptors. These receptors no longer re-
spond to acetylcholine nor to any other endogenous molecule,
but they bind to clozapine N-oxide (CNO) instead (Alexander
et al., 2009). For example, one of the most commonly used
DREADDs, hM3Dgq, binding to CNO, triggers an intracellular
cascade via Gq protein and activation of phospholipase C,
which leads to depolarization of neurons and increases their
discharge activity (Urban, Roth, 2015). Another chemogenetic
receptor, hM4Di, inhibits the discharge activity of neurons
through Gi protein (Zhu, Roth, 2014).

Currently, several options are available to achieve the ex-
pression of DREADD in genetically determined cells. There
are lines of genetically engineered mice in which hM3Dq
expression is controlled by the Tet-OFF system (Alexander
et al., 2009; Garner et al., 2012) or Cre-Lox recombination
(Teissier et al., 2015). In addition, a growing number of pro-
moters are being used in many viral vectors for cell-specific
expression of DREADDs, including modified herpes simplex
viruses (Ferguson et al., 2011), adeno-associated viruses (Zhu
etal., 2014; Scofield et al., 2015) and lentiviruses (Mahler et
al., 2014; Vazey, Aston-Jones, 2014).

Numerous studies using chemogenetic approaches were
conducted to perceive the functions of serotonergic neurons
and their projections. In such experiments mice of the Sert-
Cre line are injected with adeno-associated viruses containing
the sequence hM4Di or hM3Dq (AAV-hSyn-DIO-hM4Di/
hM3Dq) to obtain its expression in the serotonergic neurons
(Urban et al., 2016; Fernandez et al., 2017; Singh et al., 2017).
For example, it was found that serotonergic projections from
the median raphe are essential for regulating the memory of
objects and the synaptic plasticity of the hippocampus (Fer-
nandez et al., 2017). In another study, petl-Cre mice were
similarly used to activate and inhibit serotonergic neurons in
order to show that serotonergic neurons in the medial raphe
nucleus play a key role in regulating anxiety- and depression-
like behavior (Li et al., 2018).

Conclusion

Serotonergic neurons form an intricate and extensive network
of axon projections throughout the brain. The main task of
analyzing these neuronal circuits is to understand how sero-
tonergic networks are related to the numerous functions of
this neurotransmitter system. Several new techniques for ma-
nipulating subpopulations of serotonergic neurons have been
designed in recent years: various lines of animals have been
created using the double recombination strategy to achieve
transgene expression exclusively in serotonergic neurons.
Inducible systems for temporal control of gene expression,
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DREADDs and optogenetics, were also successfully used to
investigate serotonergic neurotransmission. Depending on
the goals of the experiments, the researchers choose which
of the available variants of gene expression regulation to use,
because each of them has its own advantages and limitations.
It is important to note that these models are not completely
free of nonspecific effects. Adequate controls should be in-
cluded in the experimental design for the most accurate and
informative interpretation of the results. Nevertheless, the
tools and methods depicted in this review, both individually
and in combinations, open up new possibilities for the study
of the serotonergic neurotransmitter system.
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Effect of neonatal dexamethasone treatment
on cognitive abilities of adult male mice and gene expression
in the hypothalamus
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The early postnatal period is critical for the development of the nervous system. Stress during this period causes
negative long-term effects, which are manifested at both behavioral and molecular levels. To simulate the
elevated glucocorticoid levels characteristic of early-life stress, in our study we used the administration of dexa-
methasone, an agonist of glucocorticoid receptors, at decreasing doses at the first three days of life (0.5, 0.3,
0.1 mg/kg, s.c.). In adult male mice with neonatal dexamethasone treatment, an increase in the relative weight
of the adrenal glands and a decrease in body weight were observed, while the basal level of corticosterone re-
mained unchanged. Dexamethasone treatment in early life had a negative impact on the learning and spatial
memory of adult mice in the Morris water maze. We analyzed the effect of elevated glucocorticoid levels in early
life on the expression of the Crh, Avp, Gr, and Mr genes involved in the regulation of the HPA axis in the hypothal-
ami of adult mice. The expression level of the mineralocorticoid receptor gene (Mr) was significantly downregu-
lated, and the glucocorticoid receptor gene (Gr) showed a tendency towards decreased expression (p = 0.058) in
male mice neonatally treated with dexamethasone, as compared with saline administration. The expression level
of the Crh gene encoding corticotropin-releasing hormone was unchanged, while the expression of the vaso-
pressin gene (Avp) was increased in response to neonatal administration of dexamethasone. The obtained results
demonstrate a disruption of negative feedback regulation of the HPA axis, which involves glucocorticoid and
mineralocorticoid receptors, at the level of the hypothalamus. Malfunction of the HPA axis as a result of activation
of the glucocorticoid system in early life may cause the development of cognitive impairment in the adult mice.
Key words: neonatal dexamethasone treatment; HPA; glucocorticoid receptor; mineralocorticoid receptor;
spatial memory; gene expression.
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BinsgHue HeOHaTa/JILHOT'O BBeIeHIS JeKcaMeTa3oHa
Ha KOTHUTWBHBIE CIIOCOOHOCTU B3pPOCJIbIX CaMIIOB MBIIIIEeN
N SKCIIpeCClIO I'reHOB B I'mItoTaJiamMyce
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PaHHMIN nocTHaTanbHbIN NEPUOA ABNAETCA KPUTMYECKUM ANA Pa3BUTUA HepBHOW cucTembl. CTpecc B 3TOT ne-
pvoa BbI3blBaeT HeraTUBHblE OTAANEHHbIe MOCNeACTBUA, KOTOPble OTPa)KaloTCA Kak Ha MoBefeHYeCckoMm, Tak 1
Ha MOJNIEKYNIAPHOM YPOBHe. B Haluem nccnenoBaHnm gna MogenvpoBaHna NOBbILEHHOMO YPOBHSA IMIOKOKOPTY-
KOMZOB, XapaKTepHOro A CTpeccrpyloLero BO34eCTBUA B paHHEM BO3pacTe, Mbl MCNONb30Banv BBeAeH/e
[leKCameTa30Ha, aroHN1CTa FKOKOPTUKOMAHBIX PeLienTopoB, B MOHMKAIOLNXCA A03aX B MEPBble TPY AHA XKU3HW
(0.5,0.3,0.1 mr/Kr, n/K). Y B3pOC/ibiX CaMLIOB MbILLEN C HEOHATaIbHbIM BBEAEHMEM [leKCaMeTa30Ha Oblfio HangeHo
yBennuyeHne oTHOCUTENbHOTO Beca HaAMOYEUYHMKOB 1 CHIKEHME Beca Tena, NPy 3ToM 6a3asibHblil yPOBeEHb KOp-
TUKOCTEPOHA B KPOBM He U3MeHANCA. BBefeHne fgekcameTazoHa B paHHeM BO3pacTe OKa3ano HeraTuBHOE BO3-
[eCTBME Ha CKOPOCTb 0ByYeHnA N GopMUpPOBaHUE NPOCTPAaHCTBEHHOW NaMATY B BOAHOM nabrpuHte Moppuca
Y B3POC/IbIX KUBOTHbIX. Mbl MpOaHan“3npoBany BANAHME NOBbILLEHHOTO YPOBHSA IMIOKOKOPTUKOMAOB B PaHHEM
BO3pacTe Ha 3Kcnpeccuto reHos Crh, Avp, Gr, Mr, yyacTByoWMUX B perynauum runotanaMmo-runodprsapHo-Haa-
noyeyHunkoBom cuctembl (ITHC), B runotanamyce B3pOCsibIX XUBOTHbIX. YPOBEHb IKCMPeCccuMmn reHa MrHepano-
KopTrKomnaHoro peuenTtopa (Mr) 6bin CHUXEH BOCTOBEPHO, a reHa rMioKOKopTUKonaHoro peuenTtopa (Gr) — Ha
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BnnaHne HeoHaTanbHOro BBeeHNA feKCamMeTa3oHa
Ha B3pOC/ibIX CaMU OB MblLLEN

ypoBHe TeHAeHuMU (p = 0.058) y caMLIOB MblLLei ¢ HeoHaTanbHbIM BBEAEHEM AeKCameTa3oHa Mo CpaBHEHUIO
C BBeAeHneMm GU3NO0NOrnyecKoro pacTBopa. YpoBeHb IKCMNPeccun reHa, KOgUPYIoLWero KoOpTMKOTPONUH-pU-
3UHT ropMoH (Crh), He N3MeHANCS, TOrfa Kak SKCNpeccrs reHa BasonpeccuHa (Avp) nosbilwanacb Noj BAUAHUEM
HeoHaTanbHOrO BBefleHNA AeKcameTa3oHa. [oflyueHHble JaHHble 4eMOHCTPUPYIOT BO3MOXHOE HapylleHue Me-
XaHV3MoB HeraTuBHol perynsauum ITHC Ha ypoBHe rrnoTanamyca, B KOTOPYIO BOBJIEUYEHb! MTIOKOKOPTUKOVAHDI
1 MVIHEePanoKopTMKOUAHbIN pelenTtopbl. HapyweHue dyHkuum MHC npu akTMBaLmm rioKOKOPTUKOMAHON CUC-
TeMbl B paHHEM BO3pacTe MOXeT ObiTb MPUYMHOW Pa3BUTWA KOTHUTVBHbIX HAPYLUEHWIA Y B3POC/IbIX XKUBOTHBbIX.
KnioueBble cfioBa: HeoHaTaslbHOe BBeAeHMe AekcameTa3oHa; ITHC; rioKOKOPTUKOUAHbBIN peLenTop; MUHepasno-
KOPTUKOUAHBIV peLienTop; NPOCTPaHCTBEHHASA NaMATb; SKCMPECCUsA reHOB.

Introduction

As is well known, the early postnatal period is the most im-
portant for the development of the central nervous system and
of the behavioral phenotype (Teicher et al., 2016). In particu-
lar, clinical trials have demonstrated that stressful events in
early childhood may have adverse effects on the individual’s
cognitive and emotional functions at different stages of life,
including in adulthood (Pervanidou, Chrousos, 2018; Weems
et al., 2018). Similarly, studies in rodents have associated
early postnatal stress with some behavioral and cognitive
deficits in adult animals (Ladd et al., 2000; Lehmann, Feldon,
2000; Schmidt, 2010). Because the hypothalamic-pituitary-
adrenal (HPA) axis plays a key role in stress response, it is
surmised that the long-term effects of stress may be associated
with persistent changes in the functionality of different mo-
lecular constituents of this axis (De Kloet, 2013; Pervanidou,
Chrousos, 2018).

According to the classic interpretation, HPA activation
in response to stress starts with an increase in the expres-
sion levels of the Crh and Avp genes in the paraventricular
nucleus of the hypothalamus (PVN). The products of these
genes — corticotropin-releasing hormone (CRH) and arginine
vasopressin (AVP) — stimulate the expression of the Pomc gene
and the secretion of adrenocorticotropic hormone (ACTH)
by the adenohypophysis (Harno et al., 2018). ACTH, in turn,
stimulates the synthesis of glucocorticoid hormones in the
adrenals (van Bodegom et al., 2017; Gjerstad et al., 2018).
In the brain, the action of these hormones is mediated by
glucocorticoid receptors (GRs) and mineralocorticoid recep-
tors (MRs) (De Kloet, 2013). GRs are expressed in all brain
structures, peaking in CRH neurons of the hypothalamic PVN
and in adenohypophyseal corticotrophs (Sapolsky et al., 1983;
van Eekelen et al., 1991). It is known that, by inhibiting Crh
and Pomc expression (Drouin et al., 1993; Malkoski, Dorin,
1999), activation of GRs in these cells triggers a negative
feedback mechanism that reduces HPA activity and terminates
the response to the received hormonal signal (McEwen et
al., 1992). MR expression is largely confined to the limbic
system, peaking in the hippocampus (Sapolsky et al., 1983;
van Eekelen et al., 1991). It is surmised that MRs like GRs
participate in the control of HPA activity, mediating “proac-
tive” feedback involved in the maintenance of its basal level
and in the control of the inhibitory hippocampal effect on
HPA function (Berardelli et al., 2013). Additionally, it is well
known that GRs and MRs are involved in the formation of
cognitive functions, emotional reactions and behavioral reac-
tions (De Kloet, 2013; Paul et al., 2015).

Glucocorticoid levels can be changed by exposure to stress-
ful factors at early ages or to drugs with effects on HPA ac-

tivity. One of the most popular models of early-life stress is
prolonged separation of pups from their mothers (maternal
separation for 3 h once a day) within the first two weeks of
life. As was established in rodent experiments, this kind of
stress leads to substantial behavioral and cognitive impairment
in adults animals (Pryce, Feldon, 2003; Aisa et al., 2007; Suri
et al., 2013; Bondar et al., 2018) and has delayed effects on
the expression of stress-response genes (Reshetnikov et al.,
2018Db). Studies exploring the effects of this kind of stress on
HPA gene expression revealed that adult animals have reduced
Gr expression in the hippocampus (Ladd et al., 2004; Aisa et
al., 2007), frontal cortex (Navailles et al., 2010) and striatum
(Wong et al., 2015) and enhanced Avp expression in the PVN
of the hypothalamus (Sanchez et al., 2001; Ladd et al., 2004;
Murgatroyd et al., 2009). Our previous work showed enhanced
Avp expression in the hypothalamuses of adult mice who had
experienced maternal separation during the early postnatal
period. Additionally, these animals were found to have reduced
Crhrl mRNA levels in the hippocampus and an increased
Mr/Gr mRNA ratio in the hippocampus and hypothalamus
(Reshetnikov et al., 2018Db).

Administration of the synthetic glucocorticoid hormone
dexamethasone during the first postnatal days is another tool
used for modeling early postnatal stress in rodents (Wong et
al., 2015; Yates et al., 2016). Behavioral deficits in animals
like these have been well studied by rat experiments. Those
animals were shown to have changes in anxious and depres-
sion-like behaviour, learning and memory deficits (Kamphuis
etal.,2004; Neal et al., 2004; Claessens et al., 2012; Vazquez
et al., 2012; Ko et al., 2014). A few works on mice that use
the dexamethasone model have revealed changes in anxious
behavior and impairment in novel object recognition (Li et
al., 2014a). Although there is a large number of works that
explore the effects of neonatal administration of glucocorti-
coids, delayed effects of these hormones on stress-response
genes are not sufficiently well studied — and to a still lesser
extent so in mice. Some works demonstrated delayed effects
of this “pharmacological” stress on separate HPA genes: a re-
duction in amount of striatal GR in mice (Wong et al., 2015)
and reduced hippocampal Gr expression in rats (Vazquez et
al., 2012). However, the hypothalamus, this brain’s region
with importance for HPA function, remains to be poorly
studied in the context of the delayed effects of the neonatal
rise in glucocorticoids. In this work, the delayed effects of
HPA activation during animals’ early life were explored us-
ing a pharmacological approach, which included the direct
activation of the glucocorticoid system by administration of
the synthetic glucocorticoid dexamethasone.
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The aim of this work was to assess the impact of neonatal
dexamethasone administration on cognitive function in adult
mice and to trace the delayed effects of this drug on the
expression of key genes regulating HPA function at the
hypothalamic level. A comparison of original data with
experimental data on delayed effects of early-life stress
(maternal separation) (Reshetnikov et al., 2018b) will allow
the similarity and differences between these two types of
exposure to be assessed.

Materials and methods

Animals. The experiment animals were C57B1/6 mice. The
animals were kept under standard conditions in the conven-
tional animal facility of the Institute of Cytology and Genetics
of the Siberian Branch of the Russian Academy of Sciences
(RFMEFI162117X0015) (Novosibirsk, Russia) with a 12-hour
light and 12-hour dark cycle. Food and water were available
ad libitum. All animal procedures were performed in compli-
ance with the EU Council Directive 86/609-EEC and were
approved by the Ethics Committee at the Institute of Cytology
and Genetics of the Siberian Branch of the Russian Academy
of Sciences (protocol No. 39 of September 27, 2017).

Experimental Design. Animals started to receive dexa-
methasone (KRKA, Slovenia) on postnatal day 1 (PND1),
the day of birth being designated as PNDO. Dexamethasone
injections were administered according to the following
scheme: 0.5 pg/g body weight on PNDI1, 0.3 pg/g body weight
on PND2, and 0.1 pg/g body weight on PND3. The control
group received injections of saline solution (10 pl per animal).
All injections were administered subcutaneously once a day
between 9 am and 10 am. The administration scheme and doses
were chosen according to previous research (Kamphuis et al.,
2003; Ko et al., 2014; Li et al., 2014a, b).

On PND30, pups were weaned and grouped by sex and litter
before testing. A further experiment involved only males. All
experimental procedures were run on adult mice (~PND90).
Two cohorts of animals were used for measuring gene expres-
sion and assessing cognitive function. Animals in the first cohort
(six neonatally injected with saline and six neonatally injected
with dexamethasone) were sacrificed by rapid decapitation,
blood was collected, the adrenals were removed and weighed,
the hypothalamuses were removed and frozen at —70 °C. To
obtain serum, blood was kept at room temperature for 1 h and
then centrifuged for 10 min at 3000 g; serum was collected
and stored at —70 °C until used. The relative adrenal weight
was calculated as the ratio of the total weight of two adrenals
(in milligrams) to the body weight (in grams). Animals in the
second cohort (17 neonatally injected with saline and seven
neonatally injected with dexamethasone) were tested in the
Morris water maze.

The Morris water maze test. This test assesses animals’
ability to develop and maintain spatial memory (Morris, 1984;
Vorhees, Williams, 2006). A Morris water maze is a pool
100 cm in diameter, with four equally spaced visual cues on
the pool wall to mark four quadrants with different starting
locations (Target, Opposite, Sector 1 and Sector 2). A plat-
form 10 cm in diameter was set in Target sector, slightly
beneath the water. Water in the pool was made opaque with
the addition of powdered milk, to keep the platform unseen.
The water temperature was 24 + 1 °C.
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Testing lasted five days. First, mice were trained for four
consecutive days and received four training trials per day, a
total of 16 training trials, each starting at the same time of
day. In each training trial, a mouse was placed in one of the
sectors and allowed to search for the hidden platform for
1 min. If the mouse did not find the platform within 1 min,
the experimenter led the animal to it. After the platform was
located, the mouse was left on it for 15 sec to memorize the
spatial cues. After that the mouse was taken out and placed in
a cage for 15 sec for resting before the next trial. Throughout
the experiment, the platform remained at its original position.
Finally, on day 5, a probe trial was given: the platform was
removed, the mouse was placed in the Opposite sector and
the time spent in each sector within 1 min was measured. The
test was recorded and processed using EthoStudio software
(Kulikov et al., 2005).

RNA extraction and real-time PCR. RNA was ex-
tracted from frozen tissue specimens using TRIzol Reagent
(Thermo Fisher Scientific, USA) according to the manu-
facturer’s protocol. RNA was purified using paramagnetic
RNAC]Iean XP beads (Beckman Coulter, Germany) and dis-
solved in double-distilled water. RNA quality and quantity
were evaluated using a NanoDrop 2000 spectrophotometer.
Complementary DNA (cDNA) was synthesized using kits
produced by Syntol (Russia). The reaction included 1 pg of
RNA, all procedures were carried out according to the manu-
facturer’s protocols.

Gene expression was assessed by real-time PCR using the
CFX96 Real-Time PCR Detection System (Bio-Rad, USA).
We assessed the expression of the glucocorticoid receptor
genes Grand Nr3cl, the mineralocorticoid receptor genes Mr
and Nr3c2, the corticotropin-releasing factor gene Crh, and
the arginine vasopressin gene Avp. PCR outputs were analyzed
using the AACt method and normalized to the expression of
the B-actin gene (Actb) as a reference gene. The Avp, Gr and
Mr amplification products were detected using EVAGreen; the
Crh amplification products, using TagMan probes. Primers and
probes (Table 1) were designed using Primer BLAST (NCBI)
and the PrimerQuest design tool (IDT Technology). The reac-
tion parameters were as follows: 95 °C for 5 min followed by
38 cycles at 95 °C for 10 sec and at 60 °C for 20 sec. After
the completion of the PCR reaction for the systems with the
intercalating dye EVAGreen, product specificity was assessed
by analysis of melting curves. Each reaction was performed in
triplicate. The amplification efficiency was from 90 to 110 %
for each primer pair.

Measuring corticosterone concentrations. Serum cor-
ticosterone concentrations were measured by ELISA using
a Corticosterone ELISA Kit (Enzo, New York, NY, USA)
according to the manufacturer’s protocols. Each reaction was
performed in duplicate.

Statistical data processing. Statistical processing of the
Morris water maze test data was performed by ANOVA and
Fisher’s LSD as a post hoc test. A comparative analysis of
the body weight, relative adrenal weight, corticosterone
concentrations and gene expression levels was performed
using Student’s #-test. Differences between the groups were
considered statistically significant at p < 0.05 and showing a
tendency to significance at p < 0.1. Statistical analyses were
performed using Statistica 6.0.
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Table 1. Forward and reverse primer sequences
Gene name Sequence (5'—3’) Product size, bp
Gr(Nr3c1)  Nuclear receptor subfamily 3, For ATGTATGACCAATGTAAACACA 132
group C, member 1 Rev  GCTCTTCAGACCTTCCTTAG
Mr(Nr3c2)  Nuclear receptor subfamily 3, For GTGTGTGGAGATGAGGC 155
group C, member 2 Rev  GGACAGTTCTTTCTCCGAAT
Crh Corticotropin releasing hormone  For GGAGAAGAGAGCGCCCCTAA 152
Rev AAGAAATTCAAGGGCTGCGG
Probe 5,6-ROX-ATGCTGCTGGTGGCTCTGTCGTCC-3BHQ-2
Avp Arginine vasopressin For TCTCCGCTTGTTTCCTGAGC 230
Rev GGGCAGGTAGTTCTCCTCCT
Actb Beta-actin For TATTGGCAACGAGCGGTTCC 140
Rev TGGCATAGAGGTCTTTACGG
Probe 5,6-ROX-CCAGCCTTCCTTCTTGGGTATGGAATCC-3BHQ-2
Results Sal
The body weight, relative adrenal weight and corticosterone M Dex
concentrations. In the neonatal dexamethasone-treated group, 35 80 - - *
the body weight was lower [7 (1, 35) = 4.54, p <0.001], the 304 g - 2 016
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The Morris water maze test. Our studies in adult animals i 2 20 E 0.04
neonatally injected with dexamethasone and given this test i v i & -
0 0 0

showed that administration of this drug at early ages hindered
learning in the training trials and adversely affected visual
cue-based spatial orientation performance in the probe trial.
The repeated measures ANOVA revealed an effect of the factor
‘drug’ on latency to find the platform in the Morris water maze
test. Mice neonatally injected with dexamethasone showed a
longer latency to find the platform compared to the controls:
trial 7 [F(1, 24) = 7.65, p = 0.011], trial 9 [F(1, 24) = 6.48,
p = 0.018], trial 10 [F(1, 24) = 10.08, p = 0.004], trial 11
[F(1, 24) = 10.18, p = 0.004], trial 12 [F(1, 24) = 10.74,
p =0.003], trial 13 [F(1, 24) =5.02, p = 0.034], and trial 14
[F(1,24) =4.63, p=0.042] (Fig. 2, a).

The probe trial, with the platform removed, was given
24 h after the last training trial. Memory acquisition was
considered to be displayed if there was a preference for the
Target sector compared to any other sector. ANOVA revealed
differences in time spent in different sectors by each mouse
in the saline-treated group [F(3, 68) = 5.25, p = 0.003] and
the lack of differences in preferences for sectors shown by
any mouse in the neonatal dexamethasone-treated group
[F(3,28)=0.71, p = 0.549]. Mice in the saline-treated group
displayed a preference for the Target sector compared to any
other sector (Target sector vs Sector 1, p =0.013; Target sec-
tor vs Opposite sector, p = 0.006; Target sector vs Sector 2,
p =0.001). Mice administered with dexamethasone at early
ages displayed no preference for the Target sector and spent
equal amounts of time in all water maze sectors, suggesting
impaired memory acquisition (Fig. 2, b).

Changes in the hypothalamic expression of genes
involved in the glucocorticoid system. We assessed the
expression of the main genes involved in the glucocorticoid

Fig. 1. Effects of neonatal dexamethasone treatment on adult mice’s
body weight, corticosterone concentrations and relative adrenal weight.

Sal, saline-treated group; Dex, dexamethasone-treated group. * p < 0.05;
**¥* p < 0.001 compared with the Sal group.

system: the glucocorticoid receptor gene, mineralocorticoid
receptor gene, corticotropin-releasing factor gene, and ar-
ginine vasopressin gene Avp. The expression levels of both
glucocorticoid (Gr) [f (1, 8) = 2.21, p = 0.058, a tendency]
and mineralocorticoid (Mr) [¢ (1, 8)=3.28, p=0.011] receptors
were lower in dexamethasone-treated mice than in the controls;
however, the ratios of the mRNA of these receptors (Mr/Gr)
did not differ between the groups. The expression level of Avp
was higher in dexamethasone-treated mice than in the controls
[ (1,8)=2.47, p=0.039], while the expression level of Crh
was unaffected (Fig. 3).

Discussion

Stress- or glucocorticoid-induced increased HPA activation
during early life leads to substantial changes in adult animals’
brain structures and behavior. Our study demonstrated that
administration of the GR agonist dexamethasone to mice
during their first days of life leads to impairment in spatial
memory in their adulthood. Along with this impairment, a
change in HPA activity was observed in the form of a decrease
in the hypothalamic expression of the G» and Mr genes in
adult animals. GRs and MRs are involved in the regulation
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Fig. 2. Effects of neonatal dexamethasone treatment on the behavior of adult mice in the Morris water maze. g, Latency to find the platform in 16 daily
training trials; b, Time spent in the each sector in the probe trial (data are presented as the percentage of the probe trial time).

Before the probe trial, the hidden platform was removed, and the mice were placed in the pool for 1 min. Sal, saline-treated group; Dex, dexamethasone-treated
group. * p < 0.05; ** p < 0.01 compared with the Sal group; # p < 0.05; ## p < 0.01; ### p < 0.001 compared with the time spent in the Target sector (Fisher’s LSD

as post hoc).
Avp Crh Gr
161 121 141 r
* -
5 14t 10k 12+ T 16
wv -
e 12r 10f _
g 08} p=006 12}
S 10
% 06 08 o
081 6
'QE 06 06| 08}
s |1 04r
04
£ 04 r o2l 04
S o2t : 02r
0 0 0 0

Mr Mr/Gr
20 sal
- [ M Dex
* 151
1.0
0.5 F
0

Fig. 3. Effects of neonatal dexamethasone treatment on hypothalamic gene expression in adult mice.

Expression levels of Avp, Crh, Gr, and Mr mRNA were normalized to Actb. Sal, saline-treated group; Dex, dexamethasone-treated group.

* p < 0.05 compared with the Sal group.

of stress response and mediate negative feedback during
HPA activation, so decreases in their expression suggest a
possible disruption in negative regulation of the hormonal
response in the hypothalamus.

As is known, the effects of exogenous glucocorticoids
strongly depend on the animal species, HPA axis maturity and
drug dosage. Adult rats administered with dexamethasone
at high doses on postnatal day 5-10 demonstrate reduced
neophobia and anxiety in the Light/Dark Box and the Open
Field tests, without change in locomotor activity (Yates et al.,
2016). At the same time, administration of dexamethasone at
low doses to rats during the first three days of their life can
cause increases in anxious behavior (Neal et al., 2004; Vazquez
et al., 2012) as well as in depressive-like behavior (Ko et al.,
2014; Li et al., 2014b). Or, conversely, it may have no effect
on the locomotor activity, anxious and social behavior of rats
in adulthood (Kamphuis et al., 2004). A few studies involv-
ing administration of dexamethasone to mice during the first
three days of their life demonstrate that adult ICR strain mice
administered with dexamethasone at low doses during the
first three days of their life display increased anxiety, while
their locomotor and exploratory activities remain unaffected
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(Lietal., 2014a). By contrast, neonatal low-dose dexametha-
sone administration to C57BI6 strain mice demonstrated a
decrease in anxious behavior in adult animals (Batluk et al.,
2018), suggesting the strain-specificity of this drug. The most
consistently observed and typical effects of both neonatal and
prenatal dexamethasone administration that are reported by
virtually all researchers working on no matter which animal
species are developmental retardation and weight loss (Neal
et al., 2004; Lin et al., 2006; Wang et al., 2010; Vazquez et
al., 2012; Chiu et al., 2018). We have similar observations:
adult mice neonatally treated with dexamethasone had lower
body weight compared to the control conspecifics. It is pos-
sible that weight loss is associated with a direct effect of
dexamethasone on protein catabolism (Weiler et al., 1997;
Leret et al., 2004), leading to impairment in skeletal growth
(Swolin-Eide et al., 2002).

In this work, we found increases in the relative adrenal
weight of adult animals who had been neonatally adminis-
tered with dexamethasone. Because the corticosterone levels
in the adult animals has remained unchanged, the increases
in adrenal weight is most likely due to body weight loss,
although a possible change in HPA activity induced by
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dexamethasone administration during early life may be a
factor, too.

In rodent brains, glucocorticoid receptors are mainly located
in the hippocampus, especially CAl, and that is why the
neurons in this region are most sensitive to glucocorticoids
(van Eekelen et al., 1991). As shown on mice and rats, dexa-
methasone increases caspase-3 activity and apoptosis in the
hippocampus and cortex immediately after treatment (Feng et
al., 2009; Bhatt et al., 2013; Lanshakov et al., 2016), reduces
the number of neurons in the cortex and hippocampus (Kreider
et al., 2006; Tijsseling et al., 2013) by PND21, and can also
change the hippocampal ratio of the NMDA receptor subunits
(Kamphuis et al., 2003), thus changing neuronal plasticity.
Neonatal effects of dexamethasone on the hippocampus cause
cognitive impairment. Experiments on rats with neonatal dexa-
methasone administration clearly show a slower learning curve
and impaired spatial memory acquisition in the Morris water
maze (Ferguson et al., 2001; Kamphuis et al., 2003; Machhor
etal., 2004; Qaheri et al., 2013), impaired short-term memory
(Claessens et al., 2012), slower learning in passive avoidance
tests (Lin et al., 2006; Wang et al., 2010; Chiu et al., 2018)
and the poor recognition of familiar and unfamiliar partners
(Kamphuis et al., 2004; Wang et al., 2010). As far as mice are
concerned, cognitive dysfunctions have been exemplified only
with novel object recognition (Li et al., 2014a). Ours is one of
the first studies to show impairments inflicted to the learning
ability and spatial memory of adult mice by administration of
dexamethasone during early life. Mice become slower to learn,
as early as on test day 2 they fall behind the control animals in
locating the platform. Furthermore, in the probe trial, which
was given them 24 h after the last training trial, they did not
show preference for the Target sector, where the platform
was located, displaying impaired long-term spatial memory.

During the early postnatal period, mice and rats normally
have a low stress response (aka hyporesponsive period) be-
cause of low blood ACTH and corticosterone concentrations
and a reduced number of glucocorticoid receptors in tissues
(Levine, 1994). Consequently, most weak stimuli like isola-
tion, a new situation, or saline injection presented during
early life did not cause HPA activation. However, powerful
stresses like prolonged maternal separation or dexamethasone
administration lead to increased HPA activation, which, in
turn, causes developmental abnormalities. It is an often occur-
rence that glucocorticoid administration at early ages does not
change basal corticosterone levels in adult animals (Neal et
al., 2004; Claessens et al., 2012; Vazquez et al., 2012), which
is consistent with our observations, however, what changes is
the stress response. Postnatal dexamethasone administration
leads to a blunted release of corticosterone in response to a
stress being experienced in adulthood (Felszeghy et al., 2000;
Flagel et al., 2002; Mesquita et al., 2009; Vazquez et al., 2012),
and recovery to basal levels is delayed (Neal et al., 2004).

We assessed the expression of the genes associated with the
regulation of HPA activity in the hypothalamus: Gr, Mr, Avp
and Crh. We demonstrated decreases in the expression levels
of the Gr and Mr genes in mice who had been neonatally ad-
ministered with dexamethasone. There were no significant dif-
ferences in the expression levels of the corticotropin-releasing
factor gene Crh between the groups, however, the expression
level of the Avp gene, of which the product is involved in the
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regulation of ACTH synthesis (Aguilera, Rabadan-Diehl,
2000), was significantly higher in the dexamethasone treat-
ment group. Nevertheless, because of high variances within the
groups, there were no differences in basal blood corticosterone
levels between the groups, nor do these levels correlate with
Crh expression levels — although, admittedly, they show a
tendency towards an increase. GR levels are directly associ-
ated with the dynamics of the hormonal response to stress. As
blood corticosterone levels increase, hypothalamic GR activa-
tion leads to a reduction in CRH release and, consequently, to
a reduction in ACTH release in the hypophysis, normalizing
the levels of stress-response hormones (De Kloet et al., 1998).
The decrease in hypothalamic Gr expression revealed in our
work may lead to, among other effects, a decrease in the level
of the GR protein itself, which, in its turn, leads to errors in the
operation of the mechanisms acting to restore normal levels of
hormones after responding to stress. Decreased Gr expression
levels or decreased amounts of this gene’s protein product in
the brain’s regions are reported in some works on the delayed
effects of glucocorticoid administration. Rats neonatally ad-
ministered with dexamethasone were found to have decreased
expression levels of Gr in the hippocampus (Vazquez et al.,
2012) and a decreased capability of GR to bind the hormone in
the hippocampus and hypothalamus (Felszeghy et al., 1996).
Areduction in the amount of GR was also found in the mouse
striatum after dexamethasone administration during early life
(Wong et al., 2015). However, to the best of our knowledge,
decreased Gr and Mr in the hypothalamuses of mice neona-
tally administered dexamethasone were not shown previously.
Therefore, our data add to knowledge about delayed changes
in the HPA axis after neonatal dexamethasone administration.

Because administration of dexamethasone during the first
days of life can imitate a stressful event experienced at an early
age, we compared our new data with those obtained previously
on the effects of early-life stress on cognitive functions and
hypothalamic gene expression in mice (Table 2) (Reshetnikov
etal., 2018b). Unlike neonatal dexamethasone administration,
prolonged separation of pups and their mothers during the first
weeks of life does not affect the learning curve in the Morris
water maze, for the experimental mice learned to locate the
hidden platform as rapidly as did their control conspecifics.
However, as soon as 24 h later the experimental animals
stopped showing preference for the sector where the platform
had been set up and then removed, suggesting impaired long-
term spatial memory. Thus, more marked cognitive deficits
result from neonatal dexamethasone administration than from
the stress caused by maternal separation, because the former
affects both learning and the reproduction of newly learned
information. A comparison of available data on other aspects
of cognitive functions shows that impairments in novel object
recognition that are due to both early-life stress (Reshetnikov
et al., 2018a) and neonatal dexamethasone treatment (Li et
al., 2014a) are similar.

Stronger delayed effects of neonatal glucocorticoid admi-
nistration than of early postnatal stress in the form of maternal
separation can be revealed by comparing respective changes in
gene expression. Thus, the expression levels of the Gr and Mr
genes were not affected by early-life stress (maternal separa-
tion), but were decreased following neonatal dexamethasone
administation. Early-life stress led to increased Mr/Gr ratios
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Table 2. Comparison of the effects of prolonged separation
of pups from mothers in early life (MS) and the effects
of neonatal treatment with dexamethasone

Parameters Ms* Dexamethasone
Weight = Reduced
Adrenal glands weight = Elevated

Gr = Tendency
to be reduced
/\//r: ............................. R edUCEd ...............
Rat.omRNAM,/G, ....................... E |evated: ...........................
Avp ................................................ E .l.é v ; tEd ................. E .I.é V .a.‘ tEd ...............
C,h:: ...........................
© Leamingand memory in Morris water maze
Leammg: ............................. R educed ...............
|_on gtermmemory .................... R educed ................. R educed ...............

* Comparison with (Reshetnikov et al., 2018b).

both in the hypothalamus and hippocampus due to a slight
increase in Mr expression. This fact explains a weaker effect of
this stress on learning, because the balance of these receptors is
involved in the stress response and the acquisition of long-term
memory (De Kloet, 2013). Neonatal dexamethasone treatment
did not affect the Mr/Gr ratio: a decrease in the expression
of either type of receptor is accompanied by a decrease in
the expression of the other, without a compensatory change
in their balance that would, if it were present, act to restore
HPA function. The increase in Avp expression levels is twice
as high following neonatal dexamethasone administration as
it is following early postnatal stress, while Crh expression
remains unchanged, no matter which type of stress is applied.
Thus, neonatal dexamethasone administration leads to stronger
delayed effects on cognitive abilities and hypothalamic gene
expression compared to the stress caused by maternal separa-
tion during the first weeks of life.

Conclusion

Our results demonstrate that adult mice who have experienced
neonatal dexamethasone administration show a slower learn-
ing curve and impaired spatial memory acquisition in the
Morris water maze. At the same time, adult mice so treated
were found to have decreased expression levels of the Gr
and Mr genes and increased Avp in the hypothalamus, sug-
gesting delayed HPA dysregulation. Early postnatal stress in
the form of maternal separation and postnatal dexamethasone
administration lead to unidirectional changes in the cognitive
abilities and HPA functions of adult animals, however, these
changes are stronger following dexamethasone administra-
tion — probably because these different kinds of treatment
lead to different HPA activation levels.
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Depression is a common mental disorder being one of the main causes of disability and mortality worldwide. De-
spite an intensive research during the past decades, the etiology of depressive disorders (DDs) remains incom-
pletely understood; however, genetic factors are significantly involved in the liability to depression. The present
review is focused on the studies based on a candidate gene approach, genome-wide association studies (GWAS)
and whole exome sequencing (WES), which previously demonstrated associations between gene polymorphisms
and DDs. According to the first approach, DD development is affected by serotonergic (TPH1, TPH2, HTR1A, HTR2A,
and SLC6A4), dopaminergic (DRD4, SLC6A3) and noradrenergic (SLC6A2) system genes, and genes of enzymatic deg-
radation (MAOA, COMT). In addition, there is evidence of the involvement of HPA-axis genes (OXTR, AVPRITA, and
AVPR1B), sex hormone receptors genes (ESR1, ESR2, and AR), neurotrophin (BDNF) and methylenetetrahydrofolate
reductase (MTHFR) genes, neuronal apoptosis (CASP3, BCL-XL, BAX, NPY, APP, and GRINT) and inflammatory system
(TNF, CRP, IL6, IL1B, PSMB4, PSMD9, and STAT3) genes in DD development. The results of the second approach (GWAS
and WES) revealed that the PCLO, SIRT1, GNL3, GLT8D1, ITIH3, MTNR1A, BMP5, FHIT, KSR2, PCDH9, and AUTS2 genes
predominantly responsible for neurogenesis and cell adhesion are involved in liability to depression. Therefore, the
findings discussed suggest that genetic liability to DD is a complex process, which assumes simultaneous function-
ing of multiple genes including those reported previously, and requires future research in this field.

Key words: depressive disorder; serotonin; hypothalamic-pituitary adrenal axis; neurotrophin; apoptosis; cytokines;
GWAS; whole-exome sequencing.
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! VNHCTUTYT BUOXMMIMN 1 FeHETUKM — 060CObNeHHOe CTPYKTYpHOE nofpasaeneHve Yormckoro pefepanbHOro NcciefoBaTenbCckoro LeHTpa
Poccuiickol akapemun Hayk, Yéda, Poccua

2 BalwKkunpckmin rocynapcTBeHHbin yHuBepcuTer, Yoa, Poccus

3 BalwKnpckmin rocynapcTBeHHbIN MeAULMHCKNIA yHUBepcuTeT MHMCTepCTBa 3apaBooxpaHeHnsa Poccuiickon Oepepauun, Yoa, Poccua
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[Jlenpeccms — 3T0 pacnpoCTpaHeHHOe NCUXMYECKOe PacCTPONCTBO, KOTOPOE ABMAETCA OLHON 13 BeAyLMX MPUYNH
HeTPYyAOCNOCOOHOCTY N CMEPTHOCTY B MUpe. HeCMOTpA Ha UHTEHCUBHbBIE UCCNIEA0BAHNIA, MPOBOAUMbIE B TeYeHNe
nocnefHUX 4eCATUNETUIA, STUONOMMA AenpPeCcCMBHbIX PACCTPONCTB BCE elle OCTAaeTCA He [0 KOHLA U3YYeHHOW, Of-
HaKo reHeTuYeckmne GakTopbl, 6e3ycIOBHO, UrPaloT BaXkHYIO POJIb B MPEAPacroNioXeHHOCTH K ienpeccun. Hactos-
Wuin 0630p cHoKycMpoBaH Ha pesynbTaTax paboT, OCHOBaHHbIX Ha FreHHO-KaHAMAATHOM NOAXOAE, MONIHOFEHOMHbIX
(Genome-Wide Association Studies, GWAS) n nonHoak3omHbix (Whole Exome Sequencing, WES) nccnepgosanusx,
NPOAEMOHCTPUPOBABLLNX CBA3b MOSMMOPOHBIX NOKYCOB FEeHOB C AenpeccBHbIMI paccTponcTBamu. CornacHo
nepsomMy noaxogy, $opmMnpoBaHme fenpeccuBHON CUMMTOMATVKN HaXOAUTCA NOA BANAHMEM FreHOB CePOTOHU-
Hepruyeckon (TPH1, TPH2, HTR1A, HTR2A, SLC6A4), nodamnteprudeckon (DRD4, SLC6A3) n HopaapeHeprnyeckon
(SLC6A2) cncTem, a Takxe reHoB pepmeHTOB UX MeTabonmama (MAOA, COMT). Kpome Toro, nmelotcsa faHHble 06
yyacTuuv reHoB runoTanamo-runodusapHon cuctemol (OXTR, AVPR1A, AVPR1B) n peLentopoB NONOBbIX TOPMOHOB
(ESR1, ESR2, AR), reHoB HenpoTpoduryeckoro paktopa mosra (BDNF) n depmeHTa meTuneHTeTparngpodponatpe-
ayktasbl (MTHFR), HempoHanbHoro anonto3a (CASP3, BCL-XL, BAX, NPY, APP, GRINT) n BocnanutesibHOWM CUCTEMbI
(TNF, CRP, IL6, IL1B, PSMB4, PSMD9, STAT3) B pa3BuTuun AenpeccrBHbIX PacCTPONCTB. Pe3ynbTaTbl BTOPOro noaxopa
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(GWAS 1 WES) geMOHCTpUpYIOT, 4To reHbl 6enkoB nukkono (PCLO) n cnptynHa (SIRTT), pakTopa nponudepammn
CTBOJIOBbIX KNeTok (GNL3), rnnko3untpaHchepasbl (GLT8DT), a-TpuncmMHoBoOro nHrubutopa (ITIH3), menaToHnHo-
Boro peuentopa (MTNR1A), kocTHoro mopdoreHHoro 6enika (BMP5), nomKkoi ructmarHoBol Tpuagbl (FHIT) n ku-
Ha3Horo cynpeccopa (KSR2), npotokagrepuHa (PCDH9) n aktmBaTopa TpaHckpunuumn AUTS2, npenmyLiecTBeHHO
yyacTByloLMe B MpoLieccax HeporeHesa 1 KeTOYHOW afresunm, BOBNeYEHbl B pa3BuTue genpeccuu. Taknum obpa-
30M, 3TV U ApYrue nuTepaTypHble AaHHble NOATBEPXKAAIOT, UTO GOPMUPOBaHME reHETUYECKON NPEAPaACNONOXKEH-
HOCTV K AeNpPeccBHbIM PacCTPONCTBAM — C/IOXKHbIN NpoLecc, 3aTparusaowmin GyHKLMOHMPOBaHWe 60nbLIOro
yncna reHoB, B TOM UKcsie TeX, KOTopble paHee He 06CyX4anucb B CBA3M C Aenpeccuen, Yyto TpebyeT obpatutb
0coboe BHYMaHMe Ha HYX B falibHENLINX NCCeA0BAHUAX.

KnioueBble cfioBa: AenpeccuBHOe pacCTPONCTBO; CEPOTOHUH; FnoTanamo-runodusapHan crucTema; HeMpoTpPo-
¢$uH; anonTo3s; uUToKMHbI; GWAS; MOTHOIK30MHOE CeKBEHNPOBaHNe.

Inroduction

According to the World Health Organization (WHO), unstable
social, economic and ecological factors in the modern society
result in the constant increase in the distribution frequency of
socially significant diseases with a specific attention given to
depressive disorders (DDs). Primarily, such attention is caused
by a high distribution of depression among the population,
the annual increase in morbidity, the difficulties of diagnosis,
prevention and treatment of this disease (Smulevich, 2015).
Moreover, depression is one of the leading causes of disability
worldwide. To date more than 322 million of individuals with
DDs differing in age were registered and the total number of
individuals with depressive disorders increased by more than
18.4 % over the last decade. Suicidal behavior (SB) represents
an increasing depression-associated problem being the second
leading cause of mortality among individuals aged 15-29
years (WHO, 2017).

Depression is a mental disorder characterized by a patho-
logically reduced mood, inhibited intellectual and motor
activity, reduced vital impulses with individual pessimistic
assessment and future (Smulevich, 2015). Different medical
classifications are based on a variety of diagnostic criteria
of depression. The international classification of diseases
(ICD-10) diagnoses depression (F32 — depressive episode)
depending on the number and severity of symptoms includ-
ing reduced mood, anhedony, strength decline and fatigue,
psychomotor retardation or arousal, guilt and humiliation
ideas, suicidal thoughts, decreased attention concentration and
sexual motivation, impaired sleep and appetite (Smulevich,
2015; ICD-10, 2018).

Nowadays, the most common validated scales for DDs di-
agnostics include the Hospital Anxiety and Depression Scale
(HADS), Hamilton Depression Rating Scale (HAM-D), Beck
Depression Inventory (BDI), Montgomery-Asberg Depression
Rating Scale (MADRS), which are used in clinical practice by
psychiatrists for the assignment of treatment strategy (Cusin
etal., 2010).

The multifactorial nature

of depressive disorders

Depression is a multifactorial mental disorder caused by
a wide range of psychological, social, neurochemical, and
hereditary factors and their interaction (Smulevich, 2015).
According to the results of twin studies, the coefficient of
inheritance of depression is 29—46 % differing for various
DDs (Kendler et al., 2006). The psychosocial predictors of
DDs distinguish a special style of individual negative thinking,
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which is characterized by a focus on the negative aspects of
life, conflict child-parent relationships in childhood, maternal
depression or a large number of stressful life events (Daches
etal., 2018). The results of numerous studies suggest that the
development of depression may be related to the individual
reaction on diagnosed psychiatric disorder (Kim et al., 2018)
causing social disadaptation. DDs are widely assumed to
cause or be caused by suppressed anger and aggression (Sahu
etal., 2014).

Interestingly, DDs appear to be sex-specific. It was re-
ported that the frequency of depression was twice higher
in women than in men (WHO, 2017). This sexual dimor-
phism is related to the differences in nervous and endocrine
systems functioning and to the sex-specific transcription
profiles of the genes (Gerhard, Duman, 2018). Moreover,
such frequency is assumed by fact that men with depression
symptoms less likely seek for the medical help than women
(Girgus, Yang, 2015).

Neurophysiological studies

of depressive disorders

The neurophysiological approach used for DD study suggests
an important role of the detection of the primary impairments
in the brain structures involved in the regulation of emotional
processes and motivation. However, the data on such neuro-
physiological markers are scarce to date due to the significant
clinical and etiological heterogeneity of DDs.

Functional, structural and post-mortem studies evidence
that abnormalities in the subgenual part of the cingulate
gyrus are the most stable neurophysiological markers of
DDs. A decreased volume or increased metabolic activity
of the subgenual part was observed in patients at the early
stages of the disease and in individuals with a family his-
tory of depression (Hajek et al., 2008). Magnetic resonance
imaging demonstrated reduced volumes of the frontal
areas, especially the anterior cingulate gyrus, orbitofrontal
and prefrontal cortex, as well as a decrease in the volume
of the hippocampus, putamen and caudate nucleus in DD
patients (Koolschijn et al., 2009). Moreover, temporal and
insular lobes together with cerebellum, which demonstrate
a decreased activity, are involved in DD pathophysiology
(Fitzgerald et al., 2008).

Significant impairments in the activity of the hypothalamic-
pituitary-adrenal (HPA) axis have been detected more than in
a half of DD patients. Namely, the hypothalamus of patients
was characterized by an increase in the number of neurons
producing corticotropin-releasing hormone, which chronic
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increase results in the enhancement of the toxic damage of
monoaminergic neurons thus reducing their number in depres-
sive states (Naughton et al., 2014).

Molecular genetic studies

of depressive disorders

Monoaminergic systems genes. The hypothesis of mono-
aminergic neurotransmission deficiency in DDs proposed
in the 60s of the last century, triggered the study of gene
polymorphisms involved in neurotransmitter turnover and
affecting serotonin, dopamine and norepinephrine synthesis,
degradation and neurotransmission (Gatt et al., 2015; Shadrina
et al., 2018). Inconsistent findings revealed in multiple stud-
ies of DDs were subsequently systematized in meta-analyses
(Kishi et al., 2013; Zhao et al., 2014; Liu et al., 2016; Wang
et al., 2016; Bleys et al., 2018; Culverhouse et al., 2018; Rui
et al., 2018; Taylor, 2018), which allowed to confirm or deny
initial hypotheses on the involvement of certain monoami-
nergic system genes in the development of DDs (Table). Ac-
cording to the results of the meta-analyses, increased risk for
developing depression was associated with polymorphic loci
located in the serotonin transporter (SLC6A44) and receptors
(HTR1A4, HTR2A), tryptophan hydroxylase (TPH2), dopamine
transporter (SLC6A43) and receptor (DRD4), norepinephrine
transporter (SLC6A2), monoamine oxidase A (MAOA), and
catechol-O-methyltransferase genes (COMT).

The role of the methylenetetrahydrofolate reductase
gene. Mecthylenetetrahydrofolate reductase (MTHFR) is one
of the key enzymes involved in the metabolism of folate
and methionine, which, in turn, play an important role in the
regulation of gene expression. The methylenetetrahydrofo-
late reductase gene (MTHFR; 1p36.22) was considered as a
candidate one in the study of affective and bipolar disorders,
schizophrenia, and depression (Gatt et al., 2015). The activity
of this enzyme is known to decrease as a result of nucleotide
substitutions in the MTHFR gene. One of these SNPs include
677C>T(rs1801133) resulting in Ala222Val substitution in
the catalytic domain of the enzyme and causing decreased
enzymatic activity to 35 % (Weisberg et al., 1998). Subse-
quently, a number of meta-analyses confirmed the association
of rs1801133*T allele and DD risk (Rai, 2017).

The role of brain-derived neurotrophic factor gene.
Together with the study of neurotransmitter systems, analy-
sis of the genes involved in the regulation of neurotoxic and
neuroprotective responses to stress appears to be important.
Neurotrophic factors (neurotrophins) represent a large group
of polypeptides playing a key role in the development and
maintenance of central nervous system (CNS) (Popova et al.,
2017). The brain-derived neurotrophic factor encoded by the
BDNF gene (11p14.1) is one of the most examined neuro-
trophic factors. According to the functional studies, Met-allele
of the BDNF Val66Met (196G > A; rs6265) causes a reduced
level of neurotrophic factor in the prefrontal cortex and brain
stem and is associated with an increased risk of depression
compared to Val-allele carriers (Youssef et al., 2018). Previ-
ously, a modulating effect of several environmental factors
including chronic stress, childhood maltreatment, brain injury,
and season of birth on the association of the Val66Met and
depression (Bilc et al., 2018) or increased anxiety (Kazantseva
et al., 2015) was reported.

2019
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K [enpeccuBHbIM PaccTPoNCTBaM

The role of neuronal apoptosis genes. The study of neu-
ronal apoptosis as the mechanism underlying the maintenance
of cellular homeostasis in nervous system is becoming highly
important due to the increased distribution of psychiatric dis-
eases nowadays. To date scarce studies were conducted on the
model objects indicating the relationship between neuronal
apoptosis and depression or stress, which can represent the pri-
mary basis for further molecular-genetic research in humans.
For example, enhanced level of caspase-3 (encoded by the
CASP3 gene) — a proteolytic enzyme inducing cellular apop-
tosis — was observed in the cerebral cortex of rats, which ex-
perienced chronic mild stress (Bachis et al., 2008). Moreover,
aprolonged exposure to stress results in a reduced expression
of'the antiapoptotic BCL-XL gene and enhanced expression of
the proapoptotic BAX gene; whereas, reduced stress exposure
promoted expression of the brain-derived neurotrophic factor
(BDNF), nerve growth factor (V'GF) and neuropeptide (NPY)
genes in the hippocampus (Jiang et al., 2014).

Together with above-mentioned invasive approaches to the
study of molecular mechanisms of complex pathophysiologi-
cal states, other methods include reconstruction and analysis
of associative genetic networks describing the relationship
between molecular-genetic objects associated with neuronal
apoptosis. Thus, the analysis of neuronal apoptosis genes
conducted via gene prioritization approach revealed that neu-
ronal apoptosis was regulated by the proteins encoded by the
BDNF (with the highest priority), glutamate receptor (GRINT),
amyloid beta precursor protein (4PP), coagulation factor II
thrombin receptor (F2R), tumor necrosis factor superfamily
ligand (FASLG), and transcriptional co-activator of steroid and
nuclear receptors (PPARGC14) genes. Most of these genes
have not been previously discussed with respect to DDs thus
providing the field of their examination in the future studies
of depressive states (Yankina et al., 2017).

The role of hypothalamic-pituitary-adrenal axis genes.
The functioning of the hypothalamic-pituitary-adrenal (HPA)
axis represents another key mechanism regulating mental
functions. Notably, the concentration balance between
oxytocin and vasopressin, as the components of HPA axis,
regulates various types of emotional reactions, while an
impaired balance accompanied anxiety, autism and depres-
sion (Neumann, Landgraf, 2012). The oxytocin action is
mediated by its interaction with oxytocin receptor (OXTR).
One of the most studied the OXTR gene polymorphisms is
the G > A (rs53576) substitution in the intron 3, which was
reported to be associated with social behavior and depression
(Kushner et al., 2018). Namely, OXTR G/G-genotype carriers
demonstrated a significant increase in depressive symptoms
(Kushner et al., 2018).

The data on the vasopressin role in the development of de-
pression are scarce. A wide range of psychological functions
of vasopressin (encoded by the AVP gene) is realized by its
binding to two types of receptors: VIA (4VPRIA) and V1B
(AVPRIB), expressed in the paraventricular and supraoptic hy-
pothalamic nuclei (Neumann, Landgraf, 2012). Post-mortem
studies established that DD patients were characterized by
elevated levels of AVP and AVPRIA gene expression (Wang
etal., 2008), whereas association studies of the AVPR 1B gene
polymorphisms and affective-related traits showed conflicting
results (Kazantseva et al., 2014).
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Genetic basis
of depressive disorders

Meta-analyses based on associations of monoaminergic systems genes and depressive disorders

Gene SNP/VNTR Comparison groups Number OR? (p)? Risk allele/geno-  Reference

of studies (N)'
TPH2 rs4570625 Gattetal,, 2015
(12g21.1) 084
HTRI1A 0.87 (0.007) Kishi et al., 2013
(a123) 0.83(0.0002) C
HTR2A rs6311 Avs.G/G 15(5539) 1.20 (0.03) A
(13q14.2)
SLC6A4 5-HTTLPR Svs. L 51 (51449) 1.18 (< 0.0001) S
(17q11.2) 31(38802) 125 (0.02)
DRD4 VNTR 48 bp 2Rvs. (3R, 4R, 5R, 6R, 7R) 5(1132) 1.73 (0.0003) 2R
(11p15.5)
SLC6A3 VNTR 40 bp 9/10vs. 10/10 3(423) 2.06 (< 0.01) 9/10 »
(5p15.33)
SLC6A2 rs5569 A/Avs. G 18 (8798) 1.19(0.02) A/A Rui et al., 2018
(16912.2)
MAOA VNTR 30 bp Lvs.S 9(4223) 1.23(0.03) L Gattetal,, 2015
Xp11.3) 11137070 Tvs.C 39 (18824) 1.26(0.0006) T Liu etal, 2016
COMT rs4680 Val vs. Met/Met 17 (5308) 1.18(0.02) Val Wang et al., 2016
(22911) Val vs. Met 49 (10925) 0.98 (0.68) - Taylor, 2018

Notes: 'N - number of individuals included in meta-analysis; 2 OR - odds ratio; 3p - significance level (p-value).

The role of sex hormone genes and their receptors. As
noted above there is a strong evidence of depression sex-
specificity (Girgus et al., 2015; Gerhard, Duman, 2018).
Therefore, the study of the effects of sex hormones on the
human behavior is becoming increasingly popular. Estrogens
represent a group of female sex hormones, which affect CNS
activity via genomic and non-genomic mechanisms due to
their interaction with estrogen receptors ERa and Erf encoded
by the ESRI and ESR2 genes, respectively. The majority of
association studies of these genes is focused on four SNPs,
namely, 752234693 (-397T > C) and rs9340799 (-351 4 > G)
inthe ESR/ gene and 51256049 (1082G > A) and rs4986938
(1730 G > A) in the ESR2 gene, which are assumed to affect
gene expression and are associated with DD development
(Keyes et al., 2015).

Androgens are male sex hormones also involved in the
regulation of CNS activity. Testosterone as a main androgen
demonstrates a number of physiological functions including
the regulation of the psycho-emotional sphere in men. A
decreased testosterone level due to age-related andropause
was reported to significantly increase DD risk (Dreval, 2017).
Moreover a reduced expression of the androgen receptor
gene (AR, Xql2) associated with the presence of extended
polyglutamine [CAG] repeats in the exon 1 correlated with a
higher risk of depression (Sankar, Hampson, 2012); however,
others failed to detect such association (Gardiner et al., 2017).

The role of inflammatory genes. Recently, the hypothesis
of inflammation as a DD predictor has being widely developed,
which is evidenced by the data on increased expression of
proinflammatory cytokines, in particular, C-reactive protein
in the acute phase of inflammation (encoded by the CRP
gene), tumor necrosis factor alpha (TNF gene), interleukin-
1B (IL1B gene) and interleukin-6 (/L6 gene) (Liu et al., 2012;
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Kohler et al., 2017) in patients with depressive episode. This
observation could be explained by the fact that any stress is
accompanied by an increased blood cytokines level and per-
meability of the blood-brain barrier. Such changes result in
the ability of circulating cytokines to penetrate into the brain,
trigger neuroinflammatory reactions, which can contribute to
the development of DDs and other psychopathologies. Mean-
while, a strong evidence of a reduced synaptic availability
of monoamines caused by inflammatory mediators, which is
known to be one of the main mechanisms in DD pathogenesis,
exists (Miller, Raison, 2016).

T-cells dysfunction and impaired immune response are also
considered in the context of the inflammatory theory of de-
pression. Thus, M.L. Wong et al. (2008) revealed that 47.8 %
of the population risk of depression was caused by genetic
variations in the PSMB4 gene (rs2296840), which encodes
B4-proteasome subunit, and in the TBX21 gene (rs17244587)
encoding transcription factor and involved in T-lymphocytes
differentiation. Moreover, T-cells functioning and response to
antidepressant therapy was significantly related to the activity
of genes encoding e-subunit of T-lymphocytes co-receptor
(CD3E), B-subunit of glycosidase I (PRKCSH), signal protein
(STAT3) and proteasome protein (PSMD9) (Wong et al., 2008).
Therefore, they are considered as candidates in DD study.

Genome-wide association study (GWAS)

Nowadays genome-wide association study (GWAS) represents
one of the most prospective approaches for the study of
complex behavioral traits, which includes simultaneous
examination of thousands of single nucleotide polymorphisms
(SNPs) in genes involved even in unknown pathogenetic
mechanisms causing DD development. One of the first
GWAS demonstrated an association of the 752522833 in the
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PCLO gene (p = 6.4 x 107®) with an increased depression
risk; however, it remained statistically insignificant under
the appropriate level of statistical significance (p <5 x 10°%)
(Sullivan et al., 2009). Subsequent study confirmed the role
of this protein in DD regulation, since PCLO rs2715157
was associated with DD (p = 2.91 x 10°®*) (Mbarek et al.,
2017). The PCLO gene encodes the protein located in
presynaptic terminals and plays a key role in monoaminergic
neurotransmission of the brain (Sullivan et al., 2009), which
fits into the contemporary ideas of neurotransmitter theory
of depression.

As a result of Major Depressive Disorder Working Group
of the Psychiatric Genomics Consortium (PGC-MDD)
in 2013, 15 SNPs residing 3p21.1 were associated with a
combined phenotype including the PBRM1 gene involved in
chromatin remodeling, G-protein nucleolar 3 gene (GNL3),
glycosyltransferase 8§ domain containing 1 gene (GLT8D1),
ITIHI-ITIH3-ITIH4 genes cluster, etc. (Major Depressive
Disorder Working Group..., 2013). The association of
rs2535629 neighboring the /77TH3 gene (inter-alpha-trypsin
inhibitor heavy chain 3) and DD was the most significant
(p = 5.9 x 107); however, it requires additional study.

According to the subsequent genome-wide association
studies, SNPs residing the genes involved in circadian rhythms
regulation such as sirtuin 1 (S/R77), melatonin receptor 1A
gene (MTNR1A4), fragile histidine triad (FHIT) (CONVERGE
consortium, 2015; Demirkan et al., 2016; Direk et al., 2017)
are of interest. These findings suggest a significant role of
circadian rhythms in the regulation of individual psycho-
emotional sphere and point to the necessity to consider
them in the DD research for the understanding of biological
mechanisms causing this affective disorder.

Other GWAS based on the combined sample of CONVERGE,
PGC and 23andMe demonstrated that rs7973260
(p=1.8x107), rs62100776 (p = 8.5 x 107) and rs9540720
(p=1.69x1078) located in the KSR2 (12q24.22-q24.23),
DCC (18q21.2) and PCDHY (13q21.32) genes, respectively,
were associated with DD (Okbay et al., 2016). Notably, the
proteins encoded by the protocadherin 9 (PCDH9) and kinase
suppressor of ras 2 genes (KSR?2) interacting with DCC netrin
1 receptor (DCC) are involved in synaptic plasticity, cellular
adhesion, and axonal guidance (Guo et al., 2016; Xiao et al.,
2018). Moreover, an increased expression of the DCC gene in
prefrontal cortex resulted in a depressive-like behavior in mice
(Torres-Berrio et al., 2017), while an increased expression of
the PCDHY gene was observed in hippocampus and frontal
lobe of depressed individuals, which represents a marker of
enhanced risk of depression in humans (Xiao et al., 2018).

A whole-genome association study conducted by D.M. Ho-
ward et al. (2018) based on the UK Biobank cohort demon-
strated the association of 17 SNPs and depression risk, includ-
ing rs10127497 (SGIP1), rs6424532 (LOCI105378800),
rs7548151 (ASTNI), rs6699744 (LOCI105378797),
rs112348907 (KCNQ5), rs3132685 (HCGY), rs5011432
(TMEM106B), rs2402273, rs1554505 (MADILI), rs3807865
(TMEM106B), rs263575 (LOC105375983), rs10929355
(NBAS), rs40465 (LOC105379109), rs1021363 (SORCS3),
rs10501696 (GRMS), rs9530139 (B3GLCT), and rs28541419.
These genes were suggested to be responsible for synaptic
plasticity and neurogenesis (Howard et al., 2018). Another
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neurogenesis-related gene (4UTS2) was also involved in
developing DD, which was reported in GWAS examining
response efficacy to antidepressant therapy (757785360 and
rs12698828, p=1.60x10%) (Myung et al., 2015).

Therefore, the results obtained under GWAS evidence in
the involvement of multiple genes in depression development
(including those previously unexamined in psychopatholo-
gies) involved in different stages of neurogenesis, synaptic
plasticity and circadian rhythms regulation. This is congruent
with the existing theory of polygenic architecture of DD and
demonstrates the direction for the future molecular-genetic
research in this field.

Whole-exome sequencing (WES)

The development of next generation sequencing (NGS)
technologies resulted in a trend for the sequencing of genetic
regions containing only coding parts (i.e. exons). The total
length of exons is known to be about 1% of the genome:
however, it is assumed that the majority of pathogenic
mutations are exon-specific. Hence, whole-exome sequencing
(WES) represents one of the important approaches to solve a
number of diagnostic and research tasks.

To date several whole-exome studies of DDs were
conducted. The first WES study on the pharmacogenetics of
antidepressants (Tammiste et al., 2013) was carried out by
a group of scientists from the University of Tartu (n = 510).
Tammiste et al. demonstrated the association of rs4/271330
in bone morphogenetic protein 5 (BMP5) gene with response
to antidepressant therapy. Another WES study based on the RS
(the Rotterdam Study) and ERF (Erasmus Rucphen Family)
studies revealed a missense mutation rs77960347 (Asn396Ser)
observed with a population frequency of 1% in the LIPG
gene encoding endothelial lipase, which was associated with
depressive symptoms (p = 5.2x10%) (Amin et al., 2017b).
This enzyme is assumed to be involved in the metabolism of
steroids, cholesterol and thyroid hormones, while Asn396Ser
substitution caused reduced enzymatic activity (Amin et al.,
2017b). In addition, subsequent WES analysis performed by
the same group of scientists in DD patients detected mutation
in the NKPDI gene (p = 3.7x10°®), which is involved in
sphingolipids synthesis (Amin et al., 2017a), and in the RCL/
gene (p = 1.0x10*) (Amin et al., 2018). The sphingolipids
are known to be widely present in the nervous tissue and are
involved in myelination, which impairment could result in
neuronal degeneration. At the same time, the RCLI gene is
widely expressed in astrocytes and neurons in the cerebral
cortex; however, its effect on their functioning and the
potential role in DD pathogenesis remain incompletely studied
and require additional studies.

Conclusion

Numerous results of genome-wide and whole-exome analy-
ses summarized in the present review conclude that the key
processes involved in developing DDs include neurogenesis,
cell adhesion, axonal guidance and synaptic plasticity, which
modifications have been considered as the main pathogenetic
factors of cognitive impairments and neurodegenerative disor-
ders. Moreover, the data on the association of genes encoding
the proteins involved in the regulation of circadian rhythms,
inflammation and hormonal regulation with an increased risk
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of depression were discussed. These observations suggest
that DD development is a highly complex process caused
by impairments in a whole cascade of reactions and genes
functioning with a small contribution of each of them in
depression pathogenesis.

The studies of epigenetic factors including methylation and
modifications of histones, microRNAs, and long non-coding
RNAs examined in details in the previous review (Mustafin
et al., 2018) are expected to make a significant contribution
to unravel the nature of DDs. The role of gene-environmental
interactions, ethnicity-geographic and socio-cultural factors
in manifestation of depressive symptoms via epigenetic
mechanisms of gene expression regulation representing a
particular interest in further research in this field could not
be excluded.
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Hereditary disorders of the neuronal system are some of the most important problems of medicine in the XXI century.
The most interesting representatives of this group are highly prevalent polyglutamine spinocerebellar ataxias (SCAs).
It has a basement for quick progression of expansion among different groups all over the World. These diseases are
SCA1, 2, 3, 6, 7 and 17, which phenotypically belong to one group due to similarities in clinics and genetics. The
substrate of these genetic conditions is CAG trinucleotide repeat of Ataxin genes which may expand in the course
of reproduction. For this reason a characteristic feature of these diseases is not only an increase in patient numbers,
but also a qualitative change in the progression of their neurological symptoms. All these aspects are reflected in the
structure of the incidence of polyglutamine SCAs, both at the global level and at the level of individual population
groups. However, most scientific reports that describe the population genetics of polyglutamine SCAs are limited to
quantitative indicators of a specific condition in a certain area, while the history of the occurrence and principles of
the distribution of polyglutamine SCAs are poorly understood. This prevents long-term predictions of the dynamics of
the disease and development of strategies for controlling the spread of mutations in the populations. In this paper we
make a detailed analysis of the polyglutamine SCAs population genetics, both in the whole world and specifically in
the Russian Federation. We note that for a better analysis it would be necessary to cover a wider range of populations
in Africa, Asia and South America, which will be possible with the development of new methods for molecular genetics.
Development of new methods of detection of polyglutamine SCAs will allow the scientists to better understand how
they lead to the brain disease, the means of their spread in the population and to develop better methods for therapy
and prevention of these diseases.
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HacnepctBeHHble 3a6oneBaHnA HEPBHOW CUCTEMbl — OAHA U3 Hanboree akTyanbHbiX Npobnem meguumHbl XXI Beka.
Ocob60 BblfenaAnTca Te, KOTopble JOMUHUPYIOT B 3TOW rpynmne. K Takum 3ab6oneBaHnAM, 6€3yCIoBHO, MOXKHO OTHECTH
nonuriyTamMmmMHoBble criHouepebennapHble atakcun (CLIA), nmetowe B cBoei OCHOBE MONEKYNAPHbIE MeXaHW3Mbl
6bICTPO NPOrPeccUpyoLLEl SKCNAHCUY CPEAN PA3INYHbIX FPYMN HaceneH A Hawen nnaHetbl. 31o CLAT, 2,3,6,71n 17,
deHoTUNUYeCcKn obbeArHEHHbIe B OfHY rPynny no MNPUHLMMY Pa3sBUTUA MO3XKEUYKOBOW aTakcuMn BCIeACTBME cneuu-
duuecknx reHetmyeckux npuumnH. Cyb6cTpaTom faHHbIX reHeTUYeckrx 3abonesaHuii asnsaetca LAl TpuHykneoTnaHas
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nocnefoBaTeslbHOCTb (LIMTO3MH-afIeHNH-TYaHWH), KOTOpaa MMeeT TeHAEHLUMIO K YBENIMUYEHMIO NPy nepefjaye reHoma
nocnenyoLwmm nokoneHnam. Mostomy xapakTepHas 0CO6EHHOCTb 3TMX 3a00/1EBaHUI — HE TOMbKO KONMYECTBEHHOE
yBenmnyeHne 60MbHbIX, HO U KaYeCTBEHHOE U3MEHEHVE TEYEHUSA X HEBPOJIOMMYECKO cumMnToMaTrKku. Bce a1o oTpa-
aeTca B CTPyKTYype 3aboneBaeMocTy nonurnytammrHosbiMy CLIA Kak Ha rno6asnibHOM 06LeMMPOBOM YPOBHE, Tak 1 Ha
YPOBHE OTAENbHbIX FPYNM HACENEHNA KOHKPETHbIX PermoHoB. OfHaKo 60JbLIMHCTBO PaboT, MOCBALEHHbIX MOMyNALW-
OHHOI reHeTVKe nonurnyTamrHoBbix CLIA, orpaHnurBaloTCA KOMYECTBEHHbBIMY NMOKa3aTeNAMN KOHKPETHOM HO30/10-
TUM Ha onpepaesieHHON TePPUTOPUN, TOTAA KaK UCTOPUA BO3HUKHOBEHUA 1 MPUHLMMbI PacnpoCTpaHeHNA NoanrnyTa-
MUHOBbIX CLIA Ha cerogHALWHWM AeHb NCCeA0BaHbl HEAOCTaTOYHO XOPOLLO. ITO HE NO3BONAET AenaTb JONTOCPOYHbIe
NPOrHO3bl OTHOCKTENbHO AVHAMUKM B NMOCIEAYIOLNX MOKONEHMAX U YNPaBAATb MyTareHHbIM npoLeccom. B HacToAweln
paboTe npeacTaBneH feTanbHbIi aHann3 NOMyAALNOHHON reHeTUKN nonurnyTamuHoBsbix CLIA, BbiBeAeHbl 06Lme reHe-
TUYeCKMe 1 YacTHble 3aKOHOMEPHOCTM UX Pa3BUTUA 1 OCOOEHHOCTU MOMNYNALMOHHOW ANHAMUK/ B MUpe 1 B Poccnin-
ckot Mepepauymn. O603HaueHbl NPO6AEMbI B UCCefOBaHNM 1 BbIABNEHWUW TaKKx 3aboneBaHunit. na nyywero noHMma-
HUA HeOOXOAMMO OXBATUTb LIMPOKMIA NnacT nonynaumin Abpukn, Asum n KOxHon Amepurkm, yto byaeT BO3MOXKHO Npu
PasBUTHM HOBbIX METOA0B MOMEKYNAPHOI FreHETUKI. TakKol NOAXOA K NCCNeAoBaHmMio nonurnyTammHosbix CLIA no3so-
nAeT 0603HaUUTb UX MECTO B KOHTEKCTe reHeTUYecKknx 3aboneBaHuin ronoBHOro Mo3ra 1 onpeaesnTb 0CO6eHHOCTH
pacnpocTpaHeHus 1 METOLOB reHeTMYeCKoW NPOdUNaKTUKN.

KnioueBble croBa: crnvHouepebennisipHaa aTakcus; MONUrIyTaMUHOBbIE 3a00NeBaHuA; MOMYNALUMOHHAsA TFeHeTUKa;

2NnMaemMnosNiorua.

Introduction
In 1991 a new type of mutations in the human genome was
discovered, the so-called “dynamic mutations”. These muta-
tions cause an increase in the number of copies (expansion) of
the simple repeating sequences (Kremer et al., 1991; Warren
1996). As was revealed later, there are numerous simple (CAG,
GCG, GCC, GAA, CTG) (Verkerk et al., 1991; Brook et al.,
1992; Matilla et al., 1993; Kawaguchi et al., 1994; Koide et
al., 1994; Gedeon et al., 1995; Campuzano et al., 1996; David
et al., 1997; Zhuchenko et al., 1997; Babovic-Vuksanovic et
al., 1998; Brais et al., 1998; Xiang et al., 1998; Vincent et al.,
2000; O’Hearn et al., 2001), and more complex repetitive
sequences (CTGG, ATTCT, CCCCGCCCCGCQG) (Lalioti
et al., 1997; Liquori et al., 2001; Potaman et al., 2003). The
most common and heterogeneous group of such diseases is the
group caused by expansion of CAG triplet in relevant genes
(Table 1). CAG encodes the amino acid glutamine, so these
diseases are called “polyglutamine” (Zoghby, Orr, 1999).
Today, we know of at list nine such conditions. The first one,
which was described in 1991, linked to CAG expansion and
causing the progressing degeneration of motor neurons, was
the spinal and bulbar muscular atrophy (SBMA), or Kennedy’s
disease (La Spada et al., 1991). Subsequently also this patho-
logical mechanism has been found in eight other diseases,
including Huntington’s disease (HD) in the huntingtin gene,
dentato-rubral-pallido-luysian atrophy (DRPLA or Haw River
syndrome) in the ATNI gene, and six types of spinocerebel-
lar ataxias (SCAL, 2, 3, 6, 7, and 17) (Gardian et al., 2005).
Among all polyglutamine diseases there, SCAs have the
most similar pathophysiology, progression and clinical signs.
Their genetics, however, is not identical (see Table 1).

Features of mutagenesis in polyglutamine SCA
progression

Mechanisms of mutagenic process are dramatically different
from those of the static mutations. This explains the dominance
of polyglutamine SCAs over SCAs caused by static mutations.
In comparison to point mutations, which occur spontaneously
and stochastically, dynamic mutations have a substrate, the
CAG sequence, which initially is repeated only several times
(Dunnen, 2017). CAG sequence expansion usually takes
place during mitosis of somatic and germ cells. Trinucleotide

repeat expansion occurs by replication-dependent (Kovtun,
McMurray, 2001), and reparation-dependent (Kovtun et al.,
2007) mechanisms. These disturbances are the cause of the
phenomenon called “anticipation”, when the disease occurs
progressively earlier and is more severe in subsequent genera-
tions. It was discovered that, the longer the allele is, the more
unstable it becomes. The average number of CAG repeats
expanded during reproduction depends on the SCA type (from
+0.5 CAG repeats in SCA3 to +12 CAG repeats in SCA7)
(Stevanin et al., 2000). Paternal alleles are more unstable
during transmission which is probably due to a larger number
of mitotic divisions during sperm cell maturation compared
to oocytes during gametogenesis. However, it could also be
linked with decreases in repair DNA protein concentration
and activity (Pearson et al., 2005).

The prevalence of polyglutamine SCAs

The total morbidity of polyglutamine SCAs is dramatically
variable and varies around 1-9 per 100.000 with more accurate
accounts being 4-5 per 100.000.

SCA1 is observed, approximately, at a frequency of 1-2
people per 100.000 of “general” population (Manto, 2005).
SCAZ2 has been revealed in 14 % of cases of all SCAs, which
makes up about 0.6 per 100.000 population (Cancel et al.,
1997; Geschwind et al., 1997a; Riess et al., 1997). SCA3 at
some areas is the most common autosomal dominant SCA
(Schols et al., 2004; Bauer et al., 2005). The frequency of
SCA3 is ~1.5-2 persons per 100.000 population (van de
Warrenburg et al., 2002). The world-wide incidence of SCA6
comes near 0.02-0.31 per 100.000 population (Geschwind
et al., 1997b; Ikeuchi et al., 1997; Matsumura et al., 1997;
Matsuyama et al., 1997; Riess et al., 1997; Stevanin et al.,
1997; Schols et al., 1998; Pujana et al., 1999; Jiang et al.,
2005). The incidence of SCA7 in several studies was 2 % of
all SCAs, but according to the most accurate calculations it
is 0.05-0.2 (an average 0.08) per 100.000 (Filla et al., 2000;
Storey et al., 2000). Less than 100 families with SCA17 have
been described to date (~0.0015 per 100.000) (Maruyama et
al., 2002; Alendar et al., 2004; Craig et al., 2005) (Figure, a).

Overall, about 60 % of all clinical SCAs are polyglutamine
SCAs, while the other identified and accurately diagnosed
forms comprise less than 5 %. It is therefore important to note
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Table 1. Molecular characteristics of polyglutamine SCAs
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MonynAUVoHHaA reHeTVKa NoINMY TaMHOBbIX
crnvHouepebennapHbIX aTakCcuii

Disease Locus Gene Protein Polyglutamine chain
Norma Pathology
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Worldwide distribution of polyglutamine SCAs.

a - the pie chart shows the percentage ratio of each polyglutamine SCA relative to the total number calculated per 100.000
population (SCA17 is only 0.037 % of the total, this value is not seen in the graph); b — on the World map is shown the place of

occurrence of corresponding disease haplotype (black and white circles).

that 3540 % of SCAs have no established genetic base and
are only characterized by the phenotype (Bird, 1998; Jayadeyv,
Bird, 2013). At the same time, among polyglutamine SCAs,
SCAT1 and SCA3 comprise 2/3 of all registered cases (37 and
42 % respectively) (see Figure, a).

Polyglutamine SCAs prevalence rate in Russia
Research into polyglutamine diseases in Russia has been car-
ried out for over 20 years. The prevalence of polyglutamine
SCAs in Russia is similar to those in the European populations,
but there are also differences. From 105 Russian families (ex-
cepting the Yakut population) with polyglutamine diseases,
SCAL, 2, 3, 6, 7 and 17 was diagnosed in 61 families. The
prevalence of SCAs are: SCA1, 28 families (46 %); SCA2,
21 (34.4 %); SCA3, 7 (11.5 %); SCA6, 1 family; and SCA7,
1 family (per 1.6 %). SCA17 was found in 3 families (Klyush-
nikov et al., 2016, 2017). Thus, characteristic in the Russian
population is a low incidence of SCA3, while in populations of
the USA and Japan it is the most frequent pathology (Klyush-
nikov et al., 2008). Notably, the prevalence of SCA17 is very
high in comparison to the distribution in global population.
It is interesting that the preponderance of SCA1 over SCA3
is common in yet another population of the Eastern Europe,

Poland. The morbidity of polyglutamine SCAs in Polish popu-
lation is as follows: SCA1, 83.6 %; SCA2, 13.9 %; SCA3,
0.6 %; and SCA17, 1.8 % (Krysa et al., 2016).

Genetic aspects of the origin and expansion

of polyglutamine SCAs genesis

Advancements in population genetics and paleogenetics have
allowed scientists to trace when polyglutamine SCAs appeared
in the human population. The mutation of a gene is quite an
unusual phenomenon, therefore such diseases are character-
ized by the presence of the founder, the person who for the
first time gained a certain mutation and became the origin of
the unique genetic profile called “haplotype”. Analyses of
haplotypes help reveal the dynamics, common factors that af-
fect the disease and predict the development of this pathology
in the future. In polyglutamine SCAs, several haplotypes of
founders were traced, with at least 2—-3 separate haplotypes in
each population (Lund et al., 2001; Bettencourt, Lima, 2011)
(see Figure, b and Table 2). Usually, the mytation rate is higher
and/or the mutation is older when it can be detected in wider
populations or when it can be detected with a higher incidence
(Lund et al., 2000; Bettencourt, Lima, 2011). However, due to
the “anticipation” phenomenon, these two factors are mutually
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Table 2. Worldwide distribution of poliglutamine SCAs

Population genetics of spinocerebellar ataxias
caused by polyglutamine expansions

Mutation rate SCA Haplotype Place of inhabitance References
Slow SCA3  Asiatic Taiwan, India, Japan, Australia Gaspar et al., 2001;
(time of origin Verbeek et al., 2004
80'0?0 years ago Portuguese (global distribution dueto ~ North America, Germany, France, Bettencourt, Lima, 2011;
and later) the great geographical discoveries) Portugal, Brazil, India, China, Australia Martins et al., 2012
Cambodian (possibly a variation Cambodia, United States Jayadev et al,, 2006
of the Portuguese haplotype)
SCA6  Paleolithic (before the division England, Japan, Brazil, Finland Craig et al., 2008
of humanity into races)
German North Rhine-Westphalia Dichgans et al., 1999
Japanese Tottori Prefecture Mori et al,, 2001
Fast SCA1  Japanese Miyagi and Yamagata Prefectures Wakisaka et al., 1995;
(time of origin Zhou et al., 2001
900 years ago Yakut Russia (Yakutia), China Gouriev, 2004; Osakovsky
and later) etal, 2004; Zhou et al,, 2001
Hindustani India (Bihar) Mittal et al., 2005;
Sinha et al,, 2004
Tamil India (Tamil Nadu) Mittal et al., 2005;
Rengaraj et al., 2005

Western Cape (3 haplotype
may be present at once)

Belgium, Finland, France, Germany,
Sweden and UK

exclusive in polyglutamine SCAs. This conclusion could be
suspected by comparing the haplotype numbers and SCA time
of origin (see Table 2).

According to the mutation speed, age of clinical presenta-
tion and time of origin, polyglutamine SCAs can be divided
conditionally into two groups. The first comprises diseases
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De Michele et al., 2003;
Zihlke et al., 2003

with early presentation and low speed of mutations, SCA3
and SCA6. 2-3 haplotypes are known for each polyglutamine
disease.

In the case of SCAG, the size of the area occupied by the
diseased population directly correlates with the time of its
origin. The worldwide distribution of this pathology charac-

BaBunosckuii xypHan reHeTuku u cenekuyun / Vavilov Journal of Genetics and Breeding - 2019+ 23 - 4



A.H. lLysaes, O.C. benosop, M.B. CMonbHu1KOBa ...
E.A. NoxwnneHnkosa, O.1. Moxen, C. Kacnapos

terized by a very low degree of mutation can be linked to
the presence of a Paleolithic haplotype which arose before
the division of humanity into races (about 80.000 years ago)
(Craig et al., 2008). The Asiatic haplotype of SCA3 arose in
the prehistoric period (about 7.000 years ago). People with
this haplotype live in South and Southeast Asia, and also in
northeastern part of Australia (Martins et al., 2012). However,
the worldwide distribution of SCA3 is explained differently.
The Portuguese haplotype arose ~1400 years ago and was local
until the era of great geographical discoveries (Bettencourt,
Lima, 2011). The active exploration of the World Ocean by the
Portuguese resulted in this haplotype quickly spreading to the
countries of Asia and the New World (Martins et al., 2012).
While these haplotypes make a significant contribution to the
incidence of SCA3 and SCA®G, there are also “younger” local
haplotypes all over the World (Dichgans et al., 1999; Mori et
al., 2001; Jayadev et al., 2006).

The widespread distribution of SCA1, SCA2, SCA7 and
SCA17 in the world population is due to a different reason
than SCA3, SCAG6. These diseases are characterized by a high
level of mutations. The mutations that cause these diseases are
relatively young: in most cases, they are present only in 1-20
generations and are common within various ethnic groups.
Patients with these polyglutamine SCAs exhibit numerous
haplotypes, in some cases these are just individual haplotypes
in a single population.

SCA1 is distributed worldwide, however, the main propor-
tion are local haplotypes. It could be seen clearly in popula-
tions of islands and remote areas with low migration rates
(Wakisaka et al., 1995; Wadia et al., 1998; Sinha et al., 2004,
Mittal et al., 2005; Rengaraj et al., 2005). In other regions, such
as Eastern Europe, migration was always high and it lead to
the spread of SCA to different parts of the Eurasian continent.
The prevalence of SCAT1 in the Russian population is due to
the presence of three specific haplotypes (Eastern European,
Yakut and Bashkir) (Popova et al., 2001; Gouriev, 2004).

The same tendency could be seen in other polyglutamine
SCAs with high mutation rates (SCA2, SCA7 and SCA17).
Here there is a large number of “young” haplotypes all over
the World (Mizushima et al., 1998; Didierjean et al., 1999;
Koide et al., 1999; Stevanin et al., 1999; Jonasson et al., 2000;
Choudhry et al., 2001; De Michele et al., 2003; Ziihlke et al.,
2003, 2005; Greenberg et al., 2006). There are huge “white
spots” on the World Map, which may contain a large number
of yet unknown haplotypes of the polyglutamine SCAs with
unique genetic signatures and clinical features. Within Africa,
the northern and southern parts are relatively well studied,
and several haplotypes were found among peoples living in
these territories (Ramesar et al., 1997; Stevanin et al., 1999;
Greenberg et al., 2006), whereas the central part of Africa
remains completely unexplored.

The data obtained by Japanese researchers confirm that the
incidence of polyglutamine SCA is not static, it is a dynamic
process that continues and changes continuously. For example,
a Japanese girl with SCA17 from Niigata Prefecture was
described who had a de novo duplication from her father’s
allele (Koide et al., 1999). Therefore, she could be “founder”
of a new haplotype.

The study of the haplotypes of polyglutamine SCA is
important for practical medicine. In the German population,
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there are two haplotypes of SCA17. The first haplotype is
characterized by a high instability of CAG repeats during
transmission (Ziihlke et al., 2005). The second haplotype is
more stable (De Michele et al., 2003; Ziihlke et al., 2003). For
this reason, the identification of a haplotype is important not
only for assessing the incidence in a single population, but
also for predicting the course of the disease and for medical-
genetic counseling of patients.

Isolation as a factor in the incidence

of polyglutamine SCAs enhancement

Isolation is a strong factor contributing to polyglutamine
SCAs. Isolation could be seen not only in areas with a low
migration history due to the remoteness of the place or ethnic
characteristics, but also it could be linked to traditions leading
to closely related marriages (Dedov et al., 2004; Maximova
et al., 2008). The most vivid example of natural isolation is
the population of the small island named Flores of the Azores
archipelago, where there is the highest incidence of SCA3 in
the world, 1 of 140 people (Lima et al., 1998). Another striking
case of natural isolation is the larger Yakut population, where
the incidence of SCA1 is about 46 cases per 100 thousand
population (Platonov et al., 2016). Until the XX century, the
population of the Japanese islands remained in relative isola-
tion from other peoples. Confirmation of this can be found in
the official data of SCA1 incidence in Miyagi and Yamagata
Prefectures where the migration rate is the lowest in Japan
(Wakisaka et al., 1995). However, geographical isolation is
always a relative phenomenon. Thus, in China, not only Chi-
nese but also Yakut and Japanese haplotypes have been re-
ported (Zhou et al., 2001).

However, a high level of genetic isolation of a certain group
of people may be due not only to geographical factors. The
ethological (cultural, ethnic etc.) isolation of small popula-
tions in India, who obey a cast system, also leads to impres-
sive consequences. Thus, SCA1, which is uncharacteristic of
India, is observed in Tamil families living exclusively in two
villages of Rajapalayam and Kottamedu of Tamil Nadu state,
with an incidence of 1 SCA1 patient per 15 healthy residents
(Rengaraj et al., 2005). In general, isolation has no global
effect on morbidity (Mori et al., 2001), but it is a decisive
factor for a specific group of people who live for a long time
in the same territory.

Conclusions

Polyglutamine SCAs have appeared a long time ago and are
spread all over the World. Insufficient information on poly-
glutamine SCAs does not allow accurate determination of the
incidence and prevalence among some population groups.
Extensive regions such as Africa, India, Southeast Asia, remain
virtually unexplored in terms of these diseases. However,
analysis of available data from population genetics reveals
a number of features of polyglutamine SCAs. The common
features with other hereditary diseases are the presence of the
founder, the dependence of the prevalence on the age of the
mutation and the frequency of mutagenesis, as well as the
prevalence of SCAs in isolated populations. The specifics of
SCAs is determined by their mechanism since they occur not
due to spontaneous mutagenesis but result from duplications
of pre-existing CAG repeats. This mechanism explains the

FEHETUKA YEJTIOBEKA / HUMAN GENETICS 477



A.N. Shuvaeyv, O.S. Belozor, M.V. Smolnikova ...
E.A. Pozhilenkova, O.I. Mozhei, S. Kasparov

prevalence of polyglutamine SCAs over others SCAs in the
global population, and also the phenomenon of “anticipation”.
The anticipation needs to be taken into account in order to
explain the dependence of the time of presentation of the
disease on the rate of mutation.

One may speculate that 5-7 thousand years ago mainly
diseases with a low mutation rate (SCA3 and SCA6) were
present, since types with high rates (SCA1, SCA2, SCA7 and
SCA17) lead to a rapid elongation of CAG repeats and the
manifestation of the disease at younger ages in subsequent
generations, which inevitably leads to the exclusion of the
affected individuals from the process of reproduction.

The study of polyglutamine SCAs from the point of view
of population genetics makes it possible to better determine
their place in the context of genetic diseases of the brain and
to understand the biological, ethnic and social features of
these diseases. The development of molecular genetics will
allow the scientists to cover, in the future, a wide range of
populations in Africa, Asia and South America, which might
not only change our understanding of the time and pattern
of distribution of polyglutamine SCAs, but also reveal new
mechanisms of the mutation process and disease progression.
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The role of olfactory transport in the penetration
of manganese oxide nanoparticles from blood into the brain
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There is no doubt that various nanoparticles (NPs) can enter the brain from the nasal cavity. It is assumed that
NPs can penetrate from blood into the central nervous system (CNS) only by breaking the blood-brain barrier
(BBB). The accumulation of NPs in CNS can provoke many neurological diseases; therefore, the understanding
of its mechanisms is of both academic and practical interest. Although hitting from the surface of the lungs
into the bloodstream, NPs can accumulate in various mucous membranes, including the nasal mucosa.
Thus, we cannot rule out the ability of NPs to be transported from the bloodstream to the brain through the
olfactory uptake. To test this hypothesis, we used paramagnetic NPs of manganese oxide (Mn;0,-NPs), whose
accumulation patterns in the mouse brain were recorded using T1-weighted magnetic resonance imaging.
The effect of intranasal application of endocytosis and axonal transport inhibitors on the brain accumulation
patterns of intranasally or intravenously injected Mn3;0,-NPs was evaluated. A comparative analysis of the
results showed that the transport of Mn;0,-NPs from the nasal cavity to the brain is more efficient than their
local permeation through BBB into CNS from the bloodstream, for example with the accumulation of Mn;0,-
NPs in the dentate gyrus of the hippocampus, and through the capture and transport of NPs from the blood by
olfactory epithelium cells. Also, experiments with the administration of chlorpromazine, a specific inhibitor of
clathrin-dependent endocytosis, and methyl-3-cyclodextrin, inhibitor of the lipid rafts involved in the capture of
substances by endothelium cells, showed differences in the mechanisms of NP uptake from the nasal cavity and
from the bloodstream. In this study, we show a significant contribution of axonal transport to NP accumulation
patterns in the brain, both from the nasal cavity and from the vascular bed. This explains the accumulation of
different sorts of submicron particles (neurotropic viruses, insoluble xenobiotics, etc.), unable to pass BBB, in
the brain. The results will add to the understanding of the pathogenesis of various neurodegenerative diseases
and help studying the side effects of therapeutics administered intravenously.

Key words: nanoparticles; olfactory transport; magnetic resonance imaging; intravenous injection.
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Posib 0/Ib(paKTOPHOTO TPAHCIIOPTa B IIPOHMKHOBEHIU
HaHOYaCTUL] OKCHa MapraHiia 13 KpOBEHOCHOTO pycjia B MO3T
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1 DepepanbHblii NCCNEROBATENbCKUI LeHTP VHCTUTYT umtonoruv n reHetrkn Cbrpckoro otaeneHns POCCMInCKO akaAeMum Hayk,
HoBocnburpck, Poccus

2 NHcTuTyT ApepHoit dpusunkm um. FU. Byakepa Cnbupckoro otaeneHms Poccuinickon akagemmm Hayk, HoBocmbupck, Poccus
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BO3MOXHOCTb MOCTYNIeHNA 13 HOCOBOW NOMIOCTM B FOMOBHOM MO3r HaHovacTuy (HY) pasnuyHon nprpoabl
He BbI3blBaeT COMHeHMA. Kak yxke 6blfo NokasaHo paHee, HakoreHre HY B LeHTpanbHOW HepBHOW cucTeme
(UHC) moxeT cnpoBoumpoBaTh Lenblil pag HEBPOSIOTMYECKMX 3aboNieBaHni, NOSTOMY MOHUMaHNe MeXaHu3-
MOB [JaHHOTO npoLiecca NpeAcTaBAseT UHTEPeC Kak C HayYHOW, Tak 1 C MpaKTUyecKor Touek 3peHns. Mpeano-
naraetcs, yto 13 Kposu HY moryT npoHnkHyTb B LIHC, nckntoumtenbHo npeofones reMaTtosHUepannyeckui
6apbep (Mb). MonaB ¢ NOBEPXHOCTU NErkmnx B KPoBeHoCHoe pycno, HY MoryT HakanimBaTbCa B PasfivyHbIX
CNM3NCTbIX 060MI0YKAX, B TOM UMCIIE U B CIN3UCTON HOCOBOM NMONOCTU. TaKMM 06pa3om, Henb3A NCKYaTb BO3-
MOXHOCTb TpaHcrnopTa HY 13 KpOBOTOKa B MO3F 3a CYET MX 3axBaTa OKOHYaHMAMUN OOOHATENbHbIX HEPOHOB.
[lnAa npoBepKM 3TOW rMnoTesbl Mbl MCMOMb30BaAN NapamarHuTHble HY okcmaa mapradua (Mn;O,4-HY), nattep-
Hbl HAKOMIEHMA KOTOPbIX B CTPYKTYpaxX MO3ra MblLLV PErCTPUPOBay C MOMOLLbIo T1-B3BelleHHOW MarHUTHO-
pe3oHaHcHoW ToMmorpadun. B HacTosAwem nccnefoBaHuy 6biia NpoBefeHa OLeHKa BANAHWA MHTPaHa3albHOW

© Romashchenko A.V., Sharapova M.B., Morozova K.N., Kiseleva E.V., Kuper K.E., Petrovskii D.V., 2019



A.B. PomalyeHko, M.b. lLlapanoBsa, K.H. Mopo3oBa
E.B. Kucenesa, K.3. Kynep, [1.B. MeTpoBckuii

Posnb onbdakTopHOro TpaHcnopTa B MPOHWKHOBEHUN

annanKaumMm MHrMGMTOPOB SHAOLMTO3a N akCOHaNbHOro TPaHCMopTa Ha HakorneHne Mn;0,-HY B cTpyKTypax
LHC npu nx BBeAeHMM B HOCOBYIO NMOMOCTb UM B KPOBOTOK. CpaBHUTENbHbBIN aHaM3 NOMYyYEHHbIX pe3ybTa-
TOB MokKasan, uto nepeHoc Mn;0,-HY 13 HocoBow nonocTn B Mo3r 3¢pdeKTrBHee nx NPpoHNKHoBeHNA B LIHC n3
KPOBEHOCHOIO PYyCa, KOTOPOE MOXET OCYLLEeCTBAATLCA KaK 3a CUET NIOKaNbHOro npeoaoneHusa 36, Hanpumep
npwu HakonneHnn Mn;0,-HY B 3y6uaTtoil M3BMAMHE runnokamna, Tak 1 yepes 3axsaT 1 TpaHcnopT HY 13 Kposu
KneTkamy onbGakTopHOro snutenus. MNpy 3TOM 3KCNeprMEHTbI C BBEAEHMEM XNOpPNpoMasrHa, cneunduye-
CKOTO MHrMbuTOpa KNaTpmnH-3aBMCIMOTO SHAOLUTO3a, U METUIT-B-LIKIOAEKCTPYHA, BeLeCTBa, pa3pyLualoLero
nunuaHble padTbl, yyacTBYIOLWME B 3aXBaTe BELECTB KNeTKamy SHLOTENVA, MPOAEMOHCTPUPOBANN Pasnmyms
B MeXaHu3Max 3axBaTa HY 13 HOCOBOI MONOCTU 1 KPOBEHOCHOTO pycna. B pesynbraTe npoBefjeHHOro ncce-
[0BaHNA HaM yAanocb NoKasaTb 3HAaYMMbIN BKNaL akCOHANbHOIO TPaHCMNopTa B MOCTYMIEHNE HaHOYacTML, B
FONOBHOM MO3T Kak U3 HOCOBOW MOMOCTY, Tak W U3 COCYANCTOro pycsia. OTo 0ObACHAET HaKoMIeHre B MO3-
re CyOMMKPOHHbIX YacCTUL, Pa3fMYHOW NPMPOabl (HENPOTPOrHbIE BUPYChI, HEPACTBOPMMbIE KCEHOOVOTUKN 1
Ap.), KoTopble He cnocobHbl NpeofoneBatb [Ib. MonyyeHHble pe3ynbTaTbl OyAyT NONe3Hbl Kak AnA NOHUMaHWA
naToreHesa pasfnyHbIX HelpopdereHepaTVBHbIX 3ab60NeBaHnn, Tak 1 AnA NCCnefoBaHUA No6oUHbIX dddeKToB
TepaneBTUYECKNX NPenapaToB, BBOAMMbIX BHYTPVBEHHO.

KnioueBble cnoBa: HaHOYaCTULbl; ONbGAKTOPHBIN TPAHCMOPT; MarHUTHO-Pe30HaHCHasA ToMorpadus; BHYTpU-

HaHO4YacCTuL OKCKAa MapraHua N3 KpOBEHOCHOIO pycsa B MO3r
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Introduction

People, like other mammalians, are constantly exposed to
solid aerosols, which may include a great many of xenobiotics.
Sedimentation of submicron and nanosized aerosols on the
surface of the upper and lower respiratory tracts is followed
by their penetration into blood and migration into internal
organs, including the brain. Numerous experimental studies
show that the accumulation of particulate matter in the brain
of an animal leads to disruption of the dopaminergic and
serotonergic systems of the brain and, as a consequence, to
neurodegeneration (Tranfield, Walker, 2012). In addition, it
is shown that people living than 50 m apart from motorways
are at a dramatically higher risk of Alzheimer’s disease.
Analysis of the dependence of epidemiological situations
on the concentration of solid aerosols and exhaust gases in
the atmosphere shows that it is the concentration of solid
particles in the air rather than the components of exhaust
gases that influences the risk of neurodegenerative disorders
(Chen et al., 2017).

Despite this, the respiratory and cardiovascular systems
are considered the main targets for nanoaerosol toxicity
(Donaldson et al., 2002; Chen et al., 2008; Brook et al., 2010;
Kampfrath et al., 2011). Accordingly, most of the research
is focused on the portal role of lungs in the penetration of
nanoparticles into blood and their accumulation in internal
organs, including the brain. At present, though, there is a
significant body of experimental evidence for the key role of
nasal epithelium in transporting nanoaerosols directly from
the environment to the brain (Kreyling, 2016). For several
viruses, the main route of penetration into the central nervous
system of mammals is their transport from the nasal cavity
to the brain. These include: herpes virus (HSV-1, HSV-2),
(Kennedy, Chaudhuri, 2002), influenza A virus (Tanaka et al.,
2003), bornaviruses (Sauder, Stacheli, 2003), rhabdoviruses,
including rabies virus (Astic et al., 1993), parainfluenza (Mori
et al., 2004), and prions (Zanusso et al., 2003). The basis of
the olfactory transport of viruses and nanoparticles (Mistry et
al., 2009) from the nasal cavity to the brain, is the uptake of
the particles by the endings of the olfactory nerves, followed
by movement inside the axons and passage through synaptic
transmissions (Mori et al., 2005).

Since the nasal cavity is densely vascularized, NPs may en-
ter the brain from the bloodstream. To assess the contribution
of this process to the formation of observable spatiotemporal
patterns of NP distribution in the mouse brain, we compared
the accumulation of NPs in CNS after their intranasal and
intravenous administrations. In this study, nanoparticles of
manganese oxide (Mn,0,-NP) were used as an effective par-
ticulate paramagnetic agent detectable by magnetic resonance
imaging (MRI). Assessment of Mn,O,-NP accumulation,
based on the change in MRI signals in T1-weighted images of
brain divisions of mice, was carried out 12 h after intranasal/
intravenous administration. According to the literature and
our preliminary experiments, this time corresponds to the
maximum accumulation of intranasally introduced nanopar-
ticles in olfactory bulbs (OB) (Khlebtsov, Dykman, 2011).
To identify the role of olfactory neurons in the transport of
Mn,0,-NPs from the nasal cavity or bloodstream to the brain,
the effect of preliminary nasal application of endocytosis and
axonal transport inhibitors on the level of the MRI signal in
CNS was investigated.

Materials and methods

Animals. Experiments were conducted with SPF Balb/c
male mice (25-32 g, age 10-12 weeks, n_ = 64). Manipula-
tions were carried out at the Center for Genetic Resources of
Laboratory Animals of the Institute of Cytology and Genetics,
Siberian Branch of the Russian Academy of Sciences, No-
vosibirsk. Experimental mice were kept in unisexual family
groups of 2—-5 animals in individually ventilated (IVC) cells of
the OptiMice system (Animal Care Systems) under controlled
conditions, at 22-26 °C, relative humidity 30-60 %, and the
light:dark schedule 14:10 with dawn at 01:00. Food (Ssniff,
Germany) and deionized water enriched with “Severyanka”
(St. Petersburg) mineral mixture were provided to animals
ad libitum.

Nanoparticles. We used commercially available man-
ganese oxide Mn,O, nanoparticles (Mn;O,-NPs, US3340,
US-NANO, USA).

The crystal structure of the purchased manganese nanopar-
ticles was determined by X-ray powder diffraction on the
VEPP-3 accelerator complex with the following synchrotron
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Fig. 1. Physicochemical characteristics of Mn30,-NPs.
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a - characterization of the crystalline phase in a sample of Mn,0,-NPs analyzed by powder X-ray diffraction; b - the values of the hydrodynamic radius (d) and zeta
potential ({) of Mn30,4-NPs assessed by dynamic light scattering; ¢ — dependence of the reciprocal of the relaxation time T1 on manganese concentration in the

Mn30,4-NP samples; d — high-resolution TEM image of the Mn304-NPs.

radiation parameters: monochromatic beam wavelength
A=0.1516 nm and angular range 26 from 45° to 75° (Fig. 1, a).
The hydrodynamic diameter of Mn;0O,-NPs in a colloidal solu-
tion was determined by dynamic light scattering (angle 90°,
temperature 22 °C) and the zeta potential using electrophore-
sis in a U-shaped cell as recommended by the manufacturer
Zetasizer NanoZS (Malvern, England) (see Fig. 1, b). The
morphology and shape of the nanoparticles were studied by
transmission electron microscopy (TEM). The JEM 1400
microscope (JEOL, Japan) was equipped with a digital camera
Veleta (SIS, Germany) (see Fig. 1, d).

As shown in our previous work, relaxation values (R1,
ms™, see Fig. 1, ¢) of Mn;0,-NPs correlate with manganese
concentration in the samples (Romashchenko et al., 2017). In
vivo experiments showed that the amplitude of the MRI signal
in OB 12 hours after the intranasal application of Mn,O,-NPs
was directly proportional to the manganese concentration in
the tissue (Romashchenko et al., 2017). OB were taken for
calibration, since the concentration of nanoparticles after the
intranasal or inhalation administration is the highest in this
region (Moshkin et al., 2014). Earlier, we demonstrated low
solubility of Mn,O,-NPs at different pH (4-7), which entitled
us to regard the observed changes in the MRI signal in mouse
brain divisions after intranasal/intravenous administration of
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Mn,0,-NPs as a result of accumulation of insoluble manga-
nese rather than Mn?" in the nervous tissue (Romashchenko
etal., 2017) and use the level of the T1-weighted MRI signal
to assess NP accumulation in the tissue.

Experimental design. Animals were injected with 10 pLb
of a colloidal solution of particles (5.5 mg/mL) in one nostril
or 100 pL of Mn,0O,-NPs intravenously (retroorbital sinus).
Five minutes before use, the NPs were dispersed for 1 min
with an ultrasonic homogenizer at 20 kHz and 300 W. It had
been shown in pilot experiments that the values of the MRI
signal in olfactory epithelium (OE) and OB reached their
maximum in both intravenous and intranasal injections 12 h
after the NP injection. To determine the patterns of Mn,O,-NP
accumulation, MRI of the mouse brain was performed twice:
24 h before and 12 h after administration. Comparison of the
obtained values of the MRI signal before and after the presen-
tation of the NPs made it possible to assess the significance
of manganese accumulation in brain divisions.

In order to investigate the role of olfactory neurons in
capturing and transporting manganese nanoparticles, mice
were treated with 10 pL of the following compounds before
intranasal/intravenous administration of nanoparticles into
each nostril:

o chlorpromazine (C8138 SIGMA, Sigma-Aldrich) is a spe-
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cific inhibitor of clathrin-dependent endocytosis (Wang et

al., 1993; Boucrot et al., 2015). The drug was administered

at a dose of 0.4 mg/kg;

« methyl-B-cyclodextrin (332615 SIGMA, Sigma-Aldrich)
destroys lipid rafts (Brownell et al., 2011), participating in
the capture of substances by endothelium cells. The drug
was administered at a dose of 0.4 mg/kg;

« zinc chloride (229997 SIGMA, Sigma-Aldrich), inducer of
olfactory epithelial cell death (Burd, 1993). The drug was
administered at a dose of 20 mg/kg;

« colchicine (C9754 SIGMA, Sigma-Aldrich) inhibits tubulin
polymerization, endocytosis and cellular transport (Castel,
1990). The drug was administered at a dose of 0.2 mg/kg.
For each substance, eight animals were tested. Colchicine

and chlorpromazine were injected 20 min and zinc chloride

solution 24 h before the intranasal application of Mn;0,-NPs
with respect to the onset of the effect.

MRI studies. The accumulation of paramagnetic nanopar-
ticles in brain divisions of the mouse was investigated using
MRI on the Ultra-High-Definition BioSpec 117/16 USR
Tomograph (Bruker, Germany) — 11.7 T. MRI scans and the
subsequent processing of the obtained images were carried
out in accordance with previously developed protocols (Ro-
mashchenko et al., 2017).

Statistics. To compare the two means, we used the Mann—
Whitney U test. Multiple mean comparisons were performed
using the LSD test (Least Significant Difference). Data are
expressed as mean + SE.

Results

To analyze the patterns of Mn;O,-NPs distribution with two
routes of their administration, we selected mouse brain regions
demonstrating a significant increase in MRI signal ampli-
tude 12 h after the administration in comparison to control
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(Fig. 2, a). In both groups, injection of Mn;O,-NPs resulted in
a statistically significant increase in manganese accumulation
in OB and OE (see Fig. 2, b). In experiments with both intra-
nasal and intravenous Mn,0,-NPs administration, the maxi-
mum signal level was recorded in OB (see Fig. 2). The level
of MRI signal in OE and OB was higher when Mn;0,-NPs
was injected into the nasal cavity than in the retroorbital sinus,
and manganese accumulation in the dentate gyrus of the hip-
pocampus (DG) was higher after intravenous administration
of Mn;0,-NPs (see Fig. 2, b).

Thus, the propagation of Mn,0,-NPs after intranasal or
intravenous injection was limited mainly by the structure
of the olfactory system (see Fig. 2). This raises the question
of the role of the olfactory epithelium in the penetration of
nanoparticles into the brain from both the nasal cavity and
the vascular bed. Data from the literature suggest that the
mechanism of nanoparticle nose-to-brain transport is their
endocytosis by olfactory neurons with subsequent axonal
transport into the glomerular layer of OB, where they cross
the synaptic contact and migrate to the mitral cells. We hy-
pothesized that Mn,O,-NPs accumulate in OB and areas of the
olfactory tract through the uptake of NPs by olfactory neurons
from blood. To test this hypothesis, we used an inhibitor of
clathrin-dependent endocytosis (chlorpromazine), an inhibi-
tor of axonal transport (colchicine), a substance that destroys
lipid rafts involved in the uptake of substances by endothelial
cells (methyl-B-cyclodextrin, (Andrés et al., 2012)) and zinc
chloride, an inducer of the death of olfactory epithelium
cells. Both the inducer of OE cell death and the inhibitor of
axonal transport almost completely prevented the accumula-
tion of Mn,0,-NPs in OB during their preliminary intranasal
application (Fig. 3). The inhibitor of clathrin-dependent en-
docytosis, being introduced into the nasal cavity, reduced the
accumulation of Mn;O,-NPs in OE and OB only after their
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Fig. 2. Patterns of Mn;0,-NP accumulation in olfactory bulbs (OB), olfactory epithelium (OE) and dentate gyrus (DG) with their intranasal (a, top panel)

and intravenous (a, bottom panel) administration.

White arrows indicate hyperintense sites corresponding to the accumulation of Mn;0,-NPs. The patterns of manganese particle accumulation on the MRI scan
were visualized by pseudo staining; b — quantitative assessment of changes in the level of MRI signal in OB, OE, and DG 12 h after intranasal (i.n.)/intravenous (i.v.)
administration of Mn;0,-NPs. To assess the accumulation of nanoparticles in the region, the MRI signal normalized relative to the reference was used. Intact. -
averaged values of the MRl signal in OB, OE, and DG in animals before intranasal/intravenous injection of NPs. A-F - the significance of differences in mean values

(LSD test, p <0.05).
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Fig. 3. Effect of intranasal application of inhibitors of endocytosis and axonal transport on the accumulation of Mn;0,-NPs in olfactory bulbs (OB),
olfactory epithelium (OE), and the dentate gyrus (DG) of a mouse 12 h after their introduction into the nasal cavity (a) or the bloodstream (b).

To assess the accumulation of nanoparticles in the region, the MRI signal normalized relative to the reference was used. Intact. - averaged amplitudes of the
MRI signal in OB, OE, and DG in animals before intranasal/intravenous injection of NPs; * - significant differences compared with the control group, which was
administered only NPs (Mann-Whitney U test, p < 0.05); # - significant differences compared with intact animals, before the introduction of the NPs (Mann—
Whitney U test, p < 0.05); colch - colchicine; chlorp - chlorpromazine; mpcd - methyl-B-cyclodextrin.

presentation in the nasal cavity. Intranasal administration of
methyl-B-cyclodextrin significantly reduced the accumulation
of Mn;0,-NPs in OE and OB only after their intravenous
injection. None of the inhibitors applied to the nasal cavity
had a significant effect on the level of MRI signal in the den-
tate gyrus (see Fig. 3). The results indicate a significant role
of olfactory transport in the penetration and propagation of
nanoparticles within the olfactory tract from both the surface
of the nasal cavity and the bloodstream.

Discussion

In this work, we investigated the patterns of accumulation of
Mn,;0,-NPs in brain divisions of mice after their intravenous
and intranasal presentation. The presence of manganese in
brain tissue is apparent from the enhancement of the signal in
T1 weighted MRI images, whose amplitude directly depends
on manganese concentration (Lin, Koretsky, 1997). In particu-
lar, the microelement analysis of OB isolated from mice im-
mediately after the MRI study showed a very close correlation
between the intensity of the tomographic signal and the Mn
content in the tissue (Romashchenko et al., 2017). All these
observations provide grounds for considering the MRI signal
amplitudes a semiquantitative indicator of the saturation of the
brain tissue with manganese. The particles used in the work
are practically insoluble in blood and slightly soluble at a pH
corresponding to the acidic medium of lysosomes (Romash-
chenko et al., 2017). Therefore, the patterns of MRI contrast
recorded in the first 12 h after Mn,O,-NPs administration are
likely to reflect the accumulation of NPs but not manganese
(IT) ions, known to penetrate into the intracellular space (Lin,
Koretsky, 1997). The Mn,0,-NPs used by us had a sufficiently
large hydrodynamic radius (~130 nm), limiting their ability
to force BBB. Therefore, after intravenous administration of
Mn,0,-NPs, we observed the localized rather than the distrib-
uted nature of T1-weigthed MRI signal, associated with the
accumulation of particles, only in OE, OB, and DG. Similar
accumulation patterns were observed after the intranasal ap-
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plication of Mn,O,-NPs. Based on the level of the MRI signal,
the highest concentrations of particles after injection in vein or
the nasal cavity were recorded in OB and OE. In both cases,
the MRI signal amplitude in OB was significantly higher than
in OE, and this difference can be attributed to features of OB
anatomy. Each globule in OB is innervated by several olfactory
neurons (Dhuria et al., 2010), which can cause concentration of
the intranasally administered contrast in OB. The congruence
of the accumulation patterns obtained with two routes of NP
administration convinced us that in both cases the olfactory
transport plays an important role in the nose-to-brain transport
of NPs, which is possibly due to the endocytosis of particles
by nasal epithelial cells and their subsequent axonal transport
(Mori et al., 1995; Dhuria et al., 2010; Munster et al., 2012;
Hopkins et al., 2014; John et al., 2014).

It had been shown that the application of dissolved zinc salts
(5%) to the surface of OE led to the almost complete death of
olfactory neurons and supporting cells during the day (Burd,
1993). In our experiments, a preliminary (24 h before) intro-
duction of zinc chloride solution caused the almost complete
abolition of the MRI signal increase in OB. Subsequent ex-
periments with the provision of colchicine, inhibiting axonal
transport (Ribak et al., 1978), confirmed the hypothesis of
the key role of olfactory neurons in the accumulation of
Mn,0,-NPs in OB in both routes of administration. Also,
experiments with the introduction of chlorpromazine, a
specific inhibitor of clathrin-dependent endocytosis (Wang
et al., 1993), and methyl-B-cyclodextrin, an inhibitor of
lipid rafts (Andras et al., 2012), demonstrated differences
in the mechanisms of NP uptake from the nasal cavities and
bloodstream.

The application of inhibitors did not affect the accumulation
of Mn,0,-NPsin DG. A statistically significant increase in the
MRI signal in this region after intravenous administration of
Mn,;O,-NPs can be associated with intense neurogenesis in
DG requiring additional structural (membrane) and energy
resources. As a result, the trapping of substances from the
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bloodstream, partly by endocytosis, may increase. In turn,
this process may increase the intensity of nanoparticle
uptake.

Conclusion

We demonstrate a significant contribution of axonal transport
to the entry of nanoparticles into the brain, from both the nasal
cavity and the vascular bed. This explains the accumulation
of various submicron particles (neurotropic viruses, insoluble
xenobiotics, etc.) unable to permeate through BBB in the brain.
The results will add to the understanding of the pathogenesis
of various neurodegenerative diseases, as well as to studies of
side effects of drugs administered intravenously.
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The integration of high technologies into livestock production has been actively occurring in the last decade
in the countries with a developed animal breeding. First of all, we are talking about reproductive technologies
(IVF) and genomic technologies (general genomic evaluation of animal and genomic evaluation of breeding
value). Combining reproductive and genomic technologies is a promising approach that allows receiving high-
quality breeding cattle in the shortest possible time. The basis of the proposed technology for accelerated
reproduction of high-value breeding cattle is to obtain information about the genome of the embryo for ge-
nomic evaluation. The amount of genetic material that can be obtained for research is extremely limited, as it
is necessary to preserve the viability of the embryo. The stage of the whole genome amplification was intro-
duced to obtain a high quality of genetic material in a sufficient quantity. The main purpose of this work is to
assess the possibility of using embryo biopsy specimens (bsp) for embryo genotyping using microarray chips
and predicting the carrier status of lethal haplotypes at the embryo stage. We obtained 100 cattle embryos, of
which 78 biopsy specimens were taken to analysis. For the biopsies obtained we performed the whole genome
amplification. The quality and quantity of DNA for all the 78 samples after the whole genome amplification
were satisfactory for further genotyping. The quality of the performed genotyping was satisfactory and allowed
the assessment of lethal haplotype carriers (determining the sex of the animal and identification of the carrier
status for seven Holstein lethal haplotypes). We tested 78 embryos. From the genotyping analysis, there was
detected one carrier status for three lethal haplotypes, HHO (Brachyspina), HH5, and HCD. The carrier status
of HHO and HH5 was confirmed by testing the casual mutation using PCR analysis. The carrier status for HCD
has not been confirmed by casual mutation analysis. The situation in which an animal is an HCD carrier, but
not the carrier of a casual mutation, can be explained. The putative ancestor of the haplotype is the bull HO-
CAN000000334489 WILLOWHOLME MARK ANTHONY (year of birth is 1975), but a casual mutation associated
with this disease has arisen only in his descendant HOCAN000005457798 MAUGHLIN STORM (year of birth is
1991). The results obtained confirm the importance of testing the casual mutation in the animals that are carri-
ers of lethal haplotypes according to the genotyping data.

Key words: cattle; dairy direction; breeding; genomic evaluation; breeding animals.
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B CTpaHax C Pa3BUTbIM XNBOTHOBOACTBOM B nocsiefHee AecATUNeTne aktTuBHO NponCcXxoanT NHTerpauna Hay-
KOEMKUX TEXHOMNOMI B NJIEMEeHHOE »KMBOTHOBOACTBO. B nepByto ovepedb peyb nAeT 0 PenpoayKTUBHbIX TeX-
Honoruax (OKO) 1 reHOMHbIX TEXHONTOrUAX (OLleHKa HOCUTENIbCTBA JieTaJIbHbIX ran10TUNoOB 1 reHOMHaA OUeH-
Ka niemeHHomn Ll,eHHOCTI/I). KOM6I/IHVIp0BaHVIe PENPOAYKTUBHbIX N TEHOMHbIX TEXHONOTNIN — I'IepCHEKTVIBHbIVI
noaxon, KOTOprM no3BONUT NoslyvaTb NJeMeHHON CKOT BbICOKOTO KayecTsa B KpaTqa|7||.uv|e CpOKW. B ocHoBe
npe,qnaraemoﬁ TEXHONIOMNN YCKOPEHHOIO BOCNPOM3BOACTBA BbICOKOLEHHOIO NAEMEeHHOr0o CKOTa NEXUT Nnony-
yeHune VIHCI)OpMaLWII/I O reHome 3M6pMOHa AanAa nposegeHnA reHOMHoM OUEeHKN. Tak Kak HeO6XOFlI/IMO COXpPaHUTb
3M6pVIOH XMBbIM, TO KOJINYECTBO reHeTUYeCKoro matepuana, KOTOprI?I MOXHO NMOoJTyunTb AnAa nccnegoBaHuim,
Kpa|7|He OorpaHn4yeHo. Y106bI nonyynTb ﬂ,HK BbICOKOro KadecCtBa 1 B 4OCTaTOYHOM Konun4yecTtese, npu npose-
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The use of whole genome amplification
for genomic evaluation of bovine embryos

[eHVV FeHOTUMMPOBAHMWA Ha YMnax BBOAMTCA 3Tan NnofaHoreHoMHon amnnudukauymm OHK. OcHoBHOW Lenbio
paboTbl Oblna OueHKAa BO3MOXHOCTM MCMONb30BaHMA GuonTaTta (6n) SMOPMOHOB AN reHOTUMNMPOBAHUA 1
npeacKasaHya HOCUTENbCTBA NeTaslbHbIX ranoTUMNOB Ha OCHOBE PEe3yNbTaTOB reHOTUNUPOBaHUA. Hamu 6bino
nonyyeHo 100 sSMOPMOHOB KPYMHOrO pPOraToro CKOTa, 13 KOTOPbIX YAANOCh B3ATb 78 6ronTaTtoB. [onyyeHHble
6uonTaTbl 6bINN NCNONb30BaHbI 418 MPOBEAEHSA MNOTHOrEHOMHOV aMNANGUKaLUK U reHOTUMMPOBAHUA C NPU-
MeHeHVieM M1KpomaTpuLbl. KauectBo 1 Konuuvecteo [IHK nocne npoBefeHnA NOTHOreHOMHO amnanduKauum
BCex 78 0bpasLoB ObINU YAOBNETBOPUTENbHBIMU /1A AaNlbHENWEro reHoTUNMpoBaHus. PesynbTtatbl reHoTH-
NUPOBaHUA MO3BONIAY MPOBECTM PacyeT Mnosa XNBOTHOrO 1 onpefeneHne ctaTyca HoCMTenbCTBa CeMn OcC-
HOBHbIX NIeTaJIbHbIX ranoTUMOB FOALWTMHCKOM Nopodbl. /13 78 npoTeCTMpOBaHHbIX XNBOTHbIX MO pe3ysibTataM
aHanm3a reHoTuna 6bIIM HalgeHbl 3 HoCUTeNs neTanbHbIX rannotunos — HHO (6paxucnuna), HH5 n HCD. Ho-
CUTENbCTBO NleTanbHbIX rannotunos HHO n HH5 6bino noaTBepKaeHO TeCTUPOBaHEM MyTaLmn, BAUAIOLLEN Ha
notepto GbepTUNbHOCTU (KasyanbHol) ¢ nomowbto MLUP-aHann3a. CtaTyc HocuTenbcTBa rannotuna HCD nocne
TeCTUPOBaHWA Ka3yanbHOWM MyTaLum He 6bin nogTeepkaeH. OTcyTCcTBME KadyanbHon myTaumm HCD y )nBOTHO-
ro-HocuTena rannotuna HCD MOXHO 06BACHUTL TEM, YTO MPEANONIOKUTENbHBIM POAOHAYaIbHUKOM ranioTmna
HCD saBnsaetca 66ik HOCAN000000334489 WILLOWHOLME MARK ANTHONY (rop poxgeHus — 1975), B To Bpe-
Ms KaK Ka3yasibHas MyTauus, CBA3aHHasA C NoABeHneM 3aboneBaHus, BO3HMKA B 3TOM ranioTumne yxe y ero
notomka, 6oika HOCAN000005457798 MAUGHLIN STORM (rog poxaenusa — 1991). lNonyyeHHble faHHble Noj-
TBEPXAAIOT BAXKHOCTb TECTMPOBAHMA Ka3yalbHON MyTaLUK Y XUBOTHbIX-HOCUTENEN NleTabHbIX ranjioTumnos.

KntoueBble cnoBa: KpymnHblIi poraTbiii ckoT (KPC); MOnoYHOe HanpaBneHue; nieMeHHoe pa3BefeHue; reHoMHasn

OuUeHKa; nNnemMeHHble XXMBOTHbIEe.

Introduction

In dairy industry, cows are bred to produce a large quantity
of milk and dairy products. In the Russian Federation,
dairy products belong to the group of food products that
are socially very important. In 2008, milk production in
the Russian Federation amounted to about 32.3 million
tons, and in 2015 milk yield decreased by 4.7 % to 30.8
million tons. The milk production is decreasing while a lot
of citizens cannot afford a sufficient amount of milk and
dairy products. According to the World Health Organiza-
tion, the annual minimum level of milk and dairy product
consumption is 359 kg per capita; however, this figure
is only 249 kg in the Russian Federation. The absence
in the Russian Federation of modern animal breeding
programs for dairy cattle is the main cause of the cur-
rent situation.

Milk production can be significantly increased by applying
selection programs that are oriented towards increasing milk
yield. The response to selection is measured as the annual
genetic progress in a population (AG). The value of genetic
progress in a population depends on the variability of the
trait that animals are selected for, the selection intensity, the
accuracy of estimated breeding value, and the generation
interval. The implementation of genomic evaluation of
breeding values can improve three of the four factors that affect
the genetic progress in the population (Boicharda et al., 2016).
In particular, genomic evaluations can increase the accuracy
of estimation of breeding value by 40 % in comparison with
the accuracy obtained from the traditionally estimates of the
animal parent averages. In addition, generation interval can
be reduced two to three times, and selection intensity can be
greatly increased due to the ability of choosing candidate
young bulls from a relatively larger number of animals (Food
and Agriculture Organization of the United Nations, 2007).
Consequently, the implementation of genomic evaluation of
breeding values increases the annual genetic gain in population
three times more than that achieved by traditional progeny
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testing, and reduces the cost for every unite of the genetic
gain by 100-fold (Kuznetsov, 2015).

Another concern in the modern dairy industry is the de-
crease of cattle fertility. Ignoring fertility traits in selection
programs and the intensive selection for increased milk
yield for many years has been accompanied by declining
the reproductive performance of dairy cattle (Ma et al.,
2018). In addition, the decline in female fertility can be
explained, in part, by genetic factors. In fact, there are
unfavorable genetic correlations between milk yield and
fertility. Furthermore, in the past few years, there have
been identified many genetic defects that associate with the
loss of fertility. These defects are mainly inherited in the
autosomal recessive manner and cause the embryonic loss
in homozygous state. An approach that was developed by
P.M. VanRaden and his colleagues was used to detect most
ofthese genetic defects. The concept of this approach is that
lethal recessives can be discovered from haplotypes that
are common in the population but are never homozygous in
live animals (VanRaden, et al., 2011). These genetic defects
have been called “lethal haplotypes”. Using this method has
resulted in identification of seven lethal haplotypes (HH1,
HH2, HH3, HH4, HHS, HCD, and HHO) in Holsteins.
Another new lethal haplotype, HH6, is now being tested in
the Holstein breed (Fritz et al., 2018). The carrier status of
lethal haplotypes is not included in the genomic evaluation
of breeding value. Genetic monitoring to identify animal
carriers of monogenic diseases and haplotypes is extremely
important. The comprehensive information obtained from
genetic monitoring of an animal for the carrier status for
monogenic diseases, carrier status for lethal haplotypes,
allelic composition for milk protein genes and other eco-
nomically important traits should be included in—as can
be called—the animal genetic passport.

The ability of carrying out the genomic evaluation of
breeding value for the viable animal embryos and monitor-
ing these embryos for genetic defects would considerably
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accelerate the production of high-genetic-merit animals
because only the embryos that are non-carriers for mono-
genetic diseases and have the highest breeding value will
be selected and transplanted.

Materials and methods
Embryos production. To produce embryos, 17 Black-and-
White bulls were primarily selected to serve as service sires.

One straw of semen was collected from each sire in a vol-
ume of 250 pl. The final selection of bulls was performed
based on the quality of collected semen, pedigree analysis,
and the estimated breeding value of ancestors of the bulls.
As a result, 12 sires were selected from three farms: the
head center for the reproduction of farm animals (6 sires),
“Moskovskoe” for breeding work (3 sires), and “Alta
Genetics Russia”(3 sires). Semen of bulls was transported
in liquid nitrogen in a Dewar tank into the station where
bovine oocytes are collected from donor cows.

Holstein cows from the farm “Permskaya Kraya” were
selected to serve as donor cows. The selection was based
on the age, high reproductive performance, and production
indicators of the cow, taking into account the breeding
schemes of the farm. Cows that were excluded were sick
cows, cows that showed low levels of activities, cows that
were in the period of progressive weight loss after calving,
exhausted and obese cows. In order to obtain large numbers
of oocytes from each donor cow, an echographic charac-
teristics analysis of the ovarian was performed.

After the aspiration, liquid aspiration was washed us-
ing Dulbecco’s buffer solution. The search of oocytes was
conducted under a binocular loupe. The suitability of oo-
cytes for maturation was visually evaluated. Oocytes that
have been remained for the following in vitro maturation
are those that met the following conditions: viable, evenly
surrounded by cumulus cells, a fine-grained ooplasm that
evenly fulfills the transparent shell of the oocyte, a ho-
mogenous thickness of the transparent shell with a round
shape. Selected oocytes of the required quality were set to
mature for 22 h in an [IVM media. After maturation, oocytes
were washed from the IVM media and transferred to the
Fertilization Medium. Spermatozoa were washed by cen-
trifugation on a discontinuous 45 : 90 Percoll gradient and
prepared for oocytes fertilization in vitro (IVF). Oocytes
cultivation was performed on a palate incubator under a
constant temperature, regulated humidity and gaseous en-
vironment. On the 6th day of cultivation, in the incubator,
the obtained embryos were evaluated and only high-quality
embryos were selected for biopsy. Biopsy was performed at
the blastocyst stage using a biopsy needle. 30-50 cells were
taken from the trophoblasts of the blastocyst. Cells were
counted while they were aspirated into a biopsy pipette.
Biopsy specimens in biopsy pipette were released into a
2 ul PBS x2 buffer. The drop containing the embryonic
trophoblast cells was placed at the bottom of the LoBind
tube whose bottom was previously prepared with a 2.5 ul
drop of PBS x2 buffer. After the biopsy, embryos were
marked using necessary markers to identify them during
the next stages of the experiment.
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Embryo viability was monitored for 8-24 h prior to
cryopreservation. All the pedigree information and the iden-
tification number of biopsy were saved for each embryo.

Whole genome amplification and genotyping. The
method of isothermal multiple displacement amplification
(IMDA) was used for the whole genome amplification
(WGA). The whole genome amplification was performed
using GenomiPhi V2 DNA amplification kit (Illumina,
USA) considering the standard recommendations for it.
The whole genome amplification was performed for 78
biopsy specimens. After the whole genome amplification,
the quantity of DNA for each sample was measured using
NanoDrop ND1000-Technologies-Inc, Wilmington, DE,
USA, while the quality of DNA was checked using agarose
gel electrophoresis. The DNA concentration was adjusted
to 50 ng/ul. For genotyping, 4 pl from each sample was
taken, and BovineSNP50 v3 DNA Analysis BeadChip was
used considering the instructions provided in the manual
protocol for this microarray: Infinium® HD Assay Ultra,
Manual Experienced User Card (Part # 11328095 Rev. B,
[llumina, USA).

Identification of the carriers of lethal haplotypes. For
the subsequent analysis, only high-quality genotypes (call
rate > 95 %) were chosen. For each of the tested animals,
the carrier status for the seven lethal Holstein haplotypes
was determined by analyzing the existence of alleles that
are included in the haplotype. The animal has been recorded
as carrier for a haplotype if it has been identified the alleles
combination for that haplotype.

Amplification of individual DNA fragments. All the
samples were tested for HCD using the method described
by (Menzi et al., 2016). The method can be summarized by
using three pairs of primers: the wild type forward primer
(WF) 5’-GGTGACCATCCTCTCTCTGC-3", the wild type
reverse primer (WR) 5~ AGTGGAACCCAGCTCCAT-
TA-3’, and the mutant forward primer (MF) 5°’-CACCTTC-
CGCTATTCGAGAG-3’. The primers WF and WR ensure
amplification of the DNA fragment that does not contain the
mutation (249 bp in size), while the WF and MF amplify
the fragment that contains the insertion (436 bp in size).

PCR was performed under the following conditions:
3 min at 94 °C, followed by 35 cycles each consisting
of 30 s at 94 °C, 30 s at 58 °C and 30 s at 72 °C, ending
with 5 min at 72 °C. The PCR was performed for two
reaction mixes, each of them being 10 pl in the final vol-
ume; the first mix contained 2 pl of 5xMix (PCR-mix
5xMasCFETagMIX-2025), 0.4 ul of HCD WF primer (2.5
pmole/ul), 0.4 pl of HCD WR primer (2.5 pmole/pul), and
6.2 ul of H,O. The second mix contained: 2 ul of 5 x Mix
(PCR-mix 5 xMasCFETagMIX-2025), 0.4 ul of HCD
MF primer (2.5 pmole/ul), 0.4 pl of HCD WR primer (2.5
pmole/ul), and 6.2 ul of H,O.

Samples were tested for brachyspina mutation (HHO)
using the allele-specific PCR method described by (Charlier
etal., 2012). The first pair of primers, forward Across UP1
5’-TCACAAAAGGGTAGGAGACTACCTG-3’ and
reverse Across DN1 5’-GCTTATTGTTTACCCTTGA-
CAGTGG-3’, were used to amplify the DNA fragment
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that does not contain the deletion. The size of the fragment
is 551 bp. The second pair of primers ensures amplifying the
fragment containing the mutation; forward BY Within_F1
5’-GCT-CAA-GTA-GTT-AGT-TGC-TCC-ACT-G-3’ and
reverse BY Within R1 5’-ATA-AAT-AAA-TAA-AGC-
AGG-ATG-CTG-AAA-3’. The fragment size is 421 bp
(Charlier et al., 2012).

PCR for brachyspina was performed using the follow-
ing conditions: 3 min at 94 °C, followed by 35 cycles each
consisting of 30 s at 94 °C, 30 s at 58 °C and 30 s at 72 °C,
ending with 5 min at 72 °C. The first PCR-mix (10 pl)
contained 2 ul of 5xMix (PCR-mix 5 xMasCFETaq-
MIX-2025), 0.4 pl of Across_UP1 primer (2.5 pmole/ul),
0.4 ul of BY Across_ DN1 primer (2.5 pmole/ul), and 6.2 pl
of H,O. The second mix (10 pul) contained 2 pl of 5 x Mix
(PCR-mix 5 x MasCFETagMI1X-2025), 0.4 ul of BY
Within_F1 primer (2.5 pmole/ul), 0.4 ul of BY Within B1
primer (2.5 pmole/ul), and 6.2 ul of H,O.

Three primer pairs were used to identify carriers for
HHS mutation. The (HH5_F) forward primer 5°-AGATAT-
GCTAAAGTTTACCTAGAAGAA-3’, and two reverse
primers (HH5 WT R)5’-CTGAAGCTCCATTCTGAGT-
CAT-3’,and (HH5 Del R)5’-TGCTCTATGAATTTTGT-
GAATGGT-3’. The primers HH5 _Fand HHS WT R were
used to amplify the DNA fragment that does not contain
the mutation producing a fragment, which is 442 bp in
size, while HH5 _F and HH5 Del R amplify the fragment
containing the mutation, and the size of the obtained frag-
ment is 256 bp.

Two PCR reaction mixes were used, each of them being
10 ul. The first mix was 2 pl of 5% Mix (PCR-mix 5x Mas-
CFETagMIX-2025), 0.4 ul of HH5_F primer (2.5 pmole/pl),
0.4 pl of HH5 WT R primer (2.5 pmole/ul), and 6.2 ul
of H,0. The second mix contained 2 pl 5 x Mix (PCR-mix
5 xMasCFETagMIX-2025), 0.4 ul of HH5 F primer (2.5
pmole/ul), 0.4 pl of HH5 Del R primer (2.5 pmole/ul),
and 6.2 pl of H,O.

The PCR amplification products were analyzed on
4 % TAE-based agarose gel with a voltage of 120 V for
40 min using 1xTAE (0.04 M Tris base, 0.02 M acetic
acid, 0.5 M EDTA) buffer and ethidium bromide staining
for visualization. The DNA Ladder M-50 (DIALAT Ltd.,
cat. no. MWM-50RL) was used for determining the size
of fragments.

Results

Choosing the breed of animals for embryo production.
The Black-and-White holsteinized breed was chosen for
embryo production. Nowadays, there are more than 300
breeds of Bos taurus around the word (Durov et al., 2013);
only 120 of them are breeds for milk production and only
30 breeds are the most widely spread across the world.
The most common dairy breed in the world is the Holstein
(Dunin et al., 2013). In the Russian Federation the most
common dairy breeds are Black-and-White, Simmental,
Kholmogory, Red-and-White, Holstein, Red Steppe, Ayr-
shire, and Yaroslavl. The animals of Black-and-White breed
make up about 58 % of the total Russian dairy cattle popu-
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lation. The largest number of these animals is concentrated
in the European part of Russia. The total number of dairy
cattle in Russia is about 1.587 million; from them 939.5
thousands are Black-and-White animals.

According to the previous information and statistics, we
can say that the Black-and-White breed is the best and most
popular dairy breed in Russia, and it is necessary to start
the genomic evaluation of breeding values for its animals.
However, in order to improve the milk production in their
herds, farmers usually use Holstein bulls for insemina-
tion. This has led to a high degree of holsteinization for
this breed. In fact, the proportion of Holstein “blood” in
the Black-and-White breed could be in excess of 50 %
(Tikhonova et al., 2015).

Choosing bulls for embryo production. Assessment
of semen quality of the bulls was based on the sperm
concentration (the number of sperm in millions/mL), the
mobility of sperm (in percent) taking into account the
percent of progressive motility, non-progressive motility,
and immobility sperm.

Embryo production. Five follicular aspirations were
carried out for 36 donor cows. As a result, we obtained
379 cumulus-oocyte complexes (COCs); 322 of them were
used for in vitro maturation (IVM). From the 322 COCs
100 embryos were obtained that reached the blastocyst
stage (7th day of embryo development). Considering the
quality of the embryos obtained, 80 embryos were selected
and transferred to individual petri dishes for biopsy. From
the 80 embryos, 78 biopsy specimens were obtained for
which the whole genome amplification (WGA) was per-
formed (Fig. 1).

Results of genotyping after WGA. The average con-
centration of DNA after amplification was 288.16 ng/ul
(minimum 39.3 ng/ul, and maximum 567.4 ng/ul). Of the
78 samples, one had a concentration less than 50 ng/ul. The
obtained DNA concentrations are comparable to those
obtained by similar studies (Polisseni et al., 2010; Shojaei
et al., 2014), and they are sufficient for carrying out geno-
typing by DNA microarray.

Genotyping was performed using BovineSNP50 V3
DNA Analysis BeadChip (Illumina, USA). All genotypes
for the 78 samples were of satisfactory quality (call rate
of sample > 95 %). 46 biopsy specimens of the 78 were
identified as males and 33, as females. The distribution of
DNA concentration values and the quality of genotyping
of samples are shown in Fig. 2.

Identification of the carriers of lethal haplotypes. The
genotypes for all the 78 embryo biopsy specimens were
analyzed to identify the samples that are potential carriers
of'lethal haplotypes. Finding carriers for HHO (brachypine),
HHS5 and HCD was expected since the frequencies of these
haplotypes in the cattle population are higher than the
frequencies of other haplotypes. The frequency of HHO
in the French Holstein cattle population is 7.4 % (Fritz et
al., 2013), and it is 3.9 % and 6.7 % for HH5 and HCD,
respectively, in the German Holstein cattle population
(Schiitz et al., 2016).
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Fig. 1. Embryo biopsy and agarose gel electrophoresis for the WGA.

a-embryo biopsy using a needle; b - agarose gel electrophoresis for the products of the WGA (4 % gel, 120V, 60 min, Thermo Scientific™

GeneRuler™ 1kb DNA Ladder 1kb DNA ladder, USA).

Among the 78 embryos, one carrier status for HHO,
HHS, and HCD was detected in samples 14, 5, and 72,
respectively.

The microarray probes do not contain DNA sequences
for the direct detection of mutations associated with these
lethal haplotypes, so the samples that were detected as being
carriers of lethal haplotypes by analyzing the genotyping
data were analyzed for the presence of casual mutations,
using PCR analysis followed by gel electrophoresis. As a
result, the casual mutation was confirmed by PCR analysis
for the samples carriers for HHO (brachispine) and HHS,
while it has not been confirmed for the sample that is car-
rier for HCD (Fig. 3).

To confirm the status of carrier for HCD, but not car-
rier for the casual mutation, we tested the parents of this
embryo for the presence of casual mutation for HCD.
From the dam, we obtained hair for DNA extraction
and sperms from the sire. As was expected, neither the
mother nor the father were carriers for the HCD casual
mutation (Fig. 4).

After genotyping and analyzing the genomic data for
the presence of lethal haplotypes, the samples were tested
for the presence of casual mutations using PCR (Fig. 5).

Discussion

The situation in which an animal is carrier for HCD haplo-
type but not carrier of the casual mutation has been studied
before and it is not associated with low quality of genotyp-
ing (the call rate of the genotype was 96.7 %). Large-scale
studies on cattle populations have shown that animals
that are homozygous for HCD can be either completely
healthy or suffer from cholesterol synthesis deficiency.
The pedigree analysis of these animals has shown that the
primary source of the normal version of HCD haplotype
is the bull HOCAN000000334489 WILLOWHOLME
MARK ANTHONY born in 1975, and the casual mutation
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Fig. 2. The distribution of DNA concentration values and the quality of
genotyping of samples (call rate).

a - DNA concentrations of biopsy specimens after the WGA; b - the quality of
genotyping of biopsy specimens after the WGA.

within this haplotype has occurred in its descendant, the
bull HOCAN000005457798 MAUGHLIN STORM born
in 1991. Thus, the bull HOCAN000005457798 MAUGH-
LIN STORM is considered the ancestor of the defective
haplotype and its descendants carry the casual mutation,
while the descendants of the bull HOCAN000000334489
WILLOWHOLME MARK ANTHONY whose family tree
do not include the bull HOCANO000005457798 MAUGH-
LIN STORM are carriers for normal version of the haplo-
type, but not carriers for the casual mutation causing the
disease (Kipp et al., 2015; Duff et al., 2016).

Conclusions

The results of this study show the feasibility to obtain a
high quantity and quality of DNA after the whole genome
amplification for embryo biopsy specimens. That indicates
the possibility to perform high-quality genotyping on em-
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Fig. 3. Gel electrophoresis for PCR products for the samples carriers of lethal haplotypes according
to microarray genotyping data.

a - HHO (brachispine); b - HH5; ¢ - HCD; M - 50 bp DNA marker; “K+" — positive control; “K-" - negative
control; bsp14, bsp5 and bsp72 — samples analyzed.

Fig. 5. Agarose gel electrophoresis of PCR products for HH5 casual mutation.
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Fig. 4. Gel electrophoresis of PCR products for
HCD.

1 —dam; 2 - sire; 3 - sample 72; M - 50 bp DNA
marker; “K+" — positive control; “K-" - negative
control.

bsp11, bsp18, bsp23, bsp29, bsp35, bsp41, bsp48, bsp51, bsp52, bsp63, bsp66, bsp70, and bsp73 - samples analyzed. M - 50 bp DNA
marker; “K+" - positive control; “K-" - negative control. According to the results, no carriers of HH5 casual mutation were identified.

bryos and to perform the genomic evaluation of animals at the embryo stage.
The reliability of results obtained from the genotyping analysis can be confirmed
by molecular genetic aspects using PCR methods — the classical methods for
determining the carrier status of animals for monogenic diseases and lethal hap-
lotypes. The embryos, from which genetic material was obtained and analyzed,
were transferred to surrogate mothers. After the birth of animals, it is planned
to verify the results obtained during the embryo analysis (gender, carrier status
of monogenic diseases, and genotyping data) by re-genotyping the animals
after birth. It is also planned to calculate the breeding value for these animals.
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Conjugacy of two types of phenotypic variability
of small-leaved linden
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The properties of five bilaterally symmetrical features of the leaf blades of the small-leaved linden (Tilia cor-
data Mill.) in four populations of the Moscow Region in 2014-2017 were studied. The angle trait was excluded,
because it possessed the property of directional asymmetry. Instead, a new linear trait was used: the distance
between the base of the second vein of the first order and the base of the first vein of the second order on the
first vein of the first order. The population difference in fluctuating asymmetry (FA) was found only in the first
two traits (leaf width and distance between the bases of the first vein of the first order and the second vein of
the second order). The largest value of FA was in the urban environment, the smallest was in the rural areas.
A weak negative correlation was obtained between the magnitude of linear characteristics and the value of
FA, as well as a weak positive correlation relationship between the values of FA in five traits. The first trait had
the highest fluctuation variability, and the second one had the highest plastic variability. The regression de-
pendence of the fluctuation variability on the plastic variability (b, = 0.25, p <0.05) and the dependence of
these two types of variability on the interaction of the factors “year” and “site of sampling” were revealed. Thus,
the conclusion was made about the conjugacy of two types of variability: fluctuation and plastic. According
to the authors, asynchronous growth, competition for light in conditions of high solar activity in 2014-2016
compared to the abnormal wet summer of 2017 led to an increase in FA due to destabilization of mechanisms
of growth and regulation of gene expression, which contributed to a decrease in the stability of development.
The increase in FA and the decrease in the developmental stability in urban ambient in 2016 could be due to:
a) an intensive flow of vehicles in spring and summer, b) a high level of groundwater in this part of the city and
¢) increased hydrolytic acidity of the soil.

Key words: small-leaved linden; fluctuating asymmetry; phenotypic plasticity; stability of development; fluc-
tuation variability.
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CoIpsiKeHHOCTDb IBYVX BUI0B (DEHOTUIINYECKOI N3MEHUMBOCTI
JINTIbI MEJIKOJIMCTHOM
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M3yyeHbl cBOMCTBA NATU GUnatepanbHO CUMMETPUYHBIX MPU3HAKOB NMCTOBOWM MAACTUHbI UMbl MENKONCT-
Hol (Tilia cordata Mill.) B yeTbipex nonynaumnax Mockosckor obnactvi B 2014-2017 rr. YrnoBoii npusHak 6bin
WCKIIOYEH, Tak Kak OH obniafgan CBOMCTBOM HanpasfieHHOW acMMMeTpuun. BMecTo Hero ncnonb3oBaH HOBbIN
JINHENHbIN MPU3HAaK: PacCToAHE MeXay OCHOBaHMeEM BTOPOW XUJKW 1-ro NopsaaKa n OCHOBaHMEM NepBon
KWUAKM 2-Tro MopsAAKa Ha nepBoi Xunke 1-ro nopagka. MonynaumoHHoe pasnuuve Bo GAyKTynpyoLen acum-
meTpum (DA) 6b110 HalAEHO TOMbKO MO NEPBbIM ABYM MPU3HAKaM (LUIMPKHA JICTA 1 PacCTOAHME MEXAY OCHO-
BaHUAMY NePBOW XWJKK 1-ro NopsAaKa 1 BTOPOW XUSKK 2-ro nopsaaka). Hanbonblwas senvymHa ®A nuctosom
NNacTrHbl 6bina B ropOACKON cpefie, HaMeHbLLas — B CENbCKOV MecTHOCTW. [onyyeHbl cnabas oTpuuatenbHas
KoppenALVoHHasA CBA3b MeXAY BENMYMHONM NATU IMHENHBIX NPY3HAKOB NIMCTOBOW MACTVHbI 1 3HaueHnem QA,
a Takxe cnabas NonoXuTenbHaa KOppenAUMoHHan CBA3b Mexay BennunHoin OA 3Tux napametpos. Hanbonb-
wen GnyKTyaLMOHHON N3MEHYMBOCTbIO 06N1afan nepBblil NPM3HaK, a HanbonbLuel NNAaCcTUYECKON N3MeHUN-
BOCTbIO — BTOPOV MpPK3HaK. YCTaHOBNEHbI perpeccnoHHas 3aBUCMOCTb GpryKTyaLMOHHON U3MEHUYMBOCTUN OT
nnactuyeckomr nameHumsoct (b, = 0.25; p < 0.05) 1 3aBUCUMOCTb 3TUX [BYX BUAOB M3MEHUMBOCTMN OT B3au-
MOAENCTBMA paKTOPOB BpeMeHN 1 MecTa cbopa NUCTOBbIX MiacTvH. CAenaH BbIBOA O COMPSXKEHHOCTM ABYX
BUAOB M3MEHUMBOCTN — GAYKTYaLMOHHON N NNacTUYeCKON. ACUHXPOHHbBIN POCT, KOHKYPEHLMA 3a CBET B yC-
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COI'Ipﬂ)KeHHOCTb ABYX BUWAOB ¢eHOTI/II'II/IHeCKOI7I
MN3MEHYMBOCTM UMbl MENKOSIMCTHOWN

NOBUAX BbICOKOW CONMHEYHOM akTUBHOCTU B 2014-2016 rT. (MO CpaBHEHMIO C aHOMasbHbIM nieTom 2017 1.) npu-
BOAMAM K nosblweHnto QA 13-3a gectabunmsaymnm MexaHn3mMoB PoCTa 1 PErynaLym reHHOM 3KCNpeccum, Yto
CNoCco6CTBOBANO CHYKEHWIO CTabUIbHOCTU pa3BuTrsA. YBennueHne OA 1 CHUXKeHWe CTabUIbHOCTY Pa3BUTUA B
ropoAcKux ycnosuax 8 2016 r. MOrnv 6biTb 06YCNIOBEHbI: @) UHTEHCUBHBIM MOTOKOM aBTOTPAHCMOPTa B BECEH-
He-NeTHUI nepurof, 6) BbICOKUM YPOBHEM 3aneraHnsa rpyHTOBbIX BOA B 3TOW YacT ropoAa 1 B) MOBbILUEHHOW

FI/I,D,pOJ'II/ITI/ILIeCKOVI KNCJTOTHOCTbIO MOYBbI.

KnioueBble cfioBa: nvna MenkosIMCTHas; d)J'IyKTyVIpy}OlJ.I,aH aACMMETPNA; d)eHOTVII'IVI‘-IECKaH nNacTMYHOCTb; CTa-
6UIbHOCTb Pa3BnUTUA; Cl)J'IyKTyaLI,I/IOHHaﬂ N3MEHUYNBOCTb.

Introduction

To determine the fluctuating asymmetry (FA, a small statisti-
cally insignificant deviation from the strict symmetry of the
values of the right and left parts of a homologous bilaterally
symmetric trait) and the level of development stability, the
dimensional or countable bilateral symmetric traits with a
wide range of response to stress effect factors are used (Palmer,
Strobeck, 2003).

The most common opinion is raising the FA means a re-
duced developmental stability, which means a decrease in
the body’s ability to compensate and reduce a deviation from
normal ontogenetic development along a specific canalization
path (Debat, David, 2001; Lens et al., 2002; Klingenberg,
2003, 2016).

The characteristics with a wide range of fluctuating
asymmetry include the most genotypic variable traits with
phenotypic (ecological) plasticity. They are features of many
species and, for example, in small-leaved linden trees are
more pronounced than in brown birch, which is associated
with their species-specific properties and their affiliation to
different ecological groups.

While testing developmental stability, it is important to
test the magnitude of phenotypic plasticity separately from
the variability associated with developmental instability
caused by stress factors. According to some authors, FA is
distinguished into a special type of phenotypic variability,
fluctuation variability, which depends on stochastic features
at the molecular-genetic level (Tikhodeyev, 2013).

For natural populations, the duration of observation of
factors that influence the change in the stability of develop-
ment is essential. These include climate features, biotopic
characteristics, soil physicochemical status, and terrain relief.
In this study, phenotypic plasticity means the variability of
the size of bilateral traits.

In previous works (Baranov et al., 2015; Zykov et al.,
2015), only for some traits, a high dispersion of the difference
between the right and the left values (R — L) and a statistically
significantly difference in FA depending on the location of the
population were determined. For example, those traits were
the distance between the bases of the second and the third
veins of the 2" order and the distance between the ends of
the veins. The aim of this paper was to answer the question
as to how stable the properties of bilateral traits during pro-
longed monitoring are and how the two types of variability
are associated. The objectives were: to find the magnitude
of the variability of traits depending on climatic conditions
and the location of the population and to compare the effect
of environmental factors on the level of plastic variability
and fluctuation variability.

SKOJIOTMYECKAA N MONYNALUMNOHHAA TEHETUKA / ECOLOGICAL AND POPULATION GENETICS

Materials and methods

Leaf blades. The collecting of leaf blades was carried out
in 2014-2017 in four populations of small-leaved linden
in the generative stage of development. The first popula-
tion (the first site) was located in the center of the city of
Orekhovo-Zuyevo, Moscow Region, 30 m away from the
petrol station “British Petroleum” (BP) (55°48°13.8" N;
38°58°23.8” E). The second place was chosen in the west-
ern part of Orekhovo-Zuyevo, 70 m south-west of the
chemical plant “Karbolit”, which produces plastics based
on phenol-formaldehyde resins, and 30 m away from the
road parallel to the territory of this plant (55°48” 13.1” N;
38°58°23.9” E). The third site was located on the territory of the
State Humanitarian-Technological University (SHTU) in the
castern part of Orekhovo-Zuyevo (55°47°31”N; 38°56°14” E).
Finally, the fourth site was located within the rural settlement
of Davidovo, Orekhovo-Zuyevo District, 250 m away from
the “Michelin” tire plant (55°36°9” N; 38°51°33” E).

In each population, leaf blades with half width from 3 to
4 cm were evenly collected from the lower parts of the crowns
of ten even-aged trees. 100 sheets of 10 wood samples were
used. Material processing was carried out according to the
method of V.M. Zakharov and A.T. Chubinishvili in 2000
(Zakharov, Chubinishvili, 2001). A significant addition was
the new trait, as an alternative to the angular trait (No. 5). In
fact, connecting two branching points of the veins represented
a segment of the secant to the angle and indirectly reflected the
angle between the midrib and the first bilateral vein.

In early studies, the previously used angular trait was uneasy
for measurement, due to a high degree of curvature of the first
lateral vein (Baranov et al., 2015; Zykov et al., 2015). The
remaining traits were used to determine FA by the formula
of normalizing difference FA =|R — L|/(R + L). A threefold
measurement of the first trait in a randomly selected sample
of leaf blade was conducted. The standard error of the FA
was equal to 0.28 % of the trait size mean value (R + L)/2.
Such a standard error value (less than 1 % of the trait size) is
considered acceptable for statistically significantly fluctuating
asymmetry (Palmer, Strobeck, 2003).

Statistical assays. After the measurements, the data was
saved in Excel spreadsheets. To test antisymmetry, one of the
types of bilateral asymmetry affecting the value of FA, the
values of kurtosis in samples (R — L) were tested. Directional
asymmetry (DA), as the dominance of one of the bilateral
sides, was tested in by the paired t-test H : R = L. Preliminary
F-test on equality of variances was provided.

The plastic variability (PL) was calculated as: PL =1 —(x/X),
where x and X corresponded to the minimum and maximum
values of the leaf blade trait (Bruschi et al., 2003).
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The subsequent assays were conducted in the STATISTICA
10 (StatSoft Ink). They were:

— generalized regression analysis taking into account the
components of variation (when the evaluating factors influ-
ence the variability);

— Kolmogorov—Smirnov test and the same test with the
Lilliefors correction for normality;

— Kruskal-Wallis test and Spearman’s non-parametric cor-
relation analysis (for multiple comparisons of samples with
a deviation from the normal distribution). In the evaluating
criteria, the level of statistical significance a = 0.05 % was
used in all methods.

Results

Primary data processing. The Kolmogorov—Smirnov test
showed that the histogram of samples |R — L|/(R + L) grouped
by location and by year of sampling deviated from the nor-
mal distribution. The Lilliefors test showed a similar result
(p <0.01). The magnitude of the trait and the value of FA
showed a weak negative correlation (Spearman » = —0.06—
0.13); (Table 1). The highlighted values of » (see Table 1 and
Table 2) correspond to p < 0.05.

The reason for this dependence is supposedly the
competition for sunlight, which results in a decrease in
developmental stability and an increase in FA in a popula-
tion with a small surface of leaf blades and, accordingly,
with a small amount of homologous bilateral symmetrical
traits (Venancio et al., 2016). Based on this, an important
part of the preliminary analysis was the homogenization
of the primary data. According to the existing ideas, in
the analyzed samples, the average value of the bilaterally
symmetric trait in the samples should not be statistically
different. Otherwise, the correlation between the FA and the
size of the trait may distort the result of the comparative
analysis (Palmer, Strobeck, 2003).

It was decided to screen high and low values in samples
grouped into the population category. After screening, one-
factor analysis of variance showed no difference in the size
of each trait among the populations (p < 0.05).

The character of the histogram frequency in difference
values (R — L) was investigated. 69 % of samples grouped by
place and year of collection were characterized by kurtosis y
in the range of 0 + 2. 30 % of samples showed a peak distribu-
tion with a value of y =2 + 4. In 10 % of cases, in samples the
kurtosis was less than zero, but not lower than —0.2. According
to the tabular data obtained using permutation multiplication,
the critical value vy, indicating antisymmetry, is equal to the
value y =-0.68 (a = 0.05; n = 100) (Palmer, Strobeck, 2003).
Thus, in samples (R — L), grouped by site and year of sampling,
antisymmetry was not detected.

Checking up for the presence of directional asymmetry in
samples (R — L) confirmed the presence of DA in six cases in
the sixth and in one case in the third trait (site Karbolit, 2017).
These samples were not used in the work, since directional
asymmetry, like antisymmetry, interferes with the evalua-
tion of fluctuating asymmetry, which is the only indicator of
fluctuation variability.

Debatable is the question of the usage of traits highly cor-
related in FA value. Spearman’s correlation analysis showed a
weak positive correlation between four pairs of traits (Table 2).
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Table 1. Correlative association size — FA (Spearman’s r)

Trait, No. 1 2 3 4 5
1_005 _004 _004 _005 _002 .......
2_005 ......... _013 005 001 _002 .......
3002 005 _004 _003 ............ 0 03 .......
4_003 ......... _007 ........ _006 ........ _007 ........... 0 01 ........
5_002 ........ _006000 ........ _008 ........ _010 .......

Notes: The highlighted values correspond to p < 0.05.

Table 2. Coefficients of pair correlation
between FA value (Spearman’s r; five traits)

Trait, No. 1 2 3 4 5
1100 ........ 006 ......... 005 ........... _001 .......... 009 ..........

2 .......................... 006 100 .......... 004 ............. 003 ......... 015 ..........

3 ........................... 005 ........ 004 100 ............. 002 ......... 004 ..........

4 ........................ _001 ......... 003 .......... 002 ............. 100 ......... 013 ..........

5 ........................... 009 ........ 015 .......... 004013 ......... 100 ..........

Notes: The highlighted values correspond to p < 0.05.

The weak Spearman’s r indicated a weak positive correla-
tion. In the case of high correlation, the traits could not be
independent. The weak correlation dependence was quite natu-
ral, that is, an increase in the FA of one trait led to an increase
in the FA in another trait. For example, close in location traits
Nos. 2—5 showed a conjugate fluctuation with a correlation
coefficient » = 0.09-0.15.

Population variability. Testing population variability by
the non-parametric Kruskal-Wallis test did not show a differ-
ence in mean value of FA (p > 0.05). Analysis of the variability
of each trait showed a statistically significant difference in the
first and second traits (Fig. 1).

The first trait differed in the median test (p = 0.01), the second
one differed significantly in both the median test (p =0.039) and
the Kruskal-Wallis test (p = 0.001). The pairwise comparison
showed that the population in Davidovo differed from the
populations in the State Humanitarian Technology University
area (p = 0.002) and in the “British Petroleum” gas station
area (p = 0.003). The site “State Humanitarian Technology
University” had the highest value of FA and, accordingly, a
reduced development stability of population.

Temporal dynamics of variability. The Kruskal-Wallis
test showed that a statistically significant difference in fluc-
tuating asymmetry depending on the year of collection was
characteristic of traits Nos. 1-2 (Fig. 2).

In other traits the difference in FA was not revealed during
four years of observation. In analysis of variance, the statisti-
cally significant difference revealed ca. in the same way as in
the nonparametric one, i.e. the value of FA differed in 2014
and 2016 (p = 0.001). It should be noted that the first and the
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second traits are the largest in size, and the high variance and heterogeneity of the
values of R and L contributed to the exhibit of differences in FA. Increased FA in
2014 can be explained by a high temperature in May during the formation of linden
leaf blades (the air temperature was 15 to 60 % above the norm according to the
report of the Hydrometeorological Centre of Russia).

The relationship between the two types of variability. It is known that the
ecological plasticity of plants is determined by the buffer capacity of morphological
structures, which allows them to actively adapt to environmental conditions. There
are different views on the question of the relationship of developmental stability
and environmental plasticity. For example, there is an opinion about the adaptation
role of FA and the correlation between plasticity and developmental stability, or
their partial correlation (Debat, David, 2001; Klingenberg, 2003).

Aregression analysis was performed to find the relationship between fluctuation
variability and plastic variability. The year of sampling was used as a fixed com-
ponent of variation, the factor “site”, and the interaction of “year x site” registered
as random factors. The results showed that plastic variability was affected by the
amount of FA (1% trait) and by the year and the mixed interaction of the factors
“site” and “year of sampling” (Table 3).

Thus, the greatest impact on the plastic variability influenced the FA of the first
trait (width of blade) (»p = 0.004). The climatic conditions of the year and the inter-
action of the factors “year X site” were also significant (F' = 11.0 and F' = 6.97). A
similar study was conducted on the effect of plastic variability, the year and site of
sampling on the fluctuation variability (Table 4).

Plastic variability of only one, the second, trait had a statistically significant effect
on FA (p =0.001). The combined effect of “year x site” was significant, as was the
effect of FA on plastic variability (F =4.19; p = 0.0001). The profile graph in 3D
space made it possible to estimate the impact of the site and the year of sampling
on the FA value and on the value of PL (Fig. 3).

The dependence profile showed the highest value of FA in the area of the State
Humanitarian Technology University (SHTU). Increased plastic variability was
observed in 2014-2015 and depended on the year of sampling of leaves. Parametric
estimation using univariate analysis of variance also showed a statistically signifi-
cantly dependence of PL on the year of sampling (df = 3; F = 17.28; p = 0.000).

The described relationship of developmental stability and plastic variability char-
acterised the 1% and 2" traits. The main difference in the two types of variability
was in their response to the ambient factors of the site and the year of sampling. The
value of the plastic variability of morphological structures depended significantly
on the climatic conditions of the year, as well as on the combination of these condi-
tions with the specifics of the population station.

Developmental stability did not depend on the location of the population or
on the year of sampling, but depended on the effect of the interaction of both
factors. Trait No. 2 (the distance between the bases of the veins) possessed high-
est plastic variability; it influenced the FA mean value. The greatest fluctuation
variability possessed by trait No. 1 (leaf width), which, accordingly, influenced
plastic variability.

Multiple regression analysis showed the dependence of fluctuation variability on
plastic variability with a regression coefficient b = 0.25 (p < 0.05).

Discussion

The use of non-parametric estimation methods was reasonable, since the loga-
rithm techniques did not lead to normalization, or only part of the samples were
normalized. The angular trait was replaced by a linear one, which made it easier to
determine the FA index. Both types of variability, fluctuation and plastic, showed
a conjugate effect: FA of the first trait influenced PL, and plastic variability of the
27 trait influenced fluctuation variability. Such a conclusion seems to be consensus,
since in the literature on this issue there is an opinion on both the one-sided effect of
FA on PL (Houle, 2003; Tonsor et al., 2013; Tuci¢ et al., 2018), and on the effect of
plastic variability on FA, for example, in Iris pumila plants (Sultan, 2003). In other
words, the traits were characterized by conjugation of 2 types of variability. The
predominance of one type of variability was compensated for by the weakness of
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Fig. 1. Difference in FA value among popula-
tions (axis OY): A, a - first trait, b — second trait.

Here and in Fig. 2. Mean — mean value; SE - stan-
dart error.
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a-firsttrait, p=0.001; b — second trait, p=0.012.
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Table 3. Effect of fluctuating asymmetry, year and site of sampling on plastic variability

Source df effect MS effect df error MS error F p

Trait 1 1 38.70 31.08 391 9.89 0.004
Traltz ................................................... 1683 ....................... 1866470 ....................... 145 ....................... 0 243 ...................

Tra|t3 ................................................... 1059 ..................... 1 7461 .................... 2 96 ....................... 0 20 ...................... 0 657 ...................

Tra|t4 .................................................. 1864 ...................... 9 847 ................... 3 06 ....................... 2 83 ....................... 0 096 ...................

Tralts ................................................... 1009 ....................... 3 702 ................... 3 45 ........................ 0 03 ....................... O 875 ...................

Slte ....................................................... 3 ............................... 1 061 ......................... 8 513757 ....................... 0 28 ...................... 0 837 ...................

Year ...................................................... 3 ............................ 2 3837 ......................... 6 522167 ..................... HOO ...................... 0 006 ...................

. S I te X year ........................................... 7 ............................... 1 7 . 0 3 ................... 1 0 2100 ................... 2 44 ....................... 6 97 ...................... 0 0001 ..................

Notes: Here and in Table 4: df — degree of freedom; MS effect — mean square; df error - df error degree of freedom of unexplained random error; MS error —
mean square of the error; F - criterion of Fisher; p - statistical significance.

Table 4. Effect of factors plastic variability, year and site of sampling on fluctuation variability

Source df effect MS effect df error MS error F p

Trait 1 1 0.002 7.170 0.001 1.996 0.200

Trait 2 1 0.012 193.963 0.001 12.333 0.001

Trait 3 1 0.002 832.745 0.001 2.143 0.144

Trait 4 1 0.001 817.463 0.001 0.643 0.423

Trait 5 1 0.004 251.019 0.001 4.337 0.038

Site 3 0.003 7.382 0.004 0.627 0.619

Year 3 0.001 7.634 0.004 0.324 0.808

Site X year 8 0.003 1092.000 0.001 4.195 0.0001

a b - :

Il >0.09 T P Bl >0.25
[ <0.09 T ) e [1<0.22
[ <0.08 : bt N S SO B <0.17
[1<0.07 R I RN B <0.12
[1<0.06
[ <0.05
B <0.04
[ <0.03

N

Fig. 3. Profile of the dependency of FA value (a) and plastic variability, PL (b) on the year and site of sampling.
In the tab: gradient profile FA and PL.

500 BaBunoBckuii XXypHan reHeTuku n cenekuyum / Vavilov Journal of Genetics and Breeding - 201923 -4



C.I. bapaHos, /.E. 3bikoB
[.0. Ky3HevoBa

another type, for example, the weak fluctuation variability of
trait No. 2 was compensated for by its high plastic variability.

In our opinion, asynchronous growth and competition for
light in conditions of high solar activity in 2014-2016, com-
pared with an anomalous summer of 2017, led to an increase
in FA due to destabilization of the growth mechanisms and
regulation of gene expression, which contributed to a decrease
in developmental stability in the State Humanitarian Technol-
ogy University area.

Evaluation of the components of the variance of plastic
variability showed that the effect of the “year” was 26.2 % of
the total dispersion, and the interaction of the factors “year”
and “site” was 5.1 %.

The dispersion of fluctuating asymmetry was explained by
a small fraction of the dispersion (about 2 %), which included
the variance of the PL factors and “year x site”.

We associated the increase in FA and the decrease in de-
velopmental stability in the State Humanitarian Technology
University area in 2016: a) with a high level of intensity of the
flow of vehicles, especially in spring and summer, b) with a
high level of groundwater in that part of the city and c) with in-
creased hydrolytic acidity soil. According to unpublished data,
in the soil samples from Davidovo and “British Petroleum”
petrol stations this indicator was 3.1-3.8 mg % eq[H"]. In the
area of SHTU, the hydrolytic acidity index was significantly
higher, 5.7 mg x eq[H"].

Environmental plasticity appears to be a highly hetero-
geneous type of variability, which depended on the year of
sampling leaves. An abnormally wet year (the precipitation
rate was over three times that in 2015) rather favorably
affected the stability of the development of small-leaved
linden populations in the decrease of the level fluctuating
asymmetry.

It is known that the term “ecological plasticity” explains
rather adaptive processes and characterizes the increased
variability. The term “ecological canalization”, as an attribute
of development homeostasis, has the meaning of stabilizing
phenotypic variability (Debat, David, 2001). Such a dialectical
opposition seems to us to be a source of microadaptation of
the small-leaved lime tree. In our case, first of all — to the
climatic conditions. The nature of the unexplained share of
the developmental stability variance remains unclear, as stated
by many authors (Houle, 2003; Sultan, 2003; Lajus, Alekseev,
2004; Scheiner, 2014; Tuci et al., 2018). The results of studies
conducted in 2004-2007 showed an increased fluctuating
asymmetry in the area of the Karbolit on the fourth trait
(distance between the bases of the first and second veins of
the 15t order), which indicates a high functional variability
of traits exhibiting developmental stability (Baranov, 2014).

Conclusion

The fluctuating asymmetry, associated by negative cor-
relation with the size of the trait, manifested itself as an
ontogenetic form of variability and depended on local and
climatic factors.

The authors believe that long-term phenogenetic monitoring
of natural populations using a set of additional environmental
factors and bilaterally symmetrical features will allow a more
complete analysis of the quantitative components of plastic
and fluctuation variability.
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