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AKTYAJIbHbIE TEXHOJTIOTUW TEHETUKW PACTEHUN BaBrnoBcKuUim xxypHan reHeTuKu n cenekuymm. 2020;24(4):331-339

OpurnHanbHoe nccnegosaHue / Original article DOI 10.18699/VJ20.625

A high coverage reference transcriptome assembly
of pea (Pisum sativum L.) mycorrhizal roots

A.M. Afonin! @, LV. Leppyanenl, 0.A. Kulaeval, O.Y. Shtark!, LA. Tikhonovich! 2, E.A. Dolgikhl, V.A. Zhukov!

T All-Russia Research Institute for Agricultural Microbiology, Pushkin, St. Petersburg, Russia
2 Faculty of Biology, St. Petersburg State University, St. Petersburg, Russia
&) e-mail: afoninalexeym@gmail.com

Abstract. Arbuscular mycorrhiza (AM) is an ancient mutualistic symbiosis formed by 80-90 % of land plant species with
the obligatorily biotrophic fungi that belong to the phylum Glomeromycota. This symbiosis is mutually beneficial, as
AM fungi feed on plant photosynthesis products, in turn improving the efficiency of nutrient uptake from the environ-
ment. The garden pea (Pisum sativum L.), a widely cultivated crop and an important model for genetics, is capable of
forming triple symbiotic systems consisting of the plant, AM fungi and nodule bacteria. As transcriptomic and pro-
teomic approaches are being implemented for studying the mutualistic symbioses of pea, a need for a reference tran-
scriptome of genes expressed under these specific conditions for increasing the resolution and the accuracy of other
methods arose. Numerous transcriptome assemblies constructed for pea did not include mycorrhizal roots, hence the
aim of the study to construct a reference transcriptome assembly of pea mycorrhizal roots. The combined transcrip-
tome of mycorrhizal roots of Pisum sativum cv. Frisson inoculated with Rhizophagus irregularis BEG144 was investigated,
and for both the organisms independent transcriptomes were assembled (coverage 177x for pea and 45x for fungus).
Genes specific to mycorrhizal roots were found in the assembly, their expression patterns were examined with gPCR on
two pea cultivars, Frisson and Finale. The gene expression depended on the inoculation stage and on the pea cultivar.
The investigated genes may serve as markers for early stages of inoculation in genetically diverse pea cultivars.

Key words: RNAseq; transcriptomics; arbuscular mycorrhiza; garden pea.

For citation: Afonin A.M., Leppyanen L.V, Kulaeva O.A., Shtark O.Y., Tikhonovich I.A., Dolgikh E.A., Zhukov V.A. A high
coverage reference transcriptome assembly of pea (Pisum sativum L.) mycorrhizal roots. Vavilovskii Zhurnal Genetiki
i Selektsii = Vavilov Journal of Genetics and Breeding. 2020;24(4):331-339. DOI 10.18699/VJ20.625
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AHHoTayusa. ApbyckynapHasa mukopursa (AM) — 3To ApeBHUIA MyTyanuCTUYECKUin CUM6KUO3, KOTOpbI 06pasytoT 80—
90 % BMAOB Ha3eMHbIX PAacTeHU C 06nMraTHO 6UoTPodHbLIMK rpmbamu, NprHagnexawmumm K pune Glomeromycota.
3TOT CMMOUNO3 ABNAETCA B3aUMOBBIFOAHbIM, MOCKONbKY rprbbl AM nuTatoTca npofykTamu GoToCHTE3a pacTeHui, B
CBOI0 oYepefb NoBblwan 3PpHeKTVBHOCTb NOMOLEHNA NUTaTeNbHbIX BELLeCTB pacTEHNEM 13 OKpY»KatoLue cpefpl. [o-
pox (Pisum sativum L.), LuIMPOKO pacnpocTpaHeHHasn CeNbCKOX03ANCTBEHHAsA KyNbTypa 1 BaXXHbli MOAENbHBIN 06beKT
reHeTVKU, cnocobeH 06pa3oBbIBaTb TPOMHbIE CUMOVOTYECKINE CUCTEMBI, COCTOALLME 13 pacTeHns, rprb6os AM n Kny-
6eHbKOBbIX 6aKkTepuit. Mo Mepe pacnpocTpaHeH A TPAHCKPUITOMHbIX U MPOTEOMHbIX MOAXOA0B B U3yYEHUN MyTyanu-
CTUYECKMX CUMOMNO30B ropoxa, ANA NOBbILLEeHNA pa3peLuatoLiell CNOCOOHOCTI N TOYHOCTU APYTX METOAOB BO3HMKIIA
HeobXOANMOCTb B pedbepeHCHOM TPAHCKPUMTOME, T.€. B 3HaHUUN NOC/IEA0BATENIbHOCTEN FEHOB, SKCMPECCUPYIOLNXCA
B Pa3/INYHbIX SKCMEePUMEHTabHbIX YCIOBMAX. MHOroUMCneHHble TPAHCKPUMNTOMHbIE COOPKM, CKOHCTPYMPOBaHHbIE
LA FOpoXa, He BKJIIoYanu MMKOPK30BaHHbIE KOPHM, NOSTOMY Liefibio JaHHOFO UcCiefoBaHuA 6bl1o cosgaHune pede-
PEHCHOW TPaHCKPUMTOMHOWM COOPKN MUKOPM30BaHHbIX KOopHel. bbino npoeepeHo rnybokoe PHK-cekBeHnpoBaHue
TPaHCKPUMNTOMa MUKOPU30BaHHbIX KOpHel Pisum sativum copta Frisson, MHOKynnpoBaHHbIX Rhizophagus irregularis
BEG144, n ans KaXporo M3 opraHM3moB MoJlyyeHbl He3aBUCUMble TPAHCKPUMTOMHbIE CO0PKM (MOKpbITe 177X ans
TPaHCKpUNTOMa ropoxa u 45x fna TpaHcKpunToma rprnba). Kauectso c6OpKM TPaHCKPUNTOMa Fropoxa OLEHEHO NyTem
CPaBHEHNA C yXKe UMEIOLMMUCA CO0PKaMM TPAHCKPUNTOMOB PYrX TKaHeid. [InA JONONHNUTENbHON OLeHKUN KayecTsa
c6opKK, y ABYyx copToB ropoxa (Frisson u Finale) c nomowybto qPCR npoBefeH aHan13 3KCNPeccun reHoB, cneunduyHbIX
[J1 MUKOPU30BaHHBIX KOPHEl, MocneoBaTeNlbHOCTY KOTOPbIX Obiv HaliAeHbl B CO3AaHHON cbopke. MiccnenoBaHHble
reHbl MOTYT CITY>KUTb MapKepaMmn PaHHUX CTaguiA Pa3BUTUA apbyCKynAapHO MUKOPU3bl Y FEHETUYECKM Pa3HOOOPa3HbIX
COPTOB ropoxa.

Kniouesble cnoBa: PHK-cekBeHMpoOBaHMe; TPaHCKPUNTOMMKA; apOyCKynapHas MUKOPU3a; FOPOX MOCEBHOM.
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Introduction

Plants are able to establish mutualistic association with the
arbuscular mycorrhizal (AM) fungi that improve the efficiency
of nutrient uptake from the environment. About 80-90 % of
all land plant species may form mutually beneficial symbiosis
with the obligatorily biotrophic AM fungi that belong to the
phylum Glomeromycota (Kaschuk, 2009; Alizadeh, 2011;
Tisserant et al., 2012; Gutjahr, Parniske, 2013; Manck-Got-
zenberger, Requena, 2016). The AM facilitates plant nutrition
and increases plant tolerance to biotic and abiotic stresses,
when AM fungi feed on photosynthesis products and utilize
a considerable proportion of the assimilated carbon (Siddiqui
et al., 2008; Solaiman et al., 2014).

The garden pea (Pisum sativum L.) is a widely cultivated
crop plant and the first model object of genetics. Similarly
to other legume plants belonging to the Fabaceae family, it
is capable of forming triple symbiotic systems consisting
of plant, AM fungi and nodule bacteria (Tikhonovich et al.,
2015). The formation of symbioses increases yield and plant
fitness in general (Jacobi et al., 1999; Borisov et al., 2004;
Shtark et al., 2006; Zhukov et al., 2019), although the effect of
inoculation is often dependent on experimental conditions and
plant genotype (Shtark et al., 2006; Zhukov et al., 2017; Ma-
montova et al., 2019). During the last decade, transcriptomic
and proteomic approaches had been implemented for studying
the mutualistic symbioses of pea, which implied the need for
areference genomic or transcriptomic sequences required for
proper annotation of transcripts/proteins under analysis. Al-
though numerous transcriptome assemblies were constructed
(Franssen et al., 2011; Alves-Carvalho et al., 2015; Sudheesh
etal., 2015; Zhukov et al., 2015; Kerr et al., 2017), no samples
containing mycorrhizal roots had been analysed. Moreover,
the only available genomic sequence (Kreplak et al., 2019) is
far from ideal and lacks sequences of many important genes
(for example, short peptides of NCR and defensin families).

Thus, the present work aimed at obtaining the reference
transcriptome assembly of pea mycorrhizal roots using RNA-
seq. In order to validate the constructed assembly, which is
destined for further analysis of the mycorrhization in pea with
use of transcriptomics and/or proteomics, we designed the
set of primers for qPCR expression analysis and successfully
quantitated the expression level of 10 AM-specific genes in
mycorrhizal roots of two pea cultivars.

Materials and methods
Plants and microorganisms used. The wild-type Pisum sa-
tivum L. cultivars Frisson (= J12491 (Duc, Messager, 1989))
and Finale (= J12678 (Engvild, 1987)) were used in this study.
The fungal isolate Rhizophagus irregularis BEG144 was
provided by the International Bank for the Glomeromycota
(Dijon, France) as a substrate-root based inoculum for leek
(Allium porrum L.) pot cultures. It was used to obtain nurse
pots of chives (4/lium schoenoprasum L.) for the R. irregula-
ris-inoculated pea plants (according to (Shtark et al., 2016)).
Plant growth conditions and root sampling. In order to
provide an efficient inoculation of P. sativum plants, nurse pots
with established mycorrhiza were used. These were 300-ml
ceramic flower pots filled with opoka-rock mineral substrate,
which is silica rich marl (Krasnodar, Russia), supplemented
with 1 g-L-! calcium orthophosphate. Prior to nurse pots pre-
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paration, pots with substrate were sterilized by autoclaving
for 60 min at 134 °C and 0.22 MPa. Procedures for the chive-
based nurse pots are described by (Demchenko et al., 2004;
Shtark et al., 2016).

Seeds of P. sativum were surface-sterilised for 10 minutes
with 98 % sulphuric acid, rinsed with sterile deionised water
five times, and then germinated for 3 days at 27 °C in the
dark on sterile vermiculite in Petri dishes with 30 ml of wa-
ter added to each one. Three P. sativum seedlings of similar
size were planted into each nurse pot around a mycorrhizal
chive plant. Plants were grown in a growth chamber (model
VB 1514, Vétsch, Germany) under the following conditions:
day/night, 16/8 h; temperature, 24/22 °C; relative humidi-
ty, 75; irradiation 10000 lux and were supplemented once a
week with 1/2-x Hoagland’s solution (Hoagland, Arnon, 1950)
without phosphate (50 mL per pot), and watered as needed.

After several days of co-cultivation with chives in nurse
pots P. sativum root samples were collected for transcriptome
analyses and RT-qPCR (see relevant sections) and immediately
frozen in liquid nitrogen and stored at —80 °C. Frozen root
samples were ground in liquid nitrogen using pestle and mor-
tar. Before collecting plant material for those analyses, several
lateral roots (15 cm length) from each pea root system were
randomly selected and frozen at —20 °C and then subjected
to analysis of AM development as described by Shtark and
colleagues (Shtark et al., 2016). The parameters of root colo-
nization of these pea plants estimated according to (Trouvelot
et al., 1986) were: M % (intensity of internal colonization of
the root system), and @ % (arbuscule abundance in mycor-
rhizal root fragments).

For transcriptome sequencing root samples were collected
after 25 days of co-cultivation with chives. Three plants of
cv. Frisson with M % = 68.6£2.6, and a % = 50.9+1.2 (this
level of root colonization is common with this genotype (Mo-
randi et al., 2000; Grunwald et al., 2004)), were chosen for
the transcriptome analysis. The whole root systems were cut
off directly below the cotyledons and frozen in liquid nitrogen
in 50 mL Falcon tubes.

For RT-qPCR assays root samples were collected after 7,
14 or 28 days of co-cultivation with chives. Root samples of
uninoculated plants grown under the same conditions during
the same time periods were used as a control. Lateral roots
were used, in which tips 1 cm long were removed. The col-
lected samples were frozen in 2 mL Eppendorf™ tubes. The
AM development was analysed at two time points (after 14 and
28 days of co-cultivation with chives). The parameters of cv.
Finale root colonization were: M %=17.5+2.3, and 35.0+4.7,
respectively; a %6=29.4+5.7,and 36.5+5.7, respectively. This
level of colonization is common with cv. Finale (Shtark et al.,
2016; Leppyanen et al., 2018). The parameters of cv. Frisson
root colonization were: M % = 44.6+4.7, and 68.1+5.4, re-
spectively; a % =62.6+3.5, and 65.3+4.4, respectively. This
is also consistent with previous investigations; in particular it
was shown that internal AM colonization and arbuscule devel-
opment reaches higher values in cv. Frisson than in cv. Finale
(Morandi et al., 2000; Grunwald et al., 2004).

Transcriptome sequencing. The RNA extraction, library
construction and the sequencing on an Illumina 2500 HiSeq
platform was carried out by GenXPro GmbH (Frankfurt-am-
Main, Germany).
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Read preparation. In order to remove possible human and
bacterial contaminants from the raw data we used the method,
devised by dr. Brian Bushnell and described in removeHuman
tool from the BBTools suite (Bushnell, 2014). Additionally,
reads belonging to bacteria and viruses were discarded using
the databases provided by the author of the package. In order
to separate fungal reads from those of pea, we first prepared
the genome assembly of Rhizophagus irregularis strain
DAOM197198 from (Tisserant et al., 2013) as described by
the author of the bbmap package. The areas of genome, con-
taining multiple tandem short k-mers, as well as windows of
low entropy sequences, which were calculated using pentamer
frequencies, were masked using the bbmask.sh script. In order
to exclude the sequences, common between the R. irregularis
genome and plant genomes, all the available non-draft plant
genomes from the Phytozome V12 (Goodstein et al., 2012)
were masked for repetitive sequences, and then used to ex-
clude all the non-specific parts of the DAOM197198 genome
as described for the bbmask.sh script. The resulting masked
assembly was used for read mapping using the bbmap.sh
script. All the mapped reads were considered to belong to
the fungus, all the non-mapped reads were considered plant
reads. The transcriptome completeness and assembly quality
were assessed using BUSCO algorithm (Simao et al., 2015).
Blast search was used for the comparison of the various
transcriptomes.

Transcriptome assembly. The reads belonging to Pisum
were then assembled using Trinity assembler (v2.6.6) (Grab-
herr etal., 2011) with default parameters, rnaSPAdes (v3.11.1)
(Bankevich et al., 2012). Corset/Lace pipeline was used to
assemble the SuperTranscriptome (Davidson et al., 2017).

The transcriptome shotgun assemblies (TSAs) from the
following bioprojects were downloaded from the NCBI for
comparison to current assembly: PRINA277074 — cv. Kaspa
(Sudheesh et al., 2015), PRINA277076 — cv. Parafield (Sud-
heesh et al., 2015), PRINA308776 — cv. Torsdag (Kerr et al.,
2017). The assembly of the nodule transcriptome of cv. SGE
(accession GDTMO00000000.1) and the assembly of roots of
cv. SGE (accession GDTL00000000.1) were also downloaded
from the NCBI (Zhukov et al., 2015). Additionally, the as-
semblies from cv. Caméor (Alves-Carvalho et al., 2015) and
cv. Little Marvel (Franssen et al., 2011) were downloaded
from supplementary files for the respective articles. The CDS
sequences from the M. truncatula v4.0v2 genome were used
for benchmarking the assembled transcriptomes (Young et
al., 2011).

The following accessions were downloaded from the NCBI
in order to identify the R. irregularis strain closest to BEG144:
GCA_000439145.3, GCA_000597565.1, GCA_000597585.1,
GCA _000597605.1, GCA_000597625.1, GCA_000597645.1,
GCA _000597665.1, GCA _000597685.1, GCA 001593125.1,
GCA_001593145.1, GCA_001593155.1, GCA_001593205.1,
GCA _002897155.1, GCA 003833045.1, GCA_003833115.1.
The reads binned as belonging to the fungi were assembled de-
novo using the 7rinity assembler. Cufflinks (v2.2.1) (Trapnell
et al., 2010) was used to build a genome-guided assembly.

Annotation. CDS discovery for both the organisms was
performed using the transdecoder (v5.2.0) algorithm (https://
github.com/TransDecoder/TransDecoder/). Both the hmm and
the blast homology search options were used, according to the
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Table 1. Constructed primers used for gPCR

Sequence, 5'-3'

Note: Melting point (Tm) for every primer was 54 °C.

manual. The annotation was performed using the EggNOG 5.0
database using the eggNOG-mapper (v2.0.1) (Huerta-Cepas
etal., 2016).

In order to determine the best overall assembly, the three
transcriptomes were evaluated using the BUSCO tool (Simao
etal., 2015).

RT-qPCR. Total RNA was isolated using the TriZol reagent
(ThermoScientific, USA). cDNA synthesis was performed
with reverse transcriptase (ThermoScientific, USA) and oligo-
dT primers (Evrogen, Russia; www.evrogen.com). RT-qPCR
was performed on the CFX-96 C1000 thermocycler (Bio-
Rad Laboratories, USA) with the double-stranded DNA
dye SYBR Green (Bio-Rad Laboratories, USA). The data
was analysed using the 2-AACt method (Livak, Schmittgen,
2001). PCR amplification was confirmed with the dissociation
curve method (55 to 95 °C). mRNA levels were normalised
in relation to the ubiquitin and actin reference genes. Three
biological replicates were analysed. The primers were con-
structed using the Vector NTT suite (Lu, 2004) (Table 1). The
expression levels of the genes of interest (GOI) relative to the
reference genes Ubiquitin and Actin were calculated for each
c¢DNA sample using the CFX Manager™ software version 2.1
(BioRad Laboratories, USA). The expression levels of GOI
were calculated as ratio of treated samples to control samples.
Statistical analysis was conducted by SIGMAPLOT 13 (Systat
Software, Inc., San Jose California, USA).
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Results and discussion

In order to obtain a reference transcriptome of the mycorrhizal
roots of P. sativum, the RNA from this tissue was sequenced
on an [llumina 2500 sequencing platform.

A total of 120 mln pairs of reads with average length of
150 bp were obtained. After quality trimming 119 mln reads
remained. Since we knew, that R. irregularis transcripts are
present in the tissues, we decided to remove all possible con-
taminants (as described in the Materials and methods section).
Additionally, we masked low complexity regions and re-
petitive elements from R. irregularis genome. Of the 119 mIn
remaining reads 6.7 mln (approximately 5 %) of the paired
reads were mapped onto the masked Rhizophagus genome.

The resulting reads belonging to P. sativum were then as-
sembled using two assemblers: 7rinity with default parameters
and rnaSPAdes with default parameters. Afterwards, with use
of Corset/Lace pipeline, a SuperTranscripts assembly was
constructed using these two assemblies comprising 94360 su-
pertranscripts (Table 2).

Transcriptome evaluation

In order to determine the best overall assembly, the three tran-
scriptomes were evaluated using the BUSCO tool. Results of
the analysis are presented in the Table 3.

As BUSCO tends to favor the number of transcripts, the
Trinity assembly scored higher than the SuperTranscripts
assembly, despite the latter containing the former. The other
comparisons, such as N50 and the duplication numbers speak
in favor of the SuperTranscripts assembly.

The resulting SuperTranscripts assembly, as well as the
other two assemblies, the table of relation between the as-
semblies and the full results of are available at the (https://
cloud.arriam.ru/s/RKD67CZak58BzzN).

Since the SuperTranscript assembly contains the two
other assemblies, it was used to compare to all available pea
transcriptome assemblies. The comparison was performed
using the BLASTN algorithm (e-value < 10719, identity >
90 %, query coverage > 90 %), the results are presented in
the Table 4.

The low numbers of query matches in the case of the cv. Ca-
méor is most probably due to the fact, that the transcriptome
in this study represents a single, rather than multiple, plant
tissues.

All the available pea transcriptomes were compared to the
latest Medicago truncatula Gaertn. transcriptome in order to
determine the fullness of the transcriptomes and the number
of novel transcripts (Table 5). Our assembly had an almost
identical number of transcripts, homologous to those of
M. truncatula as the more diverse transcriptomes of cv. Kaspa,
cv. Parafield, and cv. Caméor, and also showed a large number
of previously undiscovered transcripts.

Determining the specificity of inoculation

In order to check for possible rhizobial contamination and
formation of nodules possibly missed during sample prepara-
tion we decided to search for nodule specific proteins. Since
the expression counts for a single RNAseq analysis cannot
be considered statistically significant, we chose instead to
search for contigs, encoding proteins, specific to nodules —
NCR peptides (Zorin et al., 2019). Using the approach from
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Table 2. Comparison of transcriptome assemblies’ parameters

Parameters SPAdes  Trinity SuperTranscripts
. |dent|ﬁed gene 5 ................. 1 36 81 7 ......... 7 1 149 ......... 94360 ..................
Identified isoforms 139631 182345 190210
Longest|sofo,—m ..................... 15300 ......... 15638 16300 ..................
. Avera g e |Soform . |e ngth ............. 812 ........... 1 1 1 o ............ 1 277 ..................
. Tran Scnpt n 50 ............................ 38 4 ........... 2 158 ........... 4357 ..................

Note: The estimated coverage for the transcriptome was 177x.

Table 3. The comparison of the transcriptome assemblies
using the BUSCO tool

Transcriptome  Complete  Complete Fragmented Missing
assembly and single- and
copy duplicated

Table 4. The results of comparison of the SuperTranscripts
assembly to the other available transcriptome assemblies

Transcriptome # of query matches  # of SuperTranscripts

matches
. Cv K as pa ........................ 63210 (54%) ................. 5 1 . 7 8 7 (54%) ................
cv.Parafield 73966 (50%) 52032(56%)
v.Caméor 267341%) 42059 (44%)
‘v.SGEnodules 45081 (77%) 40200 (42%)
v.SGEroots 3222886%) 3473936%)
v.Torsdag 7624439%) 41683(43%)
cv.littleMarvel 48964 (60%) 25982(27%)

Table 5. The results of comparison of the pea transcriptome
assemblies (query) to the M. truncatula transcriptome (reference)

Transcriptome # of reference matches  # of query matches

cv. Kaspa 43772 (76 %) 62335 (49 %)

S e e
cv.Caméor 45004 (78%) 35602(68%)
cv.SGEnodules 41639 (72%) 40414(69%)
cv.SGEroots 30298(68%) 20188(78%)
B s A
cv.Little Marvel  35048(60%) 50517(73%)
SuperTranscripts 44068 (76%) 50020 (62%)

Note: e-value < e-19, query coverage > 80 %, identity > 60 %.

that article, we found only 28 genes of the NCR gene family
in the newly assembled transcriptome, compared to 40 in the
cv. SGE root tips and 425 in the cv. SGE nodules. Therefore,
it is reasonable to assume that the plants were not accidentally
infected with rhizobia, and thus are representative of a fungal
monoinoculation.
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Table 6. The results of mapping of fungal reads onto
the transcriptome assemblies of R. irregularis from the NCBI

The accession of R. irregularis
genome assembly

The percentage
of mapped reads

Note: BBmap.sh tool was used to map the reads against the genomes.

Table 7. Comparison of R. irregularis transcriptome assemblies
Cufflinks

Transcriptome assembler Trinity

Novel transcripts of Rhizophagus irregularis

Since for now there is no published genome available for the
strain BEG144 used in this study, we decided to determine
the closest related strain in the NCBI database. To do this,
we downloaded all the available R. irregularis genomes and
mapped the filtered transcripts using bbmap.sh to the genomes.
The best overall mapping was to the strain A1 of R. irregularis
GCA _001593125.1 (registered bioproject url: https:/www.
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ncbi.nlm.nih.gov/bioproject/PRINA299202/). This genome
was used for a genome-guided Cufflinks assembly. The map-
ping results are presented in the Table 6.

Genome guided Trinity assembly did not yield any assem-
bled contigs, possibly due to the lower coverage of the fungal
genome, so a de-novo assembly of the fungal transcriptome
was performed. The results of the assemblies are present in
the Table 7.

The likely protein-coding genes from the assemblies were
identified by transdecoder (see Materials and methods sec-
tion). The Cufflinks assembly contained 12036 (77.8 %) pro-
tein-coding genes, whereas the Trinity assembly contained
17909 (63.7 %). After comparing the assemblies with the
blast algorithm we discovered that 8301 (68 %) of Cufflinks
CDS-containing transcripts corresponded to 12036 (60.1 %)
of CDS-containing transcripts of Trinity. The rest of the
transcripts, unique to the Trinity assembly may represent the
parts of genome different between the strain BEG144 and
the strain used as the reference. The low coverage and the
unavailability of the genome of the strain BEG144 make it
harder to distinguish the real transcripts from the chimeric.
The results, however, show the usability of proposed methods
to assemble the transcriptomes of mixed samples, even in the
absence of high-quality reference genomes.

RT-qPCR of AM-specific genes

In order to study the inoculation effects in detail and to monitor
the AM development during the experiments, the set of marker
genes with AM-specific expression pattern was required. In
previous work by Grunwald et al. (2004), a set of 25 genes
which were upregulated more than in 2.5 times in response
to inoculation with AM fungus in roots of pea cultivar Finale
was identified using suppressive subtractive hybridization. We
selected eight of them for the present study and supplemented
this list with the well-characterized mycorrhiza-related genes
encoding the transcription factor RAD1 and the VAPYRIN
protein for analysis (Pumplin et al., 2010; Murray et al., 2011;
Park et al., 2015). In order to find the sequences of 10 AM-
specific genes of cv. Frisson, a BLASTN search of corres-
ponding genes was performed against the newly created
SuperTranscripts transcriptome assembly. The accessions are
presented in Table 8. We compared the RT-PCR expression

Table 8. Genes chosen according to (Grunwald et al., 2004) and their corresponding accessions in the SuperTranscripts assembly

Accession # Encoded gene SuperTranscripts ID

AJ308129 ......................................... Methauoth.onem ................................................................... C|u5ter409200129 ...........................
AJ308147 ......................................... GDSLmot.f|.pa5e/acy|hydro|ase ......................................... C|u5ter124o3o 147 ...........................
AJ308‘|48 ......................................... MAPkmase ............................................................................. c|u5ter330090 ......................... MAPK .......................
A_j308‘|56 ......................................... T,—ans|at|on|n|t|at|onfactor1a .............................................. c|uster93620156 ...........................
AJ308‘| 58 ......................................... Pmtema Semh |b|tor pR6 ........................................................ c| u Ste r332 1 51 ......................... pR 6 ...........................
A_j308'| . 53 ......................................... Tryp s. n ) . nh|b| tor ..................................................................... c| u Ste r569 9 20 ......................... T| ..............................
AJ308164 ......................................... putatwehp.dtransferprotem ............................................... c|uster573320 164 ...........................
‘AB08170 Polyphosphate inosite-binding protein Cluster-484480 170
Medtr4g1o4ozo 1 ............................ Tran Scn pt|on . factor RAD1 ...................................................... c| u Ste r” 6 2 30 ......................... RAD1 ........................
Medtrego 27840 1 ............................ VAPYR| N .................................................................................. c| u Ste r42 1 5 40 ......................... vp N ..........................

Note: “ID" column contains the chosen shorter names, used in the text and figures.
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Fig. 1. Transcript levels of genes encoding markers of AM development in pea roots of cv. Finale infected with R. irregularis after 7, 14 and 28 days.

Here and in Figure 2: uninoculated plant roots were used as control (cont); the treatment was mycorrhization (myc). The relative expression was normalized
against the constitutively expressed ubiquitin and actin genes. Values are means+SEM of three technical repeats. The graphs show the results of one biologi-
cal replication, representative of three biological independent experiments, the asterisks indicate the significant differences between control and treatment as

analysed by Student’s t-test (***p < 0.001, **p < 0.01, *p < 0.05).
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Fig. 2. Transcript levels of genes encoding markers of AM development in pea roots of cv. Frisson infected with R. irregularis after 7, 14, and 28 days.
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patterns for chosen genes in cv. Finale as well as cv. Frisson
pea plants (Grunwald et al., 2004). The used primers are pre-
sented in the Table 1.

This allowed the identification of predicted full-length
sequences for genes of interest. The expression of 10 genes
was investigated by RT-PCR using RNA from control and
inoculated roots of cv. Finale and cv. Frisson on several days
after inoculation (dai) (Figure 1, 2). The cv. Finale was chosen
to compare the results with previously obtained data for this
genotype, while cv. Frisson was used for analysis, because the
newly created transcriptome was assembled for this cultivar.
Indeed up-regulation of a number of genes was confirmed by
RT-PCR using RNA from controls and mycorrhiza-inoculated
pea roots of cv. Frisson and cv. Finale. The expression of
RADI and VAPYRIN genes was mainly enhanced at stages
of symbiosis development related to AM fungal colonization
of root cells and arbuscules formation (14-28 dai). The simi-
lar results were previously obtained for model legume plant
M. truncatula (Pumplin et al., 2010; Murray et al., 2011; Park
etal., 2015).

The highest levels of expression were found for four genes
encoding GDSL-motif lipase/acylhydrolase (/47), MAP ki-
nase (MAPK), trypsin inhibitor (77) and putative lipid-trans-
fer protein (/64) in both genotypes (see Figures 1, 2). It is
in a good agreement with previous results (Grunwald et al.,
2004). It is interesting to note that activation of 77 and /64 was
connected with early stages of AM symbiosis development
such as 7 dai. These markers may be helpful to estimate the
inoculation effect, because usually visible signs of inoculation
seem to be connected with later stages of symbiosis between
pea plants and AM fungi like 14 dai. At the same time some
cultivar-specific mycorrhiza-related pattern of expression was
found in our experiments. It was shown for gene /70 with
high level of expression in cv. Finale, but not in cv. Frisson
(see Figure 1, 2). Moderate level of expression was shown for
the stress-related genes like /29 and PR6 in our experiments
that may be due to differences in experimental conditions as
compared to previous study (Grunwald et al., 2004).

Conclusion

Studies on model legume plants M. truncatula and Lotus
Japonicus (Regel.) K. Larsen resulted in the description of
the molecular mechanisms underlying the formation and
functioning of the symbioses (Gutjahr, Parniske, 2013; Gob-
bato, 2015; Pimprikar, Gutjahr, 2018). However, for the agri-
culturally important legume plants, the information regarding
the molecular bases of AM and root nodule symbiosis (RNS)
is still limited. As for the garden pea, about 40 regulatory
symbiotic genes are known (Zhukov et al., 2016), of which
about a half are attributed to the ‘common’ symbiotic genes
needed for both AM and RNS (Borisov et al., 2007). The re-
cent development of transcriptome sequencing technologies
has made it possible to analyze the molecular machinery of
symbiotic nodules and, in particular, to pinpoint the single
nucleotide deletion mutation in important symbiotic gene
Sym33 (IPD3) (Zhernakov et al., 2019). Our first assembled
transcriptome of mycorrhizal pea roots will help in charac-
terization of the key plant genes involved in the regulation of
mycorrhizal symbiosis and, therefore, will be a basis for the
future advances in our understanding of plant-microbe inter-
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actions. The AM-specific genes that we selected on the base
of this reference transcriptome may also serve as markers of
successful colonisation in inoculation experiments, which is
important for analysing the early stages of mycorrhization,
when intraradical mycelium is almost invisible.
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Abstract. The color of the grain shell of cereals is an important feature that characterizes the pigments and
metabolites contained in it. The grain shell is the main barrier between the grain and the environment, so its
characteristics are associated with a number of important biological functions: moisture absorption, grain vi-
ability, resistance to pre-harvest germination. The presence of pigments in the shell affects various technologi-
cal properties of the grain. Color characteristics, as well as the appearance of the grain shell are an important
indicator of plant diseases. In addition, the color of the grains serves as a classifying feature of plants. Genetic
control of the color formation of both grains and other plant organs is exerted by genes encoding enzymes
involved in the biosynthesis of pigments, as well as regulatory genes. For a number of pigments, these genes
are well understood, but for some pigments, such as melanin, which causes the black color of grains in bar-
ley, the molecular mechanisms of biosynthesis are still poorly understood. When studying the mechanisms of
genetic control of grain color, breeders and geneticists are constantly faced with the need to assess the color
characteristics of their shell. The technical means of addressing this problem include spectrophotometers,
spectrometers, hyperspectral cameras. However, these cameras are expensive, especially with high resolution,
both spatial and spectral. An alternative is to use digital cameras that allow you to get high-quality images
with high spatial and color resolution. In this regard, recently, in the field of plant phenotyping, methods for
evaluating the color and texture characteristics of cereals based on the analysis of two-dimensional images
obtained by digital cameras have been intensively developed. This mini-review is devoted to the main tasks
related to the analysis of color and texture characteristics of cereals, and to methods of their description based
on digital images.
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AHHoTauus. LiBeT 060/104KM 3epeH 3M1aKOB — BaXHblIli MPU3HAK, XapaKTepu3yioLuil conepKalynecs B Hell nur-
MeHTbI 11 MeTabonuTtbl. OBONOYKa 3epHa CNYXXMT OCHOBHbIM GapbepoM MeXay 3€PHOM U BHELLUHel cpefioil,
NMOSTOMY C €€ XapaKTePUCTUKAMMN CBA3aH PAA BaXKHbIX 6GUonormyecknx GyHKLWUA: NOTrNOLWEHe BRaru, »us-
HeCrnoco6HOCTb 3epHa, YCTONUMBOCTb K NpeaybopoyHOMY npopacTtaHuio. Hanuume nurmeHToB B 060510UKe
B/IMSIET Ha pa3/iMuHble TEXHONOMMYecKne CBOMCTBA 3epHa. LiBeToBble XapakTepuUCTUKY, KaK 1 BHELWHWUI BUA
000/104KYM 3epHa, — BaXHbIl MHAMKATOp 3aboneBaHuii pacTeHuii. LiBeT 3epHa AaBHO MCMONb3yeTcs B CMCTe-
MaTVKe MLUeHWLbl ANs ONncaHnsa ee 6OTaHNUECKMX PasHOBUAHOCTEN, U [iN1A HEKOTOPbIX CUCTEM 3TO OfHa W3
OCHOBHbIX XapaKTepuCTuK. leHeTuyecknii KOHTPONIb GOPMUPOBAHUA OKPACKMN 3epeH U APYriX OpraHoB pac-
TEHWI OCYLLECTBNSAETCA FreHaMV, KOQVPYIOLWUMN GePMEHTbI, BOBJIEUEHHbIE B OMOCUHTE3 MUTMEHTOB, 1 Peryns-
TOPHbIMY reHamu. [1nA psaa nArMeHTOB 3TY FeHbl UCCe0BaHbl JOCTaTOYHO XOPOLLO, OLHAKO 1A HEKOTOPbIX
NUrMEHTOB, HaNpUMep MenaHuHa, 0byCNOBVBAIOLEro YEPHYIO OKPACcKy 3epeH Yy siuMeHs, MONeKynsapHble
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AHanu3 LBETOBbIX 1 TEKCTYPHDBIX XapaKTepUCTUK
3epeH 3/1aKOB Ha LUPOBbIX N300paKEHNAX

MeXaHU3Mbl 6OCMHTE3a elue cnabo u3yueHbl. [py NCCNEROBaHNM MEXaHV3MOB FeHETUYECKOTO KOHTPOIA
OKpaCKU 3epeH CENeKLMOHEPb! N FEHETVKIM MOCTOAHHO CTaNKMBAOTCA C HEOBXOAUMOCTbIO OLEHKM LiBETOBbIX
XapaKTepUCTUK nx 060104UKU. K TEXHNYECKUM CPefCcTBaM peLleHmns 3TOM 3afaun OTHOCATCA CnekTpodoTomeT-
pbl, CMEKTPOMETPSbI, rMnepcnekTpasbHble Kamepbl. OAHAKO 3TV KaMepbl AoporocTosime, B 0CO6eHHOCTU C
BbICOKVM pa3peLleHneM, Kak NPOCTPAHCTBEHHbIM, TaK 1 CMEKTPasbHbIM. ANIbTEPHATVBOW ABMAETCA UCMOSb-
30BaHMe UMPPOBbIX GpOTOKaMep, NMO3BONALMUX MOJTyYaTb BbICOKOKAUECTBEHHbIE N306PAXKEHNSA C BbICOKMM
NPOCTPAHCTBEHHbIM 1 LIBETOBbIM paspelleHneMm. B cBA3m ¢ 3Tm B nocnefHee Bpems B 0651acTyi GeHOTUNMPO-
BaHVA PacTeHU MHTEHCMBHO Pa3BMBAOTCA METOAbI OLIEHKYM LIBETOBbIX U TEKCTYPHbIX XapaKTepUCTUK 3epeH
3/1aKOB, OCHOBAHHbIE Ha aHanM3e ABYMEPHbIX U300PaXKeHNI, NOTyUYEHHBIX LMPPOBLIMU Kamepamu. [aHHbIN
MUHU-0630p NOCBSALLEH OCHOBHbIM 3afjadaM, CBA3aHHbIM C aHaNN30M LIBETOBbIX 1 TEKCTYPHbIX XapakTepUCTK
3epeH 3/1aKoB, METOAAM UX OMNMCaHMA Ha OCHOBE LIdPOBbLIX N306PaKeHWI.

KntoueBble cnoBa: LBET; TEKCTYPa; LdpoBble U306paKeHNs; aHaI3 N306paXKeHUid; 3epHa 311aKoB.

Introduction

The coloration of cereal grain shell is an important trait
that characterizes the pigments and metabolites contained
there. Violet and blue grain color is determined by an-
thocyans; yellow color, by carotenoids; and red brown
or dark brown, by flavonoids, such as proanthocyanidins
and phlobaphenes (Adzhieva et al., 2015; Lachman et
al., 2017). The correlation between the shell color and
content of the corresponding substances is experimen-
tally demonstrated. Significant correlations of the kernel
shell color and the content of phenols, flavonoids, and
antioxidant capacity have been observed (Shen et al.,
2009). The contents of phenols, flavonoids, anthocyans,
B-carotenoids, and luteins significantly differ between
the maize grains with different colors (Zili¢ et al., 2012).
Flavonoids, anthocyans, and carotenoids possess several
valuable properties. They are antioxidants, and influence
the nutritional value. For example, addition of the wheat
seed coats with a purple pericarp or blue aleurone layer
to flour improves the quality of bakery products owing to
flavor, texture, and color characteristics (Machalkova et
al., 2017). Correspondingly, the varieties and lines with
different grain coloration recently cause a strong interest
of the food industry (Khlestkina et al., 2017; Corréa et
al., 2019).

The kernel shell is the main barrier between the grain
and environment; correspondingly, a set of important bio-
logical functions are associated with the shell properties,
including, water absorption, grain viability, and resistance
to pre-harvest sprouting (Souza, Marcos-Filho, 2001).
The pigments in the grain shell influence manifold grain
technological properties. In particular, phlobaphenes
(condensed tannins), coloring the pericarp red, have a
positive effect on the duration of grain dormancy, thereby
preventing its pre-harvest sprouting (Flintham et al.,
2002). That is why the wheat genotypes with red-colored
kernels are used in breeding as a donor of the genes con-
trolling the resistance to pre-harvest grain germination
(Krupnov et al., 2012; Fakthongphan et al., 2016). The
shell color of rice kernels (the intensities of red, green,
and blue color components) correlates with the grain

AKTYANbHbIE TEXHONOT UMW FEHETUKN PACTEHUIA / MAINSTREAM TECHNOLOGIES IN PLANT GENETICS

quality characteristics, such as kernel transparency and
the share of broken kernels, in a statistically significant
manner (Septiningsih et al., 2003).

The color characteristics and the external appearance of
the kernel shell are important indicators of plant diseases.
For example, fusariosis manifests as a pinky or bluish
coloration on the wheat and barley kernel shell (McMul-
len et al., 1997). Characteristic of another disease, kernel
black-point, is dark discoloration of the embryo side of
grains (Draz et al., 2016).

Grain coloration may also serve as a trait in plant
classification. As early as the late 19th century, F. Kor-
nicke suggested using the grain color for description
of wheat botanical varieties (Kornicke, Werner, 1885).
The N.I. Vavilov All-Russian Institute of Plant Genetic
Resources classifies the wheat botanical varieties using
the system in which the grain color is one of the major
traits (Dorofeev et al., 1979).

The coloration of both the kernels and other plant
organs is controlled by the genes coding for the en-
zymes involved in biosynthesis of pigments, as well as
by regulatory genes (Khlestkina, 2014; Lachman et al.,
2017; Shoeva et al., 2018). The corresponding genes
are well studied for several pigments, including even
their complete nucleotide sequences and their positions
in the genome. However, the molecular mechanisms of
biosynthesis are still rather vague for some pigments,
in particular, melanin, which determines black color of
barley kernels (Glagoleva et al., 2017; Shoeva, 2018).

When studying the mechanisms underlying genetic
control of grain color, breeders and geneticists constantly
face the necessity of estimating the color characteristics
of'their shells. Several technical tools allow this problem
to be solved, first and foremost, spectrophotometers, able
to characterize both the chromatic and textural charac-
teristics of kernels with a high accuracy. Spectrophoto-
meters have been long and successfully used and serve as
a standard for estimating the color of biological objects
(Black, Panozzo, 2004; Garg et al., 2016; Machalkova et
al., 2017). Another approach is provided by spectrometers
with the wavelength range covering both visible and near-
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infrared regions (hyperspectral cameras of visible and
near-infrared ranges) (Black, Panozzo, 2004; EIMasry et
al., 2019). However, these cameras are very expensive,
especially, with a high spatial and spectral resolution.
An alternative is digital cameras capturing high-quality
images with a high spatial and color resolution. The
price of digital cameras are constantly decreasing and
they are now widely available, while even an amateur
camera allows for capturing high-resolution and high
quality images. In this regard, the methods for evaluat-
ing the color and texture characteristics of cereal grains
based on analysis of two-dimensional digital images have
been intensively developed recently in the field of plant
phenotyping.

This brief review focuses on the main problems related
to the analysis of color and texture characteristics of
cereals and methods of their description utilizing digital
images.

The tasks associated with the analysis of color

and texture characteristics in kernel images

One of the relevant problems in the analysis of digital
images of grains is related to classification. The particular
tasks of classification may be different. For example, it is
necessary to classify grains according to their color and
surface texture into several different genotypes (Pourreza
et al., 2012; Olgun el al., 2016). Frequently, the charac-
teristics of size and shape are added to the color and
texture parameters (Majumdar, Jayas, 2000; Chaugule,
Mali, 2014; Sabanci et al., 2016).

Another tightly associated problem is to assort the
kernels according to color and surface texture (Pearson,
2010); in particular, sorters are designed for mass screen-
ing of a large number of grains to separate the sound
grains from waste and damaged grains. M. Huang et al.
(2015) reviewed the current developments on the seed
quality and safety tests based on image analysis, includ-
ing hyperspectral ones, and Z. Gong et al. (2015) briefly
describe the approaches, engineering included, to the seed
quality inspection.

Sometimes the grains are classified only by their color
(red or white). In particular, M.S. Ram et al. (2002) used
spectrophotometer and spectrometer to design a proce-
dure for determining the color of kernel shell in red and
white wheats. T.N. McCaig et al. (1993) classified the
wheat into red-grained and white-grained cultivars using
the spectrophotometry data for 262 genotypes of both
soft and hard wheats. Analysis of the color characteristics
also makes it possible to identify the kernels affected by
pathogens (Ahmad, 1999; Goriewa-Duba et al., 2018) or
mechanically damaged (Delwiche et al., 2013). Note that
machine learning and artificial intelligence techniques
are also frequently used along with the image analysis
in solving the relevant problems (Patricio, Rieder, 2018);
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however, the description of these methods is beyond the
area of our review.

Color coding systems

The color of the surface is a characteristic of its spectral
reflectivity, which is determined by many factors, such
as absorption of radiation of a light source at different
wavelengths, its reflection, and scattering (Forsyth, Pons,
2004). Spectrometers give the fullest estimate of the re-
flection and absorption characteristics in different ranges
of wavelengths. As for the most of the digital cameras,
their sensors respond to reflected radiation in the visible
wavelength range (400—780 nm). Note that the color
perception by the human eye has its specific features
associated with its structure: there is no one-to-one cor-
respondence between the surface color perception by the
eye and the spectral characteristics of this surface; for
example, the same shade of gray can be reproduced by
the reflected radiation with completely different intensi-
ties for different wavelengths.

When studying the human perception, it was found out
that three main colors — red, green, and blue — are suffi-
cient to get the overall set of colors perceived by humans
by mixing them in different proportions (Forsyth, Pons,
2004). This inference is confirmed by the structure of
the human eye itself since the eye retina comprises three
types of receptors (retinal cones) responsible for color
vision.

Different models (color spaces) have been elaborated
to digitally represent colors. Color model specifies the
system of coordinates that unambiguously determines
colors. Several different color models have been deve-
loped to provide the best method of color description
for TV, photo, video, and color printing. The following
systems are most frequently used when analyzing digital
images of plants.

The RGB color model is the most well known color
space, encoding a broad array of colors by relative in-
tensities of its three components: red (R), green (G), and
blue (B). These components are described by integers,
most frequently from 0 to 256. The higher the values,
the higher is the intensity of color (luminance). The co-
lors with equal values of the components are the shades
of gray. This representation is used mainly in computer
screens and digital cameras.

The HSV (HSB) model is a color space also using three
color components, proposed in the mid-1970s. The hue
component (H) varies from 0 to 360; the values close to 0
and 360 correspond to red; close to 60, to yellow; 120, to
green; 180, to cyan; 240, to blue; and 300, to magenta.
Saturation (S) is the larger, the more saturated is the color
tone, while small values of this parameter correspond to
the shades of gray. Brightness (value, B/V) takes on the
smaller values for the dark colors and larger, for bright

BaBunosckuii xKypHan reHeTuku u cenekuum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 4



E.l. Kombiwes, M.A. leHaeB
[0.A. AboHHMKOB

ones. One of the shortcomings of the HSV and RGB
consists in that the number of saturation and color tint
levels perceptible to eye in these spaces decreases when
brightness approaches zero.

The CIE L*a*b* space, proposed in 1976 by the
International Commission on Illumination (CIE), was
designed to approximate the human vision and to provide
perceptual uniformity. Similar to HSV, the brightness
component in CIE L*a*b* (L* component) is separated
from the chromatic component of color (Pathare et al.,
2013) and is an approximate estimate of brightness. The
a* parameter takes on the positive values for reddish tints
and negative values for greenish ones; the b* parameter
is positive for the yellowish tints and negative for the
bluish ones. This color model is widely used in software
solutions for image processing and color correction. The
CIE L*a*b* space is used for assessing the color charac-
teristics in spectrophotometers.

The characteristics of other color spaces with their de-
scription are available in specialized literature on image
analysis (Fisenko V.T., Fisenko T.Yu., 2008; Domasev,
Gnatyuk, 2009). The components of the same color in
different systems are linked by transformation rules, so
that knowing the values of the chromatic components
for a color tint in one space, the corresponding values
for another space are obtainable. For example, the values
for the RGB components make it possible to compute
the values for the HSV components and vice versa. This
allows the color representation for a particular image to
be selected depending on the particular task.

When solving a problem of machine vision and analysis
of chromatic characteristics, the HSV and L*a*b* color
models are of the principal interest since these systems
represent colors in the same terms as a human does when
describing a color, namely, hue, saturation, and bright-
ness (lightness).

Analysis of color characteristics of kernels
The images used for analyzing kernels are as a rule cap-
tured by digital cameras in the RGB space shot under
laboratory conditions using a controlled illumination.
The kernels in images are typically placed onto a contrast
background at a distance from one another (Sabanci et al.,
2017; Goriewa-Duba et al., 2018). This protocol makes it
possible to analyze not only the color and surface texture
characteristics, but also the kernel shape and size. More-
over, bulk specimens are used in some studies (Pourreza
etal.,2012; Olgun et al., 2016) in which the kernels lie in
a dense grain touching one another. As a rule, the textural
and chromatic characteristics of the bulk specimen are
assessed in this approach rather than individual kernels.
In the case the individual kernels are analyzed, first,
their local images are isolated in the integral image.
For this purpose, the images are preprocessed (using
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despeckle and removal of noise and foreign objects) and
segmented to identify the regions of the image that cor-
respond to individual kernels. Then, the quantitative traits
available from images are extracted from these regions.
Note that it is rather difficult to control the illumination
conditions, especially when the images are captured
outside laboratory (Berry et al., 2018). Correspondingly,
color correction procedure using color patterns (a set of
cards with cells of specified standard colors) is helpful
(Berry et al., 2018; Genaev et al., 2019; Alemu et al.,
2020).

In an image, the regions corresponding to individual
kernels comprise hundred of pixels, each displaying its
own color characteristics in a selected color space (for
example, three values of the R, G, and B components).
That is why statistical characteristics of color components
are most frequently used for description of the color of
these objects. First and foremost, the histograms of pixel
distribution according to the intensity of each color com-
ponent independently of the other components and the
location of pixels in the image are computed. The histo-
grams are used to calculate the other parameters, such as
the mean value, variance, asymmetry, and the kurtosis of
pixel intensities for each color component (Ahmad et al.,
1999; Majumdar, Jayas, 2000). These values are further
utilized to describe the color properties of kernels.

In particular, T. Pearson and D. Brabec (2008) de-
veloped a system of machine vision for an automated
estimation and sorting of the kernels of wheat and other
cereals in a real-time mode. The images with a resolution
of 640 x 480 pixels were captured with a digital camera
and transferred to a PC, which, after classification, output
a signal to an air valve to correspondingly sort the kernels.
The intensity histograms as well as the mean and stan-
dard deviations of the RGB channel intensities (in total,
198 characteristics for each kernel) were used for clas-
sification by linear discriminant analysis. The accuracy
of the system when classifying red and white kernels of
hard wheat was 94 to 99 % depending on the wheat cul-
tivar, feeding rate, and number of classification characte-
ristics.

N.S. Visen et al. (2002) compared the accuracy of
different architectures of simple and specialist neural
networks in the classification of cereals. Morphological
and chromatic characteristics of wheat, barley, oat, and
rye kernels calculated using color images captured with
a CCD camera were used as the input data. The gray
features: mean, median, mode, and standard deviation
of gray-level values of the objects in the image — were
extracted and used as the input data. The best mean clas-
sification accuracy of 98 % was obtained using specialist
probabilistic neural networks.

K. Goriewa-Duba et al. (2018) used the digital images
of the kernels of six wheat species acquired with a flatbed
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CCD scanner to analyze the shape and color. They as-
sessed the effect of grain colonization by endophytic fungi
on the color of the seed coat as well as estimated the wheat
subspecies with a high genetic variation. The images were
analyzed using the ImageJ software to assess the shape
characteristics, such as area, perimeter, Feret diameter,
circularity, aspect ratio, roundness, and solidity. The color
descriptors included the mean values for the RGB, HSI,
and L*a*b* channels. The principal component analysis
of the kernels with different genotypes has shown that
their color characteristics significantly contribute to the
first variance component and are among the most impor-
tant when classifying wheats into different genotypes.

A. Alemu et al. (2020) analyzed the genome-wide
associations of nucleotide substitutions (GWAS) in the
population of 192 hard wheat (7riticum durum) genotypes
from Ethiopia with grain shape and color traits. Grain
length and width were used to describe the kernel shape
and the mean values of the L*a*b* components to de-
scribe the color. In total, 11 quantitative trait loci (QTLs)
were detected for the color characteristics; the locus for
the a* component resides on chromosome 2A; five loci
for the b* component, on chromosomes 1B, 3A, 4B, 5A,
and 7B; and five for the L* component, on chromosomes
1A, 2A, 7A, and 7B.

Characteristics of the image texture used

when analyzing kernels

Another characteristic of the surface is its texture, which
is the image component that reflects the visual properties
of these surfaces or objects (bumpiness and the presence
of regular patterns). The concept of texture is difficult to
formalize since it to a considerable degree depends on the
scale and has not any limitations on the basis of which
it is formed. A leaf in an image is an object and the foli-
age is a texture. It is possible to separate simple textures
that are formed of ordered patterns or textons (Forsyth,
Pons, 2004). A distinctive feature of a simple texture is its
regularity and repeated or partially reproduced elements
on a certain surface or object. Other textures may have a
considerably more complex structure.

The approaches more intricate as compared with the
color analysis are used to describe textures since the
texture is characterized by mutual spatial arrangement
of pixels with different intensities of their color com-
ponents. Both the color and texture characteristics can
be determined utilizing statistical methods to assess the
parameters of the histograms of the initial image, such
as, the mean, variance, asymmetry, and kurtosis. For
simplicity, the images are described in the gray scale, i.¢.,
the description is reduced from pixel color characteris-
tics (three components) to its total intensity alone (one
component, /(x, ), where x and y are the coordinates of
pixel). The gray level co-occurrence matrix (GLCM) is
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used for this purpose (Supplementary Materials, Table 1,
Eq. (1))!, which is a second order histogram (Haralick
etal., 1973). The second order means that the matrix de-
scribes the distribution of intensities for the pairs of pixels
of'an image with specific values. Thus, the combinations
of intensities for these pairs are taken into account. See
V.G. Astafurov et al. (2014) for an example of compu-
tation of a GLCM. The GLCM is then used to extract
the statistics for the distribution of its elements, such as
uniformity, homogeneity, moments of inertia, correlation,
different mean values, variance, and entropy (see Supple-
mentary Materials, Table 2) (Majumdar, Jayas, 1999).

The gray level run length matrix (GLRM; see Supple-
mentary Materials, Table 1, Eq. (2)) is constructed based
on the information about the run length of the pixels with
equal intensity (Galloway, 1975). These run lengths can
be specified by different levels of intensities and the tra-
versal direction from one pixel to another. GLRM allows
for computation of the statistics, such as inhomogeneity
of gray level, inhomogeneity of run lengths, coefficient of
runs, entropy, inverse moment of short runs, moment of
long runs, and other characteristics (Haralick et al., 1979).

The third approach relies on the model-based inter-
pretation of texture, for example, a method based on
autoregressive model parameters in which the intensity
of a pixel is predicted as the weighted sum of four in-
tensities of the neighboring pixels (Szczypinski et al.,
2015). Several methods for texture description utilize
Fourier, Gabor, or wavelet transform to characterize the
spatial arrangement of the pixels of different intensities
in the image from its frequency characteristic or wavelet
components (Szczypinski et al., 2009). In general, the
above briefed characteristics make it possible to form
over a hundred of digital traits of image textures. As
a rule, only part of these characteristics is used in the
relevant literature.

An example of the use of texture characteristics in
kernel analysis is the study by A. Pourreza et al. (2012).
Images of nine wheat cultivars in a container illuminated
with a fluorescent lamp were analyzed. The matrices
(GLCM and GLRM) were computed for the gray scale
images. Three additional characteristics were used; these
characteristics are determined by the difference between
the intensity of the central pixel from the intensities of the
neighboring pixels in a 3 x 3 matrix. The local similarity
patterns (LSPs; see Supplementary Materials, Table 1,
Eq. (3)) are calculated from the difference in the intensi-
ties between the central and neighboring pixels. If the
difference is below the SRR threshold, the LSP of the
neighboring pixel is set equal to unity; otherwise, zero.
A clockwise traversal of eight pixels gives a vector of
zeros and unities, which characterizes the correspondence

T Supplementary Materials are available in
https://vavilov.elpub.ru/jour/manager/files/SupplKomyshev_engl.pdf
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of the intensity of the central pixel and all its neighbors.
Another parameter in this work is local binary patterns
(LBPs; see Supplementary Materials, Table 1, Eq. (4)),
which were computed taking into account the weight coef-
ficients of the neighboring pixels multiplied by LSP vector
components. Finally, one more texture characteristics was
the local similarity number (LSN; see Supplementary
Materials, Table 1, Eq. (5)), which is the number of pixels
with an intensity similar to that of the central pixel in the
square of N xN.

Then, different statistics were calculated for the above
textural features (mean, standard deviation, entropy, etc.;
in total, 131 features). Some of them were based on the
histogram gray level quantification (25 histogram bands).
As was demonstrated, the textural features were most
effective in classifying the cultivars as compared with
the other characteristics. Six of the nine cultivars were
identified with a 100 % accuracy; two of the remained
cultivars were identified with 96 % accuracy. The use
of the characteristics obtained from the LBP, LSP, and
LSN matrices improved the classification accuracy as
compared with the earlier studies. In total, 54 % of the 50
main textural features were selected from LBP, LSP, and
LSN groups. The authors also conclude that the charac-
teristics of feature distribution considerably contributed
to identification of wheat cultivars.

K. Sabanci et al. (2017) describes a machine vision
system for distinguishing of kernels between the durum
and bread wheats. The used visual characteristics include
size (length, width, perimeter, and area), color (R, G, and
B), and texture (contrast, correlation, energy, homoge-
neity, and entropy); in addition, nine characteristics were
calculated from the main ones. In tests, the simplified
classifier identifies the grain type with an accuracy of
99.46 % and sorts the wheat kernels with an accuracy of
100 %. For training and verification, images of 200 wheat
kernels (100 of bread wheat and 100 of durum wheat)
were captured by a high-resolution camera.

Conclusions

Spectrophotometers, spectrometers, and hyperspectral
cameras are efficient and reliable tools for analysis and
estimation of cereal kernels. However, they are expensive,
especially those with a high resolution, both spatial and
spectral. An alternative is digital cameras capturing high-
quality images with a high spatial and color resolution.
Although the precieved spectrum of the currently avail-
able digital cameras is limited, the studies have shown
that they can be effectively used as a reliable and precise
tool for solving manifold applied problems. A high spatial
and color resolution of such cameras makes it possible
to analyze the textural characteristics of cereal kernels in
detail. The textural characteristics are supplemented with
color characteristics represented in different color models.
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Thus, the use of color and textural characteristics in
the analysis of digital images of cereal kernels allow
for an efficient resolution of several important problems
in their classification, sorting, and identification of di-
seases.

References

Adzhieva V.F., Babak O.G., Shoeva O.Yu., Kilchevsky A.V., Khlest-
kina E.K. Molecular-genetic mechanisms underlying fruit and
seed coloration in plants. Vavilovskii Zhurnal Genetiki i Selek-
tsii = Vavilov Journal of Genetics and Breeding. 2015;19(5):
561-573. DOI 10.18699/VJ15.073. (in Russian)

Ahmad I.S., Reid J.F., Paulsen M.R., Sinclair J.B. Color classifier
for symptomatic soybean seeds using image processing. Plant
Dis. 1999;83(4):320-327. DOI 10.1094/PDIS.1999.83.4.320.

Alemu A., Feyissa T., Tuberosa R., Maccaferri M., Sciara G.,
Letta T., Abeyo B. Genome-wide association mapping for grain
shape and color traits in Ethiopian durum wheat (Triticum turgi-
dum ssp. durum). Crop. J. 2020. DOI 10.1016/j.¢j.2020.01.001.

Astafurov V.G., Evsyutkin T.V., Kuriyanovich K.V., Skorokho-
dov A.V. Statistical model of cirrus cloud textural features based
on MODIS satellite images. Optika Atmosphery i Okeana = At-
mospheric and Oceanic Optics. 2014;27(07):640-646. (in Rus-
sian)

Berry J.C., Fahlgren N., Pokorny A.A., Bart R.S., Veley K.M.
An automated, high-throughput method for standardizing image
color profiles to improve image-based plant phenotyping. Peer.J.
2018;6:5727. DOI 10.7717/peerj.5727.

Black C.K., Panozzo J.F. Accurate technique for measuring color
values of grain and grain products using a visible-NIR instru-
ment. Cereal Chem.2004;81(4):469-474. DOI 10.1094/CCHEM.
2004.81.4.469.

Chaugule A., Mali S.N. Evaluation of texture and shape features
for classification of four paddy varieties. J. Engineer. 2014. DOI
10.1155/2014/617263.

Corréa R.C.G., Garcia J.A.A., Correa V.G., Vieira T.F., Bracht A.,
Peralta R.M. Pigments and vitamins from plants as functional
ingredients: Current trends and perspectives. Adv. Food Nutr.
Res. 2019; 90:259-303. DOI 10.1016/bs.afnr.2019.02.003.

Delwiche S.R., Yang I.C., Graybosch R.A. Multiple view image
analysis of freefalling US wheat grains for damage assessment.
Comput. Electron. Agr. 2013;98:62-73. DOI 10.1016/j.compag.
2013.07.002.

Domasev M.V., Gnatyk S.P. Color, Color Management, Color Cal-
culations and Measurements. St. Petersburg: Piter Publ., 2009.
(in Russian)

Dorofeev V.F., Filatenko A.A., Migushova E.F., Udachin R.A.,
Yakubtsiner M.M. The Cultural Flora of the USSR. Vol. 1.
Wheat. Leningrad: Kolos Publ., 1979. (in Russian)

Draz 1.S., El-Gremi S.M., Youssef W.A. Response of Egyptian
wheat cultivars to kernel black point disease alongside grain
yield. Pak. J. Phytopathol. 2016;28(1):15-17.

ElMasry G., Mandour N., Al-Rejaie S., Belin E., Rousseau D. Re-
cent applications of multispectral imaging in seed phenotyping
and quality monitoring —An overview. Sensors. 2019;19(5):1090.
DOI 10.3390/s19051090.

Fakthongphan J., Graybosch R.A., Baenziger P.S. Combining abili-
ty for tolerance to pre-harvest sprouting in common wheat (7riti-
cum aestivum L.). Crop Sci. 2016;56(3):1025-1035. DOI 10.2135/
cropsci 2015.08.0490.

345



E.G. Komyshev, M.A. Genaev
D.A. Afonnikov

Fisenko V.T., Fisenko T.Yu. Computer Processing and Image Re-
cognition: Tutorial. St. Petersburg, 2008. (in Russian)

Flintham J., Adlam R., Bassoi M., Holdsworth M., Gale M. Map-
ping genes for resistance to sprouting damage in wheat. Euphyti-
ca.2002;126:39-45. DOT 10.1023/A:1019632008244.

Forsyth D., Ponce J. Computer Vision: A Modern Approach. Pren-
tice Hall, 2003. (Russ. ed. Forsayt D., Pons Zh. Komp’yuternoe
Zrenie. Sovremennyy Podkhod. Moscow: Williams, 2004.)

Galloway M.M. Texture analysis using grey level run lengths.
Comput. Graphics Image Process. 1975;4:172-179.

Garg M., Chawla M., Chunduri V., Kumar R., Sharma S., Shar-
ma N.K., Kaur N., Kumar A., Mundey J.K., Saini M.K.,
Singh S.P. Transfer of grain colors to elite wheat cultivars and
their characterization. J. Cereal Sci. 2016;71:138-144. DOI
10.1016/j.jcs.2016.08.004.

Genaev M.A., Komyshev E.G., Smirnov N.V.; Kruchinina Y.V,
Goncharov N.P., Afonnikov D.A. Morphometry of the wheat
spike by analyzing 2D images. Agronomy. 2019;9(7):390.

Glagoleva A.Y., Shmakov N.A., Shoeva O.Y., Vasiliev G.V., Shats-
kaya N.V., Borner A., Afonnikov D.A., Khlestkina E.K. Pleio-
tropic effect of barley Blp locus: metabolic pathways and genes
identified by RNA-seq analysis of near-isogenic lines. BMC
Plant Biol. 2017;17(Suppl.1):182. DOI 10.1186/s12870-017-
1124-1.

Gong Z., Cheng F., Cheng F., Liu Z., Yang X., Zhai B., You Z.
Recent developments of seeds quality inspection and grading
based on machine vision. ASABE Annual International Meet-
ing. 2015;1. DOT 10.13031/aim.20152188378.

Goriewa-Duba K., Duba A., Wachowska U., Wiwart M. An evalu-
ation of the variation in the morphometric parameters of grain
of six Triticum species with the use of digital image analysis.
Agronomy. 2018;8(12):296. DOI 10.3390/agronomy8120296.

Haralick R.M. Statistical and structural approaches to texture. Proc.
IEEE. 1979;67(5):786-804.

Haralick R.M., Shanmugam K., Dinstein [.H. Textural features for
image classification. /EEE Trans. Syst. Man Cybern. 1973;6:
610-621.

Huang M., Wang Q.G., Zhu Q.B., Qin J.W., Huang G. Review of
seed quality and safety tests using optical sensing technologies.
Seed Sci. Technol. 2015;43(3):337-366.

Khlestkina E.K. Genes determining coloration of different organs
in wheat. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Jour-
nal of Genetics and Breeding. 2014;16(1):202-216. (in Russian)

Khlestkina E.K., Pshenichnikova T.A., Usenko N.I., Otmakho-
va Yu.S. Promising opportunities of using molecular genetic
approaches for managing wheat grain technological proper-
ties in the context of the “grain—flour—bread” chain. Russ J.
Genet.: Appl. Res. 2017;7(4):459-476. DOI 10.1134/S20790597
17040037.

Kornicke F., Werner H. Die Arten und Varietiten des Getreides. In:
Handbuch des Getreidebaus. Vol. 1. Berlin, 1885.

Krupnov V.A., Antonov G.Yu., Druzhin A.E., Krupnova O.V. Pre-
harvest sprouting resistance in spring bread wheat carrying chro-
mosome 6A4gi(6D) from Agropyron intermedium. Vavilovskii
Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and
Breeding. 2012;16(2):444-450. (in Russian)

Lachman J., Martinek P., Kotikova Z., Orsdk M., Sulc M. Genetics
and chemistry of pigments in wheat grain — A review. J. Cereal
Sci. 2017;74:145-154. DOT 10.1016/j.jcs.2017.02.007.

346

Analysis of color and texture characteristics
of cereals on digital images

Machalkova L., JaneCkova M., Hiivna L., Dostalova Y., Hernan-
dez J., Mrkvicova E., Vyhnanek T., Trojan V. Impact of added
colored wheat bran on bread quality. Acta Univ. Agric. Silvic.
2017;65(1):99-104. DOT 10.11118/actaun201765010099.

Majumdar S., Jayas D.S. Classification of bulk samples of cereal
grains using machine vision. J. Agric. Eng. Res. 1999;73(1):35-
47. DOI 10.1006/jaer.1998.0388.

Majumdar S., Jayas D.S. Classification of cereal grains using ma-
chine vision: IV. Combined morphology, color, and texture mo-
dels. Trans. ASAE. 2000;43(6):1689. DOI 10.13031/2013.3069.

McCaig T.N., DePauw R.M., Williams P.C. Assessing seed-coat
color in a wheat breeding program with a NIR/VIS instrument.
Can. J. Plant Sci. 1993;73(2):535-539. DOI 10.4141/cjps93-073.

McMullen M., Jones R., Gallenberg D. Scab of wheat and barley:
a re-emerging disease of devastating impact. Plant Dis. 1997;
81(12):1340-1348. DOI 10.1094/PDIS.1997.81.12.1340.

Olgun M., Onarcan A.O., Ozkan K., Isik S., Sezer O., Ozgisi K.,
Ayter N.G., Basgiftei Z.B., Ardi¢ M., Koyuncu O. Wheat grain
classification by using dense SIFT features with SVM classi-
fier. Comput. Electron. Agric. 2016;122:185-190. DOI 10.1016/
j.compag.2016.01.033.

Pathare P.B., Opara U.L., Al-Said F.A.J. Colour measurement and
analysis in fresh and processed foods: A review. Food Bio-
process Technol. 2013;6(1):36-60. DOI 10.1007/s11947-012-
0867-9.

Patricio D.I., Rieder R. Computer vision and artificial intelli-
gence in precision agriculture for grain crops: A systematic re-
view. Comput. Electron. Agric. 2018;153:69-81. DOI 10.1016/
j-compag.2018.08.001.

Pearson T. High-speed sorting of grains by color and surface tex-
ture. Appl. Eng. Agric. 2010;26(3):499-505. DOI 10.13031/
2013.29948.

Pearson T., Brabec D., Haley S. Color image based sorter for sepa-
rating red and white wheat. Sens. Instrum. Food Qual. Saf. 2008;
2(4):280-288. DOI 10.1007/511694-008-9062-0.

Pourreza A., Pourreza H.R., Abbaspour-Fard M.H., Sadrnia H.
Identification of nine Iranian wheat seed varieties by textural
analysis with image processing. Comput. Electron. Agric. 2012;
83:102-108. DOI 10.1016/j.compag.2012.02.005.

Ram M.S., Dowell F.E., Seitz L., Lookhart G. Development of
standard procedures for a simple, rapid test to determine wheat
color class. Cereal Chem. 2002;79(2):230-237. DOI 10.1094/
CCHEM.2002.79.2.230.

Sabanci K., Ekinci S., Karahan A.M., Aydin C. Weight estimation
of wheat by using image processing techniques. J. Image Graph.
2016;4(1):51-54. DOI 10.18178/joig.4.1.51-54.

Sabanci K., Toktas A., Kayabasi A. Grain classifier with computer
vision using adaptive neuro-fuzzy inference system. J. Sci. Food
Agric. 2017;97(12):3994-4000. DOI 10.1002/jsfa.8264.

Septiningsih E.M., Prasetiyono J., Lubis E., Tai T.H., Tjubaryat T.,
Moeljopawiro S., McCouch S.R. Identification of quantitative
trait loci for yield and yield components in an advanced back-
cross population derived from the Oryza sativa variety IR64 and
the wild relative O. rufipogon. Theor. Appl. Genet. 2003;107(8):
1419-1432. DOI 10.1007/s00122-003-1373-2.

Shen Y., Jin L., Xiao P., Lu Y., Bao J. Total phenolics, flavonoids,
antioxidant capacity in rice grain and their relations to grain
color, size and weight. J. Cereal Sci. 2009;49(1):106-111. DOI
10.1016/j.jes. 2008.07.010.

BaBunosckuii xKypHan reHeTuku u cenekuum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 4



E.l. Kombiwes, M.A. leHaeB
[0.A. AboHHMKOB

Shoeva O.Yu., Strygina K.V., Khlestkina E.K. Genes determin-
ing the synthesis of flavonoid and melanin pigments in barley.

Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of

Genetics and Breeding. 2018;22(3):333-342. DOI 10.18699/
VJ18.369. (in Russian)

Souza F.H., Marcos-Filho J.U.L.1.O. The seed coat as a modulator of
seed-environment relationships in Fabaceae. Braz. J. Bot. 2001;
24(4):365-375. DOI 10.1590/S0100-84042001000400002.

Szczypinski P.M., Klepaczko A., Zapotoczny P. Identifying barley
varieties by computer vision. Comput. Electron. Agric. 2015;
110:1-8. DOI 10.1016/j.compag.2014.09.016.

ORCIDID
D.A. Afonnikov orcid.org/0000-0001-9738-1409

AHanu3 LBETOBbIX 1 TEKCTYPHDBIX XapaKTepUCTUK
3epeH 3/1aKOB Ha LUPOBbIX N300paKEHNAX

2020
244

Szczypinski P.M., Strzelecki M., Materka A., Klepaczko A.
MaZda — a software package for image texture analysis. Com-
put. Methods Prog. Biomed. 2009;94(1):66-76. DOI 10.1016/
j.cmpb.2008.08.005.

Visen N.S., Paliwal J., Jayas D.S., White N.D.G. Ae — automation
and emerging technologies: specialist neural networks for ce-
real grain classification. Biosyst. Eng. 2002;82(2):151-159. DOI
10.1006/bioe.2002.0064.

Zili¢ S., Serpen A., Akillioglu G., Gokmen V., Vancetovi¢ J. Phe-
nolic compounds, carotenoids, anthocyanins, and antioxidant
capacity of colored maize (Zea mays L.) kernels. J. Agric. Food
Chem. 2012;60(5):1224-1231. DOI 10.1021/j204367z.

Acknowledgements. The work was funded by the Kurchatov Genomic Center of the Institute of Cytology and Genetics of Siberian Branch of the Russian
Academy of Sciences (Novosibirsk, Russia) according to the agreement with the Ministry of Education and Science RF, No. 075-15-2019-1662.

Conflict of interest. The authors declare no conflict of interest.

Received December 27, 2019. Revised April 03, 2020. Accepted April 07, 2020.

AKTYANbHbIE TEXHONOT UMW FEHETUKN PACTEHUIA / MAINSTREAM TECHNOLOGIES IN PLANT GENETICS

347



AKTYAJIbHbIE TEXHOJIOT MW TEHETUKN PACTEHUIA BaBrnoBcKUM XXypHan reHeTUKMN 1 cenekumm. 2020;24(4):348-355

0630p / Review DOI 10.18699/VJ20.627

NGS-cekBeHIpOBaHMe B CeJIeKIIMIOHHO-TeHeTUMYeCKNX
VICC/IeJOBAHMSIX TUMEHS]
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AHHoTayua. AumeHb (Hordeum vulgare L.) — opuH 13 BaKHENLIMX BUAOB 3/1aKOBbIX PacTeHUI, NCMOMb3yemblX B Ka-
yecTBe MPOAOBONbLCTBEHHOW M KOPMOBOW KySbTypbl, @ Takke Aj1A NMBOBapeHUsa 1 Npou3BoACTBa cnvpTa. B KoHue
NPOLLIOro CTONETUA K TPAANLMOHHBIM MeTofjaM Cenekummn NprbaBunncb MeToAbl, OCHOBaHHbIe Ha NprMeHeHnn JHK-
MapKepoB. MoneKkynapHble MapKepbl TakXKe akTVBHO BOBNEKAIOTCA B NMPOLLECCHl MONEKYNAPHO-TEHETUYECKOTO Kap-
TUpoBaHus 1 aHanm3a QTL (quantitative trait loci). B 2012 r. 6bin10 3aBepLIeHO CEKBEHMPOBAHWE reHOMa SIUMEHS, YTO
BbISBWMO LieNbI CMEKTP HOBbIX BO3MOXHOCTeW — OT 6onee 3pPEeKTUBHOIrO NOUCKA reHOB-KaHAMAATOB XO35NCTBEHHO
LieHHbIX NMPU3HAKOB 10 FeHOMHO cenekuum. B 063ope 0606LeHbl pe3ynbTaTthl paboT neproga nocsie CEKBEHMPOBaHMA
reHoMa AYMEeHs, OTKPbIBLLIErO HOBbIe HaMNpPaBieHNA FTeHETUKM 1 CeNeKLUN STOW KyNbTypbl C TPUMEHEHNeM BbICOKOMPO-
N3BOAMTENbHbIX METOJOB CEKBEHUPOBAHWUA Y TeHOTUNMPOBaHWA. B paccmaTpuBaembli nepnog BeayTca NHTEHCMBHbIE
NCCnefoBaHna No naeHTnMKaLmMm reHOMHbIX JTIOKYCOB AUYMEHS, aCCOLMMPOBAHHbBIX C XO3ANCTBEHHO Li@HHbIMK Npu-
3HaKaMu, NOABUANCH 1 NOMOJTHAIOTCA Pecypcbl ANiA PaboTbl C FeHOMHbIMY AaHHbIMY AYMEHSA W ANA NX LEMNOHNPOBaHNA.
B nocnepHwme roabl AnA MaccoBOro novcka accoumaumnin mexagy G¢eHoTinom 1 reHoTUNom nucnonbayertca aHann3 GWAS
(genome wide association studies), LuMpokoe NprMeHeHne KOTOPOro Ha AYMEHE CTano BO3MOXHbIM ¢ 2010 r. 6naroga-
pA pa3paboTtaHHbIM SNP-uMnam, a Takke MeToiaM reHOTUNMPOBAHUA, OCHOBaHHbIM Ha NpsAMoM NGS-ceKBeHUpoBaHWUN
(next generation sequencing) BbI6opouHbIX dpakuuii reHoMa. K HacToswwemy BpemeHn onybnukosaHo 6onee 80 pa-
60T, onucbiBaoLWmx pesynbTaTtel GWAS-aHanu3a Ha aumeHe. oeHTudumkaums SNP, accoLUMMPOBaHHbIX C XO3ANCTBEH-
HO LIEHHbIMW NPU3HaKaMK, U UX NpeobpasoBaHve B yAoOHble ANA CKPUHUHIA cenekurMoHHoro matepuana CAPS nnn
KASP-mapKepbl CyLeCTBEHHO pacMpPAT BO3MOXHOCTM MapKep-OpUEeHTUPOBAHHON cenekunn aumeHs. Kpome Toro,
nmetoLanca nHdopmMaLma o NoTEHUMaNbHbIX reHaX-MULLEHAX 1 KaYeCTBO NOIHOreHOMHOW NocnefoBaTelbHOCTU AY-
MEHS NPefCTaBAT OCTaTOYHYO 6a3y ANiA NPUMEHEHNA TEXHONIOMNII TEHOMHOTO PefaKTUPOBAHUA C LieNblo CO3AaHNA
VNCXOQHOTrO MaTepuana Ana cenekumnm CoOpToB € 3ajaHHbIMMN CBONCTBaAMMU.

KnioueBble cnosa: Hordeum vulgare; SNP; aumeHb; reHOM; CEKBEHVPOBaHWE; BbICOKOMPOW3BOAUTENIbHOE FTeHOTUMNPO-
BaHMe; reHOMHOe pefakT/poBaHue.

[na untuposaHuA: PozaHoBa V.B., XnectkrHa E.K. NGS-cekBeHMpoOBaHIe B CENEKLNOHHO-TEHETUYECKIX NCCNefoBaHNAX
AuMeHsA. Basunosckuli XypHan 2eHemuku u cenekyuu. 2020;24(4):348-355. DOI 10.18699/VJ20.627

NGS sequencing in barley breeding and genetic studies
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Abstract. Barley (Hordeum vulgare L.) is the one of the most important cereal species used as food and feed crops,
as well as for malting and alcohol production. At the end of the last century, traditional breeding techniques were
complemented by the use of DNA markers. Molecular markers have also been used extensively for molecular genetic
mapping and QTL analysis. In 2012, the barley genome sequencing was completed, which provided a broad range of
new opportunities — from a more efficient search for candidate genes controlling economically important traits to ge-
nomic selection. The review summarizes the results of the studies performed after barley genome sequencing, which
discovered new areas of barley genetics and breeding with high throughput screening and genotyping methods. Dur-
ing this period, intensive studies aimed at identification of barley genomic loci associated with economically important
traits have been carried out; online databases and tools for working with barley genomic data and their deposition
have appeared and are being replenished. In recent years, GWAS analysis has been used for large-scale phenotype-
genotype association studies, which has been widely used in barley since 2010 due to the developed SNP-arrays,
as well as genotyping methods based on direct NGS sequencing of selected fractions of the genome. To date, more
than 80 papers have been published that describe the results of the GWAS analysis in barley. SNP identification associ-
ated with economically important traits and their transformation into CAPS or KASP markers convenient for screening
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NGS-ceKkBeHMpPOBaHVe B CeNeKLMOHHO-TEHETUYECKINX
NCCNefOBaHNAX AUMEHSA

selection material significantly expands the possibilities of marker-assisted selection of barley. In addition, the currently
available information on potential target genes and the quality of the whole barley genome sequence provides a good
base for applying genome editing technologies to create material for the creation of varieties with desired properties.
Key words: Hordeum vulgare; SNP; barley; genome; sequencing; throughput genotyping; genomic editing.
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BBepeHune

Samens (Hordeum vulgare L.) — onmHa U3 BaKHEHUIINX CEIb-
CKOXO3SHCTBEHHBIX KYJBTYp, 3aHUMAIOIIAsl MSITOE MECTO B
MHpE I0CJIE MIIEHUIBI, KYKYpYy3bl, pUca U COH IO IIJIOLIA-
1 moceBoB (47 mutH ra), cormacHo maHHbM 2017 T (http://
www.fao.org/faostat/ru/). 3epHO SUMEHS UIET B OCHOBHOM
Ha KOPMOIIPOU3BOJICTBO ([0 IBYX TPETeH OT BCEro ypoxkas),
MTUBOBAPEHHYIO TPOMBIIUIEHHOCT U IPOU3BOJICTBO CITUPTA
(OKOJIO O/IHOW TPETH) M JIMIIb HEOOJBIION MPOIEHT MPUXO-
JIITCSL HA JIOJIO TPOIOBOJILCTBEHHOTIO, T.€. MPUMEHIEMOTr0
JUTA TTATIH 9enoBeka (B Poccmiickoit denepanny, Mo JaHHBIM
2017 r.,—0.12 %, http://www.fao.org/faostat/ru/). Kpome toro,
OTMCUYCH POCT BHAYUMOCTH AUMCHSA KaK HICTOYHUKA ChIPbA JJIA
MIPOM3BOACTBA KpaxMalia i KpaXMaIoIpOIyKTOB ITUIIEBOTO U
TexHU4Yeckoro HazHaueHus (Blennow et al., 2013).

ITo cpaBHEHUMIO ¢ OCHOBHBIM XJICOHBIM 3JIAKOM — TIIIICHHU-
1eH — TIMEHBb HEPUXOTIINB, JIErde alanTHPyeTCs K HeOaro-
MPUSTHBIM YCJIOBHSIM OKPY’KaroIeH CpeJibl — X0y, 3aCyXe,
Jydllle epeHOCHT 3allle/ladMBaHUe U 3aCOJICHUE MOYBBI, He-
JIOCTATOK IUTATeIHHBIX BEIIECTB B Hell. PanHee co3peBanHme
B COYECTAHHMHU C BBHICOKOH a/IalITUBHOCTHIO MO3BOJIMIIN STIMeE-
HIO KaK CEJIbCKOXO351HCTBEHHOM KyJIbType PaclpOCTPAHUTh-
Csl IO BCEMY MHPY — OT KBAaTOpa 10 CEBEPHBIX U FOKHBIX
mpoT — 6ostee weM B 100 crpanax mupa (http://www.fao.org/
faostat/ru/). baaromapst psity 6HOIOrHYECKHX 0COOCHHOCTEH
STYMEHS (OTHOCHUTENEHO KOPOTKHUU KIU3HEHHBIA UK, CAMO-
OIBIJICHUE, AUTUIOUIHBIA T€HOM) COBPEMEHHBIC MOJICKYJISIp-
HO-I'€HETHYCCKUEC U TCHOMHBIC UCCJICIOBAHUA ITOM KYJIbTYPBbL
MIPOIBUTAIOTCS JUHAMHYHEE, YeM B CIlydae JPyTUX Tpea-
craButeneil Triticeae, B yacTHOCTH NieHUIB! U pxxu (Hayes,
Szucs, 2006; Schulte et al., 2009). BeaencTre 3Toro ssYMeHb
CIIy’)KUT MOJICTBHBIM PACTCHHEM, a MOIyYCHHBIC TaHHBIE O
€ro reHax ¥ TeHOME MCIONB3YIOTCS JUIsl TIPOIOJKEHNS TeHe-
THUYCCKHUX HCCJ’[CI[OBaHPIfI Ha JpYyTrUux Npe€acTaBUTEIIAX TpI/I6I)I
Triticeae.

PaszButue Meto0B NGS-ceKBeHUPOBAHUSI TO3BOJIMIIO MO-
JIYYUTb KaYCCTBCHHBIC ITOJTHOTCHOMHBIC ITOCJIEA0BATCIBHOCTU
MHOTHX BUI0OB pactenuii (bparuna u ap., 2019), Birtodas s4-
meHs (International Barley Genome Sequencing Consortium,
2012) u nmenuny (Appels et al., 2018). CexBenupoBanue
TEHOMOB, a BCJIE]] 32 3TUM CEKBEHUPOBaHHE TPAHCKPHUIITOMOB
1 MukpoPHKoMOB BbIBeIM Ha HOBBIHM ATar UCCIEA0BaHUS O
(hyHKIIMOHMPOBAaHUHM HACIIEACTBEHHOT0 Marepuana. [Tomyya-
eMBbIe CBEICHUSI IPUMEHSIOTCS JJISl MapKeP-KOHTPOIUPYEMO-
T0 0TOOpA B CEJIEKIIMOHHOM IIPOIIECCe, a TAKXKE I pa3padboT-
KU IPUHOUITHAAIBHO HOBBIX TEXHOJIOTUI CO31aHUus UCXOJHO-
TO CENEKIIMOHHOTO MaTepHaa ¢ 3aJaHHBIMU CBOHCTBAMH Ha
OCHOBE T€HOMHOT0 pefakTupoBanus (XuectkuHa, [IlymHBIH,
2016; Korotkova et al., 2019).

Henp HacTOsIIIEr0 0030pa — 0000IIHUTE PE3yIBTaTH TeHE-
THKO-CEJICKIIMOHHBIX Pa00T, 0a3upyIONINXCs Ha TPUMEHEHUN
MeTo10B NGS-CeKBEHHUPOBAHUS.
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CeKBEHMpOBaHI/Ie reHoma AumMmeHA

N ero CTpyKkTypHaa opraHusauuna

Jnist cekBeHnpoBaHus reHoMa stamenst B 2006 1. 6611 chopmu-
poBan MexnyHapoaublii koncopuuym (International Barley
Genome Sequencing Consortium..., 2012), koTopsiii n3Ha-
YaJIbHO BKJIFOYaI B ce0st HCcIIe0BaTeNei U3 BOCbMH HayYHBIX
opranuzanui mectu crpad: ['epmannu, CIIA, ABcTpamuu,
Snounu, @unisaaauu 1 Lotnanauu. [lo3nHee Kk koHCOpLKY-
MY HPUCOEIUHIINCH TPYIIIBI YYeHbIX 13 BenmkoOpurannmy,
W3panns, @panuuu u Utanun.

K 2009 . 6511 coOpaH mepBhIi BAPHAHT MOCIE0BATEIHHO-
CTH TeHOMa sTaMeHst (copT Morex), kKoTopast Obl1a He0OX0IHu-
Ma JUisl JaJIbHEWIIero CeKBEHUPOBAHUSI TEHOMA, HO BMECTE
C TeM OKa3aJlach IOJIC3HOH U MIMPOKOMY KpPYyTY HMCCIIeI0Ba-
TeJeH, HAIleJICHHBIX Ha BBIJICJICHUE OT/CIBHBIX TCHOB, KOH-
TPOJIMPYIOIIMX XO3SHCTBEHHO LieHHbIe npu3Haku (Schulte
et al., 2009). OcHOBY (hM3HIECKON KapThl COCTaBIIN Oojee
83 ThIc. ren-conepkammx BAC-kinoHoB (bacterial artificial
chromosome, 6akTepuanbHBIX HCKYCCTBEHHBIX XPOMOCOM),
KOTOpBIE UCCIEAOBAIICH METOAOM IHOPUAN3AINN C TIPHMe-
HEeHHEeM M30BITOYHBIX 30H10B (MeTox overgo) (Madishetty et
al., 2007). laHHbIE OBUTH TOTYYEHBI C TIOMOIIBIO BEICOKOIIPO-
u3BomUTENRHOTO puHTepnpuHTHHTA (fingerprinting) (Luo et
al., 2003).

B 2012 1. co3nana pedepeHcHas KapTa reHOMa SYMCHS
(International Barley Genome Sequencing Consortium...,
2012). JInst sToro ObUIM CEKBEHUPOBAHBI M MPOAHAIU3UPO-
BaHBI HOCJIe0BaTenbHOCTH 571 ThIC. reH-coaepskamux BAC-
KJIOHOB M3 IIECTH HE3aBHCUMbIX TCHOMHBIX ONOINOTEK.

B nanbHeiinmeM paboThI MO YTOYHEHHUIO MTOJTHOTCHOMHOMN
(buzryeckoil KapThl OBUTM MPOMOJIKEHBI. B yacTHOCTH, HC-
nonp3oBaH Metog MTP (minimum tiling path), ocHOBaHHBIH
Ha IMPUHIMIIE MUHAMAaJIbHOTO KOJIMYECTBA COCTABHBIX YacTei
KapThl PH MAKCUMAaJIbHOU IIOTHOCTH MOKpbITHs (Ariyadasa
etal., 2014). Kpome Toro, pazpaboTaHa yIbTparioTHas TeHE-
THYecKast Kaprta. J[jst 5Toro 66110 MPOBEICHO TEHOTUITHPOBA-
HHE Ha OCHOBE BHICOKOIIPOM3BOIUTEIILHOTO CEKBEHUPOBAHHSI
notomcTBa U3 90 pekoMOHMHAHTHBIX HHOpenHbIX TnHHH (RILS)
ot ckpemuBanust Morex*Barke (M x B) u 82 qurarionaHbx
nuanit (DH) u3 kaprupyromieit nomyssiiuu Oregon Wolfe Bar-
ley (Cistué etal., 2011). CkoHCTpyHpOBaHHBIC TCHETHIECKHE
KapThl ObUTH COOTHECEHBI ¢ (PM3NUECKON KapToit copra Morex,
MOJIYYCHHOM B pe3yibsrare padotsl Koncopimyma (Mascher
et al., 2013). Takum 00pa3oM, TEHETHIECCKHUE JIOKYCHl OBLTH
COIIOCTABJICHBI C TOJIOKEHHEM Ha Qu3ndeckoit kapre. Cym-
MapHasi JUIMHa IIPOYUTAHHOTO ¥ COOPAHHOI'O0 TeHOMA STYMEHI
cocraBmia 4.98 I'6 — 6oxee 95 % reHoma, eciu y4ecTb, 4To,
cornacHo uMmeroumces orenkam, 100 % —sto 5.1 I'6.

[omy4enHsIit MaTepual mo3BoInI co3narh pecypcesl (I1pu-
noxenue 1)!, neHHbIe 11 JanbHEWIINX UCCIIEI0BAHUM, Ha-

1 Mpunoxexuna 11 2 cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2020-24/appx4.pdf
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NPaBJICHHBIX Ha W3y4YeHue (PYyHKIMOHAIBHOM OpraHu3aluu
TeHOB ¥ T€HOMA STYMEHS, ¥ ISl TPUKIIAIHBIX paboT, HalleJIeH-
HBIX Ha BBIBEICHHE HOBBIX YITyUYIICHHBIX COPTOB, B TOM YHCIIE
C IPUMEHEHHEM METOOB CENICKIIUH CIICAYIOLIEr0 OKOJICHUS
(next-generation breeding), a IMEHHO CHICTEM T€HETHIECKOTO
peIaKTHPOBAHMS.

CprKTypHaﬂ opraHmnsaynAa reHoMa AYMeHA

CornacHO pacmpe/esIeHHI0 YHUKAJIbHBIX MOCIEI0BaTEb-
HOCTEH M MMOBTOPOB B XPOMOCOMaxX STYMEHSI, BBIIEIISIOT TPH
30HBL 30Ha | — AHICTaNbHAS — XapaKTePH3YeTCs OOITBIITIM KO-
JMYECTBOM HU3KOKONMMKHBIX 311eMeHToB (low-copy regions,
LCRS), BBICOKMM COJepKAHNEM I'€HOB U BBICOKOHM 4acTOTOH
MeHOTHYeCKNX peKoMOMHanuii. 30Ha 2, 3aHUMAIOMIas Ipo-
MEKYTOUHOE ITOJIOKEHHE Ha XPOMOCOMaxX, 00J1aJaeT cpeHeit
IJIOTHOCTBIO I'€HOB. B TpeTbeil 30He, MpOKCUMabHOM, KOJIU-
4ecTBO reHoB MuHUMabHOe (Mascher et al., 2017).

BeineneHHbIe 30HBI pa3IMYAI0TCs HE TOIBKO 110 KOJIMYECTBY
T'€HOB, HO U I10 UX CHenuain3anuu. Tak, B IPOKCUMAaIbHBIX
(IpUIIEHTPOMEPHBIX) YJacTKaX XPOMOCOM, PACIOJIOKECHBI
IIaBHBIM 00pa30M «T€HBI IOMAIITHEr0 X03IHCTBa» — KOHCEp-
BaTUBHBIC T€HbI, BAYKHBIC ISl KM3HEIESATEIbHOCTH KIIETKH,
MYTAaIlMH 110 KOTOPBIM, KaK IPaBUIIO, JI€TalbHbIe. DTa (pak-
151 TCHOMA HE SIBIISIETCS MAaTepUajIoM JUTsl HICKYCCTBEHHOTO OT-
Oopa. ['eHbl, NOTEHIIMAIBHO UHTEPECHBIE [IS CEJIEKIIMOHEPOB,
HalpyuMep y4acTBYIOMIME B 3AIIUTHOM OTBETE M PEHpPOIYK-
THUBHBIX ITPOLIECCAX, PACIIOIOXKEHBI IIPEUMYILIECTBEHHO B JIUC-
TaJbHBIX palloHaX (KOHIEBBIE yYaCTKH XPOMOCOM), KOTOPBIE,
B IIPOTHBOIIONIOKHOCTh MPOKCUMAIIbHBIM, XapaKTEePU3yIOTCs
BBICOKOH yacToTol pekomOnHanmu (Mascher et al., 2017).

bonbiuas yacte reHOMa paCTEHUH COCTOUT B OCHOBHOM U3
OYEHB MTOXOXKHUX KOMHH MOBTOPSIOUINXCS JIEMEHTOB, TAKUX
kak JIHK-rpancnozonst (MITE, miniature inverted-repeat
transposable elements, CACTA-a51eMeHTBI) U peTpoTpaH-
cro3oubl, BKmrodas LTR (long terminal repeats — perpo-
TPAHCIIO30HBI C JNTMHHBIMH KOHIIEBBIMH 1TOBTOpaMu) 1 LINE
(long interspersed nuclear element — moaTHI C JATMHHBIMA
JUCIEPTUPOBAHHBIMY MOBTOpaMu). B HacTosiee Bpems
CUUTAETCS, YTO ITH JIEMEHTHI UTPAIOT 3HAYUTEIBHYIO POJIb
B (DYHKIIMOHAJIbHOW OpraHn3aliy 1 SBOJIOLUHI FEHOMOB pac-
TeHnit. CpaBHEHHE ¢ OMOIMOTEKOH TIOBTOPOB, CIICIU(UIHON
s Triticeae, BoisiBIITO, 4To 3.7 I'6 (80.8 %) OT cobpanHOTO
reHOMa STYMEHSI OTHOCHUTCSI K MOOMJIBHBIM 3JIEMEHTaM, IpH-
4yeM Tobko 10 % 3THX 21€MEHTOB MOTEHIIMAIBHO AKTUBHBI
(Mascher etal., 2017). I[ToBropst MITEs u LINEs B ocHoBHOM
NIPE/ICTABICHBI B OOraThIX T'€HaMHU AWCTAJbHBIX pailoHax B
30He 1. Jlokamm3armst LTR-peTpoTpaHCo30HOB 3aBUCHT OT UX
tuna: 7y3-Gypsy-peTpoTpaHCIIo30Hb 00HAPYKEHBI B 30HE 3,
torna kak 1y1-Copia npeuMylIeCTBEHHO PacloiaraloTcs B
30Hax 1 u 2.

Jlnst TeHOMa STAMEHST XapaKTepHO paclpe/iesieHne pa3HbIX
MOOHJIBHBIX 3JIEMEHTOB B 3aBUCHMOCTH OT ITOJIOKEHHSI OTHO-
CHUTEJIHO TeHOB. MOOMITbHBIE SJIEMEHTHI HEOOJIBIIIOTO pa3Me-
pa (Hanpumep, TPaHCHO30HBI Mariner, OTHOCSIIUECS K Ce-
MeiictBy MITE) mpeamouTuTensHO HaXo[sATCs B Ipeaeax
1 K6, prankupys kopupyromue o01acTi TeHOB, B TO BpeMs
KaK MOOMIIBHBIE 2JIEMEHTHI 00J1ee KpyITHOTO pa3Mepa (Harpu-
Mmep, Harbinger, Bropoe cemeiictBo MITE u LINEs) naxomsitest
Ha 3HAYUTENBHO OoJee yIaJCHHOM PAacCTOSHHM OT TEHOB.
[Tomyuennoe pacnpenesieHle Pa3IMIHbIX TUIIOB MOOMIBHBIX
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9JIEMEHTOB CPEM FE€HOB MOYXKET OTPAXKaTh JaBJjeHHE OTOO-
pa, KOTOpOe T03BOJISIET TOJIBKO HEOOIBININUM 3JIEeMEHTaM, a
UMEHHO TPaHCIO30HaM Mariners, HAXOMUTHCS OJIMKE BCErO
k renam (Mascher et al., 2017). Ha GonbiiiemM paccTOsSHHH OT
TeHOB JOMUHHPYIOT MOOHJIbHBIC SJIEMEHTBI OOJIBIIOTO pas-
Mepa, Takue kak LTR-peTpoTpaHCio30Hbl U TPAHCIIO30HbI
cemetictea CACTA.

MpocTpaHCcTBeHHas opraHn3auna reHoma suMeHs
[TonyueHHast pedepeHcHasi MOCIEI0BATENBHOCTh I'eHOMA
SIMEHSI TaKXKe TI03BOJINIIA UCCIIEA0BATH IPOCTPAHCTBEHHYIO
OPTaHM3ALMIO XpPOMATHHA B siipe TpH nomorn Metona Hi-C
(Mascher et al., 2017). Pe3ynbrarsl HoxTBepInIIN 3aKiIIOUe-
HUSI, CIIeTaHHbIE HA OCHOBE 00Jee PaHHUX HCCIIEIOBAHUI
¢ mpuMeHeHueM MeTonoB Mukpockornuu (Illamosa, 1971;
Kiinzel et al., 2000), 0 TOM, 4TO XPOMOCOMBI B sIIPaX SIYMEHS
MIPUHUMAIOT MOJIOKEHUE, U3BECTHOE B JIUTEPAType MOA Tep-
muHOM “Rabl orientation” (Cowan et al., 2001). Oto xoudu-
ryparusi, Ipyu KOTOpOH KaxkJas XpoMocoMa B UHTEp(hazHOM
Ape 3aHUMaeT MECTO, BO MHOTOM 33/1aBacMO€ TTO3UINEH B
aHagaze mpeIIecTBYIONEero MUTo3a. [1pu 3ToM XpoMOoCOMBI
pacronararoTcst CJIey0IuM 00pa3oM: IIEHTPOMEPBI XPOMO-
COM HaXOJATCS Ha OJHOM TIOJIFOCE SI/Ipa, a TETOMEPHI OPHEH-
THUPOBAHBI K ITPOTHBOMOIOKHOMY.

[Tocne ocHoBononaratorueit padorst A.1. Iamnosoii (1971)
OBLTO yTOYHEHO, YTO OMMCAHHAS KOH(DHUTYPAIHs COXPAHSIETCSI
Y TaKMX BUIOB PACTEHHUH, KaK STIMEHb, IIICHUIIA, POXKb U OBEC,
BO BCexX KieTkax pacteHus (Anamthawat-Jonsson, Heslop-
Harrison, 1990), y prca — TOIBKO B KJI€TKaX KCHJIEMBI KOPHS
n B HemuddepeHMpoBaHHBIX KJIETKaX MblbHUKaA (Prieto et
al., 2004), y KyKypy3bl U copro 1nogoOHo# KoH(pUTypauuu
xpomocoM He oOHapyxkeHo (Dong, Jiang, 1998).

Panee Oputo Taxke ycranosneHo (Il[amosa, 1971), uto
STYMEHB 00J1a1aeT CXOJIHBIMH 110 Pa3Mepy MIe4aMH XPOMOCOM,
TOTJ]a KaKk y OONBIIMHCTBA BHUJIOB 3yKApHOT BCE IUIEUH IO
JUTMHE Pa3JINYaioTcs 1 MECTOIIOIOKEHHE KaXK 101 XPOMOCOMBI
OIpe/IeIeHO pa3MepamH ee Iied. briarogapst nossipusanuu
XPOMOCOMBI CKJIa/IbIBAIOTCS], KaK KHM)KKA, COIIOCTABIISIS JUTHH-
HBIC ¥ KOPOTKHUE IIJICUH, B PE3YJIBTATE YETr0 KOPOTKOE IIIICHO
OJIHOM XPOMOCOMBI UMEET BO3MOXKHOCTb B3aUMO/IEHCTBOBATh
C JIOKyCaMH, PACIOJIOKEHHBIMI Ha OTHOCHTEJIBHO TAKOM K€
PacCTOSIHUM OT LIEHTPOMEpPHI HA JUIMHHOM Iuiede. bouta o1-
MeueHa Takke Oosiee BBICOKAs 4acTOTa KOHTAKTOB MEXKIY
MIPUTEIOMEPHBIMU perrnoHaMu. IIpu 3ToM He nmeer 3Hade-
HUSI, TOMOJIOTHYHBI XPOMOCOMBI WJIN HET, KOHTAKTBI MEXKITy
MAaTEPUHCKOW U OTLIOBCKOM XpOMOCOMAaMM UMEIOT MECTO TAK
K€ 9acTo, KaK M Mex 1y Heromonoramu (Mascher et al., 2017).

MeTtoabl NGS-cekBeHMpoBaHuA

Ana aHanusa nonumopoéusma JHK

KaK MHCTPYMeHTa noBbilweHUsa 3peKTUBHOCTN
MapKep-OpUEeHTUPOBAHHOWN ceneKkuum

B ocHOBe KapTHpOBaHMS M MAPKUPOBAHUS TEHOB U M/ICHTHU-
(huKanuy pa3IMIHBIX AJUIEIBHBIX BAPHAHTOB U B pa3paboTke
TEXHOJIOTHH YCKOPEHHOT'O M HAINPaBJIEHHOTO 0TOOpa celek-
IIMOHHOTO Marepuana (MapKep-OpHEHTHPOBAHHAS U TEHOM-
Hasl ceJIeKnus) JexuT aHanu3 nonumopgusma THK. Mero-
Jibl aHanm3a nosmMopdusma JTHK «aBosmoninonnpoBaim» ot
TPYJOEMKHUX IOJXO0/I0B, OCHOBAaHHBIX Ha ONOT-rmOpuansa-
in (Harpumep, restriction fragment length polymorphism,
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RFLP — nonmumopdu3sm JUIMHBI PECTPUKIIMOHHBIX (parMeH-
ToB) (Botstein et al., 1980) mo ropasmo MeHee TPyTOEMKHX
METOJIOB, OCHOBAHHBIX Ha MOJIMMEPa3HOH HENHON peakIuu
(ITLIP). Cpenn nocnenHUX MOXKHO BbLAenuTh Takue JJHK-map-
Kepbl, kKak SSR — simple sequence repeats — mpoCTHIE TOBTO-
pstormecs mocinenosareabHOCTH (Tautz, Renz 1984), STS —
sequence tagged site — MOCIIeZIOBATEIILHOCTH, XapaKTepu-
sytomue Jokyc (Olson et al., 1989), u npyrue (Xmectkuna,
2011). IMTo3xke MOSBUINCH BBICOKOTIPOU3BOIUTEIBHBIC Me-
TOZIbI C BOBMOYKHOCTBIO ITOJIHOM aBTOMaTu3aluu Ipolecca,
takne kak aHann3 SNP — single-nucleotide polymorphism —
OIHOHYKJICOTHHBIN moaumMopdusm (Wang et al., 1998). Bri-
seienre SNP — pesysbrar paboT 110 CeKBEHUPOBAHHUIO U Pe-
CEKBEHMPOBAHHUIO CHAYaJa OTACIBHBIX (DPAKIUiA, a 3aTeM U
TMIOJTHBIX TEHOMOB.

[TosiBieHue, ObICTPOE Pa3BUTHE U YIICIIEBICHNE TEXHOIIO-
THIl CeKBEHMPOBAHMUS HOBOTO TOKOJEHUS (next generation
sequencing, NGS) He TOJIBKO ITO3BOJIMIIN CEKBEHUPOBATH OJIMH
3a IpyruM reHoMbl XO3SIMCTBEHHO 3HAYMMBIX BU1I0B paCTeHI/lﬂ
1 KuBOTHBIX (XumectkuHa, 2013; Bbparuna u ap., 2019), HO
U cJIealii BO3MOXXHBIMU OBICTPOE OMpeEIesICHHE ITOIMMOp-
(u3ma ThICSY TeHOB U pazpaboTky SNP-unnos asist aHanmmza
TEHETHUYECKOTO 1 CEJICKIIMOHHOTO Mareprana. 171t BEISBICHUS
SNP nocratouHo peceKBeHUpOBaTh HEOOBIITYIO BEIOOPKY 00-
pasfos. HOJ'Iy‘-IeHHI)Ie JIAaHHBIC MOT'YT 6])ITI) UCII0JIb30BaHbI JJIs1
pa3paborkn SNP-4HIIOB, MPUTOIHBIX K TEHOTHUITHPOBAHUIO
O0NBIINX BBIOOPOK PAacTEHWH B OTHOCHTEIHFHO SKOHOMHOM
pexrMe ¢ OOJIBILION MPOITYCKHOM CIIOCOOHOCTBIO aHAIN3A.

[To3xe Ha ocHOBe NGS-cekBeHMpOBaHMS OBUTH pa3padoTa-
HBI METOJIBI BBICOKOIIPOM3BOIUTEIEHOTO TCHOTUITHPOBAHNS,
OCHOBAHHBIC Ha NPAMOM CEKBCHHUPOBAHUU BbI6OpOI-IHI)IX
(hpaxmmii TeHOMa M3y4aeMbIX 00pa3roB. OnnH U3 HAX — Me-
tox GBS (genotyping-by-sequencing), BriepBbIe ONMCaHHBIN
B 2011 r. (Elshire et al., 2011), 6bu1 yCHIEIIHO IPUMEHEH JIJIsI
TEeHOTUITUPOBAHUS 276 PeKOMOMHAHTHBIX HHOPETHBIX TMHHUN
KyKYpY3bl ¥ 43 IUTaluTOMIHBIX JINHUH STIMEHS U3 KapTHPYIO-
el nomyssiuuu Oregon Wolfe Barley. B Hactosiiee Bpemst
tepmuH “GBS” mcmone3yercs yxe Kak 000OIMIAONIMNA TS
pa3IMYHBIX pa3pabaThIBaEMbIX METOZO0B BBICOKOIIPOU3BO-
JIUTENBHOTO T€HOTUITUPOBaHUS, ocHoBaHHOTO Ha NGS-ce-
kBenupoBannu (Rasheed et al., 2017). I'enomuas IHK npu
3TOM 00palarkIBaeTCsl SHAOHYKIICa3aM1 PECTPHUKIINH, 1ajiee
cozznaercst OMOIMOTeKa (ParMeHTOB, IPH CEKBEHUPOBAHUU
WX TTOTYJaloT KOPOTKHE mpouTeHus (~ 100 map HyKIeoTHIOB),
o0beIMHsIEMbIC B KOHTHTH, BEIPABHUBAHUE KOTOPBIX MTO3BO-
nsiet ooHapyxuth SNP (Davey et al., 2011). [IpeumytiectBo
METOIa 3aK/II0YAETCS B TOM, YTO €r0 MOKHO IIPUMEHSITh /IS
aHaJM3a 00pa3LoB He TOIBKO BU/IOB C YK€ PaciIn(pOBaHHBIM
IF€HOMOM, HO U MEHEC U3YUYCHHBIX BUAOB, IJIsI KOTOPBIX €IS
HE BBITIOJTHEHA TONTHOTeHOMHas cOopka. [Toxoxuit Ha GBS
mertont RAD-seq (restriction-site-associated DNA sequencing),
cxoxxuii B ocHOBe ¢ MeTosioM GBS (ucnonb3yercst mogoOHbIi
MIPOTOKOJI CEKBEHUPOBAHMS, OCHOBAHHBIN HA TIPHCYTCTBHUN B
TeHOME CaliTOB y3HABaHMS SH/IOHYKJIea3aM1 PECTPUKINN ), HO
OTJIMYAIOIIUICS TPOTOKOJIOM MoAroroBku oubimorex (Chu-
timanitsakun et al., 2011; Andrews et al., 2016).

Meton GBS npumMeHsieTcst Uil BBIABIEHUS B3aUMOCBA3H
MEX1y (EHOTHIIOM M T€HOTUIIOM Ha OCHOBE aHallu3a JIBY-
POOUTENBCKUX KapTUpyomuxX nomysinuid (QTL-anannus —
quantitative trait loci) nim Be6opok coproodpasnos (GWAS-
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aHanu3 — genome wide association studies). BeisiBiieHHbIe B
pe3yabrare 3TUX paboT reHOMHbIE PailoHbI, aCCOLUUPOBAaH-
HBIE C TIPOSIBIICHUEM TOTO MJTH HHOTO CEJIEKIIMOHHO 3HAYHMOTO
CBOICTBa, cpazy MapkupoBanbl SNP-mapkepom. Eciu renom
M3ydaeMoro BHAA YK€ CEKBEHHPOBaH, TO MHQOpMaIus o0
00HapyKeHHOM paiioHe TeHOMa, aCCOLMUPOBAHHOTO C IIPHU-
3HAKOM, MOYKET OBICTPO IPHUBJIEKATHCS JJIsl [IOMCKA I'eHa-KaH-
JIMJ1aTa, BIUSIONMIETO HA N3MEHIUBOCTB 110 IAHHOMY IIPH3HA-
Ky. Metox GBS Tonbko HauMHAET NPUMEHATHCS HA SUYMEHE
(Fanetal., 2017; Darrier et al., 2019; Goddard et al., 2019), a
pe3yabTaThl UCTIONb30BaHMs SNP-4nMoB yke IPUMEHSFOTCS
6omee 10 mer.

BBICOKOTIPOM3BOAUTEILHOE TEHOTUIIMPOBAHUE SUMEHS
BriepBhIie anpoduposano B 2005 r. (Rostoks et al., 2005) Ha
ocnose TexHosoruu [llumina GoldenGate (Fan et al., 2003).
[TepBble KOMMEpUYECKH JOCTYIHBIC YHUIIbI JUIsi TEHOTUIIHPO-
BaHus stamerst mosiBuHCh B 2009 1. (Close et al., 2009). JTns
€ro co3zianus ObLTO BEIOpaHO 1 MpoTecTrpoBaHo 4596 SNP na
576 IHK-o6pa3nax mis qByx nwiotHbix unuioB OPA, POPA 1
n POPA2, n na 480 IHK-00pa3max A TpeThero MuIOTHO-
ro yuna — POPA3. Jlanee 6puto BeiOpano 3072 SNP, xoro-
pble IPOLITH Ka4eCTBEHHBIA KOHTPOJIb U OBUIN T'€HETHYECKU
nHpopMaTuBHEL. OHE cocTaBWIM JBe Tpon3BoaHbie OPA —
BOPA1 u BOPA2, xoTOpble MIaHUPOBAIOCH UCIONB30BaTh
JUIS NajbHEWIINX MccienoBaHuil reHodonaa sumens. M3
3072 SNP, BerOpanHbIX 115 H3y4deHuns1, 2279 ObUTH TOTyYeHBI
n3 oubmmorex EST, a 793 — nyrem cexBenuposanwus [11[P-
aMIUIMKOHOB. B pe3ysbrare B ruiar)opMy JUisi TeHOTUITHPOBa-
HUs, copeprkantyio 3072 mapkepa, Bonut aBa unna, BOPA1
n BOPA2, kax1blii 13 KOTOPBIX cozepxkal rmo 1536 mapkepoB
SNP, 1 oHU MUMenu pa3iauyHbIe JU3aiHbI TEHOTUITMPOBAHUS
(Close et al., 2009). Cnemxyrouuii unn 6511 pazpadoran Illu-
mina Infinium iSelect 9K Custom Genotyping BeadChip
(Comadran et al., 2012) u Brirouan B ce0s 2832 mapkepa,
pa3paboTaHHBIX I mpenpiyniei Texaonorun GoldenGate,
1 5010 1OMONMHUTENBHBIX MAPKEPOB, OCHOBAHHBIX Ha OOHa-
pyxenun mapkepoB SNP B nannbix Illumina RNA-seq u3
10 snmutHBIX copToB Bennko6purtanmnu (Bayer et al., 2017).

[o Mepe cHIKEHHS 3aTpaT Ha CEKBEHHUPOBAHHE MOCTOSIHHO
pocio yrcio ooHapykuBaeMbix SNP. [TosTomy Ha crienyro-
mem ytare iatrdopma 9K Infinium iSelect 6p11a pacmmpena
1o SOK. Yun 50K Bsmrouni oxosio 6000 SNP u3 npenpiayiiero
yuna 9K u HoBbie SNP, BbIsSIBJICHHBIE JIJIs1 SYMEHS HA OCHOBE
3axBara dK30Ma. OT0 APPEKTUBHBIA METOI, TIO3BOJISIOIIHN
MIPOBOJIUTH MCCIICIOBAHMS TEHOMA 110 BEIOPAHHBIM JIOKyCaM,
KOTOpbIE ¢ OOJIbIICH BEPOSTHOCTBIO OYIyT COlEpXkaTh I10-
JTUMOP(U3MBI, CLETIIICHHBIE C HHTEPECYEMBIMH MPU3HAKAMHI
¢enoruna (https://ics.hutton.ac.uk/50k; Bayer et al., 2017).

MeTopbl aHanu3a accouumauuin mexgy reHoMHbIMU
BapuaHTaMu N GeHOTUMNYECKUMU NPU3HaKaMK:
QTL-aHann3 n GWAS

IlepBBIM METOIOM ITOKCKA B3aMMOCBS3M T€HOTHIIA C (PEHOTH-
MOM, MOIYYUBIIMM LIHUPOKOE pacnpocTpanenue, crtan QTL-
aHaJIN3, UM METO]T AaHAJIN3a JIOKYCOB KOJTMUECTBEHHBIX MPH-
3HAKOB IIPU MCIOJIb30BAHUHN JIBYPOJUTEIBCKUX MOITYIISIIHHA.
IIpu 5TOM [UI N3yUYeHUs IPU3HAKA UCCIIEAYETCS MOMYISIINS
MMOTOMCTBA OT KOHTPACTHBIX IO Mpu3HaKy ponuteneii (Kear-
sey, Farquhar, 1998). Takoii ananu3 Ha TIMEHE OCYIIECTBIIS-
erca ¢ 1989 . (Jensen, 1989), mu1s Hero npuMeHsUTUCH pas-
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JIUYHBIE TUIBI MapkepoB, HaunHas ¢ RFLP. B 2003-2010 rr.
nmpeobmanany mcciaeqoBanus, B KoTopeix QTL-anamu3 aBy-
POIUTENBCKUX MOMYISIUNA STUMEHS MTPOBOJIMIICS HA OCHOBE
JTAHHBIX TeHOTUITUPOBAHUS, TIOTy4YEHHBIX NPH omoInu SSR-
MapkepoB. C 2010 r. mst QTL-ananu3a saMeHs penMyIIe-
CTBEHHO NPHUMEHSUINCH TOMYJISIUH, TeHOTHITHPOBAHHBIC C
nomotibio SNP-mapkepos. C 2014 r. Hayanm uCnoiab30BaThCs
MeTons! ipsimoro cekBeHupoBanusi: GBS m RAD (Andrews
et al., 2016; Darrier et al., 2019). KaprupoBanue 3Ha4MMBIX
JoKycoB ¢ mpuMenenneM QTL-aHanu3a gaet BHICOKYIO CTa-
TUCTHYECKYIO 3HAUUMOCTB 1Uisl onpenensiemoro QTL, Ho B TO
JKe BpeMst IMeeT Hu3Koe pasperieHue. CylecTBeHHbIH Heslo-
CTaTOK METO/1a — OTPaHUYEHUE IEHETHYECKOTO PasHo00pasus
poxuteneii BeIOpanHoit momymsn (Hyne, Kearsey, 1995).

B nmocnenune roabl uIs MaccoBOTO MOMCKA aCCOIMAIMN
MeX1y (PEHOTUIIOM U FeHOTHIIOM uctonb3yercss GWAS-ana-
m3. Ha sumene on mpumensiercs ¢ 2010 1. (Lorenz et al.,
2010). CpaBHHTENBbHBINH aHAIU3 PAOOT MTOKA3BIBACT, YTO HA
ocroBe GWAS o0OHapy)uBaeTCst 00JIbIIIE HOBBIX JIOKYCOB, 110
cpaBHeHmIO ¢ QTL-aHaNM30M IBYpOAUTENbCKAX MOIYIISIITAN
(Pauli et al., 2014). [IpenmymecTBo MeTO/1a 3aKIFOYACTCS B
BBICOKOM Pa3pelIieHHH, BIUIOTh JI0 OJJHOTO HyKJeoTnaa. Ac-
COILIMMPOBAHHBIH C TPU3HAKOM AJIJIENb JJETEKTUPYETCSI 4acTo-
TOH €ro HAJIMUKS B NOMY/IALHH. OHAKO B 3TOM CIIydae MOKHO
YILyCTUTb PEIKHIA AJJIeNb, TAK KaK 3HAYUMOCTb OIIPE/ICICHUS
JI0Kyca OyJIeT 3aBUCETh OT TOH e 4acTOThI ayuiesst. st BbI-
sBIEHUs JIOKycoB MeTogoM GWAS n3ydaemast momymsinus
JIOJDKHA OBITh KaKk MOXKHO Oosiee pazHopoiHa. MeTon uyB-
CTBHUTEJIEH K CTpyKType nomynsanuu. HenpasuisHO cop-
MHUPOBAHHAS TTOMY/ISIINS MOXKET IPUBECTH K YCTaHOBJICHHIO
JIO’KHOIIOJIOKUTEIIbHBIX ACCOLUALINM.

Metox GWAS — 1ocTaTouHO HOBBIH, 1, KaK BUIHO 110 JaH-
HBIM aHaJIN3a MyOIUKaIi, HHAESKCUPYEMBIX B 0a3e TaHHBIX
Scopus (puc. 1), B Te4eHUE MOCISIHIX JIET KOJTHMYSCTBO padoT,
BBITIOJTHEHHBIX C puMeHeHneM GWAS Ha siameHe, HEyKJIOHHO
BO3pacraeT. B Hacrosiee BpeMst Oarogapsi 3ToMy IOIXOIY
0OHapy KeHbI TEHOMHBIE PaOHbI, aCCOLMMPOBAHHBIE CO MHO-
THMH TPU3HAKAMH sTIMEHS. [|J1sl HaXOXKAeHHs KOMIIOHEHTOB
YpOKallHOCTH U KauecTBa 3epHa stuMeHs ¢ moMoIso GWAS
M3Y4aloTCsl arPOHOMHYECKHE TIPU3HAKU: BBICOTA PACTEHUS,
JUTHHA KOJIOCa, KOJTMYECTBO 3epeH B Konoce, macca 1000 3epew,
KOJIMYECTBO MPOAYKTUBHBIX 1100eroB. CymmecTsyet ~40 padoT
IO UCCIIeIOBAaHMSIM ¢ Hcnioib3oBaHneM GWAS ycroiunBocTu
STIMEHS K pa3IMYHBIM 00JIE3HAM 1 ~25 paboT — 10 yCTOWYH-
BOCTH K aOMOTHYECKOMY CTPECCY — 3aCyXOyCTOHYMBOCTH,
YCTOHYHMBOCTH K 3aCOJICHUIO 1 JIp. [IoMHMO 3TOT0, BBITIOJTHEHBI
paboTHI IO U3YYEHHUIO CBOMCTB KpaxMala, Coaep KaHHsI OeTka,
B-Tmokana m MUKposneMeHToB B 3epHe. (bonee moxpoOHO
0030p padot npeacrasieH B [Tpunoxenun 2.)

Taxum o6pazom, 1 meroga GWAS darre Bcero Hemoib-
3ytorca SNP-unnsr; SSR u DArT npuMeHsIOTCS peiko, OHU
ObLTH aKkTyasbHBI 10 pazpadotku SNP-uunos u GBS (DArT —
3T0, 10 cyTH, aHanor GBS, HO ¢ mpuMeHeHneM YHIIOB, a HE
npsiMOro cekBeHHpoBaHus). Meron GBS Tonmbko HaumHaeT
MPUMEHSATBCS Ul aHanu3a noauMopduzmos JJHK stumens,
0XHJAETCS, 9TO OH MOJIyUYHT AabHEHIIee pacipoCTpaHEHHE.

Kak MOXXHO CyUTh O IMyOIMKAIMAM, HHIECKCHPYEMBIM B
0a3e manHbIX Scopus (puc. 2), paborsl mo GWAS-anamuzy
B PaBHOH Mepe HampaBlIeHBI Ha MPOOIEMBI YCTOWIMBOCTH K
(uronaroreHam 1 BpeAUTeIsIM (ONOTHYECKHH CTpecc), Tole-
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Fig. 1. The numbers of publications on QTL and GWAS in barley revealed
by queries “barley + genome-wide-association” and “barley + QTL-analy-
sis”in the Scopus database (Website: http://scopus.com as to August 28,
2019).

The summary on different techniques

of DNA polymorphism analysis and different approaches
(QTL and GWAS) to the identification of loci

associated with commercially important barley traits

DNA polymorphism analysis technique ~ QTL-analysis GWAS
RFLP .................................................................. 5 6 ...................... 0 ................
SSR .................................................................... 8 3 ...................... 5 ................
DArT41 ....................... 16 ..............

Note: The numbers of articles found in the Scopus database as to August 29,
2019 are indicated.

Yield

Resistance
to abiotic stress

22

Resistance
to biotic stress

Fig. 2. The genome-wide association (GWAS) in barley: number of pub-
lications revealed in the Scopus database as to August 29, 2019 by key-
word intersection queries.

PaHTHOCTH K HEOIATrONPHUATHBEIM a0HOTHYSCKAM (haKTopam
OKpY’Karolel cpelbl U Ha IMOBBIIIEHUE NMPOAYKTUBHOCTHU
pacTeHui.

Cenexyst Ha yCTOWYHBOCTH TO3BOJISICT COKPAIIATh TOTE-
pH yposkasi, BbI3bIBa€Mble (PUTONATOrEHAMU U BPEAMTEIS-
MHU. B Hacrosmee BpeMs OONMpIIMiA ycmex HaOMIOmaeTcs B
UACHTH()HUKANINY TCHETHICCKUX MapKEpOB IS MPHU3HAKOB
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YCTOWYMBOCTH K OOJIE3HSIM, UMEIOIIIMX MOHO- UJIM OJIUTOTeH-
HBIIl KOHTPOJIB (PKaBUMHHBIE O0JIE3HU, TOJIOBHS, MyYHHCTast
poca). CrioxxHee naeHTH(HUINPOBATH TCHETHIECKUE MapKephl
JUIsl YCTOMYMBOCTH 3EPHOBBIX KYJIBTYP K (hy3apHo3y Koljloca,
CENTOPHO3aM, TeIbMUHTOCIOPHO3HBIM MATHUCTOCTSIM, KO-
HEBBIM THWISAM M JIpyruM Oosiesnsim (Adanacenko, 2016).
YacTto ypoBeHb (PeHOTUITMYECKOTO ITPOSIBICHHS yCTOWYMBOCTH
3aBHCHUT HE OT OJTHOTO I'eHa, a OT CYMMAapHOTO 3 deKTa Bcex
TEHOB yCTOHYMBOCTH. DTO BEJIET K ITOCTAHOBKE 3a]1a4 Iepe]
HCCIIEJ0BATEISIMU — CO31aTh COPTa C MIOJIMTEHHON yCTOMYU-
BOCTBI0, 00€CTICUMBAIOIIEH CPETHUN YPOBEHD YCTOHIHUBOCTH,
YTO BBIPAKACTCS B 3aME/UICHHOM pa3BUTHU Oose3Heil. Jta
3ajJ]a4ya OTATOLIAETCS TEM, YTO BO3HMKAIOT HOBBIE MTATOTUIIBI
(Ghazvini, Tekauz, 2007; Leng et al., 2016).

Kak mcrnonp3oBarh JaHHBIC, MTOJyYEHHBIE C TTOMOIIBIO
GWAS, B nanbHeiimux nporpammax ceneknun? Mccnenoa-
HHS yCTaHOBJICHHBIX TEHOMHBIX PalflOHOB ITO3BOJISIIOT HCHTH-
(unmpoBarh, BAIUIUPOBATE M MApKUPOBATh I'€HbI-KaH/I1/1a-
ThI. MOXKHO M 0€3 1oKcKa reHOB-KaHAuAaToB peodpa3oBarh
BeisiBieHHBIE SNP B ymo6usie KASP- mmn CAPS-mapxeps
(Konieczny, Ausubel, 1993; Kumpatla et al., 2012; Semagn et
al., 2014; Shavrukov, 2015), npoBeputh UX Ha HE3ABUCUMBIX
BBIOOpKaxX M, MPU YCIIECUIHOM BalWAAlUH, PEKOMEHOBAThH
MIPUMEHSATH 3TH MapKepbl Uit 0TOOpa CENIEKIIMOHHOTO MaTe-
puaa. DTOT MOAX01 MOKET ObITh 3p(heKTUBEH B Citydae Jio-
KyCOB, CyIIECTBEHHO BIIMSIOIINX HA N3MEHEHHE (DEeHOTHIIA.
[onyuennas B pesynsrare GWAS-ananuza nHpopmanus o
JIOKycax ¢ MaJIbIM 3 PEKTOM HITH JIOKyCcax, SPPEKT KOTOPBIX
CYILIECTBEHHO 3aBHCHUT OT TEHOTHUIIA, HE Oy/IET UTPaTh POIIH IS
MIPOTpaMM MO MapKep-OPHUEHTHPOBAHHOMN CEIEKINH, OTHAKO
OHa SIBJISICTCS. OCHOBOM JUIsSl pa3BUTHUSI pabOT 1O IE€HOMHOMN
CEJIEKIINN.

feHOMHOe pefaKkTupoBaHue

Hannane noqHOreHOMHBIX ITOCIIEI0BATENbHOCTEH 1 U3BECT-
HBIX MOCIIEN0BATEIBbHOCTEH-MUIICHEH [Tl BHECEHHS 3a/1aH-
HBIX MyTallUH TO3BOJIET OCYIIECTBRIAThH PEIaKTUPOBAHUE Iie-
neBbIX renoB Ha ocHoBe cucteM ZFNs, TALENs u CRISPR/
Cas, U3MeHsS TEM CaMbIM CBOWCTBA pacTeHui (XIeCTKUHA,
[Tymnsii, 2016). Cucremsl ZFNs u TALENSs He nonyunnu
MIMPOKOTO PACTIPOCTPAHEHUSI H3-3a CIIO)KHOCTH MCTIOJTHEHUSI.
Cucrema renomuoro pegakruposannss CRISPR/Cas nHao6o-
POT OKa3ayiach JIOCTATOYHO MPOCTOM M 3HAYUTEIBHO CIIOCO0-
CTBOBAJIA PA3BUTHIO TEHOMHOTO PEaKTUPOBAHUS PACTCHHUI.
Cuctema CRISPR/Cas npumensiercst Ha pacTeHHAX Ooiee
ISITH JIET. 32 9TO BPEMsi OHA YCIENIHO anpoOHpoBaHa Ha
24 xynwTypax, s 16 U3 HUX, BKITIOYAs TIMEHb, TIOTyIEHBI
Mozandukarn 6osee 80 ceeKIMOHHO 3HaYMMBIX reHoB (Ko-
poTkoBa u 11p., 2017; Korotkova et al., 2019). Pabotsl 1o pe-
JAKTUPOBAHUIO TEHOB STUMEHS BEAYTCS MPEUMYILECTBEHHO
Ha MozenibHOM copte Golden Promise. PenaktnpoBans! He-
CKOJIBKO CEJIEKIIMOHHO 3HAYMMBIX I'€HOB sluMeHs. Tak, B
2015 r. T. Lawrenson ¢ komuteramu (2015) cnenamu vepabo-
TOCTIOCOOHBIMU JBe Kommu reHa HvPM19, konupyromero
ABA-uHIynpyembiii 0eoK ruiazmMarnyeckoid MeMOpaHsbl,
YTO MPUBEJIO K COKPAIIECHUIO MTPOJOIKUTENLHOCTH EPHO/Ia
nokost ceMstH. [lomy4yeHHbIe pacTeHust HeCyT MyTaHTHbIE KO-
MTNY FeHa-MUIIEHH, HO HE SIBIISTFOTCS P TOM TPAHCT€HHBIMH.
B 2018 . N. Kumar ¢ xomeramu (2018) HokayTHpoBaiu reH
MORC — HeTaTUBHBIN PEryJIATOpP yCTOHUYMBOCTH K TPHOHBIM
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naroreHam, a S.V. Gerasimova ¢ koyuieramu (2018a) mosy-
YHJIM TOJIO3EPHBIE PACTEHHS U3 IUIEHYATHIX PAaCTEHUH copTa
Golden Promise, BbiBesist 13 cTposi reH Nud 1. Kpome Toro, ipu
MCIIOJIb30BaHUU METOJa TPAaHC(EKIUHU MPOTOILIACTOB ObLIa
BIIEPBbIE TI0Ka3aHa BOSMOXKHOCTh YCIICIITHOW MOIU(UKauu
reHOMa HEMOJEIBHOTO COpTa sIMEHS — CHOMPCKOro copra
Aueii (Gerasimova et al., 2018b).

Taxum 00pa3om, CymIeCTBYIOIIAs Ha CETOMHSAIIHUN ICHD
UH(GOPMALHS O MOTCHIUATBHBIX TEHAX-MHUIICHSX U KAYeCTBO
TMIOJIHOT€HOMHOM IT0CJIE/I0BATeIbHOCTH SIUMEHSI [IPE/ICTABIISIOT
XOpOILYI0 0a3y I IPIMEHEHHNS TEXHOJIOT Uif TeHOMHOTO pe-
JAKTHPOBAHHUS C 1IENTBIO CO3IaHMUSI HCXOJHOTO MaTepHraia s
CEeJIEKLIMU COPTOB C 3aJaHHBIMU CBOMCTBaMHU. JIuMUTUpYIO-
UM (aKTOpOM IUISl Pa3BUTHUS STOTO HAIIPABJICHUS CIY)KUT
npobieMa MoJy4eHHsl PacTeHHH-TpaHCHOPMAHTOB OPYIHX
COPTOB SIUMEHSI, KPOME MOJIEIIBHOTO.

Wzyuenne moromcTBa oT ckpentuBanus copta Golden Pro-
mise ¢ copramu, 00JIaIal0IUMH HU3KOH 3(P()EeKTHBHOCTHIO
TpaHchopmarmu, 1a10 BO3SMOKHOCTh BBISIBUTD JIECATH JIOKY-
COB, TONMY4YNBIINX HauMeHoBauus 1 FA [-TFA10 (transforma-
tion amenability). H. Hisano ¢ komteramu (2017) npencraBnimm
croco0 NOJIYyUCHUA I'CHOTUIIOB, Ha KOTOPBIX B HaﬂbHeﬂlﬂeM
IUIAaHUPYETCS IPOBEACHHE TEHOMHOTO PEIaKTHPOBAHHS, TIPH
9TOM B Ka4€CTBE JIOHOPA I'eHOB 3G PEKTUBHOCTH TpaHCHOopMa-
i (TFA1, TFA2 v TFA3) npemnoxeHo ucrnons3osars Golden
Promise.

3aknioyeHune

brarogapst cekBeHHPOBAHHIO TEHOMA STUMEHS, KOTOPOE OBLIO
3aBepureHo B 2012 1., mpousoria HHTEHCH (UKL I'eHe-
THUYECKUX MCCJICJ0BAHUI, HAPaBJICHHBIX HA PaCIIU(PPOBKY
MEXaHU3MOB (DOPMHUPOBAHUSI XO3SIMCTBEHHO IIEHHBIX TIPH3HA-
KoB. IH(opMmanus o mocie10BaTeIbHOCTH TeHOMa 0Ka3aach
MOJIE3HOM ISl ITUPOKOTO KpyTa uccieaoBanuil. C moMOIIbIO
metonoB QTL u GWAS npu npumenenrn SNP- u GBS-re-
HOTHITUPOBAHUSI BBISIBICH PsIJl HOBBIX TEHOMHBIX PaiiOHOB,
CIIETJICHHBIX C XO35I1ICTBEHHO IIEHHBIMU MTpU3HaKaMu. B Ha-
CTOSIIIIEE BPEMSI PE3YIIBTAThI CEKBEHHPOBAHNUS B COBOKYITHOCTH
C TEXHOJIOTHSIMH BBICOKOITPOU3BONTEIHLHOTO TeHOTHITHPOBA-
HHSI MOYKHO HCIIOJIb30BaTh JUisi 3()()EKTHBHOTO HAIIPABIEHHOTO
0TOOpa HY)XHBIX TEHOTUIIOB CPEIN CENCKIIMOHHBIX JINHUH,
YTO CYIIECTBEHHO YCKOPHT CO3/IaHHE HOBBIX COPTOB SIMEHS
C 3a/1aHHBIMU XapaKTePUCTUKAMHU.
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AHHoOTauuA. MoneraHne ABNAETCA OAHON U3 OCHOBHbIX NPOGMIEM CHUXKEHWA YPOXKANHOCTU M KayecTBa 3epHa
O31IMOW 1 APOBOW MLUEHNLIbl. YCTONYMBOCTb 3TOM KyNbTypbl K MONEraHnio B 3HaYNTENbHOW CTEMEHN 3aBUCUT OT
$baKkTOpOB BHeLUHel cpefbl, 61onormyecknx 1 Mopdponornyecknx ocobeHHocTel cTebna n KOPHEBON CUCTEMDI.
Cenekuna COPTOB Ha YCTONYMBOCTb K NOMEraHnIo akTyasibHa BO MHOTMX CTPaHax Mypa, U B JaHHOM HanpaBneHnm
nonyyeH pag JOCTVXEHWN. BbicoTa pacTeHWin — BaxHbIN MOPGONOrnyYecKnin NprsHaK, CBA3aHHbIN C YCTONYMBO-
CTbto K noneraHmio. OCHOBHbIM HanpaBfeHNeM ANA CHUKEHNA PUCKa BOSHUKHOBEHUA MOJSIEraHnA CTano BbiBege-
HMe COPTOB, HeCyLWMX reHbl KopoTkocTebenbHocT (Rht). leHbl Rht-B1b, Rht-D1b, Rht8, Rht11 nonyunnu wmnpokoe
pacnpocTpaHeHvie BO BCEM MUpe CPefu COPTOB MAFKOW MleHULbl 6narofapa 3HauUTeNIbHOMY BIIUAHUIO Ha XO-
3ANCTBEHHO LieHHble NPY3HaKK, BKoYaa noneraHve. HemanoBaXHbIM OKa3anocb UsyyeHme aHatomo-mopdorsio-
TMYecKnx 0COBEHHOCTEN N XMMMUYECKOro cocTaBa TKaHel CTebns, KoTopble AOMOJHAT OLEHKY YCTONUMBOCTU K
noneraHnio 1 NO3BoONAT 6osiee NOHO XapakTepr3oBaTb M3yyYaemblli copToBo MaTepuan. OcobeHHO 6onbluyto
ponb B MPOYHOCTU CTe6IA MHOTME NCCeoBaTeNV OTBOAAT TONLUMHE CTEHOK MEXA0Y3NNIA U X aHaTOMUYECKOMY
CTpoeHuto. inameTp CONOMVHbI, ee TOICTOCTEHHOCTb 1 BeC, 60/1bLIOE KOTMYECTBO COCYANCTBIX MYYKOB U LLIMPOKOE
KOJIbLIO MeXaHNYEeCKMX TKaHel KoppenupytoT C YCTONYMBOCTbIO K MONIEraHnio. BaXKHbIMU CTPYKTYPHBIMK KOMMO-
HeHTamu, obecneymBaloLMMM MPOYHOCTb CTEONA Y MLUEHNLb, ABAAIOTCA COAePKaHMe IMTHMHA, KPEeMHUA 1 Len-
nionosbl. bonblioe 3HayeHVe B BbIABNEHNM FrEHETNYECKO OCHOBbI B3aMMOOTHOLLEHNI MeXAY aHAaTOMUYECKAMU 1
Mopdodursnonornyeckmm nprsHakamm ctebnsa 1 KOPHEBOW CUCTEMbI U MOIeraHMeM NMET MOJIEKYIAPHO-TeHe-
TUYECKNIA aHaNM3 U KapTUPOBaHMe reHOB 1 JTIOKYCOB KONMYECTBEHHbIX MPU3HaKoB. [eHeTuvecKne GpakTopbl, oTpa-
Katolme Koppenauum mexay nosneraHmem 1 TONWUHON CTEHKU CTEONSA, YNCIOM NPOBOAALLMX NYYKOB 1 APYTMA
napameTpamu, 6bin KapTupoBaHbl B xpomocomax 1A, 1B, 2A, 2D, 3A, 4B, 4D, 5A, 5D, 6D n 7D. YcTaHOBNEHO, UYTO
NOKYCbl C BbICOKUM deHOoTUNNYECKM 3PHEKTOM B OTHOLLEHMIN TONEPAHTHOCTMN K MONIEraHNio KONOKaNmU3ylTCa C
NOKyCaMW, OTBETCTBEHHbIMY 3a BbICOTY pacTeHWs, AUaMeTp 1 MPOYHOCTb CTe6AA. [InA NOBbILLEHUA YCTONUYNBOCTH
K noneraHuio HeobxoAnMmbl pazpaboTka KOMMIeKca arpoTEXHNYECKMX METOLOB, CHUXAIOLVX BANAHME NOYBEHHO-
KnMmaTtunyecknx ¢pakTopos, 1 CO3aaHme ToNePaHTHbIX K NONeraHnio COpPToB.

KnioueBble cnioBa: nileHnLa; noneraHue; ctebenb; reHbl Rht; NUrHWH; aHaToOMo-Mopdonornyeckme nprsHaku.
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Lodging in wheat: genetic and environmental factors
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Abstract. Lodging is one of the main factors in reducing the yield and grain quality of winter and spring wheat
varieties. The resistance of wheat cultivars to lodging largely depends on environmental factors, biological and
morphological features of the stem and root systems. Selection of the varieties for resistance to lodging is relevant
in many countries of the world and has a number of achievements. Plant height is one of the most important mor-
phological characters associated with lodging resistance. Breeding of the varieties carrying the dwarfing genes
(Rht) is the main direction to reduce the risk of lodging. The Rht-B1b, Rht-D1b, Rht8 and Rht11 genes are widely
used throughout the world due to their significant influence on agronomically valuable traits, including lodging.
It turned out to be important to study the anatomical and morphological features and chemical composition of
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stem tissues, which complement the assessment of resistance to lodging and allow the varietal material to be
more fully characterized. The thickness of stem internodes and their anatomical structure play an important role
in the stem strength. The diameter of the stem, its thickness and weight, a large number of vascular bundles and
a wide ring of mechanical tissues correlate with resistance to lodging. The content of lignin, silicon and cellulose
are important structural components and provide the stem strength of wheat plants. Molecular genetic analysis
and mapping of genes and quantitative trait loci are of great importance in identifying the genetic basis of the re-
lationship between the anatomical and morphophysiological characters of the stem and root system and lodging.
Genetic factors reflecting correlations between the lodging and the thickness of the stem wall, the number of
vascular bundles and other characters were mapped to chromosomes 1A, 1B, 2A, 2D, 3A, 4B, 4D, 5A, 5D, 6D and 7D.
It has been found that loci with high phenotypic effects on lodging tolerance are colocalized with loci responsible
for plant height, stem diameter and stem strength. To increase resistance to lodging, it is necessary to develop a set
of agrotechnical methods that reduce the influence of soil and climatic factors and create wheat varieties tolerant
to lodging.

Key words: wheat; lodging; stem; Rht genes; lignin; anatomical and morphological characters.
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BBepeHune

[Toneranne — onuH U3 MIaBHBIX (HAKTOPOB, BIMSIONINX Ha
YpOXalHOCTb ITIICHHIIBI, Ka9eCTBO 3€pHA M COJCP)KaHHE B
HEM IIUTATCIIbHbBIX BCIICCTB. HpI/I IIOJICTAHUU ITOHUXKACTCS
YCTOWYMBOCTh PaCTEHHH K O0NIE3HIM, (POPMUPYETCS HIyTII0e
3epHO, BO3HUKAIOT ITPOo0IeMbI ¢ yoopkoi yporkast. [loneranne
TIIEHHUIIBI B TPeTyOOpOUHBIN M YOOPOUHBIH TepHO/IBI, COIPO-
BOXKIAIOIIMECS HEOIArOMPUSITHEIMH ITOTOIHBIMHU YCIIOBHSAMH 1
YacTHIM BBINA/ICHUEM TOKICH, BI€UET 3a cO0O0i mpopacTanne
3epHa Ha KOPHIO M 3HAYMTENILHO CHMXKACT XJIeOOIeKapHbIe
kauecTBa. DopMUpPOBAHHE MEJIKOTO 3€pHA C HU3KOW Maccoul
1000 3epeH B pe3yinbTare HapyLUIeHNUs TPAHCIOPTUPOBKU ac-
CUMUJIAHTOB B KOJIOC — YaCTOC ABJICHUC IIPH IMOJICTaHUH, HA-
CTymUBIIEM 10 HanuBa 3epHa (Berry et al., 2004; Packa et al.,
2015; Khobra et al., 2019). [Torepu 3epHa Ha MOJETAIOUINX
[10CeBaxX 03MMOM U SIPOBOM MILIEHUIIBI COCTABIIAIOT B CPEAHEM
ot 20 10 50 %. IToneranue MoCEBOB Ha CTAIUAX KOJIOIIEHN,
MOJIOYHOH, BOCKOBOH M ITOJTHOM CHEJIOCTH 3€pHa MPUBOAUT
K CHIDKCHHIO ypokaitHocTH Ha 31, 25, 20 u 12 % cootBeT-
ctBerHo (Weibel, Pendleton, 1964; Fischer, Stapper, 1987).
Jlasxe KpaTKOBpEMEHHOE TOJIETaHHE PACTCHHH BBI3BIBACT
notepu ypoxas (MBanos, [{oxynaes, 1979). UccnenoBanus
A.H. JIy6amnna (2006) mokasaiay HaIW4ne MpsiMON CpeqHen
3aBucuMocTH (7 = 0.346+0.08) Mexy yCTOHYMBOCTBIO K
MOJICTAaHHUIO M YPOXKANHOCTHIO; IIPH 3TOM B TOJIBI CO CIa0BIM
YBII&XKHEHHEM dTa CBS3b BBIpaKeHa ciadbee. Uem ycToiun-
Bee cTe0ertb, TeM JIydIle Pa3BUT KOJIOC: OH KpyITHEe, JIydIle
03CpHCH U UMeeT O0JIBIIOH Bec 3epeH. B moseriom ieHose y
pacTeHHU akTHBHEE pa3BUBAIOTCS JIUCTOCTEOIEBEIE OONIC3HN
(MyuHHmCTast poca, Oypas 1 creOieBast p>kaBa4MHa, CETOPHO3)
1 KOPHCBBIC THUJIN.

Amnamm3 MHOTOuHCIeHHBIX padot (Hocarosckuit, 1965; Te-
pentbeB, 1974; Usanos, loxynaes, 1979; Jlennu, 1980; 3axa-
poB u 11p., 2014; Packa et al., 2015; Shah et al., 2017; Khobra
etal., 2019) mo3BoJsieT caenarh 3aKIF0YSHHE, YTO ITOJICTaHke —
9TO M0 CyHIEeCTBY (pH3MOIOTHYECKast peakiysl paCTCHUI Ha
OIIpe/IeIICHHbIC YCIIOBHSI BHEITHEH Cpe/ibl: HEZOCTAaTOK CBETa,
CTPYKTYpY TOYBBI, €€ H30BITOYHYIO BIAYKHOCTb, BIQXKHBIH C
BBICOKOI TEMIIEpaTypoil MUKpOKJIMMAT BO3/1yXa, BHICOKOE
COACPIKAHUE a30Ta U APYTrUX MUHEPAJIbHBIX COCTaBJIAIOMINX
(Mavi et al., 2004; Dahiya et al., 2018). [lepeuncriennsie (ak-
TOPBHI BHEITHEH CPEAbl CUUTAIOTCS OCHOBHBIMHM NPUYMHAMH
TIOJIETaHHUS! 36PHOBBIX KYJBbTYp. HemanoBaxHy0 poiib UTpatoT

KJIMMaTHYECKHUE U TIOTOIHBIC YCIIOBHS, B TOM YHCIIE CKOPOCTh
BETpa, JOXKIU U T'pal. B TOATBEPIKACHNUEC TAKOI'O BbIBO/JIA I'0-
BOPAT (PaKThl MAaCCOBOTO PACIPOCTPAHEHHS MOJETAHUsI BO
BJIQXKHBIX PafOHaX ¢ OOUIILHBIMH €CTECTBEHHBIMHU 0CaIKAMHU
(Niu et al., 2016).

YCTOMUHUBOCTH K IMOJIETAaHUIO 3aBUCUT TAKXKE OT KOMILJIEKca
B3aUMOCBSI3aHHBIX [TPU3HAKOB, TAKMX KaK aHATOMHYECKHE U
MOP(OJIOTHYSCKUE OCOOCHHOCTH CTEOIIST M KOPHEBOM CHUCTE-
MBI, OHOXUMHYECKHE U (HPU3NOIOTHUECKUE TPOIIECCHI, TIPO-
TeKaIIKe B opranusmMe pactenusi. CormacHo mpoBeIeHHBIM
HCCICAO0BAHUAM, OCHOBHBIMU XapaKTEPHUCTUKAMU, KOTOPLIC
OTPEACISIIOT YCTOWYNBOCTD IIICHHIIBI K MOJICTAHUIO, SBIISI-
IOTCSI: BBICOTA PACTEHUSI, JNTUHA U TOJIIUHA CTEOIs1, pa3Mephbl
BEPXHCTO U HUIKHETO Me>1<}10y3n1/1171, YHUCJIO MPOAYKTHUBHBIX
MOOEroB, IMAMETP M YHCIIO TIPOBOJSIIUX [TYYKOB, COJIEPIKaHUE
JIMTHUHA U [EJUTIONO03bI B CTE0JIE, COAEepIKaHNE PACTBOPHUMBIX
caxapos, Bec 3epHa B konoce (Kelbert et al., 2004; Monoga,
2009; Berry, 2012; Packa et al., 2015; Xiao et al., 2015;
Khobra et al., 2019; Shah et al., 2019).

[ocnemHue 1OCTHKEHUS B pa3pabOTKe METOI0B OMOTEXHO-
JIOTHH MTO3BOJIUITH WICHTU(DUIINPOBATH PsiJi TEHOB U JIOKYCOB
KOJIM4EeCTBEHHBIX MPpU3HAKOB (QTL), KOHTPOIUPYIOLIHX MTPHU-
3HAKH, CBsI3aHHbIC C moyieranueM. C UCIOIb30BaHHEM JBYPO-
JIUTENILCKUX KAPTUPYIOIIUX MOMYJISIINT ObLIN JIOKaTU30BaHbBI
reHeTnyeckue (pakTopbl, aCCOLUMUPOBAHHBIEC C TOJIEPAHTHO-
CTBIO K IT0JIEraHuI0. MHOrMe U3 HUX KapTUPOBAHBI B TEX KC
TEHOMHBIX paifoHaX, [JIe JIOKAIN30BaHbI TeHBI, OTBEYAIOIIIHE 32
BBICOTY PACTEHHSI, IUAMETP U TOJIIHHY CTEOIs, ypOXKAHHOCTh
(Verma et al., 2005; Kong et al., 2013; Berry P., Berry S.,
2015). Coverannue METOIOB MOJHOTEHOMHOTO TIOMCKA acco-
[UAIUIA U BHICOKOTIPOU3BOAUTEIBHOTO (DCHOTUITUPOBAHUS C
HUCIIOJIb30BAaHUEM 06IJlI/lprlX KOJ'IJ'leKLll/lI‘/II COpPTOB BBISIBUIIO
HOBBIE TEHOMHBIE pallOHbI, KOPPEIUPYIOIIHE C YCTOMYHUBO-
cthio k moneranuto (Kaur et al., 2017; Singh et al., 2019).

Cenex1yst 3epHOBBIX KYJIBTYp Ha IPOLYKTUBHOCTb HEPa3-
PBIBHO CBs3aHa C CEJEKLUMEN Ha yCTOMYMBOCTb PacTEHUM
K HeOIaronpusTHeIM (haKTopaM BHEIIHEH CpeJibl, BKIIOUast
YCTOMYUBOCTS K IOJIeraHuio. B HacTosieM 0030pe paccMoT-
peHa poJib Pa3NUUYHbIX (AKTOPOB, BIHUSIOUIMX HA YCTOWYH-
BOCTbH TIICHUIIBI K MOJETaHUIO, B TOM YHCIIE MPUBEIACHBI
PE3yIIbTaThl HCCIICIOBAHUI 10 MOJICKYJISIPHO-TCHETHUCCKOMY
KapTHPOBAHHUIO TeHETUYECKUX JIOKYCOB, ACCOIMUPOBAHHBIX C
MPOSIBIICHUEM JIAHHOTO MPHU3HAKA.
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Tunbl noneraHms
[Tox moneranueM MPUHSTO MOHUMATh CMENIEHUE CTeOIs
WJIK BCETO PACTEHHSI OT €ro BEPTHUKAIBHOTO mosoxkenus. Ha
MPAKTUKE Pa3IHMYaOT MPUKOPHEBOE U CTEOJICBOE MOJICTaHHE
mmenntbl (HocaroBckuit, 1965; 3axapos u np., 2014; Khobra
et al., 2019). [IposiBneHIE KOPHEBOTO WIIA CTEOICBOTO THIIA
MOJICTAHKSI 3aBHCUT OT XapaKTEPUCTHK KOHKPETHOIO COpTa
1 (aKTOPOB BHEIIHEH cpelibl. [IpUKOpHEBOE MOJIeTaHKue CBsI-
3aHO C HEJIOCTATOYHON MEXaHWYECKOH MPOYHOCTHIO CaMHX
KOpHE# JIN00 HEJI0CTaTOUHO MPOYHBIM CICTIICHUEM KOPHEBOU
cucreMsl ¢ ouBoii (Packa et al., 2015; Shah et al., 2019).
ApXUTEKTYpa KOPHEBOI CHCTEMbI MIPACT BAXKHYIO POJIb B
MOJIICP’)KAHUK YCTOMYMBOCTH PAcTEHUs K IoJeraHuro. M3-
BECTHO, YTO IIyOWHA 3aJieraHusl KOPHEHl, JUTMHA U TUIOTHOCTh
KOPHEBBIX BOJIOCKOB, YTOJI PACIIONOKEHHUSI 0a3aIbHBIX KOPHEH
U UX U3rub BIMsoT Ha yerounBocTs (Pinthus, 1967; Crook,
Ennos, 1993). OxgHoit n3 npuyuuH c1abopa3BUTON KOPHEBOH
CHUCTEMbI MOXKET OBbITh JC(QUIMT BJIArd B MMOYBE B MEPBYIO
MOJIOBUHY Beretanuu. Kpome Toro, mpuKopHEBOE MOJICTaHKHe
BCTpeUaeTcsl B pailoHax ¢ OONBITUM KOJIMYECTBOM OCAIKOB B
(ha3bl KyIIEHHs U BBIXOJIA B TPYOKY, & TAKIKE TIPH OPOILICHUH.
Kak mpaBuito, y reHOTUIIOB C TAKHM THUIIOM IOJICTAHUSI IIPOY-
HBIN cTeOCIb, MX AHATOMHUYECKHE MTOKA3aTeNI BIIOJIHE COOT-
BETCTBYIOT MMOKA3aTeJIsIM COJIOMUHBI XOPOIIIO YCTOHYUBBIX K
nosteranuio ¢popm (MBanos, Jloxynaes, 1979; Jlemuu, 1980).
B pesynbrare nepeyBia)kHEHUS] BEPXHETO CJIO0s MOYBBI O
TSHDKECTBIO HAJ[3¢MHOW MAacChl PACTEHUI HAOIIOMaeTCsl CMe-
IIICHUE ¥ PACTSHKCHUE KOPHEH, a MHOT/Ia U UX pa3psiB. CTeOnu
pacTeHUi TEPSIOT BEPTHKAIBHOE MOJIOKCHHE W TTOJICTafOT.
Bonee mupokuii yros pacnpocTpaHeHusi KOPHEBOH CUCTEMBbI
CHU)KAaeT PUCK BO3HHUKHOBCHHS PUKOPHEBOTO TOJCTaHUS
(Hocarosckuii, 1965; Berry, 2012; Packa et al., 2015).
CrebneBoe MojieraHue MIISHUIIbI TPOUCXOAUT TIOJT BIIHSI-
HUEM HArpy3KH Ha cTe0esb, KOTOpasi BO3PACTACT C YBEIHYC-
HUEM BE€Ca Ha KOJIOC U YJIMHECHUEM COJIOMUHBI. prFI/IMI/I
CJIOBaMHU, [TPOMCXOAUT M3THO U JIaXKe CIIOM COJIOMHUHBI, Ipe-
HUMYIICCTBEHHO B PaiiOHE BTOPOTO M TPETHETO MEXKJIOY3IIUS
cuuzy (Tepeurtnes, 1974; Zuber et al., 1999; Packa et al.,
2015; Khobra et al., 2019). OcobeHHO 9acTo cTedaeBOE MO~
JICTAHUE BCTPEUYACTCSI Y COPTOB C JTTMHHBIM X TOHKHM CTEOJIEM.
Hanbonpmmuii Bec Kojioca OTMEUYAETCS B KOHIIE CIIEIIOCTH.
HecMoTpst Ha TO YTO TPEThE HIKHEE MEXKI0Y3/IHe 00manaeT
MEHBIIICH YCTOHYNBOCTHIO COJIOMHIHBI Ha U3JI0M, Y€M BTOPOE,
B cuily OOJNBINEH HArpy3KH, MPUXOJSIICHCS Ha MOCIenHee,
MOJIETaHUE TMIICHHUI[BI Yallle BCEr0 OTMEUYAeTCsi HMEHHO BO
BTOPOM MEXKOY3JIIUH. YBIXXHECHUE KOJIOCA YBEIIMYUBACT Ha-
Ipy3Ky Ha cTe0elb, MOATOMY JOKIN B ATO BpeMsi Hanbosee
OTIACHBI JUTs IOJICTaHHS [IIICHUI[bI. YCIOBHUS BHEIIHEH CPE/Ib
npuoOpeTaroT 0c000e 3HAYCHHE BO BpeMs (hOPMHUPOBAHUS
BTOPOTO U TPETHETO MEMKI0Y3ITHSL.

(DaKTOpr, Bbi3blBaloLjie nosieraHne

DakTopbl, BHI3BIBAIOIIUE TTOJIETAHHE, MOYKHO TTOPA3/ICIUTh
HA YEThIPE TPYIIbL: OCOOCHHOCTH CaMUX PacTeHHid (CTpoe-
HHE 1 CBOMCTBA CTEOIIs, pa3BUTHE U CTPOEHHE KOPHEH 1 1Ip.);
(dhusnyeckue Gpakropsl (BETEp, A0KIb, IPa, TEMIEpaTypa u
CBETOBOM PEXUM U JIp.); arpoTeXHIUUECKUE (PaKTOPHI (H30bI-
TOYHOE YBIIQKHEHUE U TUTAHUE, B [IEPBYIO OYEPEb a30THOE,
HemocTatok (ocdopa U Kajusl, 3aBbIIICHHBIC HOPMBI II0CEBA
U JIp.); TOpPaXECHUE MIIECHUIIBI OOJNIE3HIMHU, KOTOPOE B He-
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MaJIOi CTENEeHM CBS3aHO C COPTOBBIMH OCOOCHHOCTSIMHU U
arpOTEXHUKOH.

Ocoboe 3HaueHNE NMEET BBINAJICHNUE 0CA/IKOB, a TOYHEE HE
KOJIMYECTBO BBINABIINX OCA/IKOB, @ HHTEHCHBHOCTD JOXKIS U
camo ero gopmupoBarne. Kak mpaBmio, CHIBHBINA U TTOPHI-
BHUCTBII BETEP € JIOXKJIEM HITH TIOCIIE JIOXKIS SIBJISICTCS OCHOB-
HOM NpUYMHON nosieranus. HemanoBaxHsiit Gpakrop — 3ary-
IIEHHOCTH ITOCEBOB, KOTOPasi MPUBOANUT K BO3HUKHOBEHHUIO
B3aMMO3aTECHEHUSI, B PE3YNIBTATE Yero POPMHUPYIOTCS TOHKHE
U JUTMHHBIC CTEOIHM CO CIa00Pa3BUTON KOPHEBOW CHCTEMOM
(UBanos, [loxynaes, 1979; Foulkes et al., 2011).

BbIcokmii ypoBeHb TUIOIOPOANS M CTPYKTYpa ITOYB TOXKE
CHOCOOCTBYIOT IoJIeranuto. JIOCTyIHBIN AJIsl pacTeHHUs a30T
MOXXET IIOCTYIIaTh B HETO B Pe3y/IbTaTe MUHEPATH3AIAN pac-
TUTEJIBHBIX OCTATKOB WJIM 4Yepe3 MHHEpAJIbHbIC YI0OpEeHUS
(Berry et al., 2004). IIlpumeHeHre MUHEpaAIbHBIX Y100pe-
HUH BEAET K MOIIHOMY BEreTaTHBHOMY POCTY IMIICHHIIBI, K
CHIIBHOM KyCTHCTOCTH, YTO BJICUET ITOBBIIICHHYIO INIOTHOCTD
arpoleHosa pactenuil. [loBsllaercss KOHKypeHUHUs 3a Ipo-
CTPAHCTBO, CBET M MTUTATEIIFHBIC BEIIECTBA, YTO B KOHCUHOM
UTOTEe MPUBOANT K (POPMHUPOBAHMIO pacTeHHH ¢ Oosee TOH-
KUMU U JJTUHHBIMH U 00Jiee ClIa0bIMK CTEOISIMHU C MEHBIIIM
KOJIMYIECTBOM CYXOTO BEIIIECTBA B HIDKHEH 9aCTH MEXKI0Y3IIHS.
[Tomumo ymnmuHeHust ctebist, Habmonaercst GopMupoBaHue
TOHKHX KOPHEH O ¢1abo¥ CHITOM crieryieHus ¢ mouBoi (Berry
etal.,2004; Foulkes et al., 2011). Bosbimoe kommuecTBo a3oTta
CHIDKACT TaKXKe COJIeprKaHue LeIJUTION03bI M JIMTHUHA. Y100pe-
HUS ¢ KanueM, (ochopoM U MUKPOIIEMEHTAMH OKa3bIBAIOT
MEHBIIIee BO3ICHCTBHE Ha N3MEHEHHE IPOYHOCTH CTEOIS, IeM
a30THBIE, XOTS 3TH JaHHBIe HeomHo3HauHbl (Mulder, 1954;
Zhang et al., 2017; Khobra et al., 2019).

B coBpeMeHHOM TPOU3BOICTBE MPUMEHSIIOT HHTEHCHBHEIE
TEXHOJIOTHH BO3/ICIIBIBAHNS IIIICHUIIBI: BHECEHIE MUHEPAJIb-
HBIX yIO0OpEHHH C 1IeJIbI0 MOJTYyYeHHs] BBICOKUX YPOXKaeB M
TIOBEIIICHIS KauecTBa 3epHa. [[0CKoMbKy MpUMEHEHIE MUHE-
paNbHBIX yI0OpEeHHH MOXET IPUBECTH K ITOJICTAaHNIO, OHUM
13 CIIOCO0O0B PeILeHNUsT JaHHOM 3a/]1a41 CTaJI0 UCII0Ib30BaHUE
PETYISITOPOB pocTa (PETapIaHTOB), TOPMO3SAIMINX POLIECCHI
pocra pactenusi. Oxa3anock, YT0 CBOEBPEMEHHOE TOPMOXKE-
HHE pOCTa BEreTaTHBHBIX OPraHOB PACTEHUI MOXKET CII0Cc00-
CTBOBAaTh PA3BUTHUIO Y HHUX Ps/ia TOJIE3HBIX XO3IHCTBEHHBIX
MIPU3HAKOB: PACHINPEHHE TUIACTUHOK JINCTHEB, MTOBBINICHUE
MHTEHCUBHOCTH HX 3€JIEHOI OKPACKH, pOCT 00beMa KOPHEBOH
CHCTEMBI, YMEHBIICHNE MTPOIOIHKATEIEHOCTH TTOKOSI CEMSH,
TIOBBIIICHUE BCXOXKECTHU M yBEIIMUCHUE SHEPT UK IPOPACTAHHSI.
[Tpu 5TOM BaskHO, 4TO CaM X071 (PU3HOJIOTNUECKHX ITPOLIECCOB,
OTIPENIeNAIONTNX MPOAYKIMOHHYIO CIOCOOHOCTH 00paboTaH-
HBIX PAcTEHUI, HE JOJDKEH NMpETepIeBarh CyNIECTBEHHBIX
n3MeHeHui. JlaHHbIC O BIMSHUU pETapJaHTOB Ha (PU3UO-
JoTHYecKue (QYHKIIMH PACTCHHWH MPOTHBOPEUYHBHI, OJHAKO
OOJBIITMHCTBO PE3yJIETAaTOB CBUACTEIBCTBYET, YTO PETYIISITOPHI
pOCTa pacTeHui He OKa3bIBAIOT OTPHULIATEIILHOTO BO3ICHCTBUS
Ha (DOTOCHHTE3, OTPAHUIUBAIOT YPE3MEPHBIA PAaCXOJ BOABI U
obecrieunBaroT O6osee OnaronpusTHEIH BomHbIH pexxnm (11a-
noBai u ap., 2010; Souza et al., 2010).

AHaTomunuyeckue n mopdpodusnonornyeckue
napameTpbl cTebns

JnmHa ctebns — onuH U3 Hanbosee BayKHBIX MOP(OIoruye-
CKHX MPU3HAKOB, KOPPEIUPYIOIIUI C YyCTONYUBOCTBIO K I10-
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JIeraHno. 3HaYMTeNIbHAsl CKIIOHHOCTD K IOJIETaHUI0 Y IIIIe-
HUIIBI HAOMIOMaeTcs MpH BBICOTE pacTeHus cBeimie 120 cm
(Hopodees n ap., 1976; Packa et al., 2015). 'enoTumsl, nmero-
II1€ YKOPOUYECHHYIO COJIOMUHY, OTIIHYAIOTCSI TOJIEPAHTHOCTHIO
K TIOJIETaHUIO U OONBIIeH ypoykalfHOCTBIO 3epHA. AKTHBHOE
BBIBE/ICHHE KOPOTKOCTEOEIBbHBIX COPTOB Hadanoch B 1960—
1970-x TT. IpU UCNOJB30BAHUH B CEJICKIMH Pa3IUIHBIX
amneneit renoB Rt (Reduced height). CormacHo karamory
TeHHBIX CHMBOJIOB, y MIICHHIBI 0OHapyxeHo Oonee 40 an-
Jeneii reHoB R/, TOKaJM30BaHHBIX B XpPOMOCOMaX BTOPOI U
YETBEPTOM T'OMEOJIOTMYECKUX I'PYIII U B XpoMocoMax SA, 5D,
6A,7A, 7B (Mclntosh et al., 2013, Supplements 2014-2017).
I'enbl RAt yCIIOBHO JIETISITCS HA JIBE TPYIIIBI ITO MX PEAKIUH Ha
rHOOEPEITHHOBYIO KHCIO0TY. HeayBcTBHTEMBHBIE K THOOEpET-
JTMHAM TeHbl Rht] v Rht2 xapTrpoBaHbl B KOPOTKHX TUIEYaX
xpomocoM 4B u 4D. I'ensbl, uyBcTBHUTENIBHBIE K THOOEpEILIN-
HaM, OBLTH JIOKaJTM30BaHBI B XpoMocoMax 2A, 2DS, 7BS u SA.
Kpome reHOB ¢ MOCTOSHHBIMU CHMBOJIAMH, TIPAKTHYECKH BO
BCEX XpOMOCOMaXx IMIICHHIbI KAPTUPOBAHO OOJIBLIOE YHCIIO
QTL (Wurschum et al., 2017).

HecmoTpst Ha MHOTOYMCIICHHOE YHCIIO TEHOB U ayuieiel
Rht, Tonbko uetsipe u3 Hux — Rht-B1b (4BS), Rht-D1b (4DS),
Rht8 (2DL) u Rhtll (Rht-Ble) — momydnnu MpaKTHIECKOE
IpUMEHEHNE TpU co31aHuu HOBBIX coptoB (Knopf et al.,
2008; Pearce et al., 2011; Xiao et al., 2015). [Ipucyrcreue
3THX T'€HOB B COPTAaxX MPUBOJUT K YMEHBIICHHUIO YUCIIA U
pa3sMepoB MEXJIOY3JIHH, COKPAIIEHHIO UTMHBI KOJICOITHIIA,
CHIDKCHUIO JUTHHBI cTebiis Ha 14—17 % u crocoOcTByeT
yBenmueHuto ypoxaiinoctu 10 20 % (Berry, 2012). Annens
Rht-Ble ctumynupyeT cyliecTBEeHHO O0JIbIIee CHIKEHHUE BbI-
COTbI PACTCHUI U YBEJIUYEHUE YPOXKANHOCTH 110 CPABHEHUIO C
amnenem Rht-B1b (JuBamryk u ap., 2012; Kopuryrosa u nip.,
2014). Ha cerogusiunuii nens 6onee 70 % copToB B MHpe
COJIepIKaT 1o KpanHeit Mepe onuH u3 3tux RAt renos (Evans,
1998; Borojevic, Borojevic, 2005; Kopuryrosa u ap., 2014;
Shah et al., 2019). OcTanbHbIe JTOKYCBI RAt HE UCTIONB3YIOT-
Csl U3-3a HEraTHBHBIX 3()(EKTOB HA YPOXKAWHOCTH U JIpyrUe
XO3HCTBEHHO BaykHBIe Tpru3Haky (Daoura et al., 2014; Wang
etal., 2014; Li et al., 2015).

B HacTosiiee BpeMsi U3BECTHO, YTO reHbl RAt-B1b u
Rht-D1b mmuenunsl kKoaupyioT MyTanTHele 0enkn DELLA,
KOTOpBbIE TIPH 00pa30BaHWU KOMIUIEKCA C THOOCPEINTMHOM
U PEIETITOPHBIM OEJIKOM PEIpecCUpPYyIOT THOOSPEIITHHOBBIN
CHUTHAJI, BIHAS TAKUM 00pa30M Ha POCT U Pa3BUTHE PACTCHUS
(Peng et al., 1999; Yamaguchi, 2008; Pearce et al., 2011;
Thomas, 2017). Myrauuu B crpykrype O6enkoB DELLA,
CHIKAIOIINE YyBCTBUTEIBHOCTh K JACHCTBHIO THOOepenu-
Ha, OBUTH BBISIBJICHBl Y MHOTUX BUJIOB PACTCHUH U JICTAIBHO
M3y4eHsbl Ha rpumepe apaduorncuca u puca (bunosa u ap.,
2016; Vera-Sirera et al., 2016). Uto kacaercs TIIIEHUIIBI, TO
Ha JTAHHBIH MOMEHT MOJICKYJISIPHBIC 1 OMOXMMHUYECKHE (DYHK-
1uu MyTaHTHBIX 6enkoB DELL A HerocTaTouHO U3y4eHbl, YTO
CEpBE3HO 3aTPYIHSET MEPCIIEKTHBBI MCIOIb30BAHUS TAKUX
MyTalui Ha TPAKTHKE.

[ToMuMO JUIMHBI, HEMAIOBXKHYIO POJIb MIPAIOT JIpyrue
rapaMeTpsl cTeOsl. YCTaHOBIEHO, YTO AUAMETP COJIOMHUHBI,
€€ TOJICTOCTEHHOCTH U BEC, KOJIMYECTBO COCYANCTHIX ITyIKOB
U IMPOKOE KOJIBLIO MEXaHUYECKUX TKaHEH KOPPEIHPYIOT C
ycToitunBOCTRIO K moneranuio (EmenssiHoBa, Pesnndenko,
1970; NBanos, loxyHaes, 1979; Shah et al., 2017). Ocoben-
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HYIO POJIb B IPOYHOCTH CTEOJII MHOTHE UCCIIEA0BATENN OT-
BOZIST TOJIIIMHE CTEHOK MEXJIOY3IHH 1 UX aHATOMHUYECKOMY
CTPOCHUIO. YBEJIMUCHHUE IMAMETPa 1 TOIIMHBI CTEOIS TPUBO-
AT K roBbIieHuto ero npounoctu (Packa etal., 2015; Shah et
al., 2017). TommuHy CTEHOK COIOMIHBI 00€CTICUMBAIOT KJICTKU
OCHOBHOW M MEXaHHYECKOH TKaHEH, a TakKe KOMITOHEHTHI
MpoBoAALIeH cucteMsl. TomiuHa cTe6s NIIeHUIIBI SIBISeTCS
LIEHHBIM TPU3HAKOM, MAPKUPYIOIINM MOTCHIINAIBHYIO IIPO-
JTYKTHBHOCTB pactenui (JIazapesuy, 1999; Packa et al., 2015).
VBennueHue auamerpa cTelis crocoOCTBYET CHHIKEHHIO
pHCKa BO3HUKHOBEHHS TIoJieTaHusl. JloCTUraeTcst 3To 3a CUeT
YBEIMUYCHUS THaMeTpa MPOBO/SIINX ITyYKOB NMAPEHXUMBI U
TOJIIMHBI CKJIEPEHXUMHOM TKaHH, KOTOPasi, B CBOIO OUEpPEb,
3aBHCHT OT YHCIIa CJIOEB KIETOK U MX auamerpa (Jlazapesuy,
1999).

HNmeercs psa uccieloBaHU 110 BBIABICHUIO I'€HETHYE-
CKHUX JIOKYCOB, aCCOLMMPOBAHHBIX C MapaMeTpaMu CTeOIs.
C ucnonb3oBanueM purartonaaoi (DH) mormysisiiny o3umMoit
MATKOW mieHusl mectb QTL A mpu3HakoB «IPOYHOCTH
CTEOIIs, «TONIIMHA CTEHKH CTEOIIS, «THaMETP CEPIILIEBUHBD)
U «AUaMeTp CTeOIIsH NACHTU(PUIIMPOBAHBI B XpOMOCcOMax 1A,
2D, 3B (Hai et al., 2005). B aqpyrux padorax reHeTH4ecKue
JIOKYCBI, OTPAXAIOIINE KOPPEISAIUNA MEKAY TOJIETaHHEM U
TOJIIINHOW CTEHKHM CTeOIs1, ObLTM KapTUPOBAHBI B XPOMOCOMAX
2A,3A,5A,1B,4B,4D, 6D u 7D (Keller et al., 1999; Xiao et
al., 2015). /{y1s1 uncia IpOBOSIIHX ITy9KOB OBLTH 3apeTUCTPH-
posanbsl QTL B xpomocomax 1A, 2D, 5D u 7D (Shah et al.,
2017). Pe3ynbraThl KApTUPOBAHUS TAKKE CBUIECTEIHCTBYIOT,
YTO JIOKYCBHI C BBICOKHM (DEHOTHIIHICCKUM IPPEKTOM B OT-
HOIICHUH TOJIEPAHTHOCTHU K TIOJICTAHHUIO KOJIOKAINU3YIOTCS C
QTL, xoTOpBI€ OTBETCTBEHHBI 32 BLICOTY PACTEHHUSI, TUAMETP
u pogHocTh cTedns (Berry P., Berry S., 2015; Lietal., 2015).

Jnst u3ydeHnst TeHeTHYECKON apXUTEKTYPbI TAKOTO CIIOXK-
HOTO TIPH3HAKa, KaK IoJieraHue, HeoOXoUMbl MacIuTaOHbIe
(heHOTHIIHUECKNE U TEHOTUIHYECKHE YKCIIEPUMEHTHI C HC-
MOJTb30BaHUEM MOMYJISIMI Oombiioro pasmepa. 1o mocnen-
HUM JaHHbIM (Singh et al., 2019), reneTnyeckas 0cHOBa IoJIe-
TaHus OblIa NCCIIEI0BaHa C TOMOIIBIO HOBOTO METOANIECKOTO
TI0/IX0/Ia BBICOKOBOCIPOHU3BOUTEIILHOTO ()eHOTHITHPOBAHUS
(HTP, high-throughput phenotyping). [IpumeHenue meTonoB
TEHOMHOM CENEeKIMH ¥ T€HOMHOTO MPOTHO3MPOBAHUS MO-
3BOJIMJIO MJICHTU(HUIIMPOBATH KIIOYEBOW T€HOMHBIN paiioH B
xpoMocome 2A ¥ MUHOPHBIE JJOKYCHI B IPYTHX XPOMOCOMaX,
copmagaromue mo jokamusanuu ¢ QTL, xapTrpoBaHHEIMU
paHee B IpyTuX UCCIICAOBAHUSIX.

C nomouIpl0 COBPEMEHHON MUKPOCKONUYECKONW TEXHH-
KM YCTAaHOBIICHO, YTO MPOYHOCTH CTeOIs obecrednBaeTcs
KOMITJICKCOM aHaTOMHYECKHX MPU3HAKOB: YHCICHHOCTHIO U
B3aMMHBIM PACHOJIOKEHHEM MPOBOASIIUX yYKOB, TOIIOTpa-
(hrueCcKNM MOJIOKEHUEM B cTE0JIE MEXaHIMUECKNX TKAHEH U UX
napamerpamu (Jlazapesuu, Meixibik, 2014). Bermonnennas
4acTh CTCOIIS IIPEICTABIICHA SIIUCPMUCOM, ICPBUYHOM KOPOU
Y LIEHTPAJIbHBIM LIINH/POM, COCTOSIIINM U3 nieprdepuaecko-
TO KOJIBIIA CKJIEPEHXHMBI, ITPOBOSIINX ITyYKOB U 3aIacaromieit
MapeHxuMbl. B cep/iieBuHe napeHXuMbl y MATKOH HIIEHHUIIBI
MMEETCsI OJIOCTh — MEAYIUIIPHAs JTaKyHa, KOTopasi 00pasyeTrcst
B Pe3yJIbTare pa3pylleHus! CepALEBUHBI IIPH YIUTMHEHUH CTeO-
a5t (Hocarosekuid, 1965; EmenbsiHoBa, Pe3nuuenko, 1970).

IIpoBoasmue mMydKkd MapeHXUMBlI U TEPBUYHONH KOPBI
BMECTE COCTABJISIOT TPOBO/ISIITYIO CHCTEMY PacTEHUSI U OJTHO-
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BPEMEHHO BXOJIAT B COCTaB MeXxaHU4YeCKoi Tkanu. [1pu n3rube
WU JIOMKOCTH CTEOJIsI B PE3YNbTATe MOIETaHusI TPOUCXOANT
MOBPEXk/ICHUE COCYIMCTHIX MPOBOSIINX IMydkoB. Hecmor-
psl Ha OTCYTCTBHE OJHO3HAUHBIX JJOCTOBEPHBIX KOPPEISIIUI
MEX/y YUCJIOM MPOBOAALINX ITYYKOB M yCTOHYMBOCTHIO
K TIOJICTaHUIO, TIPY MU3YyYCHWH AaHATOMHUYECKOW CTPYKTYpPbI
cTeOJIsl BUIOB U COPTOB SIPOBOM IMIIEHUIIBI, PA3JINYaIOIINXCSI
T10 MOJIETaHHI0, OTMEYEHA Pa3HUIIA B KOJIMUECTBE COCYIHCTO-
BOJIOKHHCTBIX ITyYKOB B MeX/10y31HsX (Ageeva et al., 2019).
VBeNNYEHHOE YUCIIO COCYAUCTBIX IIyYKOB HAOIIOAAIOCh Y
COPTOB, YCTOWYMBBIX K MOJIETaHUIO.

[To muenwmro C.B. JIazapesnya (1999), ycroitunBocTH K 110-
JIETaHHIO CIIOCOOCTBYET PUTMUYECKOE YEePET0BAHNE KPYITHBIX
U MajbIX My4KOB M HAJIMYUE y KPYIHBIX MYYKOB CKJIEPEH-
XUMHBIX OOKJaJIoK. B cirydae y3Koro ciosi CKICpeHXUMBI
(hopMHUPYIOTCS PACTEHUS C TOHKUM M JIOMKUM CTEOJIEM.

YCTOIYNBOCTE K TOJIETAHUIO TIPENCTABISIET cO00il KoM-
TUIEKC TECHO B3aNMOJICHCTBYIOIINX MEXTy COOO0I IPH3HAKOB,
[I03TOMY Ba)KE€H HE TOJIBKO LIMPOKUH CIIOU CKIEPEHXUMHOMN
TKaHH, HO 1 OOJIBIIOE COAEPKAHUE B HEM JINTHHHA U LIEILTIO-
no3sl (Shah et al., 2017). Ha ceropnsiauii AeHb OTCYTCTBYET
JlocTartouHast nHGOpMaIHst 0 TeHETHYECKOM KOHTPOJIE Coziep-
KAHUSI [IEIUTIONO3bI y TIIEHHUIIBI, 33 UCKIIIOUCHUEM PE3yIIbTa-
ToB S. Kaur ¢ komeramu (Kaur et al., 2017), koTopsie ¢ tomo-
IIBI0 TIOJIHOT€HOMHOTO [IOMCKa aCCOLMALINIT BBISIBUIIM JIEBSTh
MapkepoB SNP, ¢ BBICOKOI JTOCTOBEPHOCTHIO CBSI3aHHBIX C
TeHAMH, KOIUPYIOMNMHE B-TyOyinnH, ayKCHH-HHAYIAPYEMBbIH
0eoK 1 TpaHCMEeMOpPaHHBIN ONIOK C HEM3BECTHOU (DYHKLIMEH.
[Tpenmonaraercst, YT0 3TH T€Hbl MOTYT OBITH BOBJICUCHBI B
OMOCHHTE3 LIEIUTIONO3BI M BIUATH HA IPOYHOCTH CTEOIS.

JIUrHUH — BayKHBINM CTPYKTYPHBII KOMIIOHEHT BTOPUYHOI
KJIETOYHON CTEHKH, KOTOPBIM CBSI3aH U C POCTOM PACTEHUS,
U C IPOYHOCTBIO CTEOMsI. Y MIIEHUIBI HaOMoaaeTcst 3Ha4u-
TeJIbHas KOPPEJSIIIMOHHAS CBS3b MEXIY YCTOHYMBOCTBIO K
MOJICTAHHIO W COAep KaHWeM NTUTHHHA B crebne. D. Peng ¢
KOJIJIETaMH B CBOEM HCCIICZOBAHUM YCTAaHOBMIIM, YTO COPTa
C BBICOKHM COJIEp)KaHHEM JIMTHHUHA MOTYT OBITh MCIIOJIb30-
BaHbI B KaUE€CTBE NCTOYHHUKOB C IIEIBIO CO3aHUs 00pas3IioB,
TOJIepaHTHBIX K noneranuio (Peng et al., 2014). Kpome Toro,
B COBOKYITHOCTH YBEJIMYECHHE COJECP)KAHHME JIMTHUHA U Te-
MUIIEJUTION03B! YBEIMUNBaeT MPoYHOCTh cTebms. Copra ¢
HU3KUM COJICpKaHHEM 3THX KOMITOHEHTOB 00Jiee CKIIOHHBI K
noneranuio (Zheng et al., 2017).

Eme onHUM Ba)XKHBIM CTPYKTYpPHBIM KOMIIOHEHTOM, 00ec-
MEYMBAIONIUM MPOYHOCTH CTEONS y IMIICHHUII, SBISIETCS
kpemuuii (MBanuenko, Pe3anosa, 2016; Shah et al., 2017).
buonornueckuii akTUBHBIN KPEMHUH YKPEIUISIET SMUIEPMUC,
KOpY M COCYAHMCTO-ITPOBOJISIINE TKAHH, TEM CAMBIM CYIIle-
CTBEHHO TIOBBIIIAs! IITACTUYHOCTB, YIPYTOCTh, IPOYHOCTD CTe-
651, TUCTHEB U 3aIIUTHBIE QyHKIMH pacTeHnid (MBandeHko,
Pe3zanosa, 2016). DTo NpOMUCXOAMT 3a CUET TOTO, UTO KPEMHHUH
3HAYUTENIBHO YBEIUYMBACT COACPIKaHUE IIEIUTION03bI U JIUT-
HHUHA B KJIETKaX CKJIepeHXxnMbl. OH HaKalIuBaeTCs B SIUIEP-
MaJIbHBIX TKaHSIX M KOPOHApHBIX KIIETKax, oOecreunBast UX
MEXaHUYECKYIO MTPOYHOCTh U xkecTkocTh (Shah et al., 2017;
Zhang et al., 2017; Khobra et al., 2019). B TkaHsIX 3¢pHOBBIX
KyJIBTYP JIBYOKHCh KPEMHUs COCTaBISIeT Oojiee MOJOBUHBI
OCTAJIbHBIX MHKPOJJIEMEHTOB, MOIJIOIIAEMbIX M3 ITOYBHI.
3epHoBbIe TorIoMmaT kpeMHust B 10-20 pa3 Gonbire, gem
6000BbIe. B TeueHne BereTaimoHHOTO MEPHO/Ia KOJMYECTBO
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KPEMHHUS PACTET, JOCTUras MAKCUMyMa K €ro 3aBEpIICHHUIO
(KozmnoB u mp., 2015; Walsh et al., 2018).

OTCyTCTBHEC HEOOXOIMMOTO KOJIMYECTBA IPYTUX MHKPO-
AIIEMEHTOB TAK)KE MOXKET OKa3bIBaTh BIUSHHUE HA TPOYHOCTh
crebms. epuuut dhocdopa BEIZBIBAECT CHIKCHUE TOIIIUHBI
CTCHKU U (PH3HUYCCKOM TPOIHOCTH CTEOIIST. DTOT AIIEMEHT CII0-
COOCTBYET YKPEIUICHUIO KOPHEBOM CHCTEMBI, UTPAET INIABHYIO
pOJIb B MEpeHOCe dHEPTHH, B AbIxaHuu u (porocunrese. He-
JTIOCTATOK KaJIisl PUBOANT K YMCHBIICHHUIO THAMETpa CTe0-
JIs, HOCKOJ'II)Ky OH y‘iaCTByeT B J'll/IFHl/I(bI/IKaIJ,l/II/I KJIeTO‘-IHOﬁ
cTeHKU W KouteHxuMbl (EmenssHoBa, Pesnnuenko, 1970;
Shah et al., 2017).

3akniouyeHue

Takum 006pa3oM, CTETICHh YCTOWYHBOCTH K TIOJETAHHUIO pac-
TEHMI 3aBUCUT OT MHOTMX BHEIIIHUX U BHYTPCHHUX q)aKTOpOB.
Jliist cHMKEHHsI PUCKa BOSHUKHOBEHHUS TIOJIETaHHsI HE00X0-
JIIMO YYUTBIBATh HE TOJIBKO aHATOMO-MOP(OIOTHYECKHE U
(uznonornueckre 0COOEHHOCTH COPTa, TaKKe KaK JUIMHA U
TOJIIMHA CTeOIs, JUTMHA MEXKI0Y3INii, COfepKaHue TUTHUHA
U TCIUTIOTIO3EI | ., HO U KJIMMAaTHISCKUE 0COOCHHOCTH pe-
TMOHOB, HA TEPPUTOPUU KOTOPBIX KyJIBTUBUPYIOTCS TEHOTHUIIBL.
HemanoBa)xHO yYHTHIBATH TAKHE MapaMeTpbl, KaK BpeMs U
IUIOTHOCTH MOCEBA, BHECCHHUE YIOOPEHUH W PETyIATOPOB
pocra pacteHuid. CBsI3b MOJIETaHusI C BBICOTOM CTEOS U Ipy-
TUMH aHATOMO-MOP(OIOTHYECKIUMHU TIapaMeTpaMH KOHCTa-
THPYETCS BO MHOTHX Hay4YHBIX pa0OTax, OJHAKO BIIHSHHC
OOJIBILIMHCTBA TAPaMETPOB I10KA 110 KOHIIA He u3y4yeHo. B cBe-
T€ UCIIOJIb30BAHUS HOBBIX OMOTEXHOJIOTUUECKUX METOIOB U
PE3yJabTaTOB CEKBEHUPOBAHUSI TCHOMA IIICHUIIBI U JPYTHX
3JIaKOB HEOOXOAMMO MPOAOIDKATh PadOThI M0 MAEHTU(HUKA-
UM 1IEJIEBBIX JIOKYCOB /Uil YCTAHOBJICHHUSI Oojiee TOYHOMN
B3aMMOCBSI3U MKy TIOJICTAHUEM W JIPYTHMHU arpOHOMHYC-
ckuMH npu3Hakamu. [Ipu ocyiiecTBieHHN CENeKIIMOHHOTO
npoliecca, HaunHasi ¢ OLIEHKH U 1T000pa POIUTEIBCKUX Tap
M 3aKaHYHMBasl MUCCICIOBAHUEM HOBBIX THOPHIHBIX (HOpM,
Clle/lyeT KOMILIEKCHO MOAXOMUTh K Ipolieme, pemas ee ¢
MPUMEHEHUEM BCEX BO3MOXKHBIX ITOJIXO/IOB B 3aBUCUMOCTH OT
0COOEHHOCTEH MECTa BBIPAIMBAHKS U YPOBHSI TPEOOBAHUIT K
MOJIy4aeMOU IPOAYKIUH.
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YCTOMUYMBOCTD K BO30OyauTensiMm GurodTopo3sa 1 riiodogeposa
COBpPEMEHHOI0 COPTUMEHTA CEMEHHOr0o KapTodenst

11 er0 PUTOCAaHUTAPHOE COCTOSIHIIE B PA3INMUHBIX
arpoKJIMMaTN4YeCcKIX 30HaX eBPOIIeiicKOo yacTu Poccun
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AHHOTauuA. AKTMBHasA SKCMaHCKA 3apybexXHbIX COPTOB KapTodena Ha Tepputoputo Poccuiickon egepauum npusena
K CMeHe JOMUHUPYIOLVX BUAOB NMaTOreHOB 3TOW Ky/bTypbl 1 MOABAEHNIO HOBbIX MAaTOTUMOB BO30yamMTENe BpegoHOC-
HbIX 6one3Heii. Llenblo paboTbl 6bina oLeHKa yCTOMUYMBOCTM K BO3byauTenam ¢utodToposa 1 rnoboaeposa COBPeMEH-
HOro COpTMMEHTa KapTodens v onpeaeneHvie NopakaeMocTy BO3AeNbIBaeMbIX COPTOB KapTodens rpubHbIMU 11 0OMU-
LieTHbIMM 6ONEe3HAMM B Pa3NMUHbIX arpoKMmaTyeckmx 3oHax Poccun. MpoBeaeHa oueHKa ycTonunBocTn 41 copta
3apy6exxHON ceneKkumm, paspeLleHHoro K Mcnosib3oBaHuio Ha Tepputopumn PO, k natotuny Ro1 Globodera rostochiensis
n K usonaty VZR17 Phytophthora infestans, Bkntovatowwero reHbl BUpyneHTHocTn 1.2.3.4.5.6.7.8.9.10.11. YcTonumsbimm
K 30/10TUCTON KapTodenbHON HeMaTofe oKasanucb 38 copToB. Y 96.6 % M3yyYeHHbIX HEMATOAOYCTONUMBbLIX COPTOB
BbIIBNEH Mapkep reHa HT yctonumsocTty K matotuny Ro1 G. rostochiensis, BOCMpMUMUrBbIe COpTa 3TUM MapKepom
He obnaganu. AGCONOTHOM YCTONUMBOCTBIO K BO3OGyauTento putoptoposa otnmyanucb copta Alouette n Sarpo Mira
(6ann 9); BBICOKMM YPOBHEM yCTONUMBOCTY (6annbl 6 1 7) xapakTeprsoBanucb copta Evolution, Red Fantasy u Ricarda.
Copra Baltic Rose, Damaris, Desiree, Gala, Labella, Laperla, Mia, Sanibel, Zekura, Queen Anne, Red Lady u 7 for 7 6binn
OTHeCeHbl K BOCMPUVMUYMBBIM, XOTA B XapaKTepUCTMKaxX OPUrMHATOPOB YKa3aHa CpefHAA YCTOMUYNBOCTb K puTodhTO-
po3y. dutonaTonornyeckas sKcrnepTr3a npoBeaeHa ana 92 obpasuos 39 cOpToB ceMeHHOro Kaptodena 13 yeTbipex
depepanbHbix okpyros PO: MNMpusonxckoro, Ceepo-3anagHoro, LieHTpanbHoro n CeBepo-KaBka3sckoro. Hanbonbluee
pacnpocTpaHeHMe Ha BCEX COPTax MOMYUUIN PU3OKTOHMO3, cyxas dy3aprosHas rHunb 1 cepebpucrtas napwa. Cro-
NPOLEHTHOE NopakeHue KiyoHel cepebpurCcToi NapLioil OTMEUYEHO B Pa3/IUHbIX PErMOHaX Ha COpTax MUTHBIX pe-
npogaykumin Red Scarlett, Evolution, Labella, Colombo, Gala, Hesckuii. Lnpoko pacnpocTpaHeH aHTpakHO3 KapTodens;
cunbHee Bcero Obiny nopa)<eHbl KNyOHU SNUTHON 1 BTOpol penpoaykummn copta Red Scarlett — ot 50.0 go 71.4 % B
LleHTpanbHom depepanbHOM oKpyre.

KnioueBble cnoBa: pacnpocTpaHeHHOCTb 6onesHel kapTodens; Phytophthora infestans; Globodera rostochiensis; cepe-
6pucTan NapLua; aHTpakHO3; copTa KapTodens; yctonunsocTb; AHK-mapkepbl.

[Ona untuposaHus: Xio1tn A.B., Poibakos [.A., TaBpuneHko T.A., AdaHaceHko O.C. YCTONUMBOCTb K BO36yauTEnam
duTodTOPO3a 1 rMoboaEPO3a COBPEMEHHOTO COPTUMEHTA CEMEHHOIO KapTodens n ero GUTocaHUTapHOE COCToAHKE
B Pa3/IMYHbIX arpoKINMaTUYECKMX 30HaX eBPOnenckom Yactn Poccun. Basunosckul XypHasi 2eHemuku u cesekyuu.
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Abstract. The active expansion of foreign potato cultivars on the territory of the Russian Federation has led to a change
in the dominant pathogen species and to the emergence of new pathotypes of causal agents of harmful potato di-
seases. The aim of the study was to evaluate resistance to Phytophthora infestans and Globodera rostochiensis of mo-
dern potato cultivars and determine the distribution of fungal and oomycetic diseases on potato cultivars in various
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Resistance to causal agents of late blight
and golden potato nematode of modern potato cultivars

agroclimatic zones of Russia. The resistance of 41 foreign cultivars was evaluated to pathotype Ro1 G. rostochiensis and
to isolate VZR17 P. infestans with virulence genes 1.2.3.4.5.6.7.8.9.10.11. Resistant to G. rostochiensis were 38 cultivars.
57R marker of the H1 gene conferring resistance to the Ro1 pathotype of G. rostochiensis was detected in 96.6 % of the
nematode resistant cultivars studied; susceptible varieties did not possess this marker. Absolute resistance to the caus-
ative agent of late blight was demonstrated by the cultivars Alouette and Sarpo Mira (score 9); high levels of resistance
(score 6 and 7) were determined for the cultivars Evolution, Red Fantasy and Ricarda. The cultivars Baltic Rose, Damaris,
Desiree, Gala, Labella, Laperla, Mia, Sanibel, Zekura, Queen Anne, Red Lady and ‘7 for 7’ were classified as susceptible,
although the characteristics of originators indicated average resistance to late blight. A phytopathological test was con-
ducted on 92 samples of 39 varieties of seed potatoes from four federal districts of the Russian Federation: Volga, North-
West, Central and North Caucasus. Rhizoctonia solani, Fusarium spp. and Helminthosporium solani are most common on
all varieties. 100 % defeat of tubers by H. solani was recorded in various regions on the cultivars Red Scarlett, Evolution,
Labella, Colombo, Gala and Nevsky. Widespread Colletotrichum coccodes on tubers of the elite and 2nd reproductions
of the potato cultivar Red Scarlett (50.0-71.4 %) was recorded in the Central District.

Key words: distribution of potato diseases; Phytophthora infestans; Globodera rostochiensis; potato cultivars; resistance
to diseases; Helminthosporium solani; Colletotrichum coccodes; DNA markers.
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BeepeHne

B 2015 r. B bepnune, Ha MexayHapoAHOM KOHIpECCe 10 3a-
mute pacrernit (IPPC 2015) Obun peacTaBiieHsl JaHHBIE O
TOM, YTO Ha KapTodeJie Jaxe IPU NPUMEHEHUH XUMHYECKHX
CPEJICTB 3aIIUTHI TOTEPH OT OonesHel cocTapisiror 25-30 %
(Oerke, 2006).

Poccuiickas denepanus sABisercs IUAEPOM 110 BbIpalllU-
BaHHIO 3apyOeKHBIX COPTOB KapTodens: u3z 455 copros,
BKJIFOYCHHBIX B «[OCYIapCTBEHHBIN peecTp CENIEKIIMOHHBIX
JIOCTW)KCHUH, TOMYIICHHBIX K HCIONb30BaHuio» B 2019 1,
182 (40.0 %) — cenexumu CTpaH JaldbHETro 3apyOexbs,
34 (7.5 %) — crpan CHI, u Tombko 239 (52.5 %) copToB co3-
JlaHBl POCCUHCKUMU CeJICKIHOHepaMu (www.gossortrf.ru).
OTMeTHM TaKke, 4TO B OOIBIIMHCTBE KapTO(eTeBOIIECKIX
XO3SIHCTB MPEACTABICHHOCTD 3apyOe)KHBIX COPTOB JIOCTHTaeT
100 %.

AKTHBHas SKCIAHCHS 3apyOeKHBIX COPTOB M HECOOIIOIe-
HHE perIaMEHTa 110 UX arpOTEXHUKE IPUBEIIH K IUTaYCBHOMY
pe3ynbrary: Ha Tepputopun PO pacnpocTpaHUINCh HOBbIE
MaTOTHITBI, OTHOCSAIINECS KaK K OOMHIIETaM M rproaMm, TaKk U
K BUpYycaM, bakrepusim 1 Hemaroaam (Enanckwuii, 2015; Kys-
HeroBa # 1p., 2016). Kpome Toro, mosiBasOTCS HOBBIE Ta-
TOTSHBI, HAIIpUMep BO3OYIUTETN YepHOW HOKKH W MOKPOM
W Pectobacterium carotovorum subsp. brasiliense, P. ca-
rotovorum subsp. odoriferum, P. parmentieri, HOBbII aJis
Poccun Bupyc P (PVP), Bo3Oyaurens pozoBoro gpurodroposa
Phytophthora erythroseptica Pethybr. (Mruaros u ap., 2019;
Yanagisawa et al., 2019).

Hawnbonee BpenoHocHbIME B Poccuit IBISFOTCS CIEAYIOIIHE
OOMHUIICTHBIC U TpHOHBIC OoJe3HH KapTodems: GUTohTopo3
(Phytophthora infestans (Mont.) de Bary), notepu ypoxas
OT KOTOPOTO 0€3 MPUMEHEHUST XUMHUUECKUX CPEICTB 3aIIUThI
BapeupytoT oT 80 1o 100 %; komIuieke napiei kaproderns,
BKJIIOUAIONINI pU30KTOHMO3 (Rhizoctonia solani Kiihn),
cepebpuctyto (Helminthosporium solani Durieu et Mont.),
0OBIKHOBEHHYIO (Streptomyces spp.), Oyropuatywo (Poly-
scytalum pustulans (Owen & Wakef.) Ellis) u mopormrucryro
(Spongospora subterranea f. sp. subterranea Toml.) mapury,
MOTEpH OT KOTOpBIX focturaioT 30 %; a Takke aHTPaKHO3
(Colletotrichum coccodes (Wallr.) Hughes) — motepu 10 20—

30 %, cyxas (hyzaprosHast THWIb (TpHOBI pona Fusarium spp.)
u pomo3s (Phoma spp.) — notepu He meHee 20 %, 1 00beKT
KakK BHYTPEHHETO, TaK ¥ BHEIIHETO KapaHTHHA — 30JI0THCTast
kaprodenbHas Hemarona (Globodera rostochiensis (Wollen-
weber, 1923) Skarbilovich, 1959), BpenoHocHOCTh KOTOPOH
nocturaet 80-90 % (Winslow, Willis, 1972; Dillard, 1992;
Johnson, Miliczky, 1993; Johnson, 1994; Tsror et al., 1999;
Collins, 2000; Lees, Hilton, 2003; Judelson, Blanco, 2005;
Haldar et al., 2006; Gudmestad et al., 2007; Haverkort et al.,
2009; Tsror, 2010; Abbas et al., 2013).

KoHKypeHTOCIIOCOOHOCTh COPTOB KapTodes onpeaess-
€TCsl TIIaBHBIM 00pa3oM yCTOMYMBOCTHIO K Hambosee Bpeo-
HOCHBIM B 30HE BO3JeIbIBaHUS 0o0je3HsM. B cBs3M ¢ aTUM
CO3/IaHUE COPTOB KapTo(elisi, yCTOWYNBBIX K OCHOBHBIM 0O-
JIE3HSIM, SIBIISIETCS] IPHOPUTETHBIM HAIPABICHUEM CEJICKIIHH.
Jlonst ycTounBBIX K 00JI€3HSAM COpPTOB KapToders, 3aperu-
CTpUpOBaHHBIX B l'0cpeecTpe CEeNeKIMOHHbBIX JIOCTUKEHUN,
C Ka)XXJbIM TofioM yBenuuusaeTcs. Hanboree cymmecTBeHHbIE
Ppe3yabTaThl MOTYYCHBI IPH CENICKIMN KapTo(esst Ha YCTOM-
YMBOCTb K KapaHTUHHBIM 60J'Ie3HHM. Bce HOBBIC copTa, BHE-
ceHHble B [ocpeecTp, omIMUaIOTCs YCTOWYMBOCTBIO K BO3-
OynuTenro paka KapTogerns, KpoMe YeThIPEX CTapbIX COPTOB
(Bomxkanun, Epmak ymyumennsiif, Jlopx u [Ipuo6ekuit), nons
koTopeIx cocTasisieT 0.6 %. K Hactosmemy Bpemenu 55.4 %
COPTOB, BKITIOYECHHBIX B ['0cpeecTp, yCTONUMBEI K 30JI0THCTOMH
kaprodenpHoii Hemarone (3KH) (www.gossortrf.ru). 3ape-
ructpuposanusie B [ocpeectpe B 2019 1. 22 copra xapTode-
751 OXapaKTepr30BaHbl OpUTHHATOpamMH U ['occopTokomuc-
cHell 10 YCTOHYMBOCTH TOJILKO K YETBIPEM BO3OYAUTEISIM:
paxy (Bce yCTOIUYNBEI), 30JI0THCTON KapToeapHOI HeMaTo-
Jie (ycToWumBBI 15 COPTOB) M MOPIIMHHUCTOM M MOJIOCYATON
MO3auKe, BO30yquTesieM KoTopbIx siBisiercs PVY (ycToitumBel
8 copToB). Mexy TeM HH OTEUECTBEHHBIC, HU 3apyOe:KHBIE
copra B ['ocpeecTpe He 0XapaKTepU30BaHbI HA yCTOHYHUBOCTD
K TaKUM BPEJOHOCHBIM 3a00J1€BaHMsIM, Kak putodTopos, pu-
30KTOHHO3, 0OOBIKHOBEHHAS 1 CepeOpHCTast mapia, aHTPaKHO3,
a TaKke K APYruM BUPYCHBIM OoneszHsM. Mupopmanmio mo
yCTOI‘/II‘II/IBOCTI/I HEKOTOPBIX HOBBIX OTCYECCTBCHHBLIX COPTOB
MOYKHO HalTH B m3fganmu «Copra KapTodens pocCHHCKON
cenexmm» (2018).
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Ha caiitax 3apy0eKXHBIX CEJICKIIMOHHBIX (PUPM HPUBOJISTCS
XapPAKTEPUCTUKN YCTOMYMBOCTH K HanOOIee SKOHOMHUUECKH
3HAUUMBIM OOJIC3HSIM, B YaCTHOCTH K LIMCTOOOPA3YIONIINM
HemaroziaM, Bupycy kaprodenst Y (PVY) u k ¢purodroposy.
OnHaKo BO3MOXHBI PACXOXK/ICHUS B OLIEHKAX, C/ACIaHHbIX 3a
pyOeX oM M B YCIOBHSIX Pa3HBIX arpOKIMMAaTHYECKUX 30H
Poccun. CBs3aHO 3TO NMpeske BCETo C Pa3InYHbIM COCTaBOM
MOMYJISIIUNA MaTOT€HOB U OCOOEHHOCTSIMHU 3KOJIIOTHYECKHUX
ycnoBuil. B aToM mane Gornbioe 3HaUeHHE UMEET HHOP-
Malusi 0 reHaX yCTOHYMBOCTH COPTOB, OCOOGHHO TEX, YTO
00J1aJat0T YCTOHYUBOCTBIO K Pa3JIMYHBIM TATOTUIIAM M BUAAM
IIICTOOOPA3YIOMNX HEMATO, TTOCKOJIBKY (hHTOIATOIOTHYe-
CKHUE TECThI JUTUTENIbHBI, TPYAOEMKH U HE BCET]a BO3MOXKHBI
JUIsl KAPAHTUHHBIX 00BEKTOB. B 3apyOeKHBIX CENeKIIMOHHBIX
[IEHTPax JIaBHO M YCIEIIHO HCTob3ytoTcst mertoasl JJHK-
MapKUpPOBaHHs JUISi OLEHKH '€HETHYECKOH 3alUIICHHOCTH
coproBoro reHooHa. B mocnenHee Bpems Takue JaHHbBIE
TOSIBIISTIOTCSL M JIJISL OT€UECTBEHHBIX COpPTOB. Tak, cOTpyaHu-
kamu BUP npoBeneH ckpuHUHT 225 0TEYeCTBEHHBIX COPTOB
kaprodens, 114 u3 kotopsix BXomaT B «locymapcTBeHHBIN
peecTp CEJNEKINOHHBIX JOCTI)KECHHH, NOIYNICHHBIX K HC-
nojip30BaHui0» (AHTOHOBA M 1p., 2016; Kiiumenko u ap.,
2017; T'aBpurnenxo u np., 2018). Hambonee >pdexTnBHBIN
Mmapkep 57R rena [ BbisiBieH muiib y 28 % HM3y4eHHBIX
coproB (1 y 26 %, Bxomsuux B ['ocpeecTp); 3Tu copra 1o
JAaHHBIM TOCCOPTOUCIBITAHUH SIBIAIOTCS YCTOMYMBBIMU K
narotuity Rol 3omotrcToit kaproesbHOI HeMaToIbI.

B cBs31 ¢ 3KOHOMHUYECKOM 3HAYMMOCTBIO 0COO0 OMACHBIX
Oosie3HEH, XapaKTEpPUCTHKA MTOPAKaeMOCTH COBPEMEHHBIX
COPTOB BO30YIUTEISIMU THX OOJIE3HEH MMEeT Ba)KHOE 3Ha-
YeHHE JUIs CEJIEKLIUH 1 CEMEHOBOJICTBA, a TAKIKE JUIs BBIOOpa
COPTOB IS BO3/IEJIBIBAHUS, 0COOEHHO CEMEHHOTO KapToders,
B 3ITH/IEMHOJIOTMUECKH OTTACHBIX 30HaX. Llenpio paboTe! Obl1a
OIICHKA YCTOMYUBOCTH K BO30ynuTessim GutodhTopo3a u riio-
6ozepo3a U ompeneneHne MOPaKaeMOCTH BO3/ETbIBAEMBIX
copTtoB KapTodesst TpuOHBIMU M OOMHUIICTHBIMH OOJIE3HIMHU
B Pa3JIMYHBIX arpoKIMMaTHYecKuX 30Hax Poccum.

MaTtepwuanbi n metofbl

PacTuTeabHBIH MaTepua. DKCICPUMCHTAILHOU BBIOOP-
KOW TSI M3YYCHUSI YCTOMYMBOCTH K TIATOTEHAM ITOCITYKHIITH
42 copra 3apy0exxHoi 1 1 copT (BOCHIPUMMYNBBIN KOHTPOJIb)
oreyecTBeHHOM cestekiuu. [ 21 copra u3 BeIOOpKH Obli1a
mpoBeneHa (hUTOMaTOIOTHYECKas SKCIepTH3a 00pasIoB ce-
MEHHOTO KapTO(es 3 pa3InIHbIX PErHOHOB PD.

Ouenka Ha ycroiiuuBocth kK 3KH. Onenky Ha yctol4n-
BOCTB CesHIIeB KapTodens K G. rostochiensis TIPOBOIMIN TIO
METOMKE, pekoMeH10BaHHOU EBponeiickoit u CpennzeMHo-
MOPCKOH OpraHu3aIiei 1o 3alure pacTeHuid, C HeOOIbIIUMHU
momuduxanusmu (OEPP/EPPO, 2006). Mccnexyemsie copta
BBIC&)KMBAIIH B IJIACTUKOBBIE FOpIIKK 00beMoM 500 cM3, Ha-
TIOJIOBHHY HAIlOJIHEHHBIE IOYBOH (110 OJHOMY KIJIYOHIO B Ka-
JIBIN TOPIIOK). B kauecTBe MH(DEKIIMOHHOTO MaTepHaia s
WHOKYJISIIIUA COPTOB HCITOTIH30BAIIH TOMYIISIUIO 30JI0THCTON
KapToQeIbHOM HEMATOIbI, 0TOOpaHHYO B JICHHHTpaIcKO 00-
JIACTH U3 U3BECTHOTO o4ara G. rostochiensis i TAIINPOBAHHYIO
no marotuna Rol (Limantceva et al., 2014).

B xaxplit ropiok BHocuiau nHokymoM 3KH u3 pacuera
1500 stmtr 1 mramHOK B 100 oM moussl. SifTia ¥ THYUHKH TT0-
JMy4aiu MeToJoM pasaasnuBanus et 3KH B karie Boms
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YcTolumBocTb K Bo3byauTenam ¢putoptoposa u rnoboaeposa
COBPEMEHHOr0 COPTMEHTa CEMEHHOIO KapTodens

Ha TpeIMETHOM crekie. [locie MHOKYISIIUN KIyOHeH I1o-
MOJTHUTENBHO JOCHINAIN TOYBY JI0 BEpXa ropuika. [opmku
OCTaBIISUI B KOHTPOJIMPYEMBIX YCIOBHSIX IPH TEMIIEpaType
22 °C. B xagecTBe BOCIPUMMYHMBOTO KOHTPOJIS UCIIOJIB30Ba-
am copT HeBckuil, B Ka4eCTBE yCTOMYMBOIO KOHTPOJISI — COPT
Red Scarlett. Copra BbIcaxXuBanu B A€CATHKPATHON ITOBTOP-
HOCTH U ABYKPaTHOU aHAJIUTUYECKOU. YUeT pe3ysIbTaToB 3a-
PpaKEeHUsI TPOBOJIMIIH YePE3 TPH MECSIIIA, UTO SABIAETCS JOCTA-
TOYHBIM TPOMEXYTKOM BpeMeHH It pa3Butust nuct 3KH.
DKCTPaKIHMIO LUCT U3 TIOUBBI OCYILECTBISIIM METOJOM (JI0-
taruu (Turner, 1998). DxcTparnpoBaHHBIE IHCTHI TTEPEHO-
CHJIM Ha TTOKPOBHBIE CTEKJIA B KAILTIO BOJIBI, Pa3/IaBIUBAIH 1
IOACYUTHIBAJIIUM KOJINMYECTBO SUIl U JINYHUHOK B HUX.

O1eHKy pe3ysbTaToB 3apakeHHs IPOBOIMIIN MO IIKale
¢ mojpasaerneHneM o0pas3noB Ha rpynnsl: 6ana 9 (oTHO-
cuTeNpHas BocnpuuMuuBoCTh <1 %) — Very high; 6amn 8
(1.1-3 %) — High/very high; 6ann 7 (3.1-5 %) — High;
6amt 6 (5.1-10 %) — Moderate/high; 6amn 5 (10.1-15 %) —
Moderate; 6amn 4 (15.1-25 %) — Moderate/low; 6amr 3
(25.1-50 %) — Low; 6amm 2 (50.1-100 %) — Low/very low;
6amr 1 (>100 %) — Very low. K xnaccy ycroitunssix (R) or-
HOCHJIM pacCTCHHUA, TUII p€aKIIUHU KOTOPLIX COOTBETCTBOBAJI
7-9 6ammam, cpenneycroitauBsix (RS) — 4-6 Gammam, Boc-
npuuM4MBEIX (S) — 1-3 Gamtam. OTHOCHTEIBHYIO BOCIIPH-
UMYMBOCTh ONPEACISUIN 10 (GOpMyJsie: KOJINYECTBO SUIl U
JMYMHOK MCCIIEyeMOT0 00pa3iia JEIIIIN Ha KOTMIECTBO SUI]
M JINYUHOK 3TAJIOHHOTO BOCIIPUUMYHMBOTO COPTa X yMHOMKAIIH
Ha 100 %.

Onenka Ha ycToiuuBOCTH K putodTopo3y. Jlaboparop-
HBII CKPUHHUHT COPTOB KapToQesst Ha yCTOWYNBOCTD K (PUTO-
(hropo3y npoBoamIM 1O craHaapTHoi Metoauke (Brylinska,
Sliwka, 2017). B kauecTBe MHEKIMOHHOTO MaTepHana
HCIOJIB30BaIM M30iAT VZR 17, BKIIFOYarOmui BCe TCHBI BH-
pynentnoctH 1.2.3.4.5.6.7.8.9.10.11.

OTieneHHbIC JINCThS TIOMENIAN B MOIOHBI (45 X 35 cMm)
Ha BIQKHYIO (QHIBTPOBAIbHYIO Oymary, abakCHalIbHOH cTO-
POHOM BHHM3: 1O 3 JIMCTA KOXI0ro 00pasia, 1o 3 JmcTa Boc-
MpUUMYHBOTO copTa Bintje u 1o 3 nmcTa ycTOWIMBOTO KOHT-
posst copta Sarpo Mira, B AByKpaTHOH OMOJIOTMYECKOH IT0-
BTOpHOCTH. [1J1s1 3apa)keHHsT UCIOJIb30BAIN MHOKYIIIOM, BbI-
nepxaHHbeli B Tedenne 30 muH npu Temmeparype 10—-12 °C
JUISL CTUMYJISIINY BBIXoz1a 300ctiop. MHdekironnas Harpyska
cocrasisuia 50000 criopanrues/mit. IHOKy:1I0M HAHOCHITH 110
OIIHOM KarljIe Mo IEHTPY KaykKA0T0 JINCTA MEXTy IEHTPAIbHON
u orxomsuieit xkuikamu. O0beM Karaud cocTaBiisul 30 MKIL
WNHoKynMpoBaHHBIE JIMCThsl BBIAEPKUBAIU B TeueHHe 24 4
B TeMHOTe Tipu Temreparype 16 °C. Ha mporsikeHun Bce-
TO AKCIIEPUMEHTA MOAJOHBI OBUIM 3aKPBITHI CTEKISTHHBIMHU
KpblIIKaMU AJis1 TOAACPKAHUA MMOCTOSSHHOM BJIaXXHOCTH
(80—-100 %). Yepes cyTku mociie HHOKYJISIINH JINCThS TIepe-
BOpavYMBaIN A0aKCHAIILHON CTOPOHOH BBEPX, ITOCIIE YETO KIO-
BETHI MEPCHOCHIIN B KIIMMATHYCCKUIT OOKC C TeMIeparypoi
16 °C, narencuBHocThio ocsemienns 1600 gk u 16-4acoBbIM
(horoneproom.

Vyer pe3ynbTaToB 3apaskeHus MPOBOAMIIN Ha 6-€ CYyTKH T0-
CJIe MHOKYJISIIINY, IO CTAHAAPTHOH IIKAJIE C OAPa3/IeICHUEM
00pas3ioB Ha rpynmnsl: 6amt 9 (0 % nopakeHHOH TUToImaIn) —
Very high; 6amr 8 (3 %) — High/very high; 6amn 7 (3.1-
10 %) — High; 6amm 6 (10.1-25 %) — Moderate/high; 6amm 5
(25.1-75 %) — Moderate; 6amr 4 (75.1-90 %) — Moderate/
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Table 1. DNA primers of the H1 gene conferring resistance to Globodera rostochiensis (pathotypes Ro1, Ro4)

used in molecular screening of potato varieties

Chromosome Gene Primer T°m
Vv H1 57R 60
239E4left/Alul 52

low; 6amt 3 (90.1-97 %) — Low; 6amt 2 (97.1-99 %) — Low/
very low; 6amn 1 (100 %) — Very low. Pactenust ¢ Tnnom
peaKnny, COOTBETCTBYIOINM Oayutam 7—9, OTHOCHIIN K KJtac-
cy ycroituuBsix (R), 4-6 — cpeaneycroituuBsix (RS), 1-4 —
BOCTIPHUMYHUBEHIX (S).

Moanekyaspubiii ckpuauHr. JJHK Beinensny u3 nuctoes
TEIUIMYHBIX pacTeHnit meTooM MoauduimpoBanHoit CTAB-
skctpakiun (Gavrilenko et al., 2013). CkprHUHT TPOBOIMITH
Ha HaJu4ue MapKepoB reHa H/, KOHTPOIUPYIOIIEro yc-
TOMYMBOCTH K marotunaM Rol u Ro4 G. rostochiensis (Da-
lamu et al., 2012). Jns mapkepoB reHa H/ moka3aHa pas-
myHas 3(p(HEKTUBHOCTh B MOJIEKYJISIPHOM CKpHUHMHTE. BBI-
COKMH ypoBeHb cnennpuuHocTH nemoHcTpupoBas SCAR-
Mapkep 57R u Hu3kyio 3¢ dexruBaocts — CAPS-mapxep
storo reHa, 239E4left/Alul (ArToHOBa 1 11p., 2016). B TO %€
BpEeMsI B HCCIICAOBAHUSX 3apyOCKHBIX KOJUIET COOOIIAIOCh O
BBICOKO#1 gacToTe Betpedaemocti CAPS-maprepa 239E4left/
Alul rena H] y HeMaTOI0yCTOHYMBBIX 3apYOEKHBIX COPTOB.
[TosTOMy B 1aHHO# paboTe MCHOIB30BAIM 00a AT MapKepa.
[paiimepsr 11 pabOTHI TOAOUPATH TI0 JINTEPATypPHBIM HC-
toynukam (tabu. 1). McnonszoBamum SCAR-mapkep 57R,
MHTEIPUPOBAHHBIA B ACCOLUMUPOBAHHYIO C YCTOWYMBOCTHIO
obmacte ‘341 Kb’ mokxyca H1, u CAPS-mapkep 239E4left/
Alul, pacrionoxxeHHbIN Ha paccrosHun 2.1 ¢M oT accouun-
poBanHOro ¢ ycroiunBocthio Jiokyca (Finkers-Tomczak et
al., 2011).

TP npoBoauiu B 20 MKJI peakLIMOHHOW CMECH COCTaBa!
40 ur roranbHoit JIHK, 1xpeakuuonuslii Oydep, 2.5 MM
MgCl,, 0.4 MM kasxnoro u3 dNTP, no 0.25 MxM npsmoro u
obparnoro mpaiimepa u | en. Tagq-nmonmmepass («/Iuanary,
Mocksa). YcnoBusi peakiiuid COOTBETCTBOBANU yKa3aHHBIM
B JINTEpATYypE.

B xadecTBe NOTOKUTENBHBIX KOHTPONIEH It Mapkepa S7TR
ucnonbs3oBaiu copta XKusuna, Cyaapeis u Sante, 1711 KOTO-
PBIX HAJIMYUE THATHOCTUIECKOTO (hparMeHTa ObII0 YCTaHOB-
JICHO HaMH paHee; KOHTpoJeM Juist Mapkepa 239E4left/Alul
ciayxun copt Sante (AHTOHOBa U jp., 2016). Pectpukuuto
ocymmectBsua hepmeHToM Alul («CubDH3MMY ), HCITONMB3YS
npotokon (upmel-uzroroBurens. ®parmentsr JJHK pasne-
JsUTH 3eKTpodope3oM B 2 % arapo3HbIX TeiisiX ¢ OKpalinBa-
HUEM OpOMHUCTBIM 3THANEM U BU3yanm3anueil B YD-cBere.

®urtonarosornyecknii ananans. OT60p KIyOHEBBIX IPOO
W JIMarHOCTHKY OCYIIECTBIISUIM B COOTBETCTBHU C METOJIH-
kamu, npuBeaeHHEbIME B I'OCT 33996-2016 «Kaptodens
ceMeHHOH. TeXHHUYEeCKHe yCIOBHsS U METO/BI ONPECICHUS
kauecTBay (2017), 1 MeXAyHAPOIHBIM CTaHAAPTOM 110 CEMEH-
nomy kaproderro UNECE S-1 (2018). [ xaxxaoro aHa-
JIM3UpyeMoro obpasna oroupanoch no 10 ToYeyHBIX Mpoo,
COCTaBJISIBIIMX B COBOKYITHOCTH He MeHee 250 kiryOHeil.
Opnako 1t 00pasios, natupoBaHHBIX 2018 T, KOTHYECTBO
aHAIM3UPYEMBIX KiIyOHeH BapsrpoBao ot 20 1o 100 mT.
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Diagnostic amplicon size, bp References

DKcrnepuMeHTaIbHas BBIOOPKa MPU (PUTONATOIOTMYECKON
IKCTIEPTH3E CEMEHHOTO KapTo(ens cocTosiia u3 92 06pasios
39 coproB m3 4eThpex (enepanbHbIX okpyros Pd: 24 06-
pasua u3 [Ipusomkckoro, 35 — u3 CeBepo-3anagHoro, 8§ — u3
LentpansHoro, 9 — u3 Cesepo-Kapkasckoro.

JIMarHOCTUKY OOMHIIETHBIX, 'PHOHBIX M OaKTepHalbHBIX
OoJie3HEH BBIMOHSIIM, PYKOBOJICTBYSICh MH(pOpMaNKE,
MIPEICTABICHHON B CIEIUAIN3UPOBAHHBIX KOMIICHIMYMAaX
(Compendium..., 1981, 2001; Diseases..., 2008), a Takxe ¢
ucnons3oBanueM onpeaenureneid UNECE (2014) u AHDB
(2018).

AHamM3UpOBAIIN KaX/IBIH KIIyOeHb N3ydaeMoro oopasia.
KiyOHU ¢ HETUITMYHOI CHMITTOMATHKON HITH MaI03aMETHBIMU
MaTOJIOTHYECKUMHI U3MEHEHUSIMH TTOMEIIAIN BO BIaXKHBIC
kamepsl. [loBepxHOCTh KITyOHEH TpeiBapuTeNbHO J1e3uH (-
uupoBainu 70 % STUIOBBIM COIUPTOM C MOCTEAYIONIEH Mpo-
MBIBKOH IUCTHIUTMPOBAaHHOW Bomo#. Ilpn HeoOxommmocTn
KIIyOHH pa3pe3ajy Ha HeOOJbIINE JIOMTHKH pa3MepoM He
MmeHee |1 cM. VHKYOalMOHHBIA MEpUoj COCTaBIsLI OT 3 J10
14 nHel, B 3aBUCHMOCTH OT BO3OYIUTENS, IPH OCTOSHHON
temneparype 20 °C u 100 % BI1axXHOCTH.

BelzenieHue B 4MCTYIO KyJIbTYpYy BO30OyIUTENCH OONe3HEH
OCYIIECTBISUIN C HCTIOJIF30BAaHUEM KapTo(henbHOH (KapTodens
200 r, arap-arap 20 r, H,O 1000 M) u pxkaHoii (poxs 60 T,
caxaposa 20 1, arap-arap 15 r, H,0 1000 mu) cpen.

Pe3synbraTtbl

YcToumBOCTb COPTOB KapTodens

K 30110TUCTON KapTodenbHoI HemaToge

CormracHO TONTyYeHHBIM JaHHBIM, U3 41 copra 3apyOexHOMH
CEJICKIIMHY TOJIBKO Tpu copTa (uiau 7.3 % OT BCeX N3yUEHHBIX)
okazanuch BoctipuumuuBbiMi K 3KH: Bintje, Desiree u Sarpo
Mira; ocTambHbIE TPOSBUIHN ceOst Kak ycToiuuBsie. [Tpomexy-
TOYHBIX TPYIIT yCTOHYMUBOCTH HE OBLIO BBISBICHO (TalI. 2).

Cpenu 29 u3ydeHHBIX HEMaTO0YCTONYNBBIX COPTOB Yac-
TOoTa BeTpedaeMocTd reHotunoB co SCAR-mapkepom 57R
reHa /1], onpeaemnsomero yCToiunBocTh k naroruny Rol
G. rostochiensis, oueHb Bbicokas — 96.6 % (28 u3 29 ycroii-
YUBBIX COPTOB). VICKITIOUEHHEM SIBISICTCS YCTOHUMBBIN (TI0
JaHHBIM (UTOMaTONIOTHUecKuX TecToB) copT Red Fantasy,
y KOTOPOTO HE BBIABICHBI Mapkepsl reHa H/ (puc. 1, cm.
Tabm. 2).

Koapdunnent koppensiiun [Tupcona mexy Hanuduem
Mmapkepa 57R u jaHHBIMU 00 YCTOWYMBOCTH COPTOB K MaTo-
tuny Rol cocraBmn +0.88 (n = 33, BMecTe ¢ KOHTpPOIEM —
copt Hesckuit). [{pyroit mapkep rena H/ — CAPS-mapkep
239E4Left/Alul — o6HapyxuBascs ropasno pexe. DTOT Map-
Kep HapALy ¢ 57R ObUT JETEKTUPOBAH TONBKO y TPEX COPTOB
(Armada, Estrella, Gala), Bce oOHH TIPOSIBIISUTH YCTOHYHUBOCTD
k 3KH (cm. Tabn. 2).
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YcTolumBocTb K Bo3byauTenam ¢putoptoposa u rnoboaeposa 2020
COBPEMEHHOro COPTYMEHTa CEMEHHOTO KapTodens 24.4
<—— 500 bp

<—— 400 bp

<— 500bp

<— 200bp

Fig. 1. Molecular screening of potato cultivars using DNA markers 57R (a) and 239E4left (b) for the HT gene.

Varieties: 1. Nevskiy, 2. Alouette, 3. Baltic Rose, 4. Nandina, 5. Sarpo Mira, 6. Bintje, 7. Desiree, 8. Red Fantasy, 9. Christel, 70. Madeira,
11.Ramos, 12. Queen Anne, 13. Delphine, 74. Labella, 5. Armada, 16. Estrella. M, molecular ladder 100 bp + 1.5 Kb (SibEnzyme, Russia).

YcToiiunBOCTb COPTOB KapTodens

K Bo36yauTtentio putoprtoposa

TonbKo 7Ba copra 3apy0eKHOI CeNeKIINN OKa3aInch aOCOIIOT-
HO YCTOWYHMBBIMH K BO30YIUTEITO GUTOPTOpO3a KapTOdhes:
Alouette u Sarpo Mira (cm. Tabm. 2). Ocranpable 39 copTOB
MOKA3aJIM Pa3HbI YpPOBEHb YCTOMYMBOCTH WJIM BOCIIPHHM-
9uBOCTH. M3 HUX MOXHO OTMETHTH TpH copra: Evolution,
Red Fantasy u Ricarda, koTopsle BBIIEISINCH JOCTATOUHO
BBICOKHM YPOBHEM YCTOMUYMBOCTH (cpennuit 6amr 7.3, 6.8 u
6.4 COOTBETCTBEHHO).

OueHKa puTOoCaHUTapPHOro COCTOAHUA

cemeHHoro Kaptodens pasnnyHbiX COPTOB B pernoHax PO

Pe3ynbTaThl QUTOMATONIOrHYECKOTO aHAIM3a ITAPTHIH SIUTHO-
TO M PENPOAYKIIMOHHOTO CEMEHHOTO KapTodest CBUICTEb-
CTBYIOT, 4YTO BO BCEX PErMoHax Ha CEMEHHOM Kaprodere
BEIABIICHBL: Ph. infestans, R. solani, H. solani, Streptomy-
ces spp., P. pustulans, C. coccodes, Fusarium spp., Phoma spp.
(tabsn. 3). byropuaras napma P. pustulans oTMeueHa 1oBce-
MecTHO, kpome CeBepo-KaBkasckoro enepaibHOTO OKpyTa.
[opommcras napma S. subterranea f. sp. subterranea otme-
YeHa TOJILKO B 0IHOM oOpasiie copra Bekrop B [IpuBomkckom
(hemepaTbHOM OKpyTE.

Hawubosnbiee pacpocTpaHeHHe Ha BCEX COPTaX MOTYydHIIN
PHU30KTOHHO3 U cepebpucTas napia (puc. 2). CTonpoieHTHOe
TopakeHue KITyOHel cepeOprcToil mapInoii oTMeueHo B pas-
JMYHBIX peruoHax Ha coprax Red Scarlett (C3, D u PC1-2),
Evolution (3, PC1), Labella (9), Colomba (3), Gala (D),
Hescxkwuit (9). B CeBepo-Kaskazckom @O cepebpucras map-
mra OblIa OTMEYeHa ToJbKo Ha 6.0 % obpasmos copra Hes-
ckuii (C3). llupoxoe pacipocTpaHeHHE MOTYIHI aHTPAKHO3
kaprodens. CumpHee Bcero OBUTH IMOpakeHBI KITyOHH copTa
Red Scarlett (9 u PC2) — ot 50 no 71.4 % B LlenTpansaoM
(henepanbHOM OKpyre. MakcuMalibHOE TOpaykeHue purodro-
pozom oTMeueHo Ha copte Heckmii (D) — 63.1 %.

O6cyxpeHue
OJIHUM U3 NMPHOPUTETHBIX HAMPABICHUN CEJICKIMU SIBIISI-
eTcs CO3/IaHUE COPTOB, COUETAIOMINX B ceOe rPyIIOBYIO yc-
TOWYHMBOCTH, B TIEPBYIO O4Yepe/lb K TAKMM OIACHBIM 3a00-
JIeBaHUSIM, Kak (pUTOPTOpPO3, PU3OKTOHUO3, KOMIUIEKC Iap-
e, BUPYCHbIE, OaKTepruasbHbIe M HEMaTOAHbIC OOJIC3HH.
B «l'ocynapcTBeHHOM peecTpe CeleKIMOHHBIX JOCTHKEHHH,
JIOIYLICHHBIX K MCIOJIb30BaHHUIO» Ha Teppuropuun Poccuii-
cxoit @eneparyn (2019), naHHABIE IO YCTOHYUBOCTH COPTOB
KapTodens K KOMIUIEKCY 3a00JeBaHuil 0TCYTCTBYIOT. Cpenu
00s13aTeNIbHBIX XapaKTePUCTHK MPUBEACHBI MOKA3aTeNln yc-
TOWYMBOCTH K paKy, 30JIOTUCTOH KapTo(eTbHOI HeMaToae u
BUpycy Y. Jly1s1 HEKOTOPBIX COPTOB YKa3aHa UX YCTOWYNBOCTH/
BOCIIPUUMYHMBOCTD K GutodTopo3y. Hamm pesynsrarsl cBu-
JIETEJILCTBYIOT, YTO ITATOTCHHBIN KOMIIJIEKC HA COBPEMEHHBIX
coprax KapToQessi 3HaUUTEIBHO IUPEe U MOKET OBITH OIpe-
JISNIAIOUINM U KOHKYPEHTOCIIOCOOHOCTH COpTa Ha OTede-
CTBEHHOM DPBIHKE COPTOB.

st copToB 3apyOeXHOH CEeJNEeKIIMM Ha aHTJIOSA3BIYHBIX
MHTEPHET-pecypcax B IOJHOW Mepe OTpaKeHbI BCE COPTO-
BbIE OCOOCHHOCTH, BKJIIOYAs] YyCTOWYNBOCTh K OCHOBHBIM 3a-
OoneBaHusAM 10 9-0amibHON Mmikajge. CTOUT OTMETUTh, YTO
JUTst OOJIBIIIMHCTBA COPTOB MpHUBEAcHA MH(GOPMALIUS O yC-
TOWYMBOCTH K (HPUTOPTOPO3y OOTBHI U KIIYOHEH U K BHPYCY
kaprodens Y (PVY). Hannune ocransHOM nHPOpMaNny 1o
YCTOMYUBOCTH/BOCIIPUMMYHMBOCTH K OOJIE3HSIM BapbUpPyeT
B 3aBHCHMOCTH OT CEMEHOBOJYECKOH KOMIIAaHWM M CTpa-
HBI-TIpon3BoanTENsL. OOIIEN3BECTHO, YTO OLEHKA COpPTa Ha
YCTOWYMBOCTH K 3a00JIEBAHUSM MPOBOJUTCS HA TEPPUTOPUN
CTPaHbI-OPUTMHATOPA K MECTHBIM IOIYJISIIUSAM WM pacam
MaTOreHOB, KOTOPBIE MOT'YT 3HAYNTEIEHO OTIINYAThCS OT MPe/i-
craBiieHHbIX B Poccun. Harmpumep, nipu ¢uronaroiornyeckom
aHamm3e copra Sifra, KOTOPHIH MO JaHHBIM OpPHUTHHATOpA
BBICOKOYCTOWYMB K puTodhTOpo3y no kiyoHsM (8 Oaymios,
rae 9 — abconmoTHas YCTOMYUBOCTH) (CM. Tabm. 3), Koiauue-

CEJIEKLMA PACTEHUI / PLANT BREEDING 367



and golden potato nematode of modern potato cultivars

Resistance to causal agents of late blight

T.A. Gavrilenko, O.S. Afanasenko

A.V. Khiutti, D.A. Rybakov

S Sd Loy "y - + S 0¢C d 0’6 131S 'spuepisyisN oLoc eipeqe’] 6l
B mx ............... ¢_omm ............................................. R + ................ mm .............. mv .......... m ........ om ........ u mmmm_‘_m>mm>cm§mu .................. R | w>>3 ......... m_

e SR _ omm ............................................. S + .................. m .............. m_ .......... m ........ om ............ m V_:ozmncm:wfwz ............ m_om ................... m Ec_ ......... E

e m ........... mm ............... v_omm ............................................. R + ................ mm ............... _ v .......... m ........ omOu_xu<wv:m_hwcymz ............ mmm_ ................ m _mQE_ ......... o_

e mx ........... mm ................... — omm .................................. Emvoz .................... Em_ooz ................ mx ............... _ v .......... m ........ om ............. UaN_._m_ocm_‘_mfwz ............ w SN ........... m_oc80__..u ......... mp

e m ........... mm ............... v_omm ............................................. + SO + .................. m .............. mm .......... m ........ om .............................................. e R [

R m ........ m mm ............... w_omm ............................................. S + .................. m .............. om .......... mom

e R mm ............... v_omm ............................................. — + .................. x .............. mn .......... m ........ om ......... Ou_m_o<m_ocm_$£wz ............ m_om ........... cozs_o>m_ ......... NF
S S S-10oY Y + + S 8l d 06 ejLoN ‘Auewsn L10C e[|943s3 Ll
d Sd =S - - S o'l S 0'L  DdZH/131S ‘spuepisyisN - 23l1s8@ oL

s m ............. m ............... wpomm ............................................. R + .................. m .............. vm .......... m ........ om .............................................. e :om ............ m.w c_;a_wn_ ......... m

e mm ........... mm .............. m|_omm_ ............................................. S + .................. m .............. w_ .......... mom .............. w_om ............. m:mc(_mn_ ......... w

e mm.m ........ m xm ............... vpoxm ............................................. R + .................. m .............. vm .......... xom opion sy Dom_wﬁ:cu ......... n

B S R ml ........... s Sm_ooz .................... Smnoz ................ mx .............. mm .......... x ........ omucm_aohsm_>:mELmo ............ w _omm>;o_mu ......... m

e m ............. m ............................. O s S m .............. o_ .......... m ........ o_ ..................... - mvcm_‘_w;uwz .................. |mac_m ......... m

e m ........... mmpomm ............................................. S + .................. m .............. om .......... m ........ om ................. mv__._oz\Acmc:wo ............ m Fom ......... wmomu;_mm ......... w

B m ............. m_omx .................................. mgm_ooz .................... vaoz .................. m .............. om .......... m ........ omEHmmvcm_‘_w;pwz ............ m_om ................ m cﬁmm ......... m

I mx ............. m ............... v_omx ............................................. + SO + ................ mx .............. om .......... m ........ om .............................................. e s mUmEE ......... N

e m ............. m .............. mlomm ............................................. R + .................. m .............. om .......... mom ey wpomwtw:o_,q .......... F
. m‘_mns._.mm%m._mmo_bofmaou ................................................ O R [ [ R O e R [
e e asuelsisal souelsisal Jes| Loy adAoyied
SUD}SajUl "Yd  'SIsUiyd03sol "D INIY/14R1736€T d/s 'subisajul "yd 'sisuajyr03sol '
- - - R (oiew jo dudsqR/dUsB —,/+) * (raded s siskjeue o165
siojeulblio woiyelep  sisualy203sol ‘o Jo sadAioyied 0y pue oY 0} -ojoyiedoifyd jo erep - (due3SISaI JO Jojeuiblio  aseajal Jo
190UR)SIS9Y  3DUR)SISAI BULLIBJUOD S3[3)|e | H SY1 JO) SIDxIeN dnoib pue 21035 abeiane) aduLISISIY ‘uiblIo Jo A13unod Jea) leanind ‘ON

subpjsojul "yd pue sisuaiy>031s0oJ ') 0} sieAnnjnd olejod Ujapouw JO aduejsisal JO solislisidoeiey) °g ojqel

BaBunosckuii xKypHan reHeTuku u cenekuum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 4

368



2020
244

YcTonunBoCTb K BO36yautenam putodptoposa u rnobogeposa

COBPEMEHHOIO COPTUMEHTA CEMEHHOTO KapTodens

T.A. laBpunenko, O.C. AbaHaceHKo

A.B. XiotTu, [.A. PbibakoB
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A.V. Khiutti, D.A. Rybakov Resistance to causal agents of late blight
T.A. Gavrilenko, O.S. Afanasenko and golden potato nematode of modern potato cultivars

Table 3. Phytopathological analysis of seed potato from various regions of the Russian Federation

Year Cultivar Frequency of pathogen occurrence, % Mechanical
............................................................................................................................................................ damage
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2019  ColombaE 36.0 100.0 6.0 7.0 43.0 5.0 0.0 0.0 0.0 75.0

2019 ....... Evo|ut|on5001000180 .......... 300 ............ 8000 ............ 0000 ............. 00 .......... 20 .....................

2019 ....... Ga|aE ............................ 704 ........... 967 ............ 81 ........... 327 .......... 573 ............. 1 6 ............ 0000 ............. 00 ........ 278 .....................
180 ........... 690 ............ 00130 .......... 210005000 ............. 00 ........ 470 .....................
...... 00200575710000000000085

2018 ....... Ga|apc134 ........... 586 .......... 2070010300 .......... 2070000 .......... 00 .....................

2019 ....... Ga|apcz760 ........... 740160 .......... 220 .......... 20020 ............ 000000260 .....................

2019 ....... Ga|apc500 ........... 733 ............ 66 .......... 300330000000033 .....................

2019 ....... Granadano]ooo .......... 200150 .......... 40000000000250 .....................

2018 ....... Granadapm ................. 250 ........... 550 .......... 450001500000000000 .....................

2019 ....... Juwe|PC‘|00 ........... 833 ............ 66 .......... 330]3300003300 ........ 433 .....................
2019|_abe||a|5001000100100 .......... 30000000000600 .....................
2019 ....... Madelrapm .................. 9201000120 .......... 460 .......... 3006000000000 .....................
2019Nandmapc1 ................. 300 ........... 900120320 .......... 4602000000060 .....................
2019 ....... QueenAnnePC240740 .......... 200 ........... 1 20 .......... 62000000000 ........ 420 .....................
2019Ram05E330100080 .......... 29015020000000590 .....................
2019Rozarapc134o ........... 980100 .......... 480 .......... 22000004000 ......... 1 40 .....................

2018 ....... S,fraE ............................. 1 50550 .......... 9000010000 ........... 1 50000000 .....................

2019 ....... Vmetanosoo .......... 500 .......... 400 .......... 30000000000200 .....................

2019 ....... Wegano ........... 861138 ........... 1 66 .......... 22227000000500 .....................

2019 ....... Zekurapc1940 .......... 1 000 ........... 1 20500 .......... 2200000000060 .....................

2018 ....... VectorE30900 ........... 1 19285 .......... 2384723009500 .....................

2018Nevsk|yE57g ............ 1 575200 ........... 1 0500 .......... 631000000 .....................
2018Nev5k,ypc1230577 ........... 1 54003800230000000 .....................
North_westreglon ......................................................................................................
2018 ....... A|ouetteE ...................... 1 40660303203800000000000 .....................
2019 ....... ArrOWSSE ........................ 159540 ............. 156500000000100 .....................
2019 ....... AStenXSEoooooooooooooo ............. 0 00000 .....................
2018 ....... C0|OmbapC2230 ............ 1 5323000000000 ............. 0 00000 .....................

2019De|phmepc1 ................... 0 0 .......... 1 000 .......... 600500000000 ............. 0 00000 .....................

20195\,0|ut,0npc1 .................. 0 0 .......... 1 0008000000 ............. 0 000 ............. 0 00000 .....................

201gGa|aE ............................... 7 5 .......... 1 00025 ............. 5 035 ............. 1500 ............. 0 000160 .....................

2019|_abad|aE ......................... 7 061059020080 ............. 0 0 ............ 0000 ............. 00 ........ 500 .....................

2018 ............. 00 ........... 304”635 ............ 64 ............ 00 ............ 0058 ............. 00 .......... 00 .....................

2018 ....... Labe||aE166 ........... 889 .......... 388 ............ 0016600 ............ 5500 ............. 00 .......... 00 .....................

2018 ....... MondeOE ..................... 500 ........... 500 .......... 666 ............ 00 ............ 0000 .......... 33300 ............. 00 .......... 00 .....................

2018 ....... RamosEoo ........... 714 ............ 0000 ............ 0000 ............ 0000 ............. 00 .......... 00 .....................

2019 ....... RedscaﬂettSSEoo]go ............ 00 ............ 40 ............ 2500 ............ 0000 ............. 00 ........... 1 5 .....................

2019 ....... Red5ca,|ett5500 ........... 455 ............ 05100 ............ 85 ............. 1 0350000 ........... 1 0 .....................
...... 0010006000030000000000500
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Table 3 (end)
Year Cultivar Frequency of pathogen occurrence, % Mechanical
........................................................................................................................................................... damage
& g
a g - SRS
S g & g 3 8 S5
— = S S IS 0 = S = :5
S S S S S S S S S5
S S = N = = i 3%
3 S S S S § S 3 S g
A s = © g < < Q “ 7
[S3 R ) ) [ Q Q a Ui
2019  Red Scarlett E 0.0 100.0 0.0 58.0 0.0 0.0 0.0 0.0 0.0 0.0

Note: Elite seed potatoes: SSE — super-super elite, SE - super-elite, E - elite. Seed potato: PC1 - the first reproduction, PC2 - the second reproduction, etc.
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Resistance to causal agents of late blight
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Fig. 2. The prevalence of fungal and oomycete diseases on seed potato in various agroclimatic zones of Russia (average for 92 samples).
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Fig. 3. The numbers of potato cultivars resistant and susceptible to Glo-
bodera rostochiensis (Ro1 patotype) released from 2000 to 2019.

CTBO NOpakeHHBIX Ki1yOHel B [IpuBomKcKkoM (enepaibHOM
okpyre cocraBmio 15 %. ¥V copra Labella, koTopsrii Toxe
BBICOKOYCTOHUHB K puTohTOpo3y 1o KiryOHsM, B CeBepo-3a-
najHoM (befiepaibHOM OKPYT€ BBISIBIICHO 5.5 % MOpaKeHHBIX
kiyOHei, a B CeBepo-Kakazckom — 25.0 %.

Takas xe cuTyarust HaOIIOMAETCS U 110 BUPYCY KapTo-
¢ens Y. [To nanHbiM opurunaropa, copt Alouette siBisiercst
UMMYHHBIM K 3TOMY BUJly BUpPYCa, HO HaMH OBIJIO BBISBICHO
TpH MOPaKeHHBIX KIyOHsS M3 ueThipex (Yanagisawa et al.,
2019). KiryOHM BEICOKOYCTOIUHBBIX K BUpYCY Y copToB Queen
Anne, Rozara u Adretta, paiioHupoBaHHBIX B JlarbHEBOCTOU-
HOM (eiepalibHOM OKpYTe, OBIIH ITOPayKEHBI STUM BHPYCOM
¢ gactoroit 1 u3 22, 1 u3 4 u 3 u3 4 coorsercreenHo. Copr
Red Lady, mo cBemenusiM opurnHaropa, CpeaHEyCTOWIHB K
BUpycy Y U BbICOKOyCTOM4MB K mTammy PVYNTN, onnako
Bce 29 kiyoneit (100 %) aToro copra ObUIH TOPAKSHBI I TAM-
mamu PVYNTN(A), PVYNTN(B), PVYNW(A), PVYNW(B)
(Yanagisawa et al., 2019).

[TomyuenHsle qaHHBIE TO ycToHuMBOCTH copToB K 3KH
MTOJTHOCTHIO KOPPENHPYIOT ¢ WH(pOpMAIHel, MpUBeIeHHON
(hupMaMHU-TIPOU3BOIUTEISAME U B [ OCy1apcTBEHHOM peecTpe
CceJIeKIIMOHHBIX tocTrkenni (2019). Bee nzydyenHnsie coBpe-
MeHHEIe 3apy0OeKHbIe copTa KapToderns, kpome Tpex (Bintje,
Desiree n Sarpo Mira, KOTOpbIE YacTO HCHOIB3YIOTCS B Ka-

372

YeCTBE KOHTPOJISI BOCTIPUUMYUBOCTH), SABIIAIOTCS IMOTHOCTBIO
nMMyHHBIMH K rtatotuiry Rol 3KH. Ocranbhbie 3apyOexHbIe
copra kaprodels, BKIroYeHHbIe B [ocpeecTp 1 pa3pelieHHbIe
K BBIPALMBAaHUIO Ha Tepputopuu PO, Takxke OTIMYAOTCS
BBICOKOH YCTOMUMBOCTBIO K 3TOMy matotuiry 3KH.

ITo nannbiM ['ocpeecTpa ceneKIMOHHBIX TOCTHKEHUH, 254
u3 455 coproB kaprodens ycroiunssl kK 3KH (puc. 3). Ten-
JICHIIMS IPEBAJIMPOBAHMS YCTOHYMBBIX COPTOB HAJT BOCIIPHUM-
4yuBbIMH HaOmonaercs HaurnHast ¢ 2013 1. OHaKo 9TO CBSA3aHO
¢ BKJIIoueHneM B [ocpeecTp MHOTOYHCIIEHHBIX HHOCTPAHHBIX
COPTOB, KOTOPBIE BEICOKOYCTOHYHMBEI HE TOIBKO K Ro1 maroTu-
my 3KH, Ho 1 k [pyruM, BKITIOYast FPYNIIOBYIO YCTOHYHBOCTD K
OnemHOM KapTodensHOi HeMaToe (HarpumMep, copta Laperla
u Prada, pupma-opurunarop Solana). Ceiire nonosussl (124
u3 216, unu 57.4 %) oredyecTBEHHBIX COPTOB cenekiuu PD
u ctpan CHI, BximoueHHBIX B [ocpeecTp, kK COXaJIeHHUIO, TIO
OoutbIIIeil YacTH SABJISIOTCSI BOCTIPUMMYNBBIME, HECMOTPS Ha
TO YTO NMPHU3HAK HEMATOJ0YCTOWYMBOCTH CUHUTACTCS OJHUM
U3 BOKHEHIINX TP CO3aHUH HOBBIX COPTOB KapTO(eIIs.

VYeroitauBocts k 3KH sBIIsseTCs: MOHOTEHHOI U 00y CIIOB-
neHa HanuyueMm reHoB HI winu Grol—4 ycToMUnMBOCTH, JIO-
KaJIN30BaHHBIX Ha XpomocoMax V u VII cooTBeTCTBEHHO.
HemarogoycToitunBeie copTa, CO31aHHBIE CEIEKIIMOHEPAMHU
pa3HBIX CTpaH, yaie Bcero HecyT ren H/ (Shultz et al., 2012).
ITonoOHast 3aKOHOMEPHOCTH BBISIBIICHA U TSI OT€UECTBEHHBIX
HEMaTo/I0yCTOHUNBBIX copToB, 98 % KOTOpBIX 0OIamamn
Mapkepamu reHa [/ u Toneko 2 % — mapkepamu reHa Grol—4
(Kmumenko u ap., 2017). 3apybexusie copTa KapTodemns
AKTHBHO UCTIOJNB3YIOTCSI OTCUECTBEHHBIMH CEJICKIIHOHEPAMHU
B IIPOrpaMMax Mo BBIBEJICHUIO HOBBIX COPTOB; IPUBECHHAS
aBtopamiu (Kmrvenko u ip., 2017) nadopmariust 06 ycTondu-
BOCTH 3apyOEKHBIX COPTOB, a TAK)KE O HATMYNHU Mapkepa 57R
reHa H/ BaxxHa npu nojdope nap IJisi CKpEeUIMBaHUN U B
porpamMMax 1o MUPaMHUIUPOBAHUIO TE€HOB YCTOWYHMBOCTH,
0COOCHHO K KapaHTUHHBIM O0BEKTaM.

Copra Alouette u Sarpo Mira, 110 JaHHBIM OPUTHHATOPOB,
SIBJISTIOTCSI IMMYHHBIMU K (puTOdTOpPO3y M B HAIIMX 3KCIIE-
pPUMEHTaX MOATBEPAMIIM 3TOT CTATyC. YCTOMYMBOCTH COpTa
Alouette 00ycoBieHa Hamu4ueM reHoB Rpi-R3a, Rpi-R3b,
Rpi-vntl (Armstrong et al., 2019), a y copra Sarpo Mira
JleTepMUHUpOBaHa reHamu R3a, R3b, R4, RS, Rpi-Smiral n
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Rpi-Smira2 (Rietman et al., 2012). Copt Evolution cunraercs
cpeqaeycroiynBbIM (RS), omHako B IPOBECHHOM SKCTIEPH-
MEHTe OBUT OIIEHEH KaK yCToHumBbIi (Oayt 7.3).

Copra Baltic Rose, Damaris, Desiree, Gala, Labella, La-
perla, Mia, Sanibel, Zekura u 7 for 7 oTHeceHBI HAMH K BOC-
MIPUMIMYHBBIM, XOTS B XapaKTEPUCTHKAX OPUTHHATOPOB yKa-
3bIBaJIaCh CPE/IHsS YCTOMYMBOCTD K putodToposy. Bocnpu-
MMYUBBIMH OKa3auch 1 copra Queen Anne u Red Lady, xoto-
pble TIO JTaHHBIM OPUTHHATOpPA UMEIOT YCTOIYMBOCTD BBIIIE
cpeaneit. [Ipu npoBeeHnU HUTONMATOIOIMUYCCKOTO aHATU3a
CEMEHHOTO KapTodes mopakeHHbIe PUTOPTOPO30M KITyOHH
OpUTH 0OHApYKeHBI y copToB Desiree, Labella, Queen Anne u
Red Fantasy, koTopbie 110 JaHHBIM OPUTHHATOPOB CUUTAIOTCS
YCTOMYMBBIMH K KITyOHEBOU opme puTohTopo3a.

[To rpynmoBoil ycTOWYHUBOCTH K 00OUM BO3OYIUTEISIM,
30JI0THCTON KapTodenbHOl Hemarone U (GpUTOpTOpO3Y, BbI-
JEJININCh YeThIpe pallOHMPOBAHHBIX 3apyOEKHBIX COpTa:
Alouette, Evolution, Red Fantasy, Ricarda.

PeSyJ'II:TaTI)I Halmx HCCJ’IC}IOBaHHﬁ CBUACTCIILCTBYIOT, YTO
pacIpoCTpaHEeHHOCTh OOIE3HEH Ha KapTodere BappbupoBaa
B 3aBHCHMOCTH OT COPTa, PEIPOTYKIIMH CEMEHHOT'O MaTepuaa
Y 30HBI BBIpAIIMBaHUS. 30HATBHBIC PA3IUYMSA [10 PACIPOCTpa-
HEHHOCTH OoJIe3HEeil Ha CeMEHHOM KapTodelsie OTIYCTIHBO
npossBUIHCH TonbKo 10 CeBepo-Kaskasckomy @O. B ornune
ot npyrux pernoHoB P®, B Ceepo-Kaskazckom @O otcyT-
CTBOBAJIO TIOPaXKEHUE KapTO(esst aHTPAKHO30M U TOJIBKO B
onHOM oOpastie copra Hesckuii (CD) oOHapykeHO nmopakeHne
cepeOpUCTOi mapIIon.

[ToBcemecTHOE CHIIBPHOE MOpaXKCHHE KITyOHEH PH30KTO-
HHO30M BBISIBJICHO BO BCEX MCCJICIOBAHHBIX PETHOHAX. Mak-
CHUMaJIbHOE paclipocTpaHeHue 00JIe3Hb MOy4niIa Ha COpTax
Gala (70.4 %), Red Scarlett (64.7 %), Hesckuit (57.8 %),
OTHOCSIIIUXCSI K KATETOPHHU «DITUTAY.

Cepebpucras napiia oTMeueHa B pa3TUYHbIX pErHoHaxX Ha
BCEX M3YYEHHBIX COpTax KapTodest, KpoMme HeKoTophIx 13 Ce-
Bepo-Kaskazckoro @O. BpemoHOCHOCTB ATOTO 3a00I¢BaHuUS
COCTOUT B TIOPQKEHHUH IVIA3KOB, B PE3ysIbTaTe 4ero KiIyOHH
TEPSIIOT BCXOXKECTh MIIH JIAOT OCNIa0JICHHBIE TOOETH, a TAKKe
B TIOP2)KCHUN KOPHEBOW CHCTEMBI M CTOJIOHOB, BCIICJICTBHE
4ero 00pas3yroTcst HeBbIpaBHEHHBIE 110 pa3Mepy KityOHH, yac-
TO ypomuBele. [lopakeHHBIE KIIyOHHU dallle MOABEPraroTCs
Pa3BUTHIO BTOPHYHOH MHpEKIMN — puTodhTOopo3a 1 rpudoB
Fusarium spp.

HeoxunaHHO CHIIBHOE PAacHpOCTPaHEHHE TONYUMIT aH-
TpakHo3 KapTrodesst. CruibHee Bcero ObUTH MOPaKEeHbI KITyOH!
copta Red Scarlett (O u PC2) (50.0-71.4 %) B LlenTpansaom
(hemepabHOM OKpyTe. YCTOHYNBOCTD K aHTPAKHO3Y HUKOTIA
HE BXO/IMJIa B TIAPAMETPHI XO35HCTBEHHO IIEHHBIX MTPU3HAKOB
coptoB Kaprodens. DTo 3a0osieBaHUE OTCYTCTBYET B aKTy-
ampHOM ['OCT 33996-2016, 4TO OTYaCTH M CHOCOOCTBYET
ero pacrpoctpaneHuo. CHIIbHOE TOPaKEHHE BETETHPYIOINX
pacrteHuit kaprodens aHTpaKHO30M OTMeueHo Hamu B CeBe-
po-3amagHoM u JlampHEBOCTOUHOM (heaeparbHBIX OKpyTax
Ha coptax Labadia, Labella, Hepckwii u np. BpemoHocHOCTB
0O0JIE3HN COCTOUT B MPEKAECBPEMEHHOM OTMUPAHHU OOTBBI
Y THHUEHUH KJIyOHEH BO BpeMs BETeTallK U XpaHeHus. [1pu
JIMarHOCTHKE OCHOBHBIM MIPU3HAKOM SIBIISICTCS] HAJTMINE CKIIC-
POLMATIBHOTO YIUIOTHEHHUSI MULIEIINS IO/ KOXKY PO KITyOHS, C
BBIXOJIOM Ha ITOBEPXHOCTh U 00pa3oBaHHEM IIeTHHOK. [1n-
POKOE pactpocTpaHeHNE aHTPAKHO3a M CepeOPHCTOI mapIu
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YcTolumBocTb K Bo3byauTenam ¢putoptoposa u rnoboaeposa
COBPEMEHHOr0 COPTMEHTa CEMEHHOIO KapTodens

1 OYCBUHAA UX BPECJOHOCHOCTDH CTAJIM HOBBIM BbBI3OBOM JJIA
CEJIEKIINHU KapTodes.

Bce npoanannzupoBaHHble 00pa3bl ObUIM TTOPAKEHBI
KOMIUTIeKCcoM rpuboB Fusarium spp. Ha copre Gala ux pac-
npoctpaneHHocTs focturana 100 % B IIpuBomkckom PO.
OTyacTH 3TO CBS3aHO C TEM, YTO MMEHHO B 9TOM OKpYyTe 3a-
(uKcHpoBaHO HauOOJbLIEEe KOJIMYECTBO MEXaHHUECKH T10-
BpEeXIEHHBIX KIyOHEH (oT 2 10 75 % B 3aBUCHMOCTH OT
o0pasia), 4To, 110 HaIlleMy MHEHHIO, CIIOCOOCTBOBAJIO TAKOMY
CHJILHOMY PAaclpOCTPAaHEHHUIO CyX0il (hy3aprHO3HOM THUIIH.

T'OCT 33996-2016 ycTanaBnuBaeT KeCTKHE HOPMATHBHEIC
TpeOOBaHuSs, MPEABIBISEMbIE K KaTeropusM KapTodess 1o
MOPAKEHHOCTH CYXUMH THUJISIMH, B YaCTHOCTH (Py3apHO30M:
0.5 % nnst kareropwuii anutHOTO 1 1.0 % JUI penpoyKInoH-
HOTO0 ceMeHHOro Kaprodernst. Hu onun mpoananusupoBaHHbBIH
o0pasell, BHE 3aBHCUMOCTH OT PENPOYKIMHU, HE COOTBETCTBO-
BaJI IPEBSIBISIEMBIM TPEOOBAHHSAM, YTO CBUAETEIBCTBYET O
HEY/JIOBJICTBOPUTEILHOM (PUTOCAaHUTAPHOM COCTOSIHHHU Ce-
MeHHOT0 Kaprodens. OTCYyTCTBHE OPAXKCHUS (y3apHO3HON
WHQEKINeH Takux copToB, kak Mondeo, Asterix, Delphine,
Yapopeii, 3opadka, He MOXKET OBITH I0Ka3aTEIbCTBOM YCTOM-
YHBOCTH K ITIaTOTCHY, HCO6XOD,I/IMO ux zlaanei?Iulee H3YyYCHHC.

Boz6yaurens ¢putodToposa kapTodens ObUT BRIABICH BO
BCeX (peliepalIbHBIX OKpYTax, MPUYeM HauOOIbIIee pacipo-
CTpaHEHHE Ha pallOHMPOBAaHHBIX copTax moxyuuia B Ce-
Bepo-Kaskazckom @O (88.8 %). C 2018 1. purodTopos
KapTodernsi OTCYTCTBYET B perIaMEHTE KOHTPOJISI P TIPO-
BEJICHUU CepTH(UKAIIMM CEMEHHOrO Marepuaia 10 HOBOMY
T'OCT 33996-2016 (2017), m0o3TOMY B HACTOAIIEE BPEMS OT-
CYTCTBYIOT JIOITyCTUMBbIEC KPUTEPHH IO TIOPa’KeHHOCTH KITyO-
Hel cemeHHOTO Kaptodens. OnHako, coracHo DI1B (Anexun
u ap., 2016), He momycKaeTcs MPUCYTCTBUS MOPAKEHHBIX
KJIyOHel B ceMeHHOM Marepuaie. He BbIsiBICHO KOppemsinu-
OHHOH 3aBUCUMOCTH 110 IIOPAKEHUIO PA3IIMYHBIX KaTETOPUI
COPTOB KapTodes 3a00IeBaHIsIMH, CKOpee HA000pOT: UMEH-
HO SJTUTHBIN CEMEHHOM KapTo(elb ObIT TopakeH 00Ie3HIMHI
CHUIIbHEE, YeM PerpolyKIIMOHHbIH (cM. Tadu. 3).

Haubonee mpeacTaBneHHBIMU BO BeeX (heiepatbHBIX OKPY-
rax oka3aJluch copra Kaprodess, BKIIIOUeHHbIE B [ocpeecTp
(2019) muoro Net Hazan: Hesckuii (rox BkimroueHus 1982),
Red Scarlett (2000) u Gala (2008), MmeHee mpeaCcTaBICHHBI-
mu — copta Evolution (2015), Colomba (2013) n Labella
(2010). Bce nepeuncienHsle copta paiioHnpoBaHsl B Cese-
po-3anagaom @O, ocTagbHBIE COpTa TPUCYTCTBOBAIH B TPEX
PETHOHAX B Pa3HBIX COOTHOIICHMSX (CM. TabImI. 3).

3aknioyeHune

Bce 3apy0Oerxnbie copra kaprodens, BHeceHHbIe B [ocpeecTp
CEJICKLIMOHHBIX JOCTUKEHUM, OTNINYAIOTCS BBICOKOM YCTONYH-
BOCTBIO K pacIpOCTPaHEHHOMY Ha Tepputopun Poccuiickoi
Oeneparn narotunty Rol G. rostochiensis. Yacte u3 HEX
TeHeTHYECKH 3allMIIeHa U NPOTUB Apyrux narorunos 3KH.
DT0 KOCBEHHO CBHUACTEIBCTBYET 00 A3(PPEKTHBHOM HCTIONB30-
BaHUM MOJEKYISPHBIX MapKepoB I'€HOB yCTOWYMBOCTH, TaK
Kak (pUTOIaTONOrnUECKHE TECTHI JUTUTEIILHBIC H TPY0EMKHE U
MOTYT OBITh TPOBE/ICHBI TOJILKO B KOHTPOJIUPYEMBIX YCIOBHUIX
KapaHTUHHBIX Jlaboparopuil. Y 96.6 % M3yueHHBIX HEMaTo-
JIOyCTOWYMBBIX COPTOB BBISBJIECH Mapkep reHa f/ yctoldu-
BocTH K marotuny Rol G. rostochiensis, BOCIpUIMYMBBIE
copra 3THM MapkepoM He oOnananu. [TonTBepskieHa BbICO-
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Kasi yCTOMYMBOCTh COPTOB 3apyOexxHo cenekunu Alouette
u Sarpo Mira x Bo3Oyautento gurodropoza. OOHAPYKEHBI
PacxoXJICHUS B XapaKTEPUCTUKE YCTOHYMBOCTH COPTOB Kap-
Toderst K GuTodTopo3y, peACTaBICHHON 3apyOeKHBIMH OPH-
THHATOPAMH U ITOTy4IE€HHOW HaMH1 IIPH OIICHKE YCTOWINBOCTH
1 (PUTOMATOIOTHYECKOM IKCIIEPTH3E CEMEHHOTO KapToders,
BO3/1IeIbIBacMOro Ha Teppuropuu PO. Copr Alouette komma-
Hun Agrico, UK oTnmgaercst rpynmmoBoif yCTOHYHUBOCTRIO K
3KH u dputodroposy.

Bo Bcex permoHax u3yueHusi Ha CEMEHHOM KapToderie Bbl-
SIBJICH KOMITJIEKC OOMUIIETHBIX U TPHOHBIX OONE3HEH, cpenu
KOTOPBIX Mpeodiaganyn pu30KTOHUO3, cyXas (y3apro3Has
THWIIb ¥ cepedpucTas napia. OTMeueHo HeOXKUAaHHO ILIHPO-
KO€ PacrpocTpaHeHNe aHTpakHo3a kapTodes. [To-Bumimomy,
Hazpesa He0OXOANMOCTb ONPE/ICINTh HATMYHNE YCTOHIYMBOCTH
K 9TUM OOJIC3HSM KaK BaYKHBIN XO3SIICTBEHHO I[CHHBIN MPH-
3HAK 1 HAIIPaBUTh YCUIIHS (PUTOTIATOIIOTOB M CEJIEKI[IOHEPOB
Ha CO3/1aHHE TEHETHYECKH OXapaKTEPH30BAHHOTO HCXOTHOTO
Marepuasa JUisl CeJIeKIMU Ha YCTOMYMBOCTh. bosbiiast yacTh
pafioOHMPOBAaHHBIX COPTOB HE YHOBJIETBOPSIET JakKe MUHH-
MaJIbHBIM TPEOOBaHHSIM, ITPEABSIBISEMBIM K CEMEHHOMY Ma-
tepuainy. [IpakTHuecky Bech CEMEHHOI Marepual He COOT-
BetcTByeT TpedoBanmsiM ['OCT u OI1IB, 9To cCBHAETENBCTBYET
0 HapyIICHU! TEXHOJIOTUH BO3/ICIIBIBAHNS U 3AIUTHI.
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Abstract. For accurate species-level identification of microorganisms, researchers today increasingly use a
combination of standard microbiological cultivation and visual observation methods with molecular biologi-
cal and genetic techniques that help distinguish between species and strains of microorganisms at the level
of DNA or RNA molecules. The aim of this work was to identify microorganisms from the ICG SB RAS Collection
using an integrated approach that involves a combination of various phenotypic and genotypic characteris-
tics. Key molecular-genetic and phenotypic characteristics were determined for 93 microbial strains from the
ICG SB RAS Collection. The strains were characterized by means of morphological, physiological, molecular-
genetic, and mass-spectrometric parameters. Specific features of the growth of the strains on different media
were determined, and cell morphology was evaluated. The strains were tested for the ability to utilize various
substrates. The strains studied were found to significantly differ in their biochemical characteristics. Physio-
logical characteristics of the strains from the collection were identified too, e.g., the relationship with oxygen,
type of nutrition, suitable temperature and pH ranges, and NaCl tolerance. In this work, the microorganisms
analyzed were combined into separate groups based on the similarities of their phenotypic characteristics.
This categorization, after further refinement and expansion of the spectrum of taxa and their metabolic maps,
may serve as the basis for the creation of an “artificial” classification that can be used as a key for simplified and
quicker identification and recognition of microorganisms within both the ICG SB RAS Collection and other
collections.
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AHHOTauuA. [1nAa TOYHON BUAOBOW MAEHTNOUKALMN MAKPOOPraHU3MOB CErofjHA BCe Yalle NPUMEHSAIOT CO-
yeTaHMe CTaHZAPTHbIX MUKPOOMONOrMYECKUX METOLOB Ky/bTVBMPOBaAHWA W BU3yaNbHOTO HabnogeHus
C MeToAaMn MONEKYNAPHOW OGMONOrMM 1 TeHeTUKW, NMOMOralWyMN pas3nnyaTb BUAbl U WTaMMbl MUKPO-
opraHn3moB Ha yposHe monekyn OHK wunu PHK. Llenbto gaHHo paboTbl 6bi10 NpoBefeHne naeHTnduKa-
umm mukpoopraHusmos us Konnekuum MLUml CO PAH ¢ nomoLblo KOMMIEKCHOrO MOAXofa, CoYeTatoLero
MCMOJIb30BaHMe LIMPOKOro CrekTpa GeHOTUMUYECKUX M FeHOTUMUYECKUX NPu3HakoB. [na 93 wrtammoB
MukpoopraHmamos Konnekuyun VLI CO PAH onucaHbl KitoueBble MONEKYNAPHO-TEHETUYECKNe U GpeHoTU-
nnyeckre ceBomnctBa. PaccmoTpeHbl Mopdonornyeckme, GU3nNonornyeckre, MoneKkynapHo-reHeTuyeckme u
Macc-CNeKTPOMETPUYECKME XapPaKTEPUCTMKL LUTaMMOB. YCTaHOBIEHbI 0COGEHHOCTMN POCTa LUTaMMOB Ha pas-
HbIX cpefax, n3yyeHa Mmopdonorna KneTok. LUtammbl npoTecTMpoBaHbl Ha CNOCOOHOCTb KMCMOMNb30BaTb Pas-
NnYHble cy6cTpaTbl. OBHaPYKEHO, UTO NCCNIEAOBAHHbIE WTAaMMbl 3HAUUTENBHO Pa3NnYanmcb No CBoMM 6uo-
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KomnneKcHbI MeTo] TaKCOHOMUYECKOM
naeHTUGMKaLMN MUKPOOPTraHN3MOB

XMMUYECKMM npur3Hakam. OnpeneneHbl GU3nonornyeckrie 0CoO6eHHOCTU WTAMMOB KOMEKLUW: OTHOLEHWE
K Kucnopogy, TUn nuTaHua, fnanasoH Temnepatyp n pH, otHoweHue K NaCl u gp. WccnepgoBaHHble MUKpPO-
opraHn3mMbl 06beAnHeHbl B OTAENbHbIE FPYMbl HA OCHOBAHUM CXOACTBA UX GEHOTUMMNYECKUX XapaKTePUCTUK,
YTO MOXET NPU JanbHelwen JopaboTKe 1 PaCUMPEHUN CNeKTpa TakCOHOB 1 MX METAaboNMYECKNX KapT no-
CIYXWTb OCHOBOW [N1A CO3AaHNA MCKYCCTBEHHOM» Knaccndukaumm, Kotopaa MoXeT ObiTb 1Cnonb3oBaHa B
KayecTBe K/ioya s YNpoLeHHON 1 6onee BbICTPON NAEHTUGMKALMN U PacNO3HAaBAHUA MUKPOOPraHN3MOB
B pamkax Kak Konnekuymu VLI CO PAH, Tak 1 opyrux Konnekumn.

KntoueBble cnoBa: naeHTdMKaLma MUKPOOPraHM3MOB; GUOXMMUYECKME XapaKTepPUCTUKN GaKTepuii; Xemo-

cncTemMaTuka; MaCC-CI'IeKTpOMETpI/ILIeCKI/IIh aHanums.

Introduction

Identification of prokaryotes, which are morphologically
less diverse than eukaryotes, is based on a wide variety of
phenotypic — and in many cases also genotypic — characteris-
tics. During the description and identification of bacteria,
researchers study their cultivation properties, morphology,
cell organization, physiological and biochemical features,
chemical composition of cells, GC content of DNA, nucleotide
sequence of the gene coding for 16S ribosomal RNA (rRNA),
and other phenotypic and genotypic characteristics.

Phenotypic methods of identification are popular mostly
because of their relatively low cost. Phenotypic reactions
usually include the responses to various chemical compounds
or biochemical markers. Nonetheless, the manifestation of
phenotypic traits of a microorganism — e.g., cell size and
shape, sporulation, cell composition, antigenicity, biochemi-
cal activity, and sensitivity to antimicrobial agents — often
depends on the nutrient media and culture conditions being
used. Therefore, in recent years, to improve the classic me-
thods of biochemical identification, investigators developed
modern methods of biochemical identification (Church, 2016;
Reyes, 2018).

Characteristic features of the growth of microorganisms on
solid and liquid nutrient media are categorized as cultivation-
related or macromorphological properties. Morphological
characteristics and bacterial-cell organization include such
traits as cell shape and size, cell motility, the presence of
flagella, flagellation type, and sporogenesis capacity. In bac-
terial systematics, the top priority is given to Gram staining
and cell wall structure.

Research on physiological and biochemical properties
primarily includes determination of the nutrition mode of the
bacterium being analyzed (photo-/chemo- and auto-/hete-
rotrophy) and the type of energy metabolism (capacity for
fermentation, aerobic or anaerobic respiration, or photosyn-
thesis). It is important to identify such traits as the relationship
of this bacterium with molecular oxygen, temperature, pH of
the medium, with salinity, illuminance, and other environ-
mental factors. This group of traits also contains the list of
substrates utilized as sources of carbon, nitrogen, and sulfur;
requirements for vitamins and other growth factors; formation
of characteristic products of metabolism; and the expression
of certain enzymes. For this purpose, special assays are often
performed.

Many assays employed for the detection of the aforemen-
tioned traits (they are sometimes called “routine assays”) are
crucial for clinical diagnoses and are widely used in medical
microbiology. These assays require substantial time, a large

number of complicated media and reagents, compliance with
standardized operating procedures, and meticulous execu-
tion. To accelerate and facilitate the identification of some
microorganisms, mostly those that are clinically important,
researchers have developed various assay kits, such as
MIKROLATEST® ID | Erba Lachema s.r.o. and BioLog. For
instance, the MIKROLATEST® ID assay is designed for the
identification of enterobacteria and represents a plastic cham-
ber with wells containing colored diagnostic media. Whether
the result is positive or negative is determined by changes in
the color of a medium or by a reaction after the addition of
special reagents (e. g., the assay of indole production and the
Voges—Proskauer test).

A state-of-the-art phenotypic technology called BioLog
yields valuable information about the properties of strains in
addition to species level identification. Molecular techniques
such as 16S rRNA sequencing and matrix-assisted laser
desorption/ionization time of flight (MALDI-TOF) mass
spectrometry do not provide information about the proper-
ties of a strain. The technology of carbon source utilization
in the BioLog assay allows environmental microorganisms
and pathogenic microorganisms to be identified by compiling
a characteristic profile or “metabolic fingerprint” after certain
assay reactions carried out in a microtiter plate. Suspension
cultures are tested by means of a panel of preselected assays,
then are incubated and analyzed on a signal reader, and the
results are queried against databases.

Among the modern methods of biochemical identification
is MALDI-TOF mass spectrometry, which is one of the latest
methodologies for microbial identification. Even though this
assay is “phenotypic,” it in a sense eliminates the gap in the
reliability of the test results obtained by phenotyping-based
biochemical assay systems and genotyping-based identifica-
tion systems. Additionally, the methodology is very rapid and
therefore well exemplifies a “rapid microbiological assay”
(Gaudreau et al., 2018).

Determination of the bacterial-cell chemical composition
also plays a role in bacterial systematics (chemosystema-
tics). Chemotaxonomic methods may be helpful in particular
for classifying the bacterial taxa whose morphological and
physiological characteristics vary widely and are insufficient
for their satisfactory identification. Additionally, cell wall
composition determines serological properties of bacteria.
This principle underlies the immunochemical techniques for
their identification.

Investigators sometimes also employ the lipid and fatty-acid
composition of bacterial cells as chemotaxonomic markers.
Active research on fatty acids has become possible with ad-
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vancements in gas chromatography. Differences in the lipid
profile are used for the identification of bacteria at species
and genus levels. This method, however, has some limitations
because fatty-acid content of cells may depend on cultivation
conditions and culture age.

Analysis of nucleotide sequences of rRNAs has gained
much popularity and importance for the identification of
bacteria and for the creation of phylogenetic approaches to
their classification.

Founded at a federal publicly funded scientific institution,
the Federal Research Center ICG SB RAS, a collection of bio-
technologically important microorganisms contains more than
1500 strains, cultures of microorganisms, and DNA samples
valuable for science and biotechnology and is intended for
identification of new microorganisms with promise in terms
of biotechnology and bioengineering and for studies on their
genetics and metabolism. The collection contains represen-
tatives of all major superkingdoms (fungi, bacteria, archaca,
and algae) and physiological groups (including anaerobes and
extremophiles). Most strains in the collection have been iso-
lated from previously unstudied unique extreme ecosystems:
brine lakes, hot springs, soils, offshore areas, and bodies of
freshwater.

For accurate species level identification of microorganisms,
currently, investigators are increasingly applying a combina-
tion of standard microbiological techniques of cultivation
and visual observation with molecular biological and genetic
methods, which help distinguish the species and strains of
microorganisms at the level of DNA or RNA molecules (Kar-
dymon, Kudryavtseva, 2016). For biotechnological purposes,
it is important to have information not only about species
affiliation of strains but also about their substrate specificity,
completeness of metabolic pathways’ implementation, activity
of metabolic reactions, and the possibility of their modulation.
Consequently, an integrated approach to the identification of
natural microorganisms will simplify the search for the strains
that hold promise for bioengineering tasks.

The purpose of this study was to identify microorganisms
from the ICG SB RAS Collection via an integrated approach
involving a combination of a wide variety of phenotypic and
genotypic characteristics.

Methods

Phenotypic characterization. The shape and size of live
and stained cells were determined using light and electron
microscopes Axioskop 2 Plus, Axioskop A1, LIBRA 120 (Carl
Zeiss) at the Multi-Access Center for Microscopic Analysis of
Biological Objects (SB RAS). The samples were prepared by
standard methods (Netrusov et al., 2005). Gram staining was
conducted by means of the Gram Stain Kit (Sintakon, Russia)
according to the manufacturer’s instructions.

The optimal temperature and pH for growth, NaCl tole-
rance, catalase and urease oxidase activities, anaerobic growth,
amylolytic and caseinase activities, and other activities as well
as the ability to utilize various substrates were determined ac-
cording to Netrusov et al. (2005) and Logan & De Vos (2009).
Most of the assays were carried out using Lachema and Bio-
Log reagents and assay Kkits.
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Sequencing of 16S rRNA genes. Taxonomic affiliation
(phylogenetic position) of the strains was determined accord-
ing to the 16S rRNA gene sequence. To this end, bacterial
DNA was isolated by the standard phenol method (Maniatis
et al., 1984). Amplification of the 16S rRNA gene was con-
ducted with universal bacterial primers 16S-8-f-B (5-AGR
GTTTGATCCTGGCTCA-3') and 16S-1350-r-B (5'-GAC
GGGCGGTGTGTACAAG-3"). The reaction mixture con-
sisted of 1.5 mM MgCl,, 65 mM Tris-HCI (pH 8.8), 16 mM
(NH,),S0,, 0.05 % of Tween 20, 0.2 mM each dNTP, 0.3 mM
each primer, and 1 U of recombinant Taq polymerase (Sib-
Enzyme, Novosibirsk, Russia). DNA sequencing was per-
formed by the Genomics Multi-Access Center, SB RAS.

Searches for similar sequences in nucleotide databases were
conducted by means of the software of the Blast series (http://
blast.ncbi.nlm.nih.gov/Blast.cgi). Sequence alignment was
performed in the ClustalW software (http://www.ebi.ac.uk/
Tools/msa/clustalw?).

Chemotaxonomic properties. To analyze the fatty-acid
composition of cells, the strains were grown at optimal tem-
perature until the exponential growth phase. The biomaterial
obtained was processed according to (Jenkins, Tanner, 1977);
after alkaline hydrolysis of lipids, acids were extracted with
hexane and were methylated with a methanolic HCI solution
according to Schiffer et al. (2002). The mixture of methyl
esters of fatty acids was analyzed by gas chromatography
on an Agilent Technologies 6890N chromatograph coupled
with an Agilent Technologies 5973N quadrupole mass spec-
trometer and a quartz DB-1 column. The carrier gas was He
at a constant flow rate of 1 ml/min. Injection temperature
was 250 °C, and sample (1 pl) injection was performed via
a microsyringe; electron impact ionization was set to 70 eV.
Chromatographic-mass-spectrometric analysis of the studied
solutions was conducted by means of total ion current in
SCAN mode in the mass range 10 to 800 Da, with selective
ion monitoring (SIM) of molecular ions of the compound
being studied. Identification of methyl esters of fatty acids
was performed through comparison with database NIST
Mass Spectral Search Program for the NIST/EPA/NIH Mass
Spectral Library Version 2.0a, build “Jul 2002.”

Mass-spectrometric analysis was conducted on an Ultra-
flex III MALDI TOF/TOF mass spectrometer (Bruker Dal-
tonics). The spectra were recorded in linear positive mode at
alaser frequency of 100 Hz in the mass range 2000—20000 Da.
Accelerating electrode voltage was 25 kV, IS2 voltage
23.45 kV, and lens voltage 6 kV, without an extraction delay.
For each sample, three spectra were acquired by summing
up 500 laser impulses (5 x 100 impulses at different positions
of the target cell). External calibration was performed with
precise masses of known proteins: Escherichia coli RL36:
4365.3 Da, RS22: 5096.8 Da, RL34: 5381.4 Da, RL32:
6315.0 Da, RL29: 7274.5 Da, and RS19: 10300.1 Da. The
series of spectra obtained for each strain were employed to
generate the characteristic spectra in Biotyper 3.0 software,
which constituted a list of mass peaks with averaged m/z va-
lues and relative peak intensities.

To identify microorganisms from the ICG SB RAS Col-
lection, the phenotypic and genotypic characteristics deter-
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mined were analyzed in Statistica 6.0 software. Dendrograms
were constructed by the method of unweighted pairwise
arithmetic mean, and two-dimensional graphs by multidi-
mensional scaling. Multivariate analysis was carried out in
Past 3, version 3.25 (Hammer et al., 2001). In accordance
with the requirements of the software, semiquantitative data
on 95 substrates of the BioLog assay system were converted
to numerical values: data on the absence/presence were coded
as “0” or “1,” respectively, and undetermined values as “?”.

Results

In this study on microbial identification, 93 strains from
the ICG SB RAS Collection were analyzed. Geographic
locations of sampling for the isolation of microbial cultures
were rather diverse: from vineyards of Crimea to geysers of
Kamchatka and the Kuril Islands. Ecological types of habitats
varied widely too: from bodies of freshwater to salty soils;
temperature conditions were cold or thermal; environmental
pH levels were neutral, acidic, or alkaline. The samples were
collected both from unaffected natural areas of water and from
anthropogenically polluted rock types.

Strains were isolated on various media: e.g., LB, beef
extract agar, beef-extract broth, or Pfennig’s medium with
supplements. The cultivation was conducted at 32 to 55 °C.
Each strain was subjected to phylogenetic, phenotypic, and
mass-spectrometric characterization.

Morphology and biochemical properties

Most strains produced circular white, cream-colored, or yellow
colonies. Colony edges were even or wavy, and the profile
was flat or convex. Colony sizes varied from pinpoint size
(less than 1 mm) to >5 mm. Cells of the strains were rodlike.
Seventeen strains secreted a pigment into the medium. The
cell wall was gram-positive. Streak growth varied among the
strains: from nondiffuse to highly diffuse and from rosarylike
to solid. Seventy-five strains featured sporogenesis.

The temperature ranges for growth tested were within
870 °C, and the pH ranges tested were within 2—10. The
suitable temperature range for the growth of thermophilic
microorganisms was 40-70 °C with an optimum at 60 °C.
The suitable range for the growth of mesophilic microorga-
nisms was 25 to 40, 50, and 55 °C, with an optimum mostly
at 35 °C. Strong growth of the strains was noted at a NaCl
concentration of 1 g/l. Some strains did not grow or grew
poorly at 5 g/l NaCl in the medium.

All the strains studied were tested for the ability to utilize
various substrates by means of Lachema and BioLog assay
systems. The strains were found to be acrobes and/or faculta-
tive anaerobes. In terms of nutrition, the strains turned out to be
heterotrophs and chemoorganoheterotrophs. An overwhelm-
ing majority of the strains grew well on media with casein,
starch, or Tween as a sole carbon source. Seventy-three strains
showed a well-pronounced caseinase activity, characterized
by the presence of clear zones around colonies after treat-
ment with acetic acid (Netrusov et al., 2005). Furthermore,
81 strains had a good amylolytic activity, evidenced by clear
zones. In a reaction with iodine, aside from the usual loss
of color, in some cases, there was reddening of the medium
around colonies, indicating the formation of dextrins.
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It was determined that 40 strains possess a B-galactosidase
activity. Virtually none of the strains utilized malonate, cit-
rate, ornithine, or sulfur compounds (negative results of an
H,S test). None of the strains except one utilized lysine, and
17 strains had a urease activity. None of the strains manifested
a B-glucuronidase activity. The strains either utilized or did not
utilize mannitol, trehalose, lactose, cellobiose, arginine, meli-
biose, sorbitol, salicin, raffinose, inositol, arabitol, adonitol,
and dulcite. Twenty strains featured a -xylosidase activity.

Most of the strains studied did not utilize D-turanose,
N-acetyl neuraminic acid, p-hydroxyphenylacetic acid, methyl
pyruvate, D-fucose, L-fucose, L-rhamnose, D-aspartic acid,
D-serine, glycyl-L-proline glucuronamide, mucic acid, chinic
acid, D-saccharic acid, a-hydroxybutyric acid, B-hydroxy-
D,L-butyric acid, a-keto-butyric acid, or sodium butyrate.

It was found that an overwhelming majority of the strains
belong to the genus Bacillus, and the others to the genera
Anoxybacillus, Lysinibacillus, Geobacillus, Paenibacillus,
Achromobacter, Agrobacterium, and Stenotrophomonas.

Characteristic mass spectra of protein profiles were obtained
for 83 strains from the collection. The results of phylopro-
teomic analysis were consistent with taxonomic affiliation
of the strains, as determined by the sequencing of 16S rRNA
genes. The results of the mass-spectrometric analysis comple-
mented the existing set of characteristic mass spectra and may
be useful for further identification of microorganisms in the
cases where obtaining a quality DNA sample for sequencing
is problematic.

Analysis of the fatty-acid composition of the cell wall re-
vealed the following fatty acids: saturated unbranched: myris-
tic acid (C14:0); branched-chain acids: isomyristic (isoC14:0),
isopentadecanoic (isoC15:0), anteiso-pentadecanoic (aC15:0),
isopalmitic (isoC16:0), and anteiso-palmitic (aC16:0); and
monounsaturated: palmitoleic acid (C16:1). The profile and
ratio of fatty acids in the cell wall of bacteria are important
traits for the identification of these microorganisms.

Discussion

Fig. 1 depicts a phylogenetic tree built from 16S rRNA se-
quences; it reflects the clustering of bacterial strains by species
affiliation. Fig. 2 presents a statistical analysis of 21 strains
for 96 formalized biochemical parameters determined by the
BioLog Omnilog assays. This analysis did not reveal clear-cut
clustering, especially judging by the strains of Bacillus subtilis
(see Fig. 2). Ten strains from 21 samples analyzed belong to
the species B. subtilis. Six of them (strains No. 10, 13, 14,
19, 20, and 21) are components of a relatively loose cluster
that is formed by representatives of the B. subtilis group and
B. cereus group. This cluster includes Lysinibacillus macro-
lides (strain No. 6). No other strains of B. subtilis (No. 2, 7,
11, and 17) clustered with their own species.

In prokaryotic systematics, for species identification, re-
searchers utilize such parameters as rRNA sequence, cell
membrane structure, and certain features of metabolism, e. g.,
methanogenesis or bacteriorhodopsin-dependent photosyn-
thesis (DasSarma et al., 2019). Our results suggest that the
features of metabolism analyzed are not species-determining
but may play a major role when the usefulness of one or an-
other strain for biotechnology is determined. This is because
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Fig. 1. The phylogenetic tree constructed by the minimum evolution method applied to 16S rRNA sequences of the strains for which biochemical data

were obtained by the Lachema assay (a) or BioLog assay (b).
The numbers near clades denote bootstrap support.
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Fig. 2. Results of the statistical analysis of the findings about the taxo-
nomic profile of the microorganisms studied and their specific features
of metabolism according to the first pair of principal components. The
analysis covers 96 parameters.

the possibility of degradation of various substrates is taken
into account.

Fig. 3 shows the results of clustering of 61 strains by 29 pa-
rameters of metabolism, as determined by MICROLATEST®
Lachema assays. We used such parameters as the ability of
bacteria to utilize some sugars (e.g., mannitol, trehalose,
lactose, cellobiose, sucrose, raffinose, and glucose), the pre-
sence of urease activity, and production of H,S. The analysis
included strains of three Anoxybacillus species, 17 Bacillus
species, and two Geobacillus species. Most of the strains
formed a relatively tight cluster, regardless of the species of
amicroorganism, thus indicating a similarity between the sub-
strates used for growth. The ability to grow on various sugars
and organic acids (which is what most of the substrates tested
were) is typical of the representatives of various taxonomic
groups from the bacterial kingdom, irrespective of their origin.
The second cluster (a smaller one) is formed by some strains
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of bacteria belonging to the following species: B. simplex,
Anoxybacillus spp. (flavithermus), G. stearothermophilus,
B. mycoides, A. pushchinoensis, and B. licheniformis. These
species were found to be represented by multiple strains, but
the other strains of these species ended up in a large cluster
according to metabolic characteristics. The unification of these
strains into one cluster by metabolic characteristics points to
a similarity between the substrates or possibly to the loss of
the ability to utilize some of the substrates. In this case, the
clustering does not reflect a common evolutionary origin,
but rather shows substrate specificity that has developed as
a consequence of convergent processes, probably during the
adaptation to the substrates. According to the sampling sites,
the species that ended up in the small cluster do not have
a common origin either.

There was clustering by morphological characteristics too.
For instance, the small cluster highlighted in Fig. 4 is formed
by the strains of microorganisms that produced relatively
large colonies.

Evidently, further refinement and expansion of the spectrum
of taxa and of their metabolic maps may lay the foundation
for an “artificial” classification that may be helpful as a key
for simplified and quicker identification and recognition of
microorganisms.

Conclusion

For 93 strains of microorganisms from the ICG SB RAS Col-
lection, we determined key molecular-genetic and phenotypic
characteristics. The strains were characterized by morphologi-
cal, physiological, molecular-genetic, and mass-spectrometric
parameters. Specific features of the strains’ growth on various
media were determined, and cell morphology was assessed.
Next, the strains were tested for the ability to utilize various
substrates. It was found that the strains studied substantially
differ in their biochemical characteristics. Additionally, we
evaluated physiological characteristics of the strains from this
collection: e. g., the relationship with oxygen, nutrition type,
suitable ranges of temperature and pH, and NaCl tolerance.
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Fig. 3. Results of the statistical analysis of the data on the taxonomic profile of the microorganisms studied and their specific
features of metabolism according to the first pair of principal components. The analysis covers 29 parameters.
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Fig. 4. Results of the statistical analysis of the findings about morphological characteristics according to the first pair of principal

components.

Application of the integrated approach to microbial iden-
tification is necessary for solving the problems of targeted
searches for biotechnologically promising strains. In this
study, we combined microbes into separate groups/clusters
on the basis of similarities of their phenotypic characteristics.
This categorization, after further elaboration and expansion of
the spectrum of taxa and of their metabolic maps, may form
the basis for the creation of an “artificial” classification that
may be helpful as a key for simplified and faster identification
and recognition of microbes within both the ICG SB RAS
Collection and other collections.

References

Church D.L. Biochemical tests for the identification of aerobic bacte-
ria. In: Leber A. (Ed.). Clinical Microbiology Procedures Handbook.
Fourth Edn. AMS Press, Washington, 2016;3.17.1.1-3.17.48.3. DOI
10.1128/9781555818814.ch3.17.

DasSarma P., Capes M.D., DasSarma S. Comparative genomics of
Halobacterium strains from diverse locations. In: Das S., Dash H.R.
(Eds.). Microbial Diversity in the Genomic Era. Acad. Press, 2019;
285-322. DOI 10.1016/B978-0-12-814849-5.00017-4.

Gaudreau A.M., Labrie J., Goetz C., Dufour S., Jacques M. Evaluation
of MALDI-TOF mass spectrometry for the identification of bacteria
growing as biofilms. J. Microbiol. Methods. 2018;145:79-81. DOL
10.1016/j.mimet.2018.01.003.

ORCID ID

S.V. Shekhovtsov orcid.org/0000-0001-5604-5601
S.E. Peltek orcid.org/0000-0002-3524-0456

Hammer O., Harper D.A., Ryan P.D. PAST: paleontological statistics
software package for education and data analysis. Palaeontol. Elec-
tronica. 2001;4(1):9.

Jenkins R.E., Tanner M.J.A. The structure of the major protein of the
human erythrocyte membrane. Characterization of the intact pro-
tein and major fragments. Biochem. J. 1977;161(1):139-147. DOI
10.1042/bj1610139.

Kardymon O.L., Kudryavtseva A.V. Molecular genetic methods for
intestinal microbiome investigation. Rossiiskiy Zhurnal Gastroente-
rologii, Gepatologii, Koloproktologii = Russian Journal of Gastro-
enterology, Hepatology, Coloproctology. 2016;26(4):4-13. DOI
10.22416/1382-4376-2016-26-4-4-13. (in Russian)

Logan N.A., De Vos P. Genus 1. Bacillus. In: Bergey’s Manual of Sys-
tematic Bacteriology. Vol. 3. The Firmicutes. Springer, 2009;21-128.

Maniatis T., Fritsch E., Sambrook J. Molecular Cloning. Cold Spring
Harbor lab., 1982. (Russ. ed. Maniatis T., Frich E., Sembruk D.
Metody Geneticheskoy Inzhenerii. Molekulyarnoe Klonirovanie.
Moscow: Mir Publ., 1984. (in Russian)

Netrusov A.L., Egorova M.A., Zakharchuk L.M. Workshop on Micro-
biology. Moscow: Academy Publ., 2005. (in Russian)

Reyes A.T. Morpho-biochemical aided identification of bacterial iso-
lates from Philippine native pig. Adv. Pharmacol. Clin. Trials. 2018;
3(5):000148. DOI 10.23880/apct-16000148.

Schiffer C., Wugeditsch T., Kéhlig H., Scheberl A., Zayni S., Mess-
ner P. The surface layer (S-layer) glycoprotein of Geobacillus stea-
rothermophilus NRS 2004/3a: analysis of its glycosylation. J. Biol.
Chem. 2002;277(8):6230-6239. DOI 10.1074/jbc.M108873200.

Acknowledgements. This work was done within the framework of State Assignment Kurchatov Genomic Center of ICG SB RAS (075-15-2019-1662). The

English language was corrected and certified by shevchuk-editing.com.
Conflict of interest. The authors declare no conflict of interest.

Received December 28, 2019. Revised March 26, 2020. Accepted April 01, 2020.

382

BaBunosckuii xKypHan reHeTuku u cenekuum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 4



FrEHETUKA MUKPOOPTAHM3MOB BaBunnoBcKui xypHan reHeTukn n cenekuymm. 2020;24(4):383-390

0630p / Review DOI 10.18699/VJ20.44-0

Genomics and proteomics
of the liver fluke Opisthorchis felineus

V.A. Mordvinov®, N.I Ershov, O.G. Zaparina, M.Y. Pakharukova &

Institute of Cytology and Genetics of Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
@ e-mail: mordvin@bionet.nsc.ru; pmaria@yandex.ru

Abstract. The causative agent of opisthorchiasis, the liver fluke Opisthorchis felineus (Rivolta, 1884) is one of
the helminths of humans and animals in Russia. Together with closely related species of trematodes O. viver-
rini (Poirier, 1886) and Clonorchis sinensis (Loos, 1907), O. felineus is a part of a triad of epidemiologically impor-
tant trematodes in the family Opisthorchiidae. Adult O. felineus worms infest the hepatobiliary system of warm-
blooded animals and might provoke the development of severe pathologies, including malignancy of bile duct
epithelium. The high medical importance of O. felineus attracts the attention of researchers. This review briefly
summarizes the data about O. felineus genomics and proteomics. The review provides a comparative analysis of
the number of genes and sizes of nuclear genomes of a number of flatworms, the distribution of intron lengths,
as well as results of synteny between the O. felineus, O. viverrini and C. sinensis genomes. Special attention is paid
to a particular form of RNA processing known as trans-splicing, widely presented in the opisthorchiid genomes.
We also provide the results of a comparative analysis of the xenobiotic metabolizing system between parasitic
and free-living flatworms. Moreover, data on parasitic granulins, which are potential promoters of cholangiocyte
neoplasia, are also presented. Data on the O. felineus genomics and proteomics provide first insights into the
structural and functional organization of the genome of this parasitic flatworm with a complex life cycle as well
as provide a significant contribution to our understanding of “host-parasite” interaction and evolution of this
group of parasitic flatworms.

Key words: genomics; trematodes; Opisthorchis felineus; trans-splicing; microintrones; proteomics; operons; gene
expression.
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BO30yauTens onmucropxo3a Opisthorchis felineus
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DepepanbHblii NCCNEROBATENBCKUI LeHTP MHCTUTYT yutonorum n reHetrkn Cbrpckoro otaeneHnsa POCCUMINCKON akafeMmnmn Hayk,
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AHHoTauuA. Bo3byaumtenb onmcTopxo3a, NeYeHouYHbln cocanblymnk Opisthorchis felineus (Rivolta, 1884) — oguH
13 Hanbonee pacnpoCcTpaHeHHbIX BUAOB reflbMUHTOB YesloBeKa U XXMBOTHbIX Ha Tepputopun Poccun. Bmecte
c 6nM3KOPOACTBEHHBIMI BMAAMN NevyeHouHbIx Tpematog O. viverrini (Poirier, 1886) n Clonorchis sinensis (Loos,
1907), apeanbl KOTOPbIX pacnonoxeHbl B KOro-BoctouHoi Asun n Ha [lanbHem BocToke, O. felineus coctaBnsaet
Tpuagy 3NMAEMUONIOTMYECKN 3HaUMMBbIX TpemaTo cemelictea Opisthorchiidae. Monoso3penbie 0cobu (MapuTbl)
O. felineus napa3nTpyOT B renaTobUINapHON CUCTEME TEMTOKPOBHBIX U MPU AAUTENIbHOW MHBa3MN NPOBOLN-
PYIOT pa3BUTUE TAXKENbIX OCNIOKHEHWNI, BKOUAA ManMrHU3aLuio SNUTENNA XXeNUYHbIX MPOTOKOB. Bbicokaa meau-
LMHCKasn 3HaunmocTb O. felineus npusnekaeT BHYMaHWe UccnefgoBaTenel, paboTaloLwmx B pa3inyHblX 06nacTsax
6ronornmn n meguumnHbl. Tak, B nocnegHee Bpems akTMBHO MPOBOAATCA NCC/Ief0BAHMA MONeKYNAPHON 6ronorum
3TOro NpeAcTaBUTENs NMapasUTUYECKKX MTOCKMX YyepBeil. B HacTosLeM 0630pe KpaTKO CyMMUPOBAHbI Pe3yrib-
TaTbl UCCnefoBaHWI reHoMnKKU 1 npoteomukm O. felineus, sBnaLMecs, Ha Hal B34, CyLWeCTBEeHHbIM BKa-
[IOM B pelleHne BONPOCOB CTPYKTYPHO-OYHKLMOHANIbHOW OpraHM3aLmMm reHOMOB MHOTOKNETOYHbIX Napa3nTos
CO CNIOXKHBIM XM3HEHHbIM LKIOM 1 U3yYeHne MOSIEKYNIAPHbIX MeXaH3MOB B3aVIMOAENCTBUA Napa3nT—X03sAMH.
MpriBefeHbl cpaBHUTESNbHbIE JaHHbIE MO KONNYECTBY FEHOB 1 pa3Mepam AAePHbIX FTeHOMOB PAAa MIOCKKX Yep-
Bel, pacnpeaeneHunio ANnH MHTPOHOB, a TakXKe aHann3y CHTeHUN reHomoB onmctopxug O. felineus, O. viverrini
n C. sinensis. OThenbHOe BHUMaHVE yaeneHo obcykaeHnto ocoboi dopmbl npoueccrHra PHK, n3sectHol Kak
TPaHC-CNNaNCUHN, WMPOKO npeacTaBneHHon B reHome O. felineus. B cTaTbe NpMBOAATCA aHaNN3 NUTEPATYPHbIX
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[aHHbIX MO reHam crUcTemMbl MeTabonM3Ma KCEHOOUOTVKOB, CPaBHEHNIO NPeLCTaBIeHHOCT FeHOB 3TOIN CucTe-
Mbl MEXAY Pa3fIvuHbIMU BUAAMY MapasUTUYECKUX Y CBOGOLHOXKMUBYLLMX MIOCKMX YepBei 1 0630p nutepatypsbl
MO HaNMYMIO 1 YPOBHIO SKCMPECCHM TeHOB FPaHYIMHOB — NMOTEHLMAbHbIX MPOMOTOPOB HEOMa3mny XONaHT1o-
uuToB. [JaHHble no reHomunke n npoteomuke O. felineus NnononHaA0T 6a3y 3HaHWIN, 0becneunBaloLLyio nccneno-
BaHMe npobnem 3BoMOLNUY TPEMATOA, NaToreHesa NeYeHOYHbIX reflbMUHTO30B 1 reflbMUHT-aCCOLUMPOBAHHOMO

KaHueporeHesa.

KnioueBble cnioBa: reHoMuKa; Tpematogbl; Opisthorchis felineus; TpaHC-CMNANCKHT; MUKPOVIHTPOHDI; MPOTEOMMKaA;

OMepPOHbI; SKCNpPeCcCcna reHos.

Introduction

In 1884, the Italian scientist S. Rivolta described a new species
of helminths Distomum felineum (synonym Opisthorchis fe-
lineus, D. sibiricum — a liver fluke, a Siberian fluke), extracted
from the bile ducts of the cat’s liver. In 1891, professor of
Tomsk University K.N. Vinogradov discovered this species
of liver trematodes in humans (Pozio et al., 2013).

The liver fluke O. felineus has a complex life cycle with
alternating two intermediate and one definitive hosts. The
list of the definitive hosts for this parasite consists of 33 spe-
cies and subspecies of mammals, primarily from the Order
Carnivora (carnivores): domestic cats, dogs, wolves, foxes,
bears, badgers. A man is also susceptible to the infection of
O. felineus (Beer, 2005).

Infection of animals and humans occurs as a result of eat-
ing raw or undercooked fish infected with metacercaria of
O. felineus. After entering the digestive tract of a definitive
host, the metacercaria cyst is destroyed and newly excised
Jjuvenile worm moves to the bile ducts of the liver. Upon reach-
ing maturation, the parasites produce lots of eggs containing
miracidia — the invasive life stage for the first intermediate
host, Bithyniidae mollusks. Eggs pass out with the feces of
mammals, enter the water reservoirs where they are ingested
by the mollusks to enter and develop in. Sporocysts, redia,
and cercaria — life stages of fluke with asexual reproduc-
tion are successively passed in the Bithyniidae mollusk.
Free-swimming cercariae leave the mollusks and are able to
infect the second intermediate host, the cyprinid fish. In fish,
cercaria is encapsulated and transformed into metacercaria —
the only infectious life stage for the infection of fish-eating
mammals.

In humans, the infection of O. felineus, opisthorchiasis,
is a long lasting disease, occurs with the exacerbations and
might contribute to the development of primary liver cancer.
Opisthorchiasis refers to natural focal diseases. The most
indicative endemic area is the West Siberian Lowland — one
of the largest lowland plains in the world. There is the world’s
largest outbreak of opisthorchiasis caused by the O. felineus in
the Ob-Irtysh basin (Pakharukova, Mordvinov, 2016).

In addition to Western Siberia, the range of O. felineus in-
fection also extends to Eastern, Western and Southern Europe.
This species of helminths was found in central Russia, Belarus
and Ukraine, in the Baltic countries, in Germany (Schuster et
al., 1999), Italy (Pozio et al., 2013), on the Balkan and Iberian
peninsulas (Petney et al., 2013). According to preliminary
estimates, at least 1.6 million people in the world are infected
with O. felineus (Keiser, Utzinger, 2009). In the Russian
Federation, up to 40 thousand cases of opisthorchiasis are
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detected annually (Rospotrebnadzor..., 2015). Nevertheless,
these data most likely do not reflect the actual rate of the in-
fection. The first stages of the disease and the transition to the
chronic stage might pass unnoticed, and gradually appearing
symptoms do not have specificity. As a result, the true number
of patients with opisthorchiasis can significantly exceed the
official statistics.

Existing opisthorchiasis therapy does not guarantee com-
plete relief and does not prevent re-infection. In addition,
chemotherapy for this disease has side effects and might
have negative consequences for patients. In this regard, the
issue of the possibility of creating new effective and safe an-
thelmintic agents for the treatment of opisthorchiasis is very
relevant. A thorough study of the molecular biology of O. fe-
lineus liver fluke provides a key to understand the molecular
mechanisms of the host—parasite interaction and to identify
potential pharmacological targets for the treatment of opisthor-
chiasis.

This review is devoted to the research of genomics and
proteomics of O. felineus, which makes a significant con-
tribution to solving the fundamental problems of molecular
parasitology and genetics, as well as the development of new
approaches to facilitate diagnosis, prevention and treatment
of opisthorchiasis infection.

Genomics of Opisthorchis felineus

Nuclear genome

The size of the existing assembly of the nuclear genome of
O. felineus liver fluke is 684 million base pairs, 30.3 % of
the genome is represented by repeating elements, mainly
retrotransposons. According to these characteristics, the
O. felineus genome is very close to the genomes of two other
epidemiologically significant species of the Opisthorchiidae
family, other liver flukes O. viverrini and Clonorchis sinensis.
The O. felineus genome differs significantly from the genomes
of'the Schistosomatidae and Fasciolidae trematodes (Table 1).
There are 11,455 annotated protein-coding genes in O. felineus
genome (Ershov et al., 2019), as well as 55 genes encoding
microRNAs (Ovchinnikov et al., 2015). The total number of
O. felineus genes is almost a third less than that for O. viver-
rini and C. sinensis and almost coincides with the number of
S. mansoni and F. hepatica genes.

Significant structural variability was found when the ge-
nomic synteny of opisthorchids O. felineus, O. viverrini, and
C. sinensis was analyzed. According to the localization of ho-
mologous loci, the degree of similarity between the O. felineus
and C. sinensis genomes is higher than that between O. viver-
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Table 1. Characteristics of the genomes of five species of trematodes

Species Size

o fe/me us (ErShov . e t a| . 20 1 9) .................................. 680 0 Mb .................
Csmens’S(Wang eta|20”) .................................... 516Mb ....................
O wvemn , ( You ng . eta| 2 014 ) ................................. 634 SMb .................
S.mansoni Berrimanetal, 20090 645Mb
Fhepa tlca(CW|k|mSk|eta|2015) ............................ 136b ......................

rini with O. felineus (Ershov et al., 2019). These data correlate
well with the results of karyotype analysis: O. felineus and
C. sinensis have seven pairs of chromosomes, O. viverrini has
six pairs of chromosomes (Zadesenets et al., 2012).

The data on genome synteny also align well with the results
of phylogeny using separate genetic markers and genome-wide
data from three species of opisthorchids. The results of these
studies indicate that C. sinensis belongs to the genus Opis-
thorchis and do not support the isolation of this species into
a separate genus Clonorchis (Shekhovtsov et al., 2009; Cai et
al., 2012; Pomaznoy et al., 2016; Ershov et al., 2019). Thus,
according to the findings of molecular biological studies, the
taxonomic rank of C. sinensis should be reviewed.

When studying the genome and transcriptome of O. feli-
neus, it was found, that expression regulation of almost 50 %
of genes is carried out with the participation of trans-splicing
machinery (Ershov et al., 2019). This particular form of RNA
processing is quite common in flatworms, but the widespread
involvement of trans-splicing in trematodes is unusual. For
instance, trans-splicing in Schistosoma mansoni is involved
in the regulation of transcription of only 11 % of genes in the
genome (Protasio et al., 2012).

Trans-splicing is a leader-dependent type of splicing in
O. felineus genome. As a result of this process, the 5'-region
of the newly synthesized pre-mRNA is replaced by a short
sequence of the splice leader encoded by a single gene. In flat-
worms, this insertion sequence ends in the conservative AUG
triplet. It is likely that this triplet can act as a start codon during
translation of mature mRNA subjected to trans-splicing. On
the other hand, the reason for the expansion of trans-splicing
machinery in O. felineus may be its role in the removal of long
5'-non-coding regions from pre-mRNA, which is necessary
for the efficient translation of mature transcripts.

Another hypothesis is that trans-splicing is necessary for
expression regulation of individual genes in operons. The
O. felineus genome revealed 355 potential operons that unite
736 genes separated by trans-splicing sites (Ershov et al.,
2019). Predicted operons contain from two to four genes
showing different levels of expression. It is possible that the
stability of the levels of expression of operon genes is achieved
by the fact that the processing of pre-mRNAs synthesized
under control of the same promoter is regulated by trans-
splicing.

Most O. felineus genes, the expression of which is con-
trolled by this mechanism, encode proteins of basic cellular

Number of genes Repeating elements, %
.................. 11455303
.................. 16000296
.................. 16379309
.................. ”80940
.................. 11700542

processes (Ershov et al., 2019). Similar data were obtained in
the analysis of the Caenorhabditis elegans genome — the most
conservative trans-splicing sites were found in the ribosomal
genes (Sleumer et al., 2010). An analysis of the genomic data
of O. viverrini and C. sinensis also revealed conservative
targets for trans-splicing involved in the post-transcriptional
regulation of most of the “housekeeping” genes. Obviously,
this mechanism plays an important role in the life of flat and
round worms, although at present the functional significance
of trans-splicing has not been fully understood.

An analysis of the intron lengths in the O. felineus genome
revealed (Ershov et al., 2019) that the distribution of the
lengths of these elements is characterized by the presence
of a large peak at 3000 bp and two additional peaks with
maxima at 37 and 90 bp. Ultrashort introns or microintrons
less than 75 bp in length make up about 34 % of all annotated
introns and are included in the structure 0f 4997 (44 %) genes.
Microintrons are also widely represented in the O. viverrini
and C. sinensis genomes. The presence of two peaks of short
introns was previously described in tapeworm genomes, and it
was assumed that the bimodal distribution of microintrons is a
distinctive feature of this group of helminths (Tsai et al., 2013).
However, this feature can be traced, albeit less pronouncedly,
in the trematodes of the family Opisthorchiidae.

The distribution of microintrons in the genome of O. feli-
neus has some features (Ershov et al., 2019). Firstly, in the
presence of several microintrons in a gene, they, as a rule, form
clusters. Secondly, microintrons are more often located at the
beginning of an exon portion of a gene, i.e. tend to start of
gene transcription (Ershov et al., 2019). These facts indicate
the separate functional significance of this class of introns in
the mechanisms of transcription and processing. Thus, clus-
tering can be associated with recognition of the intron-exon
structure by the spliceosome (intron-definition mechanism),
and the small size of the microintrons enhances transcrip-
tional efficiency (Urrutia, Hurst, 2003; Belshaw, Bensasson,
2000).

Mitochondrial genome

The size of the mitochondrial genome of O. felineus is
13,875 bp, it contains 36 genes: 12 protein-coding genes, two
ribosomal RNA genes and 22 transport RNA genes. The mito-
chondrial genomes of O. felineus, C. sinensis, F. hepatica, and
Paragonimus westermani are similarly organized, but differ
from the schistosomatid genomes (Shekhovtsov et al., 2010).

FEHETUKA MUKPOOPTAHU3MOB / MICROBIAL GENETICS 385



V.A. Mordvinov, N.I. Ershov
O.G. Zaparina, M.Y. Pakharukova

Proteomics and a system

of xenobiotic metabolism of O. felineus

The life cycle of the trematode is accompanied by a change
in the repertoire of genes expressed at a certain life stage of
the parasite. Recently, the results of a comparative study of
transcriptomes of metacercariae and adult O. felineus worms
(Pomaznoy et al., 2016; Ershov et al., 2019) were published.
It was shown, that the transcriptomic profiles of the two life
stages of the liver fluke are significantly different: the ex-
pression of 903 and 648 genes is registered only in adult or
metacercaria, respectively (Pomaznoy et al., 2016). In adult
worms, the highest expression is demonstrated for genes en-
coding proteases, myoglobin, egg shell protein, glutathione
S-transferase, and also proteins modulating antigen processing
by the host immune cells. In metacercaria, genes encoding
“housekeeping” proteins, for example, ribosomal proteins,
ubiquitin, and heat shock proteins, have the highest level of
expression.

When comparing the transcriptomes of adult O. felineus,
O. viverrini and C. sinensis worms, it was found, that the
expression levels of the vast majority of genes in the three
species of opisthorchids differ slightly (Ershov et al., 2019).
This indicates a high similarity in the metabolic processes that
ensure the life of helminths in the final host. Nevertheless, the
expression of several tens of genes in genomes was species
specific. It is important that most of these differentially ex-
pressed genes encode the proteins of the excretory secretory
product (ESP) of opisthorchids. Species-specific expression
of ESP proteins may reflect the host-parasite interaction
pecularities.

O. felineus ESPs include various proteins: protective pro-
teins from reactive oxygen species, proteolytic enzymes, car-
bohydrate metabolism enzymes, protective proteins from the
host immune system, cytoskeletal proteins, etc. (Lvova etal.,
2014). The one of the major component of the O. felineus ESP
is glutathione S-transferase ¢ (GST-c). This enzyme retains
its activity in an incubation media and is accumulated in the
liver tissues of infected animals and patients suffering from
opisthorchiasis (Petrenko et al., 2017; Pakharukova et al.,
2019). According to a comparative analysis of transcriptomes
of adult O. felineus, O. viverrini, and C. sinensis worms, the
presence of GST-c mRNA in the O. felineus transcriptome
is many times higher than in the transcriptomes of other
opisthorchids. It is likely that this enzyme plays an important
role in the host-parasite interaction and can mediate species-
specific manifestations of the pathogenesis of opisthorchiasis
caused by O. felineus. It is important to note that GST-c might
be involved in the metabolism of endogenous substrates and
xenobiotics (exogenous substrates), including drugs.

The O. felineus system of xenobiotic metabolism

Currently, there are no vaccines or any other means of specific
prophylaxis of opisthorchiasis, and the available drugs for
chemotherapy of this disease cause complaints (Prichard et al.,
2012). In this regard, the study of the xenobiotic metabolism
system of liver flukes, the components of which are promising
pharmacological targets (Bartley et al., 2012; Prichard et al.,
2012), is of particular importance.
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With very few exceptions, exogenous substrates that enter
living organisms undergo one or more stages of biotransfor-
mation, which are carried out by enzymatic biotransformation
by means of three phases of metabolism. Phase 1 enzymes,
among which the P450 family of proteins (CYPs) are most
represented, carry out oxidation, reduction, or hydrolytic reac-
tions of the substrate. An analysis of the available genomic
and transcriptomic data of parasitic and free-living flatworms
revealed that the composition of CYPs in these groups is
markedly different. In free-living species, as in most studied
organisms, dozens of weakly homologous to each other di-
verged CYP genes were found (Table 2). However, parasitic
species of the families Opisthorchiidae, Schistosomatidae,
Taeniidae, and Fasciolidae own only one cytochrome P450
gene (Pakharukova et al., 2012, 2015). It was shown, that the
product of this single gene, CYP in O. felineus liver fluke,
is involved in the metabolism of exogenous substrates, is
important for the survival of adult worms and represents a
promising target for anthelmintic therapy (Pakharukova et
al., 2015; Mordvinov et al., 2017b).

In addition to CYP gene, other genes encoding phase 1 of
xenobiotic biotransformation enzymes were found in the liver
fluke genome, in particular, aldo-keto reductase, aldehyde
dehydrogenase, and alcohol dehydrogenase genes (Ershov et
al., 2019). However, flavin monooxygenase genes, also be-
longing to phase 1 enzymes, were not found in the O. felineus
genome. Interestingly, the sequences of these genes were also
not found in the genomic data of other parasitic flatworms.

Glutathione peroxidase and glutathione S-transferase are
actively involved in the implementation of phase 2 of xeno-
biotic metabolism. The O. felineus genome contains nine
glutathione S-transferase genes, which are the most highly
expressed among all the genes of the xenobiotic metabolism of
this liver trematode. The gene encoding GTS-o is particularly
highly expressed, the level of expression of this gene in adult
worms is 2—3 orders of magnitude higher than that of other
xenobiotic metabolism genes. As already mentioned above,
GST-o is a part of helminth ESP and enters the tissues of in-
fected mammals (Pakharukova et al., 2019). It is important to
mention here that, in addition to the transferase activity, GST-c
has the properties of prostaglandin synthase, is involved in the
production of prostaglandins, and might retain this enzymatic
activity in the host tissues (Morphew et al., 2007).

Another group of enzymes that are usually involved in the
implementation of phase 2 metabolism of xenobiotics in euka-
ryotes is UDF-glucuronyl transferase (UGT). The functions of
these proteins are to increase the hydrophilicity of substrates
and their availability for the cell excretion, phase 3. The
superfamily of UGTs consists of two families of UGT1 and
UGT?2, combining more than 20 isoenzymes. In the genomes
of parasitic and free-living nematodes, from 30 to 70 genes
encoding UGT were found (Matouskova et al., 2016). These
enzymes play an important role in the formation of parasite
resistance to anthelmintics (Lindblom et al., 2006; Laing et al.,
2013; Matouskova et al., 2016). However, neither the genome
of O. felineus, nor the genomes of other representatives of the
Opisthorchiidae family, trematodes of the Schistosomatidae
family, contained UGT genes. In addition, genes encoding
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Table 2. The number of CYP genes in parasitic and free-living flatworms

Species Class

Opisthorchis felineus Trematoda

Clonorchis sinensis Trematoda
oplsthorcmswvemmTrematOda ...................................
Sch,stosomamanson,Trematoda ...................................

Schistosoma japonicum Trematoda

Fasciola hepatica Trematoda

Fasciola gigantyca Trematoda

Taenia solium Cestoda
Schmidteamediterranea | Rhabditophora
MacmsmmumhgnanoTurbe”ana ....................................

arylamine N-acetyltransferase, enzymes involved in phase 2
reactions of xenobiotic metabolism in vertebrates were not
found in the opisthorchid and schistostomatid genomes (Er-
shov et al., 2019).

Proteins of phase 3 of xenobiotic metabolism are respon-
sible for excretion from cells into the extracellular space of
compounds formed as a result of the action of phase 1 and 2
enzymes. Excretion is carried out by proteins belonging to
five families of membrane transporters. ABC transporters
are the best studied phase 3 proteins, since these proteins are
involved in the drug resistance mechanisms of eukaryotic
and prokaryotic cells (Saier et al., 2014; Wong et al., 2014).
Twenty-three genes encoding ABC transporters were found
inthe O. felineus genome (Mordvinov et al., 2017a). Interest-
ingly, four of them, P/—P4, are similar to the single human
P-glycoprotein gene. The product of this gene is also known
as multidrug resistance protein 1 (Saier et al., 2014; Wong et
al.,2014). It was found that in two O. felineus P-glycoprotein
genes, the expression level depends on the stage of develop-
ment of the parasite. So, in adult worms, the expression of the
P1 and P4 genes is 2030 times higher than in metacercariae
and recently excised juvenile worms. It is probably, that these
proteins are most significant for the metabolism of xenobiotics
in adult parasites.

In conclusion, it should be emphasized that the O. felineus
xenobiotic metabolism system, as, probably, in other parasitic
flatworms, has clear structural and functional features. First,
it differs significantly from the xenobiotic metabolism system
of the mammalian hosts. A detailed study of the xenobiotic
metabolism system of the liver flukes will expand our un-
derstanding of the development of parasitism mechanisms
and the evolution of host—parasite relationship. Knowledge
of the structure and functions of this metabolic system can
also be applied in the identification of new pharmacological
targets for the treatment of opisthorchiasis and other tremato-
diases.

The products of the xenobiotic metabolism system of
O. felineus and other trematodes can be metabolites presented
in the ESP of parasites. Low molecular weight components

Family Number of CYPs
..... O p,sthorch“dae1
..... O p,sthorch“dae1
..... O p,sthorch“dae1
..... S Chlstosomatldae1
..... S Chlstosomatldae1
..... F a5c|o|ldae1
..... F a5c|o|ldae1
Taen“dae .......................................... 1 .......................................................
..... Dugesudae35
..... M acrostomldae39

of O. felineus ESP, parasite-specific cholesterol metabolites
were found (Gouveia et al., 2017). These oxysterol-like com-
pounds possess genotoxic properties and might cause damage
to the host DNA. The accumulation of such damage leads to
malignant transformation of bile duct tissue. It is possible
that specific O. felineus oxysterols are involved in trigger-
ing cholangiocarcinogenesis mechanisms during opisthor-
chiasis.

The synthesis of parasite-specific oxysterols can be carried
out by CYP and other redox enzymes, such as glutathione
S-transferase, thioredoxin peroxidase, etc. The search for
proteins involved in the enzymatic pathway for the generation
of specific genotoxic helminthic oxysterols remains a priority
for molecular parasitology.

Granulins as potential promoters

of cholangiocyte neoplasia

There is a hypothesis that granulin, a protein that is part of the
opisthorchid ESP, participate in carcinogenic processes asso-
ciated with helminth infection (Smout et al., 2015). Granulins
of O. felineus, O. viverrini and C. sinensis liver flukes have
conserved structure and are homologous to human granulin.
Human and helminthic granulins stimulate the proliferation
of epithelial cells, including cholangiocytes (Smout et al.,
2015), however, they use various cellular signaling pathways.
Human granulin acts as an antagonist of the tumor necrosis
factor (TNF) signaling pathway. The helminthic granulin re-
ceptor is unknown, but it was found that O. viverrini granulin
enters into cholangiocytes and activates the MAP kinase and
epidermal growth factor receptor signaling pathway. This is
a much more powerful way to activate proliferation than that
used by human granulin.

O. viverrini granulin effectively promotes the healing of
injuries (Smout et al., 2015). In addition, this protein stimu-
lates the growth of blood vessels (Smout et al., 2015) and can
probably activate cell migration. It is believed, that granulin
facilitates the proliferation of malignant cholangiocytes arising
from chronic opisthorchiasis, and contributes to the develop-
ment of a bile duct cancer.
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In the O. felineus genome, as in the O. viverrini and C. si-
nensis genomes, four genes (GRN-1-GRN-4) encoding single-
domain granulins, as well as one multi-domain progranulin
(PGRN) gene were found (Ershov et al., 2019). Genes of
single-domain granulins are localized in one chromosomal
locus and form a conservative syntenic group of genes. The
sequences of the GRN-1 and GRN-4 O. felineus genes have
95 % homology, which suggests the duplication of a single
gene. The fixation of this duplication in the genomes of
opisthorchids can probably be associated with a significant
functionality of granulin.

The highest level of expression of the O. felineus GRN-1
and GRN-4 genes was shown in adult helminths, while in
metacercaria the GRN-3 gene is dominantly expressed (Er-
shov etal., 2019). All experimental work on the determination
of the potentially carcinogenic properties of opisthorchid
granulins was performed with the O. viverrini GRN-1. It can
be assumed that the product of the O. felineus GRN-4 gene
also has mitogenic, angiogenic properties and the ability to
increase cell migration. In adults, expression of the GRN-2
and GRN-3 genes is practically absent. It is likely that the
products of these genes may be involved in the host—parasite
relationship in intermediate hosts of trematodes, mollusks
and fish.

Conclusion

The causative agent of opisthorchiasis, the O. felineus liver
fluke is epidemiologically significant species of Opisthor-
chiidae trematodes. Its range covers vast areas of Europe and
Asia, and outbreaks of opisthorchiasis caused by this helminth
can be expected in many countries. One cannot but take into
account the growing migration of the population and the
tourist flow between different countries. Due to these factors,
patients suffering from O. felineus infection can be detected
far beyond the endemic areas. Thus, opisthorchiasis caused
by O. felineus infection becomes a global challenge that goes
beyond the biomedical problems of individual regions.

The appearance of the genomic and proteomic data of
O. felineus significantly strengthens the basis of molecular
biological studies of epidemiologically important liver flukes.
In-depth studies of the genomics and proteomics of O. felineus
will allow the generation of substantiated hypotheses about the
carcinogenesis mechanisms associated with opisthorchiasis,
the identification of species-specific pathogenesis of helmin-
thiases, and the targeted search for molecular targets for the
treatment of these diseases. The research strategies should
consider the urgent need of practical health care for effective
means of therapy and prevention of trematodiases.
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Abstract. Asthma is a common severe disease of the respiratory tract, it leads to a significant impairment in the
quality of a patient’s life unless effectively treated. Uncontrolled asthma symptoms are a cause of disease progres-
sion and development, they lead to an increase in the patient’s disability. The sensitivity to asthma therapy large-
ly depends on the interaction of genetic and epigenetic factors, which account for about 50-60 % of variability of
therapeutic response. Beta-2-agonists are some of the major class of bronchodilators used for asthma manage-
ment. According to published data, allelic variants of the arginase ARG T and ARG2 genes are associated with arisk of
asthma development, spirometry measures and efficacy of bronchodilator therapy. High arginase activity results
in alow level of plasma L-arginine and in a decrease in nitric oxide, and, as a result, in an increase in airway inflam-
mation and remodeling. Arginase genetic polymorphisms (rs2781667 of the ARGT gene, rs17249437, rs3742879,
rs7140310 of the ARG2 gene) were studied in 236 children with asthma and 194 unrelated healthy individuals
of Russian, Tatar and Bashkir ethnicity from the Republic of Bashkortostan. Association analysis of the studied
polymorphisms with asthma development and course, the sensitivity to therapy in patients was carried out. It
was found that the rs2781667*C allele of the ARG gene is a marker of an increased risk of asthma in Tatars. In
Russians, the association of rs17249437*TT and rs3742879*GG genotypes of the ARG2 gene with a decrease in
spirometry measures (FEV1, MEF25) was established. In Russians and Tatars receiving glucocorticoid monothera-
py or combination therapy, the association of the rs17249437*T allele and rs17249437*TT genotype of the ARG2
gene with a partially controlled and uncontrolled course of asthma was shown.
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For citation: Savelieva O.N., Karunas A.S., Fedorova Yu.Yu., Murzina R.R., Savelieva A.N., Gatiyatullin R.F,, Etkina E.I.,
Khusnutdinova E.K. The role of polymorphic variants of arginase genes (ARG1, ARG2) involved in beta-2-agonist
metabolism in the development and course of asthma. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of
Genetics and Breeding. 2020;24(4):391-398. DOI 10.18699/VJ20.631

Poinb nmonumMop@HbIX BApMaHTOB reHOB apruHas (ARG1, ARG2),
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AHHoTauuA. bpoHxnanbHaa actma (BA) — LWMPOKO pacnpocTpaHeHHoe TsxKenoe 3aboneBaHne AblXaTenbHbIX
nyTel, KOTOPOe NPU HEAOCTAaTOUHO 3GPEKTUBHOM NeYEHUN NPUBOANUT K 3HAUNTENBHOMY YXYALIEHUIO KauecTBa
XKM3HM naumeHToB. OTCYTCTBME KOHTPONA Hag cumntomamu BA BepeT K GbICTPOMY MpPOrpeccupoBaHuio, yTa-
XKeneHuto 3aboneBaHNA 1 MHBaNMAM3aLMKN NauneHToB. YyBCTBUTENBHOCTb K NekapcTBeHHOW Tepanuu BA Bo
MHOTOM 3aBVCUT OT B3aMMOAENCTBUA reHeTUYECKUX U SNUreHeTuyeckux GakTopos, KoTopble Ha 50-60 % onpe-
[ensAT BaprabenbHOCTb TepaneBTMYECKOro oTBeTa naumeHToB. OQHOW 13 OCHOBHbIX IPYMM NpenapaTos, Uc-
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The role of polymorphic variants of the arginase genes
in the development and course of asthma

nonb3yembix AnA neveHnsa bA, ABnatoTca 6eTa-2-aroHNCTbl, OKa3blBaloLLMe 3HauYMTeIbHOe GpoHXoAMNaThpyioLee
fewnctsue. o nuTepaTypHbIM AaHHBIM, annesibHble BapnaHTbl reHoB aprnHas ARGT n ARG2 accoummnpoBaHbl C
puckom paseuTua BA, nokasatenamum cnuporpadum 1 3bPeKTMBHOCTbIO Tepanum 6poHxoannatatopamu. MNosbi-
LeHHasA SKCNpPeccus reHOB apriiHa3 BEAET K CHIKEHWNIO BUOAO0CTYNHOCTM L-aprmHiHa 1 ypOBHSA OKCcupa a3oTa B
opraHu3me U, Kak c/iefCcTBre, K yBeIMYEHWNIO CTeNeHN BOCNANeHNa 1 peMofennpoBaHna AblXaTeNbHbIX NyTen.
BbinonHeHo nccnepoBaHne NONMMOPQHbIX BaPMAHTOB reHOB apruHas (rs2781667 reHa ARGT wn rs17249437,
rs3742879, rs7140310 reHa ARG2) y 236 peTeir, 6onbHbIX BA, a Takke y 194 HEpOACTBEHHbIX 340POBbLIX MHANBU-
[IOB PYCCKOM, TaTapCKOM 1 BALLKMPCKOW STHUYECKON NPUHAANIEXHOCTI, MPOXMUBAIOLWMX Ha Tepputopun Pecry-
6nukm bawwkopTocTaH. lNpoBeAeH NOMCK accoLmaLmii M3yYeHHbIX NOAMMOPPHbBIX BapUaHTOB C pa3BUTHEM, Teye-
Huem BA 1 4yBCTBUTENBHOCTBIO K Tepanun y nauymeHToB ¢ BA. YctaHoBneHo, uto annenb rs2781667*C rena ARGT
ABNAGTCA MapKepOM MOBbILLEHHOTO pycka pa3BuTua bA y Tatap. B rpynne pycckmnx naumeHToB ¢ BA reHoTumbl
rs17249437*TT 1 rs3742879*GG reHa ARG2 accoumpoBaHbl CO CHXeHMeM nokasatenei cnuporpadun (OOBT,
MOC25). Y pycckunx v TaTap, HaXOAALMXCA HA MOHOTEPAMNUN NHFANALMOHHBIMU MTIOKOKOPTUKOCTEPOVAAMMN NN
Ha KOMOVHMPOBAHHON Tepanuy, NoKasaHa accoumauua annens rs17249437*T n reHotuna rs17249437*TT reHa
ARG2 C 4aCTNYHO KOHTPONNPYEMbIM 1 HEKOHTPOIMPYEMbIM TeYeHMeM acTMbl.

KntoueBble cioBa: 6poHxManbHasa acTMa; 6eTa-2-aroHUCTbl; apriHasa 1 (ARGT); apruHasa 2 (ARG2); accoumaums;

reHbl NpeapacnoioKeHHOCTN.

Introduction

Bronchial asthma (BA) is a heterogeneous chronic respiratory
disease that caused by an interaction of genetic and environ-
mental risk factors. The prevalence of asthma in the world
is 1-18 %, while a significant proportion of patients have
insufficient asthma control (GINA, 2018). Beta-2-adrenergic
receptor agonists are one of the main groups of drugs used in
asthma treatment. Short-acting beta-2-agonists (SABA) are
drugs of choice for the treatment of bronchospasm in acute
asthma exacerbations. Long-acting beta-2-agonists (LABA)
have anti-inflammatory effects due to reduced vascular per-
meability, reduced secretion of mediators from mast cells and
basophils, and reduced bronchial hyperreactivity in prolonged
use by patients (National Program..., 2017).

According to the literature, the contribution of genetic fac-
tors to individual response of BA patients to therapy is about
50-60 % (Farzan et al., 2017). More than 20 candidate genes
associated with beta-2-agonist sensitivity (4DRB2, CRHR2,
ADCY9, ARG1, ARG2, etc.) have been detected (Martinez et
al., 1997; Litonjua et al., 2008; Poon et al., 2008; Vonk et al.,
2010; Kimetal., 2011; Fedorova et al., 2013; Batozhargalova
et al., 2017; Scaparrotta et al., 2019). Genome-wide associa-
tion studies (GWAS) and the examination of large samples
within the framework of international consortia allowed to
significantly increase the number of genes and intergenic poly-
morphisms associated with the effectiveness of bronchodilator
therapy (COL22A41, SLC22A415, SLC22423, OXR1, THRB,
NTM, etc.) (Www.genome.gwas.org).

For the most studied rs1042713 (c.46A>G, p.Argl6Gly)
polymorphism of the beta-2 adrenergic receptor gene ADRB2,
involved in metabolism of beta-2-agonists, clinical trial of the
third stage was performed (Bateman et al., 2011), and the level
2A annotation of that polymorphism was published on the
PharmGB website, proving the practical relevance of asthma
pharmacogenetic studies (https://www.pharmgkb.org/gene/
PA39/clinical Annotation/). Furthermore, an important role of
other polymorphisms on the efficacy of beta-2-agonist therapy
in asthma patients of different ethnicity has been established.
The association of genotypes and haplotypes of the adenylyl
cyclase type 9 (ADCY9) gene with improvement of lung

function measurements in response to using beta-2-agonists
in asthma patients from Korea was identified, besides genetic
variants of the thyroid hormone receptor beta (THRB) gene
and the corticotropin-releasing hormone receptor 2 (CRHR?2)
gene were associated with a more significant bronchodilator
response in patients from Europe (Kim et al., 2011; Duan et
al.,2013; Drake et al., 2014). A number of studies have shown
that allelic variants of ARG/ and ARG2 genes are associated
with BA development, spirometry measures and the effective-
ness of bronchodilator therapy (Li et al., 2006; Salam et al.,
2009; Vonk et al., 2010; Duan et al., 2011). The increased
expression of arginase genes leads to reduced bioavailability
of L-arginine and nitrogen oxide levels in the body, increased
production of polyamines and proline, and as a consequence,
to increased inflammation and remodeling of the respiratory
tract (Li et al., 2006; Cloots et al., 2018; Meurs et al., 2019;
Said et al., 2019).

The aim of our research was to analyze the association of ar-
ginase | ARG (rs2781667) and arginase 2 ARG2 (1517249437,
rs3742879, rs7140310) genetic polymorphisms with develop-
ment and course of asthma in children of different ethnicity.

Materials and methods
DNA samples of 430 unrelated individuals aged 2—17 years
from the Republic of Bashkortostan were used in the present
study (Table 1). The group of patients consisted of 236 chil-
dren with bronchial asthma (70 girls, 166 boys) of different
ethnicities (Russians — 84, Tatars — 108, Bashkirs — 44). All
examined individuals were patients at the children’s clinic at
Bashkir State Medical University of the Ministry of Health of
Russia (Ufa, Russia) and the Allergology Department of the
Republican Children’s Clinical Hospital (Ufa, Russia). The
criteria for inclusion of children in the main observation group
included the established diagnosis of “bronchial asthma” in
accordance with GINA (Global Initiative for Asthma) criteria
and the criteria of Russian program documents on BA diag-
nosis, treatment, and prevention (National Program...,2012).
All asthma patients were treated for at least three months
with inhaled glucocorticosteroids (ICS) monotherapy or the
combination of inhaled glucocorticosteroids and long-acting
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Ponb nonvmopdHbIx BapriaHTOB reHOB apruHas
B Pa3BUTVM N TEYEHUN BPOHXMANbHON aCTMbl

Parameters

Samples

Note: M - mean; SE - standard error of mean.

beta-agonist (ICS-LABA) in a once-daily dose of 100 to
1000 micrograms of fluticasone propionate, depending on the
disease severity. The group of asthma patients on ICS mono-
therapy was included 187 individuals, patient group receiving
ICS-LABA combination therapy was composed of 49 indivi-
duals. Patient group with controlled asthma on the background
therapy by ICS and ICS-LABA was included 172 individuals,
group with partially controlled asthma — 50 individuals, group
with uncontrolled asthma — 14 individuals.

The evaluation of respiratory function was performed
using a computer spirometer (Erich Jaeger, Germany) with
flow—volume curve analysis. The following parameters were
assessed (in percent of the expected value present in the
computer database of the spirometer): vital capacity (VC),
forced vital capacity (FVC), forced expiratory volume in
1 sec (FEV1), forced expiratory flow between 25 and 75 % of
forced vital capacity (MEF75, MEF50, MEF25, respectively).
The normal range and reduction in parameters of spirogram (in
percent of the standard value) for children under 18 years were
assessed according to Klement and Zilber (1993). Patients
with clinical asthma symptoms who were unable to perform
spirometry were subjected to multiple measurements of peak
expiratory flow rate (PEFR).

Assessment of current level of asthma control on the back-
ground of at least 3 months of therapy was carried out on
the basis of clinical signs for the last 4 weeks (frequency of
daytime symptoms and frequency of night waking up per
week, the need for drugs to control attacks in a week, activity
restriction due to asthma) by using a validated questionnaire
“Asthma Control Test”. A group of apparently healthy chil-
dren without bronchopulmonary, allergic, and autoimmune
diseases and any familial history of allergic diseases consisting
of 194 individuals (119 girls, 75 boys) of the corresponding
ethnicity (75 Russians, 83 Tatars, 36 Bashkirs) served as
a control. Children in the control group had low levels of im-
munoglobulin E (IgE) and no deviations from normal respira-
tory function according to spirometry or picfluometry data. An
informed consent to participate in the study was obtained from
all the children over 15 years and parents of children under
15 years participating in the study. The study protocol was

approved by the local Bioethical Committees at the Bashkir
State Medical University (Protocol no. 28 dated October 29,
2012) and the Institute of Biochemistry and Genetics of the
Ufa Federal Research Centre of the Russian Academy of
Sciences (Protocol no. 4 dated November 15, 2012).

Genomic DNA was isolated from peripheral blood lym-
phocytes by phenol-chloroform extraction (Mathew, 1984).
Analysis of the rs2781667 (¢.57+665C > T) polymorphism of
the arginase 1 ARG/ gene and rs17249437 (c.185-8016T > C),
1s3742879 (c.859+101A > G), 1s7140310 (c.363-1623T > G)
polymorphisms of the arginase 2 ARG2 gene was carried
out using DNA amplification by the polymerase chain re-
action (PCR) with fluorescent detection (FLASH/RTAS)
(TestGen, Moscow) according to the manufacturer’s protocol
using the CFX96 real-time PCR detection system (Bio-Rad,
USA).

Selection of single-nucleotide polymorphisms (SNP) in
studied genes was based on literature data, information from
databases about variation allele frequencies (over 5 %), their
possible regulatory influence on gene expression and func-
tional significance (Li et al., 2006; Salam et al., 2009; Vonk
et al., 2010; Duan et al., 2011).

The 2 criterion was used to verify the correspondence
of the observed distribution of genotype frequencies to the
expected one according to the Hardy—Weinberg equilibrium.
A pairwise comparison of allele and genotype frequencies
between the patients and controls was based on the y? crite-
rion for 2 X2 contingency tables with Yates correction. In the
case of significant differences in the studied samples, the odds
ratio (OR) and the boundaries of 95 % confidence interval
(95 % CI) were estimated. Statistical analysis of quantitative
data was performed using parametric and nonparametric tests
depending on the scales and the distribution of variables via
SPSS v.23 (SPSS Inc.). The distribution of quantitative data
was assessed according to the Kolmogorov—Smirnov criterion.
The equality of general variances was assessed using Levene’s
test. Nonparametric tests (Mann—Whitney ¢ criterion and
Kruskal-Wallis H criterion) were used in similar comparisons
in the case of abnormal distribution or failed equality of vari-
ances. The linkage disequilibrium between polymorphisms
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was estimated by applying the D' coefficient, proposed by
Lewontin, and Pearson correlation coefficient 2. The EM-
algorithm realized in program Haploview version 4.2 was
used for definition of haplotype frequencies and for testing
of differences in haplotype frequencies distributions (https://
www.broadinstitute.org/haploview/haploview).

The role of polymorphic variants of the arginase genes
in the development and course of asthma

Results

Allele and genotype frequencies of four polymorphisms of ar-
ginase ARG (rs2781667) and ARG?2 (rs17249437, 153742879,
rs7140310) genes were analyzed in asthma patients and healthy
individuals from the Republic of Bashkortostan (Table 2). The
distribution of genotype frequencies in all polymorphisms

Table 2. Distribution of allele and genotype frequencies of ARG1 rs2781667, ARG2 rs17249437, rs3742879, rs7140310

gene polymorphisms in asthma patients and control group

Groups N Genotypes Alleles
,,(%) ......................... n (%)n(%)n(%)n(%) .......................
r527 8 1667 ........................................................... C C ............................. C 7- ............................. T 7- ............................. C ............................... 7- .............................
pat,ents ................. R uss,ans ................ 8 440(4762) ................. 3 6(4286) ................. 8 (952) ..................... 116(6905) ............... 5 2(3095) ...............
Tatars ..................... 107 .......... 5 4(5047) ................. 4 4(4112) ................. 9 (841) ..................... 152(7103) ............... 6 2(2897) ...............
p=0.03 p=0.04 p=0.04
OR=0.38 OR=1.57 OR=0.64
(0.16-0.91) (1.02-2.41) (0.41-0.98)
Bashk,rs44 ............ 2 2(500) ................... 18(4091)4(909) ..................... 6 2(7045) ................. 2 6(2955) ...............

Contrds ................. R uss,ans ................ 7 5 ............. 3 7(4993) ................. 3 3(440) ................... 5 (667) ..................... 107(7133)43(2867) ...............

Tatars ..................... 8 2 ............. 3 4(4146) ................. 3 2(3902) ................. 16(1951) ................. 100(6098) ............... 6 4(3902) ...............

Bashk,rs ................. 3 5 ............. 17(4857) ................. 17(4857) ................. 1(286) ..................... 5 1(7236) ................. 19(2714) ...............

m 7 2 49437 ......................................................... 7- 7- ............................. TC ............................. C (_- ............................. 7- ............................... (_- .............................

pat,ents ................. R uss,ans ................ 8 448(5714) ................. 2 9(3452) ................. 7 (833) ..................... 125(744)43(256) .................

Tatars ..................... 10743(4019) ................. 5 3(4953) ................. ”(1028) ................. 139(6495) ............... 7 5(3505) ...............

Bashk,rs44 ............ 17(3864) ................. 2 1(4773) ................. 6 (1364) ................... 5 5(625) ................... 3 3(375) .................

ContrOIS ................. R USS,anS ................ 7 4 ............ 3 1(4189) ................. 3 6(4865) ................. 7 (946) ..................... 9 8(6622) ................. 5 0(3378) ...............

Tatars ..................... 8 2 ............ 3 3(4024) ................. 3 5(4268) ................. 14(1707) ................. 101(6159) ............... 6 3(3841) ...............

Bashk,rs ................. 3 6 ............ 13(36”) ................. 18(500) ................... 5 (1389)44(61”) ................. 2 8(3889) ...............
r53742879AAAG ............................. G GA ............................... G .............................
pat,ents ................. Russmns ................ 8 4 ............ 3 7(4405) ................. 3 1(369) ................... 16(1905) ................. 105(625) ................. 6 3(375) .................

Tatars ..................... 106 .......... 5 7(5377) ................. ‘.l. 1(3868) ................. é. (755) ..................... 155(73”) ............... 5 7(2689) ...............

Bashk,rs ................. 4 4 ............ 2 3(5227) ................. 19(4318) ................. 2 (455) ..................... 6 5(7386) ................. 2 3(2614) ...............

Contro|s ................. Russ,ans ................ 7 5 ............. 3 6(480) ................... 3 2(4267) ................. 7 (933) ..................... 104(6933) ............... 4 6(3067) ...............

Tatars ..................... 8 242(5122) ................. 3 7(4512) ................. 3 (366) ..................... 121(7378) ............... 4 3(2622) ...............

Bashk,rs ................. 3 6 ............ 17(4722) ................. 17(4722) ................. 2 (556) ..................... 5 1(7083) ................. 2 1(2917) ...............
rs7140310AAAC ............................. C CA ............................... C .............................
pat,ents ................. Russ,ans ................ 8 2 ............ 6 3(7683) ................. 19(2317) ................. _ ............................... 1 45(8841) ............... 19(”59) ...............

Tatars ..................... 107 .......... 7 2(6729) ................. 34(3187) ................. 1(093) ..................... 173(8318) ............... 3 6(1682) ...............

Bashk,rs ................. 4 4 ............ 2 1(4773) ................. 22(500) ................... 1(227) ..................... 6 4(7273) ................. 2 4(2727) ...............

Contmls ................ Ru55|an5 ................ 7 5 ............ 5 3(7067) ................. 22(2933) ................. R 1 28(3533) ............... 2 2(1467) ...............

Tata rs ..................... 8 3 ............ 5 6 (6747) ................. 22 (2651) ................. 5 (6 02) ..................... 134(80 72 ) ............... 3 2 ( 1968) ...............

BaSh k, rs ................. 3 6 ............ 2 4(6667) ................. ” (3056) ................. 1(2 78) ..................... 5 9 (31 94) ................. 13 ( 1806) ...............

Note: N is the number of individuals; n is the sample size; alleles and genotype frequencies are shown in brackets; p is the P-value and is shown in the case of
statistical significance (p < 0.05); OR is the odds ratio and 95 % confidence interval (in brackets).
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corresponded to the Hardy—Weinberg equilibrium ( p > 0.05).
The association analysis of the studied polymorphisms with
asthma development, with clinical and functional parameters
of BA (degree of asthma control, age of asthma onset, level of
total IgE, spirometry parameters) was carried out.

The arginase 1 (ARGI) gene is located on the chromo-
some 6 (6g23.2) and contains § exons (Vonk et al., 2010).
The rs2781667*T allele frequency in control groups were
as follows: 28.67 % in Russians, 39.02 % in Tatars, 27.14 %
in Bashkirs. An association of the rs2781667*C allele with
asthma in Tatars (p =0.04; OR =1.57; C1 95% 1.02-2.41) was
established. The rs2781667* T genotype and the rs2781667* T
allele are markers of reduced risk for asthma development in
Tatars (p=0.03; OR=0.38; C195% 0.16-0.91 and p = 0.04;
OR = 0.64; CI 95% 0.41-0.98, respectively).

The contribution of allelic variants of studied candidate
genes to the variability of quantitative traits (IgE level, age of
disease onset) was determined by Kruskal—Wallis test (in case
of'three groups) or Mann—Whitney test (in case of two groups).
The analysis of variations in IgE levels among asthma patients
of Russian ethnicity with different genotypes of the rs2781667
polymorphism of the ARG gene demonstrated higher IgE va-
lues in patients bearing the rs2781667* CC genotype compared
to patients with rs2781667* CT and rs2781667* TT genotypes.
As a result of pairwise comparison of groups, a statistically
significant increase of IgE level was observed in patients bear-
ing the rs2781667*CC genotype compared with individuals
with the rs2781667*CT genotype (p = 0.003).

Genotypes IgE (M+£SE, IU/mL)
1s2781667*CC 520.70+72.47
1s2781667*CT 331.7+66.28
1s2781667*TT 471.5+108.3

Kruskal-Wallis test

U Mann—Whitney test
1s2781667*CC/rs2781667*CT
1s2781667*CC/rs2781667*TT
rs2781667*CT/rs2781667*TT

H =849, p=0.01

U =354.0, p = 0.003
U=136.0,p=091
U=93.0,p=0.18

The ARG2 gene is located at the chromosome region
14q24.1 and contains 8 exons (Vonk et al., 2010). An analysis
of allele and genotype frequency distributions of the ARG2
polymorphism rs17249437 showed that the rs17249437*C
allele was less prevalent in control groups of Russians, Ta-
tars and Bashkirs (33.78, 38.41 and 38.89 % respectively)
(see Table 2). No statistically significant associations of the
ARG?2 polymorphism rs17249437 with asthma were found
(p>0.05). Differences in genotype distribution of rs17249437
polymorphic variant while dividing patients with account for
deviations from normal spirometry values in comparison to
the controls were revealed. The frequency of the homozygous
rs17249437*TT genotype (67.74 and 67.74 %) in Russian asth-
ma patients with significant decreases FEV1 and MEF25 was
significantly higher than in the control group of individuals
(41.89 %; p=0.02; OR=2.91; C195% 1.2-7.05 and p =0.02;
OR =2.91; CI95% 1.2-7.05, respectively). The frequency of
the heterozygous rs17249437*TC genotype in Russians with
significantly reduced FEV1 and MEF25 was lower (19.35 and
22.58 %) than in the controls (48.65 %; p =0.005; OR =0.25;

2020
244

Ponb nonvmopdHbIx BapriaHTOB reHOB apruHas
B Pa3BUTVM N TEYEHUN BPOHXMANbHON aCTMbl

CI195% 0.09-0.69 and p=0.01; OR=0.31; C195% 0.12-0.8,
respectively).

The increased frequency of the rs17249437*T allele
(87.93 %) and the rs17249437*TT genotype (82.76 %) was
detected in Russian patients with partially controlled and un-
controlled asthma, who required treatment with beta-2-ago-
nists more often than three times a week, compared to patients
with controlled asthma: 67.27 % for the rs17249437*T allele
(p = 0.004; OR = 3.54; CI 95% 1.46-8.59) and 43.64 %
for the rs17249437*TT genotype (p = 0.0006; OR = 6.20;
CI95% 2.06—18.64). A similar association has been found in
asthma patients of Tatar ethnicity. The rs17249437*T allele
(77.59 %) and the rs17249437*TT genotype (58.62 %) were
detected more frequently in patients with partially controlled
and uncontrolled asthma, in comparison with children with
controlled asthma: 60.26 % for rs17249437* T allele (p =0.02;
OR=2.28; C195% 1.14-4.58) and 33.33 % forrs17249437*1TT
genotype (p = 0.02; OR =2.83; CI1 95% 1.18-6.80).

The study results of the ARG2 polymorphism rs3742879
in children with asthma and individuals of the control group
from the Republic of Bashkortostan are presented in Table 2.
The rs3742879*G allele is less common in all ethnic groups,
it was revealed with a frequency of 30.67 % in Russians,
26.22 % in Tatars and 29.17 % in Bashkirs control groups. The
association analysis of the ARG2 polymorphism rs3742879
with asthma in individuals of different ethnic origin did not
reveal statistically significant differences between groups of
patients and controls ( p > 0.05). A comparative analysis of al-
lele and genotype frequencies of the rs3742879 polymorphism
in asthma patients with different spirometry measures revealed
that the rs3742879*GG genotype was significantly more
frequently (25.81 %) in Russians with significant decrease
of FEV1 compared to the control group (9.33 %, p = 0.03;
OR =3.38; C1 95% 1.1-10.35).

The study of the ARG2 polymorphism rs7140310 did not
identify statistically significant differences in the allele and
genotype frequency distributions between asthma patients
and controls of different ethnicity (p > 0.05). The minor al-
lele frequencies (MAF) in control groups were as follows:
14.67 % in Russians, 19.28 % in Tatars, 18.06 % in Bashkirs.

The analysis of rs17249437, rs3742879, rs7140310 poly-
morphisms of the ARG2 gene in samples of different ethnicity
showed significant linkage disequilibrium between rs17249437
and rs3742879 polymorphisms (in Russians D’ = 0.76, in
Tatars D' = 0.85, in Bashkirs D" = 0.9) in all studied groups.
Haplotype analysis of ARG2 gene polymorphisms did not find
statistically significant differences in haplotype frequencies
between asthma patients and the control group (p > 0.05).

Discussion

Insufficient control of inflammation in respiratory tract at
asthma leads to the disease progression, contributes to increas-
ing the number of severe forms, deaths, and disabilities of
patients. Currently, highly effective drugs have been developed
and available, many significant mechanisms of asthma patho-
genesis have been discovered, but the problem of insufficient
asthma control remains one of the most important public health
problems. Many studies provide evidence of interethnic dif-
ferences in genetic markers for the asthma development and
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for drug susceptibility in different individuals (Martinez et
al., 1997, Litonjua et al., 2008; Poon et al., 2008; Vonk et al.,
2010; Kim et al., 2011; Batozhargalova et al., 2017; Scapar-
rotta etal., 2019). An association of the rs1042713*4 allele of
the ADRB2 gene with moderate reduction of FEV1 in asthma
patients from the Republic of Bashkortostan was found in our
carlier study (Fedorova et al., 2013). In this paper, we ana-
lyzed associations of arginase ARG/ (1s2781667) and ARG?2
(rs17249437, rs3742879, rs7140310) gene polymorphisms
with asthma development and course and with sensitivity to
therapy in patients.

Arginase is an enzyme that catalyzes the hydrolysis of
L-arginine to produce ornithine and urea (Dimitriades et
al., 2014). Two isoforms of arginase (types I and II) are
encoded by ARG and ARG?2 genes (Vonk et al., 2010). Al-
lergic inflammation causes a decrease in the total amount
of NO and an increase in the production of pro-contact and
pro-inflammatory peroxynitrite (ONOO"), in particular iNOS,
which leads to obstruction, inflammation and increase in
airway hyperreactivity. Moreover, allergic asthma under the
influence of Th2-cytokines (IL-4, IL-13) and TGF-f increases
the arginase expression, which raises the L-ornithine, poly-
amines and L-proline production, which participates in airway
remodeling, by inducing cell proliferation, and enhanced col-
lagen production and fibrosis (see the Figure) (Meurs et al.,
2019).

This research revealed that the rs2781667*C allele of the
ARG gene is associated with asthma in Tatars. Comparative
analysis of qualitative traits detected higher IgE values in
Russian patients with the rs2781667* CC genotype compared
to children bearing the rs2781667*CT genotype. According
to literature, the association of ARG/ gene polymorphisms
with the effectiveness of asthma therapy was first established
by Litonjua A. et al. in asthma children of European origin
treated with beta-2-agonists. The authors found a significant
association of the rs2781659*G allele of the ARG 1 gene with
amore pronounced bronchodilatation response, and the ARG/
gene was proposed as a possible risk marker to determine
the effectiveness of asthma therapy (Litonjua et al., 2008).
Vonk et al. (2010) found a significant decrease of bronchodi-
latation response to beta-2-agonists in asthma patients from
Netherlands with the rs2781667* 7T genotype of the ARG/
gene. At the same time, inhaled glucocorticosteroids slowed
down the annual FEV1 decline, which was significantly less
effective in homozygote carriers of the C allele at rs2781667
polymorphism in the ARG gene (Vonk et al., 2010). An
association of the rs2781666*T allele and CT haplotype
(rs60389358, rs2781666) of the ARG gene with asthma and
a considerably higher level of serum arginase was established
in asthma patients from India (Donthi et al., 2018). On the
contrary, some studies did not detect a significant association
of ARGI gene polymorphisms with the efficacy of asthma
therapies (Almomani et al., 2019; Scaparrotta et al., 2019).
Together, this results and literature data confirm that ARGI
gene allelic variants can contribute to asthma pathogenesis
and the effectiveness of disease therapy.

In the present study associations of rs17249437*TT and
rs3742879*GG genotypes of the ARG2 gene with reduced
spirometry values (FEV1, MEF25), of the rs17249437*T

396

The role of polymorphic variants of the arginase genes
in the development and course of asthma

L-arginine |

Th2-cytokines

(IL-4,1L-3), —>| Arginase 1/2 1 Constitutive
TGF-p and inducible
NO synthases
L-Ornithine 1 \ \
| NO | | |ONOO’ 1 |
| Polyamine 1 | | L-Proline T | ( Y
Allergen-induced
airway obstruction,
ACeII ) Fibrosis inflammation,
proliferation and hyperresponsiveness.
l i Enhanced sensitivity
to allergen
Airway
remodeling

Pathways of arginine metabolism and their relationship to allergen-in-
duced airway obstruction, airway inflammation, airway hyperresponsive-
ness, airway remodeling, and enhanced allergen sensitivity (Meurs et al.,
2019).

allele and the rs17249437*TT genotype of the ARG2 gene
with partially controlled and uncontrolled asthma were
found in patients of Russian and Tatar ethnicity. Contrary,
Vonk et al. revealed associations of the rs17249437*T al-
lele, rs3742879*G allele and rs7140310*7T genotype with
higher FEV1 in adult asthma patients from Netherlands. It
was found association of the rs3742879*%44 genotype with
increased bronchial hyperresponsiveness (Vonk et al., 2010).
In addition, our findings are partially inconsistent with stu-
dies Batozhargalova et al., that did not find an association of
acombination of NOS2A*(CCTTTT)nS/L and rs3742879*AA
genotypes of the ARG2 gene with asthma in girls from Rus-
sia (Batozhargalova et al., 2017). Salam et al. in the study
of ARG2 gene polymorphisms found an association of the
rs3742879*G allele in the haplotype structure (TAGTCATGC,
rs12885261, rs7144243, 133759757, rs4902501, rs7156352,
rs4902503, rs7140310, rs742869, rs3742879, rs10483801)
with asthma in patients of European origin (Salam et al., 2009).
Allelic variants of the ARG2 gene specifically in the haplotype
structure might represent an important risk factor of asthma
development and progression. In our study of ARG2 gene
polymorphisms in samples of different ethnicity, we found
a significant linkage disequilibrium between rs17249437 and
rs3742879 polymorphisms in all studied groups. Haplotype
analysis did not reveal any significant associations of studied
ARG?2 gene polymorphisms, which is probably due to the
small number of compared groups.

Conclusion

Thus, an association study of polymorphic variants of ARG
and ARG2 genes involved in beta-2-agonists metabolism
was carried out in asthma patients and corresponding control
groups from the Republic of Bashkortostan. It was found
that the rs2781667*C allele of the ARG gene is a marker
of increased risk of asthma development in Tatars. Higher
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values of total IgE were revealed in Russian patients with the
1s2781667*CC genotype. It was found that rs17249437*TT
and rs3742879*GG genotypes of the ARG2 gene were
associated with a decline in lung function (FEV1, MEF25)
in Russian patients. In asthma patients of Russian and Ta-
tar ethnicity association of the rs17249437*T allele and the
rs17249437*TT genotype with partially controlled and un-
controlled asthma was established. The results obtained in the
present study made it possible to thoroughly understand the
molecular basis of BA pathogenesis and to identify genetic
markers of efficacy of bronchodilator therapy in BA patients.
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Abstract. It is known that ionizing radiation influences the expression of the genes that play a key role in the mecha-
nisms of maintaining the stability of cellular homeostasis. As a rule, changes in the transcriptome of an exposed
cell occur within the first 24 hours following radiation exposure. And it predetermines early response in the case
of genome damage. Later on modulations in gene transcription activity are also possible and could result in a car-
cinogenic effect. However, in order to find the role of exogenous factors (ionizing radiation), it is also necessary to
take into account the contribution of endogenous factors that are able to modify gene transcription activity. This is
especially important for long after the onset of radiation exposure. Single nucleotide polymorphisms located in regu-
latory regions of the genes may belong to this group of factors. The objective of the current study was to analyze the
influence of ionizing radiation on the transcription activity of the STAT3, GATA3, NFkB1, PADI4 genes, which regulate
proliferation and differentiation of immune competent human cells; and to assess the potential influence of single
nucleotide polymorphisms located in regulatory regions of the genes on the amount of mRNA. The study involved
people who had been chronically exposed due to releases of radioactive waste into the Techa River. It was observed
that 60 years after the onset of radiation exposure changes in the transcription activity of the NFkBT and PADI4 genes
were registered in people with cumulative doses to RBM within the range 78-3510 mGy. In people who had been
chronically exposed, the effect of allelic variations in rs1053023, rs4143094, rs28362491, rs874881 on the level of
MRNAs of the STAT3, GATA3, PADI4, NFkB1 genes has not been established.

Key words: exposed persons; mRNA; single-nucleotide polymorphism; real-time PCR; modification of gene expression.
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AHHOTauumA. VI3BeCTHO, UTO MOHMU3MpPYIOLLee N3JyyeHne BAMAET Ha SKCMPECCUo FreHOB, BbIMOMHALWMNX KNOYeBYIO
ponb B MexaHM3Max NoaAepKaHusa CTabunbHOCTM KNEeTOYHOro romeocTasa. Kak npaBuio, usmeHeHve B TpaHCKpUN-
TOMe 06JTyYEeHHOI KIETKM NMPOUCXOANT B MEPBbIe Yacbl U CyTKM NOC/e painaLlMOHHOIO BO3LENCTBYSA, YTo 00yCoB-
NMBaeT ee paHHWI OTBET NPU NOBPeEXAeHUN reHoma. B otaaneHHoM nepurope Takxe BO3MOXHbI MOAYNALMMN B TPAHC-
KPUMLNOHHONM aKTUBHOCTW FEHOB, MPUBOAALLME K Pa3BUTUIO KaHLepOoreHHbIx 3ddekToB 06nyyeHmns. OgHako ans
YCTaHOBJIEHUA PONN SK30rE€HHbIX GAKTOPOB (MOHU3UPYIOLLErO U3MTyYeHUs) B MOANDUKaALMM SKCNPECCUN FreHOB Kie-
TOYHOrO roMeocTa3a HeoH6X0AMMO YUMTbIBATb U POJIb SHAOFEHHbIX PaKTOPOB, CMOCOOHBIX MOANPULMPOBATL TPaHC-
KPUMLNOHHYIO akTUBHOCTb FreHOB, YTO 0COOEHHO aKTyaslbHO B OTAAJIEHHOM Mepuoe Nocse Havana pagnaLMoHHOro
BO3aencTBuA. K Takum paktopam MOryT OTHOCUTbCA MOAUMOPQHbIE BapuraHTbl FEHOB, PACrONOXKeHHble B peryns-
TOPHbIX obnacTax. Llenb HacTosAwWwero nccnefoBaHna — aHanu3 BAMSHUA MOHM3VPYIOLLEro U3/lyYeHNA B OTAANIEHHOM
nepuoge Ha copepxaHne MPHK reHoB STAT3, GATA3, NFkB1, PADI4, perynvpytowmx npoueccsl nponudepaunn n gud-
bepeHUPOBKN MMYHOKOMMETEHTHBIX K/IETOK YeSIOBEKa, @ TakKe OLeHKa CBA3M annenbHbIx Bapuaumi rs1053023,
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rs4143094, rs28362491, rs874881 Ha konunuyecTBo MPHK reHoB STAT3, GATA3, PADI4, NFKB1. iccnenoBaHue nposefe-
HO Y NNL, NOABEPTLLNXCSA aBAPUNHOMY XPOHUYECKOMY PaanaLMOHHOMY BO3LENCTBUIO B pe3ynbTaTe COpOCoB paano-
AKTMBHbIX OTXOA0B B peky Teuy. YcTaHOBMIEHO, YTo cnycTa 60 neT nocse Havyana pagualnoHHOro BO3AENCTBUA Y L,
MMeILNX KyMynaTBHble Ao3bl 061yyeHna KKM B aranasoHe ot 78 go 3510 mlp, pernctprpyioTca n3MeHeHns B
TPAHCKPUMNLMOHHON akTUBHOCTU reHoB NFKBT n PADI4. He BbiABNeHO BAUAHUA annenbHbIx Bapuauui rs1053023,
rs4143094, rs28362491, rs874881 Ha konnuectBo MPHK reHoB STAT3, GATA3, PADI4, NFkB1 y obnyyeHHbIX nuL,.

KnioueBble cnioBa: 06nyueHHble nuua; MPHK; ogHoHyKneoTaHbli nonumopdusm; MNLP B peanbHOM BpeMeHU; Moau-

duKaLma 3KCNpeccun reHos.

Introduction

Ionizing radiation induces changes in transcription activity
of the genes that have a pivotal role in mechanisms of main-
taining the stability of cellular homeostasis. However, the
profile of gene expression differs considerably under exposure
at low to high doses (Ding et al., 2005). It has been shown
that exposure at low to medium doses leads to increase not
only in the expression of genes involved in the response to
DNA damage, but also genes of apoptosis activation (Azimian
et al., 2015), cytoskeleton elements and transport of secre-
tory vesicles (Woloschak et al., 1990), cell proliferation and
differentiation (Amundson et al., 2003), as well as genes of
lymphocyte activation, cytokine and chemokine expression
(Wyrobek et al., 2011). It is well-known that changes in the
transcriptome of an exposed cell occur within the first hours
and days following the radiation exposure. It predetermines
the early response in case of genome damage.

Aberrant expression of a number of genes is registered in
the long-term period as well. The studies of (Fachin et al.,
2009; Ilienko, Bazyka, 2016) show changes in the transcription
activity of the genes, the products of which regulate intracel-
lular transport, DNA reparation, immune response of cells
10-20 years after the onset of radiation exposure. Earlier on we
have also discovered that people who have been chronically
exposed at medium to high doses (0.1-4.5 Gy) as compared to
unexposed individuals demonstrate a decrease in the amount
of mRNA of the anti-apoptotic BCL2 gene more than 60 years
after the radiation exposure (Nikiforov et al., 2019).

At the molecular level changes in the expression of genes
that code various enzymes and regulatory proteins may lead
to changes in the number of reactive oxygen intermediate,
disbalance of the pro- and anti-inflammatory cytokines and
chemokines (Barnes, Karin, 1997). However, it should be
taken into account that besides the exogenous environmental
factors, including ionizing radiation, the level of gene tran-
scription activity could be influenced by endogenous (genetic)
factors. In this respect, to define the role of ionizing radiation
in the changes of gene transcription activity in the long-term
period it is necessary to take account of genetic component.

In recent decades single nucleotide polymorphism (SNP)
has been extensively studied as a marker associated with vari-
ous diseases (Visscher et al., 2012; Tan, 2017). The mecha-
nism allowing the polymorphism to influence the phenotype
is determined first and foremost by the functional role of the
DNA sequence where it is located. SNP can influence both
the structure and activity of the gene product as well as its
amount.

Of all the SNP located in the coding sequences of a gene
(exons), about 58 % are non-synonymous and could affect
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enzymatic activity of a protein, its stability, ligand binding
to a certain protein. They may lead to changes in the protein
folding process and thus result in alterations of the formation
of its quaternary structure (Bhattacharya et al., 2017). Other
SNP are synonymous and could modify the protein expression
level by influencing the secondary structure of a mature mRNA
(Robert, Pelletier, 2018), promote changes of the mRNA-
mediated regulation of gene expression (Brestetal., 2011). Be-
sides changing the expression level, synonymous SNP could
influence mRNA stability and splicing (Wang et al., 2015).

The influence on the phenotype of SNP located in introns is
largely predetermined by modifications in various regulatory
elements (Shastry, 2009). Several possible mechanisms of
the influence on the phenotype of SNP located in introns are
known. Among these are changes in the cis-regulatory ele-
ments — enhancers and silencers modules leading to changes
in trans-factors binding to these elements and to the corres-
ponding variation of the expression level (Campbell et al.,
2016), as well as other possible mechanisms of the influence of
intron SNP on the level of gene expression, for example due to
formation of additional chromatin loops (Wright et al., 2010).

The objective of the present study has been the analysis
of the effect of ionizing radiation in the long-term period on
the mRNA level of STAT3, GATA3, NFkB1, PADI4 genes
that regulate the process of proliferation and differentiation
of immune competent human cells, as well as the assessment
of the association of alleles variation rs1053023, rs4143094,
rs28362491, rs874881 with the amount of mRNA of STAT3,
GATA3, PADI4, NFkB1 genes.

Materials and methods
The study involved persons who had been chronically exposed
due to releases of liquid radioactive waste of Mayak Produc-
tion Association into the Techa River in 1949—-1956. Residents
of communities along the Techa River had combined external
and internal exposure. Bottom sediments and floodplain soils
contaminated with radionuclides were the sources of external
y-exposure. Internal exposure was due to radionuclide intake
with river water and locally produced foodstuffs. The main
dose-forming radionuclide was °Sr. A B-emitter, it accumu-
lated in bone tissue and for a long time affected the red bone
marrow (RBM) (Akleyev A.V. (Ed.) The Consequences of
Radioactive Pollution of the Techa River, 2016). Earlier on,
increased risks of leukemia (Schiiz et al., 2016) and malig-
nant tumor (Krestinina et al., 2017) development have been
proved in the cohort of exposed residents of the Techa River
communities.

The study engaged 309 people with dose to RBM recon-
structed with the Techa River Dosimetry System 2016 (TRDS
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Table 1. Characteristics of the studied individuals

2020
244

Monumopdram 1 sKkcnpeccrs reHoB NponvdepaLym
1 anddepeHUnpoBKN y 0611yUeHHbIX L,

Parameter
n=146

Comparison group

Exposed in utero Exposed postnatally

n=48 n=115

............................. 5 0(24)522(60)
............................. 5 0(24)478(55)
............................. 3 96“9)374(43)
............................. 6 04(29)626(72)

Note.RBM - red bone marrow; M — mean; SE - standard error; n - number of people; ! - age range; 2 - range of individual dose values.

2016) (Degteva et al., 2019). The main group of exposed
people included 163 persons with individual accumulated
doses to RBM within the dose range 78-3510 mGy. For
48 persons in this group chronic exposure began during the
period of their in utero development. Mean in utero dose to
RBM for these people was 85+ 12 mGy, mean postnatal dose
to RBM was 506+ 58 mGy. Another study group consisted
of 115 people born before the beginning of radioactive con-
tamination of the Techa River. Mean postnatal dose to RBM
in this group was 799+ 63 mGy. Comparison group included
146 people living in similar socio-economic conditions but
with exposure dose rate to RBM not exceeding 1 mGy/year
and dose accumulated over a lifetime <70 mGy in accordance
with paragraph 3.1.4 of Radiation standards 99/2009 (Sanitary
Regulations and Standards SanPiN 2.6.1.2523-09). The stu-
died group consisted of people of both sexes belonging to two
ethnic groups: (1) Tartars and Bashkirs, (2) Slavs (Table 1).

Transcription activity of genes in exposed individuals could
be influenced by various factors. In this respect the following
persons were excluded from the study: those who had autoim-
mune diseases, cancer, chronic inflammatory diseases in the
exacerbation phase, those who were taking cytostatic drugs
and antibiotics, those who underwent diagnostic exposure
during last 6 months prior to the blood sampling, as well as
those who had contact with genotoxic (chemical) agents as part
of their professional activity. By the time of blood sampling
all the studied individuals had undergone scheduled exami-
nation in the Urals Research Center for Radiation Medicine
Clinical department within the framework of the program
of healthcare provision to the exposed population (over the
period 2016-2019). According to international norms in force
all the examined subjects gave written informed consent to
participate in the study. Research has been approved by the
Institutional Review Board of the Urals Research Center for
Radiation Medicine of FMBA of Russia.

Transcription activity of STAT3, GATA3, NFkB1 and PADI4
genes was studied with real-time PCR. In 2016-2019 venous
blood samples from patients were collected directly into Tem-
pus Blood RNA Collection Tubes (Applied Biosystem, USA).
Native RNA was isolated immediately after stabilization or
after the specimens had been stored at —80 °C.

RNA extraction has been performed with GeneJET Whole
Blood RNA Purification Kit (Thermo Scientific™, USA)
according to the protocol provided by the manufacturer.
Information on concentration and purity of extracted RNA
samples was obtained with spectrophotometer NanoDrop
2000C (Thermo Scientific, USA). A 260/280 ratio for the puri-
fied RNA extracted from all the blood samples was 2.1+0.02.

Reverse transcription (RT) to synthesize complementary
DNA (cDNA) was performed using High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystem, USA) that
contains recombinant reverse transcriptase M-MLV (Molo-
ney Murine Leukemia Virus), random hexa-nano-nucleotide
primers, dNTP mixture and OT buffer. According to the
manufacturer’s protocol, to synthesize cDNA we used 10 pl
of total RNA.

The analysis of mRNA amount was performed using
quantitative polymerase chain reaction (real-time PCR)
with commercial kits TagMan (Applied Biosystem, USA).
Characteristics of primers and probes used to assess mRNA
expression is given in Table 2.

To obtain statistically significant results each reaction was
performed three times with negative control using StepOne-
Plus™ Real-Time PCR (Applied Biosystem, USA). Tem-
perature requirements: 1 cycle of preliminary denaturation
at 95 °C/10 min, then 50 cycles at 95 °C/15 s, 60 °C/1 min.
The data were analyzed using the method of AACt with nor-
malization to “housekeeping” B2M gene expression in every
sample.

To be included into the study, SNP were selected based
on the analysis of internet databases of genome-wide studies
(www.hapmap.ncbi.nlm.nih.gov) and database of SNP (www.
snpedia.com). The selection criteria were SNP location and
the potential of SNP to influence gene transcription activity.
Characteristics of the polymorphic regions is provided in
Table 3.

To perform genotyping we used DNA extracted from blood
samples stored at —80 °C. DNA extraction from whole blood
was done using the ExtraPhen kit (ATG-Biotech, Russia).
Quantitative and qualitative assessment of the DNA samples
after extraction was carried out with the help of spectropho-
tometer NanoDrop 2000C (Termo Scientific, USA).
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Table 2. Characteristics of primers and probes to determine the content of mRNA

Gene Primers and probes (length, bps) Tm GC,% Amplicon size, References to targets
bps (transcripts) in NCBI
STAT3 ........ F . Exonexon Junctlon S_ex1 3ex1 4 (20) ................. 5 171 ............... 5 500 .............. 7 O ............................ N M _0031 50 3 ..................................
ReExon-exon junctions — ex14-ex15(20) 519 5500
PrObe E Xon - e X 14(20) .............................................. 5 281 ............... 5 601 .............
GATA3 ....... FExonexonjuncnons_ex3ex4('|8) ..................... 4 74 ................ 6 11 86 ............................ N M70010022951 ............................
ReExon-exon junctions - exd-ex5 (18) - 74 611
Pmbe E Xon - e X 4 . (20) ................................................ 5 0 5 ................ 6 000 ............
pAD/4 ........ F E Xonexon Junct,ons_ex5e X 6 . (20) ..................... 5 290 .............. 5 500 .............. 1 07 .......................... N M _012387 2 ..................................
ReExon-exon junctions - ex6-ex7 20) 517 5500
Pmbe E Xon - e X 6 . (20) ................................................ 5 235 .............. 5 500 ............
NFKBI  F:Exon-exonjunctions - ex22-ex23(21) - s160 4290 66 | NM 0011654121
RExon-exon junctions - ex23-ex2421) 5150 4290
PrObe Exon - exzz (23) .............................................. 5 200 4410 ............
. B 2 M .......... F E Xonexon Junct, ons _ex1 . e X 2 (22) ..................... 5 37 ................ 5 900 s 64 ............................ N M _004048 2 ..................................
RExon-exon junctions —ex2-ex3(23) s34 455
PrObEExon_exz(B) 4600 ............
Note. F — forward primer; R - revers primer; Tm - melting temperature; GC% - GC content.
Table 3. Characteristics of the polymorphic regions of STAT3, GATA3, NFkB1, PADI4 genes
Gene Polymorphism Alleles Location' Position’
57AT3 ...................... r 51053023-|—/C ........................................... 3 UTR ........................................ c hr1742313598 .................................
GATA3 ..................... r 54143094A/C .......................................... | ntron ....................................... c hr108047173 ...................................
NFkB, ...................... r 528362491 .............................. D eI/ATTG ................................. | ntron ....................................... c h r41025 0 09981 0 2 501005 .............
pAD,4 ...................... r 5874881 ................................... G /C .......................................... 5 UTR ........................................ c h H 173 3 4 004 ...................................

Note. " - According to whole genome database 1000Genom, version GRCh38.p12 (www.ncbi.nlm.nih.gov).

Specimen genotyping and detection of results were per-
formed using the real-time PCR on Applied Biosystems Step-
OnePlus (USA) with the reagent kit that contained primers
and probes for genotyping (TestGene, Russia)

Characteristics of primers and probes for genotyping is
given in Table 4.

Amplification was carried out as directed by the manu-
facturer’s user’s manual guide for a particular kit. Deionized
water was used as negative control.

Statistical processing of data was performed using Statis-
tica 10.0 and WinPepi for Windows version 11.65 software
packages. Kolmogorov—Smirnov’s test was used to check the
normality of distribution of the mRNA amount. The obtained
distribution of values differed from normal one, that is why
Mann—Whitney test was applied. Genotype frequencies be-
tween ethnic groups were compared using Pearson’s 2 test.
Gene expression was assessed with p = 0.05. The significance
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level p = 0.01 was used in assessment of the association be-
tween SNP and gene expression.

Results

Quantitative analysis of mRNA in all the exposed individuals
testified to a decrease in the NFkBI mRNA and increase in
PADI4 mRNA relative to the comparison group. Similar pat-
terns were registered in the group of people exposed both
in utero and postnatally as well as in the group of people
exposed only postnatally (Table 5).

No statistically significant differences were revealed in
comparative analysis of median values of mRNA of the studied
genes in representatives of different ethnic groups (Tartars/
Bashkirs and Slavs) in the group of exposed individuals and
in the comparison group (Table 6).

Table 7 presents the distribution of frequencies of polymor-
phic loci of the studied genes in exposed people.
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Table 4. Primer and probe sequences to perform genotyping

Gene, Primers and probes (length, bps)
polymorphism
STAT3
rs1053023
GATA3
rs4143094
Probe: 5'-VIC-caaccCaaCagAaaaccc-BHQ-2-3'(18)
NFkB1 F: 5-TGGACCGCATGACTCTATC-3'(19)
DBBGAQG] U
* R: 5-GCTCTGGCTTCCTAGCAG-3'(18)
Probe: 5'-FAM-ccccgacCattgGge-BHQ-1-3'(15)
Probe: 5'-VIC-cccgacCattgattgGgc-BHQ-2-3'(18)
PADI4 F: 5-GGTGTTTGTTGAATGACTAA-3'(20)
PSBTABR] e

Note. F — forward primer; R - revers primer.

In ethnic groups of Slavs and Tartars/Bashkirs the genotype
distribution for all the polymorphic regions corresponded
to the expected distribution in accordance with the Hardy—
Weinberg law, except for the polymorphic region rs4143094
of GATA3 gene in the group of Tartars/Bashkirs. Moreover,
distribution of alleles and genotypes did not differ between
the groups of Slavs and Tartars/Bashkirs.

No association of allele variations rs1053023, rs4143094,
1s28362491, rs874881 and mRNA amount of STAT3, GATA3,
PADI4, NFkBI genes was established in the group of Slavs,
group of Tartars and Bashkirs and in the pooled population
(Table 8).
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Discussion

We have stated that 60 years after the onset of radiation ex-
posure people with cumulative doses to RBM in the range
78-3510 mGy showed changes in the transcription activity
of NFkBI and PADI4 genes as compared to the comparison
group (with doses to RBM < 70mGy). Changes in the tran-
scription activity of genes of immune surveillance have been
earlier registered in other groups of exposed individuals. For
example, excessive expression of immune surveillance and
apoptosis genes was observed in persons with cumulative
doses of 0.1-113.35 mGy due to trans-uranium radionuclides
five years after the onset of exposure (Bazyka et al., 2018).
Findings of the study of the gene expression in the Chernobyl
Nuclear Plant clean-up workers also demonstrate modulation
of activity of more than 100 genes, including genes of cyto-
kines and immune response, in persons with exposure doses
> 400 mGy 11-12 years after the onset of radiation exposure
(Albanese et al., 2007).

Transcription factors are often used as candidate markers
of various pathological states of immune system as their
work provides plasticity of immune-competent cell popula-
tion that is observed in autoimmune diseases or malignant
neoplasms. For example, in different types of cancer one may
observe decrease in the functional abilities of CD8"-cells, and
T-cells of effector memory (Tp,,-cells) start to predominate
phenotypically. But at the same time increase in the number
of T-cells of central memory (T,,) and short-lived effector
cells (Tgyra) increases the activity of anti-tumor immunity
(DuPage, Bluestone, 2016).

Earlier on, we have shown the correlation relationship be-
tween expression of NFkBI and PADI4 genes and parameters
of system immunity in exposed individuals in the group of
exposed residents of the Techa riverside communities. In par-
ticular, nRNA amount correlated with the absolute number of
B-lymphocytes and levels of serum IgG and IgM, and amount
of PADI4 mRNA correlated with the intensity of intracellular
oxygen-dependent metabolism of neutrophils (Akleyev et al.,
2019). Apparently, changes in the transcription activity of
NFkB1 and PADI4 genes could contribute to the changes in
the work of immune system.

Table 5. Amount of mRNA (r. u.) of the studied genes in the peripheral blood cells of chronically exposed individuals

Gene Comparison group All exposed people
stz 095*(057-143™  090(0.62-146)
GATA3 ................ 0 8 6 (058_ 138) ..................... 0 8 5 (061_ 14] ) ..................
Nka ................. 1 O 5 (057_ 166) ..................... 0 6 9 (046_ 131 ) ..................

p =0.0005
PAD,4 ................. 0 71(043_ 112) ..................... 0 8 3 (054_ 189) ..................

p=0.003

Individuals exposed
only postnatally

Individuals exposed both
in utero and postnatally

0.69 (0.50-1.07)

p=0.004 p=0.003

1.05 (0.58-2.08)
p=0.006

Note. Hereinafter: * — median; ** - 25 % and 75 % quartiles; p - significance level of differences in parameters between the group of exposed individuals

and comparison group.
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SNP and expression genes of proliferation
and differentiation in exposed individuals

Table 6. Amount of mRNA (r. u.) of the studied genes depending on the ethnicity of the studied individuals

Gene Comparison group Exposed individuals
S|avs Tartars/Bashk,rs .......................... 5 |avs Tartars/Bashk,rs ........................
D 071042-111) 071049113 083046172 088(059-225
NRKBI 099057-150) 11706118 069(049-120) 070044138
sTATs 097(056-140) 093063-147) 084059138 098(070-155
a3 089(061-137) 085051-157) 0820057-121) 088065147
Table 7. Distribution of genotypes by the studied polymorphic loci in the group of exposed individuals
Gene Parameter Ethnic group p-value Gene Parameter Ethnic group p-value
polymorphism s polymorphism s
Slavs Tartars/ Slavs Tartars/
Bashkirs Bashkirs
STAT3Thea”elefrequency%w) .......................................... NFkB,Thea”elefrequency%w) ..........................................
PSTOB30D3  croreerreessss e eies o e PSDBIGDAQ] v
Allele T 81 (151) 87 (120) p=0.165 Allele Del 52(92) 48 (62) p =0.489
AleleC  19G%) 1308 Il TG 48(86)  52(68)
Thegenotypefrequency, %) | Thegenotypefrequency, % ()
T[r ..................... 6 9(64) .......... 7 7(53) p=0426 DeI/Del ................. 2 5(22) ......... 2 0(13) p=0756
T/C ..................... 2 5 (23) .......... 2 O ( 14) . DeI/ATTG ............. 5 4(48) ......... 5 5 (36) .......
C/C ..................... 6 (6) .............. 3 (2) . ATTG/ATTG .......... 2 1(19) ......... 2 5 (16) .......
pEH_W ................. 0 08 .............. O 31 pEH_W ................... 0 53 .............. 0 46 ................................
GATA3Thea”elefrequency%w) .......................................... PAD,4Thea”elefrequency%(m ..........................................
FSATAB0OH  wooveeessssssrere it o e PSQTABRT e e
Allele C 73 (130) 80 (107) p=0.164 Allele G 47 (84) 41 (43) p=0.052
A”e|e A .............. 2 7 (48) .......... 2 0 (27) . A“e|ec ................. 5 3 (94) ......... 5 9 (77) .......
Thegenotypefrequency % | The genotypefrequency, %(N)
C/C ..................... 5 3(47) .......... 6 9(46) p:0059 G/G ....................... 2 1(19) ......... 15(10) p:0519
C/A4O(36) .......... 2 2(15) G/C ....................... 5 2(46) ......... 5 1(33) .......
A/A .................... 7 (6) .............. 9 (6) . C/C ........................ 2 7(24) ......... 3 4(22) .......
pEH?W ................. 100 .............. O 02 pEH?W ................... 0 83 .............. 0 80 ................................

Note. p-value - significance of difference of allele and genotype frequency between Slavs and Tartars/Bashkirs; pE,,_,— Hardy-Weinberg equilibrium.

Besides the influence of external factors, genetic compo-
nent also plays certain role in transcription activity of genes.
Specifically, SNP that are located in non-coding regions
(enhancers, donors of splicing and acceptor sites of introns).
Such SNP could influence the level of gene expression via
changes in binding sites, formation of new sites, or changes in
the degree of affinity of various transcription factors to certain
sites of DNA binding. However, no association of allele varia-
tions rs1053023, rs4143094, rs28362491, rs874881 with the
amount of mRNA of STAT3, GATA3, PADI4, NFkBI genes
in exposed individuals have been established in the current
study.
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Conclusion

Thus, people who have been affected by accidental chronic
exposure demonstrate decrease in the level of NFkBI mRNA
and increase in the level of PADI4 mRNA relative to the
comparison group members. No influence of allele variations
rs1053023, rs4143094, rs28362491, rs874881 on the level of
mRNA of STAT3, GATA3, PADI4, NFkBI1 genes have been
registered in exposed individuals.

In view of small number of people examined by the studied
polymorphic regions the findings of the research are pre-
liminary and require further checking with greater sampling
size.
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Table 8. Assessment of SNP influence on gene transcription activity in exposed people
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Gene, Model Genotype Pooled population Slavs Tartars/Bashkirs
POlYMOMDRISI
Number of mRNA, p Number of MRNA, p Number of mRNA, p
median 25-75 % median 25-75 % median 25-75 %
STAT3 Codominant T/T (109/58/51) 0.95(0.60-1.46) 0.46 1.02(0.59-1.36) 0.87 0.93(0.60-1.53) -
rs1053023 T/C (36/23/13) 1.08 (0.67-1.43) 0.96 (0.64-1.40) 1.25(0.97-1.46)
C/C(7/5/2) 0.84 (0.60-1.34) 1.04 (0.77-1.34) -
Dominant T/T(109/58/51) 0.95(0.60-1.46) 0.79 1.02(0.59-1.38) 0.85 0.93(0.60-1.52) 0.28
T/C-C/C (43/28/15) 1.04 (0.66-1.40) 0.96 (0.64-1.40) 1.17 (0.71-1.46)
Recessive T/T-T/C (145/81/64) 0.96 (0.62-1.46) 0.56 1.02(0.62-1.39) 0.83  0.96 (0.69-1.49) -
C/C(7/5/2) 0.84 (0.60-1.34) 1.04 (0.77-1.34) -
GATA3 Codominant C/C(109/58/51) 0.85(0.65-1.16)  0.24 0.82(0.64-1.09) 0.97 0.91(0.66-1.60) 0.77
rs4143094 A/C (49/35/14) 0.74 (0.59-1.38) 0.80 (0.61-1.54) 0.68 (0.46-0.74)
A/A (13/6/7) 1.20 (0.44-1.49) 0.79 (0.36-2.03) 1.21 (0.67-1.49)
Dominant C/C(109/58/51) 0.85(0.65-1.16)  0.59 0.82(0.64-1.09) 0.44 0.91(0.66-1.60) 0.10
C/A-A/A (43/28/15) 0.76 (0.53-1.47) 0.80 (0.59-1.54) 0.69 (0.49-1.15)
Recessive C/C-C/A (134/77/58) 0.81(0.64-1.21)  0.51 0.80(0.65-1.09) 0.89 0.76 (0.65-1.21)  0.29
A/A (13/6/7) 1.20 (0.44-1.49) 0.79 (0.36-2.03) 1.21(0.67-1.49)
NFkB1 Codominant Del/Del (31/19/12) 1.09(0.50-1.92) 0.50 1.14(0.66-1.92) 0.19 0.82(0.43-1.89) 0.22
rs28362491 Del/ATTG (79/45/34)  0.85(0.51-1.39) 0.82(0.53-1.44) 1.01(0.51-1.27)
ATTG/ATTG (34/18/16) 1.05 (0.53-1.36) 0.68 (0.43-1.28) 1.24 (0.89-1.67)
Dominant Del/Del (31/19/12) 1.09 (0.5-1.92) 0.78 1.14(0.66-1.92) 0.25 0.82(0.43-1.89) 0.71
Del/ATTG-ATTG/ATTG  0.99 (0.53-1.39) 0.77 (0.46-1.39) 1.09 (0.56-1.54)
(113/63/50)
Recessive Del/Del-Del/ATTG 0.96 (0.51-1.54) 044 0.87(0.53-1.57) 0.17 0.98(0.5-1.3) 0.11
(110/64/46)
ATTG/ATTG (34/18/16) 1.05 (0.53-1.36) 0.68 (0.43-1.28) 1.24 (0.89-1.67)
PADI4 Codominant G/G (29/19/10) 0.75(0.44-1.07)  0.09 0.75(0.44-0.99) 036 0.75(0.33-142) 0.30
rs874881 G/C(79/46/33) 0.82 (0.45-1.37) 0.80 (0.46-1.37) 0.91 (0.45-1.44)
C/C(46/24/22) 0.60 (0.39-0.93) 0.66 (0.39-0.90) 0.57 (0.39-0.93)
Dominant G/G (29/19/10) 0.75(0.43-1.07) 085 0.75(0.44-0.99) 0.99 0.75(0.33-1.42) 0.55
G/C-C/C(125/70/55) 0.67 (0.44-1.21) 0.69 (0.41-1.21) 0.64 (0.44-1.19)
Recessive G/G-G/C (108/65/43)  0.78(0.45-1.32)  0.04 0.78(0.46-1.16) 0.14 0.91(0.44-1.44) 0.12
C/C (46/24/22) 0.60 (0.39-0.93) 0.66 (0.39-0.90) 0.57 (0.39-0.93)
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Causes of global extinctions in the history of life:
facts and hypotheses
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Abstract. Paleontologists define global extinctions on Earth as a loss of about three-quarters of plant and ani-
mal species over a relatively short period of time. At least five global extinctions are documented in the Phanero-
zoic fossil record (~500-million-year period): ~65, 200, 260, 380, and 440 million years ago. In addition, there is
evidence of global extinctions in earlier periods of life on Earth — during the Late Cambrian (~500 million years
ago) and Ediacaran periods (more than 540 million years ago). There is still no common opinion on the causes
of their occurrence. The current study is a systematized review of the data on recorded extinctions of complex
life forms on Earth from the moment of their occurrence during the Ediacaran period to the modern period. The
review discusses possible causes for mass extinctions in the light of the influence of abiogenic factors, planetary
or astronomical, and the consequences of their actions. We evaluate the pros and cons of the hypothesis on
the presence of periodicity in the extinction of Phanerozoic marine biota. Strong evidence that allows us to
hypothesize that additional mechanisms associated with various internal biotic factors are responsible for the
emergence of extinctions in the evolution of complex life forms is discussed. Developing the idea of the internal
causes of periodicity and discontinuity in evolution, we propose our own original hypothesis, according to which
the bistability phenomenon underlies the complex dynamics of the biota development, which is manifested in
the form of global extinctions. The bistability phenomenon arises only in ecosystems with predominant sexual
reproduction. Our hypothesis suggests that even in the absence of global abiotic catastrophes, extinctions of
biota would occur anyway. However, our hypothesis does not exclude the possibility that in different periods of
the Earth's history the biota was subjected to powerful external influences that had a significant impact on its
further development, which is reflected in the Earth'’s fossil record.

Key words: Earth’s fossil record; evolution of global ecosystems; mass extinctions; dynamic systems; complex
dynamics; periodicity; modeling.
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[TpuYmHbI 17100/ IbHBIX BBIMUPAHU B UICTOPUM KM3HN
(aKThbI U TUTIOTE3bI

T.M. XAeGOAapOBa@,

DepepanbHbii NCCnefoBaTeNbCKUIA LEHTP UHCTUTYT UUToNnornm 1 reHeTukn Cbmpckoro oTaeneHns Poccniickoin akagemum Hayk,
HoBocnbupck, Poccus
&) e-mail: tamara@bionet.nsc.ru

AHHoTauusA. [aneoHToNOrN xapakTepunsytoT rnobanbHble BBIMUPAHUA Ha 3emie Kak notepto ~3/4 cyliecTByto-
wero 6nopaszHoobpasmns Ha 6osbLIe YacT 3eMHOTO LWapa 3a OTHOCUTENTbHO KOPOTKMIA reonornyecknii npo-
MeXyTOK BpemeHW. B naneoHTonornyeckon netonucy 3emnu, onncbiBatowet nepuog ¢paHeposos (~500 mnH
neT), BOKYMEHTMPOBAHO Kak MUHUMYM NATb TakUX Mo6anbHbIX BbIMUPaHUiA: ~65, 200, 260, 380 1 440 MiH neT
Ha3ag. CyLlecTBYIOT JaHHbIE O BO3MOXHOCTM rNo6anbHbIX BbIMYPAHWI B 60siee OThaneHHble Nepuogbl XU3HN Ha
3emsie - B no3aHem kembpun (~500 MAH et Ha3aa) U 3anakapum (bonee 540 mnH neT Haszaa). Obuiero MHeHuA
0 NPUYNHAX UX BO3HUKHOBEHUA A0 CUX NOP He chopMUpPOBaHO. B HacToswem 0630pe cUCTeMATV3NPOBaHbI O-
KYMeHT/poBaHHble GpaKTbl r106anbHbIX BbIMUPAHUIA CIIOXKHbBIX GOPM XKM3HM Ha 3emie C MOMEHTa NX BO3HUKHO-
BEHWA B 3aMakapun 1 4o COBPEMeHHOro neproaa. PaccmaTprBatoTca BO3MOXKHbIe MPUUNHDI X BO3HVKHOBEHMA
C TOUKW 3peHUsi BO3AENCTBUA abUOreHHbIX GaKTOPOB, MAaHETAPHbIX UM aCTPOHOMUYECKUX, U MOCNeACTBUN UX
LeNCcTBMA. AHaNM3MPYIOTCA JaHHbIE «3a» U «MPOTVB» FMMNoTe3bl NEPUOAUYHOCTM MACCOBbIX BbIMUPaHUA 6U1o-
pa3Hoob6pa3zmsa MOPCKol 61oTbl B paHepo3oicKkmin nepuog. O6cyxaatoTca GaKkTbl, MO3BONAIOLME BbICKa3bIBaTh
rMnoTesbl O HAIMYMKW JOMONHUTENbHBIX MEXaHV3MOB BO3HUKHOBEHNA KPU3MCOB B IBOJIIOLMUN CIIOXKHbBIX GOpM
KM3HM Ha 3emie, CBA3aHHbIX C Pa3fIMYHbIMU BHYTPEHHUMY 61oTuYecKnMmn daktopamu. Pa3susas Temy BHYTpeH-
HUX NPUYNH NEPUOANYHOCTU Y NPEPLIBUCTOCTM 3BOMIOLMOHHOIO MpoLecca, Mbl BbiCKa3blBaeM COOCTBEHHY!IO,
OPUTrVHaNbHYIO MMMOTE3Y, COFIAaCHO KOTOPOI FNo6anbHble BbIMUPAHWA ABAAIOTCA OTPaXKeHNEM CNOXKHOW AVHa-
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MUKW N3MEHEHUA YPOBHA 61opa3Hoobpasys Ha 3emne 1 cneacTBrieM peHoMeHa 61UCTabunbHOCTY. ITOT peHo-
MeH BO3HUKAET TONIbKO B 3KOCMCTeMe, 6OSIblas YacTb OPraHN3MOB KOTOPOW Pa3MHOXAeTcs NMooBbIM NyTem.
[laHHas rvnoTesa roBopuT O TOM, UTO, ecnvi Bbl faxke He ObINIo HMKAKUX rMobanbHbIX KaTacTpod abroTnyecko-
ro xapakrtepa, KpU3ucbl B pa3BuTiM 61MOTbI BO3HMKanW 6bl Bce paBHO. OfHAKO rirnoTesa He UCKIIIOYaeT, uTo B
onpepaeneHHble MOMEHTbI BpeMeHU 61oTa 3eMnin nofBepranacb MOLYHbIM BHELLHVM BO3Ae/CTBUAM, OKa3aBLWIUM
CyLleCcTBEHHOE BMVsIHVE Ha ee AallbHelillee Pa3BUTHE, YTO HALLMIO OTPAXXEHME B KOHKPETHbIX MafieOHTONormue-

CKUX OaHHDbIX.

KntoueBble c/ioBa: NaneoHTonornyeckas netTonucb 3emnu; sBoJsiroumA rno6anbHbIX SKOCUCTEM; MaCCOBbIE BbIMU-
PaHnA; ANHaMN4YeCKne CUCTEMbI; CNOXKHaA ANHAMKKa; NeprnoguYHOCTb; MOAENTNPOBaHNE.

Introduction
Global extinctions on Earth are defined by paleontologists as
a loss of about three-quarters of the existing biodiversity in a
relatively short interval of geologic time. At least five global
extinctions are documented in the Phanerozoic fossil record
(~500 million years). These are the Cretaceous-Paleogene
extinction event (~65 million years ago), the Triassic-Jurassic
extinction event (~200 million years ago), extinction near the
Permian-Triassic boundary (~260 million years ago), the late
Devonian extinction (~380 million years ago), and extinc-
tion near the Ordovician-Silurian boundary (~440 million
years ago). These five extinction events were first described
as “Big Five” extinctions based on the analysis of more than
36 thousand kinds of marine invertebrate fossils, which were
catalogued in the D.M. Raup and J.J. Sepkoski’s database
(Raup, Sepkoski, 1982). Some researchers argue that a sixth
mass extinction is currently underway on our planet. This
opinion is based on the estimates of species extinction rates
in the current period, which were found to be comparable to
those during global extinctions estimated on the basis of pale-
ontological data (Barnosky et al., 2011; Ceballos et al., 2015).
In the last decade, intensive analysis of fossil material has
revealed new examples of mass extinctions of complex life
forms on Earth. There is evidence that during the early periods
of life on Earth — in the Late Cambrian (~500 million years
ago) and during the Ediacaran period (> 540 million years
ago) (Gill et al., 2011; Darroch et al., 2015), extinctions were
global. Extinction during the Ediacaran period is considered
to be the first mass extinction of complex life forms on Earth
(Darroch et al., 2015). Let us consider the facts and hypotheses
concerning the causes of global extinctions.

Mass extinctions as a result

of global disasters of an abiotic nature

A number of abiogenic factors has been described that could
potentially cause most of the big extinctions detected in the
Earth’s fossil record. This does not apply to the biodiversity
loss during the late Ediacaran period (Xiao, Laflamme, 2009;
Buatois et al., 2014; Darroch et al., 2015), the late Cambrian
period (Gill et al., 2011), and the modern period (Barnosky
et al., 2011; Ceballos et al., 2015).

The most well-known abiogenic factors that have been as-
sociated with the environmental disasters are: the struck of a
massive asteroid ~65 million years ago (Alvarez et al., 1980,
1981; Schulte et al., 2010; Kaiho, Oshima, 2017), volcanic
activity and global warming ~200 million years ago (Marzoli
et al., 1999; Whiteside et al., 2010; Blackburn et al., 2013;
Thibodeau et al., 2016; Miller et al., 2017; Percival et al.,
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2017; Heimdal et al., 2018), trappean eruptions ~260 million
years ago (Huey, Ward, 2005; Wignall et al., 2009; Rampino
etal., 2017), as well as the major Gondwanan glaciation and
climate cooling ~440 million years ago (Sutcliffe et al., 2000;
Sheehan, 2001; Finnegan et al., 2011, 2012; Sheets et al.,
2016). These phenomena and their consequences associated
with climate change allow us to explain, at least to a certain
extent, the extinction near the Cretaceous-Paleogene boundary
(Alvarez et al., 1980, 1981; Schulte et al., 2010; Kaiho et al.,
2016), the Triassic-Jurassic extinction event (Marzoli et al.,
1999; Whiteside et al., 2010; Blackburn et al., 2013; Percival
etal.,2017), the Late Permian extinction (Wignall et al., 2009),
and the extinction near the Ordovician-Silurian boundary
(Sutcliffe et al., 2000; Sheehan, 2001; Finnegan et al., 2011,
2012; Sheets et al., 2016).

However, it should be noted that the described external
influences during these periods are quite diverse and there
is still no single opinion on the causes of known extinctions,
especially regarding the Late Devonian extinction ~380 mil-
lion years ago.

Therefore, analysis of another dataset demonstrates the
link between the extinction near the Cretaceous-Paleogene
boundary ~65 million years ago and the sea-level changes
caused by movements of the tectonic plates (Peters, 2008) or
volcanic activity (Archibald et al., 2010; Courtillot, Fluteau,
2010; Keller et al., 2010; Schoene et al., 2015, 2019).

Some researchers explain the Triassic-Jurassic extinction
event ~200 million years ago by significant climate warming
as a result of abnormally high concentrations of atmospheric
carbon dioxide of magmatic origin (McElwain et al., 1999;
Beerling, 2002; Schaller et al., 2011), which could be ac-
companied by storms, lightning strikes and, as a result, fires.
The latter could directly cause the global extinction of the ter-
restrial biota (Petersen, Lindstrom, 2012). Some authors deny
the link between the global biodiversity loss and changes in
atmospheric carbon dioxide concentration during that period
(Tanner et al., 2001). Other scientists attribute mass extinction
to the emission of large volumes of volcanic sulphurous gas
(Bacon et al., 2013) or to frequent warming and cooling of
the climate caused by volcanic emissions of large volumes of
sulphurous gas followed by carbon dioxide emission (Guex et
al., 2016). Recent studies confirm the great impact of volcanic
activity on the climate change at the end of the Triassic period
and provide evidence that toxic effect of volcanic emissions
can be associated with mercury — the most genotoxic element
on Earth (Percival et al., 2017; Lindstrom et al., 2019).

Biodiversity loss during the Late Permian ~260 million
years ago, when more than 90 % of marine invertebrates
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became extinct, has been explained by various reasons: low
oxygen concentration in the surface layer of the ocean (Knoll
et al., 1996; Wignall et al., 2009; Shen et al., 2011; Zhang et
al., 2018a), including in combination with warm climate which
is harmful to shallow-water organisms (Song et al., 2013);
ocean acidification associated with carbon dioxide release into
the atmosphere and the accompanying rapid global warming
and acid rain (Clarkson et al., 2015; Sun et al., 2018); climate
cooling, combined with aridity, hypoxia, and acid rain (Zhu et
al., 2019). Mathematical modeling of the Late Permian climate
supports the hypothesis that reduced biodiversity during that
period could be due to hypoxia and ocean warming (Penn et
al., 2018). Recently, additional data in favor of the volcanic
hypothesis of the biotic crisis in the Late Permian period have
been obtained (Burgess et al., 2017; Shen et al., 2019).

Biodiversity loss near the Ordovician-Silurian boundary
~440 million years ago, when ~85 % of marine organisms
became extinct, has been traditionally associated with the
global cooling of the tropical ocean (Sutcliffe et al., 2000;
Sheehan, 2001; Finnegan et al., 2011, 2012), which was ac-
companied by a drop of the sea level and the loss of shallow
habitats (Finnegan et al., 2012).

According to some researchers, such cooling was triggered
by a significant increase in cosmic dust in the inner space of
the solar system due to the decay of the L-chondrite parent
body in the asteroid belt ~466 million years ago (Schmitz
et al., 2019), while others deny the connection between the
asteroid destruction and the level of biodiversity (Lindskog
etal., 2017).

Some researcher believe that scenario of the Ordovician-
Silurian extinction was more complicated, included three ice
ages and the cause of the initial extinction was not the sea
cooling, but the ice melt from glaciers due to the presence
of a large ice cover and a relatively warm ocean during that
period causing sea level to rise (Ghienne et al., 2014). The
cause of the second extinction has been considered to be the
decreased oxygen concentration in water that occurred when
the sea level was high before the glaciation peak in the Late
Ordovician period (Bartlett et al., 2018). Nowadays, volcanic
activity is considered to be the cause of the second extinction
(Gong et al., 2017; Rasmussen et al., 2019; Smolarek-Lach
etal., 2019).

There are many different hypotheses about the cause of
the Late Devonian extinction ~380 million years ago (Sallan,
Coates, 2010), which mainly affected the marine biota, espe-
cially in shallow water (Ma et al., 2016). Some researchers
associate it with climate cooling (Huang et al., 2018; Wang et
al., 2018), which was provoked by the burial of a large amount
of organic carbon with a subsequent decrease in atmospheric
carbon dioxide concentration (Huang et al., 2018), and was
accompanied by the sea-level decrease (Wang et al., 2018).
Others attribute the Devonian extinction to global warming
caused by a massive release of methane gas into the atmo-
sphere, which could be caused by volcanic activity (Gharaie
et al., 2004, 2007). And others link it to the frequent climate
change from warming to cooling (Chen et al., 2005), which
was accompanied by sea level fluctuations (Joachimski, Bug-
gisch, 1993) and was provoked by various processes, includ-
ing the burial of a large amount of organic carbon and the
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dissociation of gas hydrates (Chen et al., 2002). Devonian
extinction has also been associated with the spread of fires,
the cause of which is considered to be the high concentration
of atmospheric oxygen together with dry climate (Kaiho et
al., 2013), trap eruptions (Ricci et al., 2013), asteroid fall
(Claeys et al., 1992), etc. It is overall recognized that causes
of Devonian extinction are still not clear (Percival et al., 2018).

It is also worth noting the potential uniqueness of biotic
crises during the late Devonian period and near the end of the
Triassic period, which were associated not with an increased
extinction rate, but with a decrease in the rate of speciation
(Bambach et al., 2004; Lamsdell, Selden, 2017).

As for the remaining documented extinctions: during late
Cambrian period ~499 million years ago (Gill et al., 2011),
near the end of the Ediacaran period > 540 million years ago
(Xiao, Laflamme, 2009; Buatois et al., 2014; Darroch et al.,
2015; Zhang et al., 2018b), as well as the loss of biodiversity
observed in the modern period (Barnosky et al., 2011; Cebal-
los et al., 2015), they have not been associated with global
catastrophes of an abiotic nature.

Recently, the lack of oxygen in water is more and more
often considered one of the main causes of global extinctions
of biota, including during the Ediacaran period (Zhang et al.,
2018b), during the Late Cambrian period (Gill et al., 2011),
near the Ordovician-Silurian boundary (Bartlett et al., 2018),
during the late Devonian period (Bond, Wignall, 2008; Liu et
al., 2016), at the end of the Permian period (Brennecka et al.,
2011; Shenetal.,2011; Lauetal., 2016; Zhang et al., 2018a),
and during the early Jurassic period (Them et al., 2018). How-
ever, if during the late Permian period the lack of dissolved
oxygen is believed to be a consequence of a global warming
(Zhang et al., 2018a), and during the late Ordovician period —
a consequence of a climate cooling (Bartlett et al., 2018), what
could cause it during other periods of mass extinctions is not
yet clear. Moreover, there is evidence (Darroch et al., 2015)
that contradicts the assertion (Zhang et al., 2018b) of oxygen
deficiency in the late Ediacaran ocean.

Periodicity in the history of global extinctions

It is important to note that episodes of mass extinctions on
the Earth are strongly believed to be cyclical, which was first
noted when creating the first comprehensive database on the
fossil record of marine families during the Phanerozoic period
(Raup, Sepkoski, 1984, 1986; Sepkoski, 1989). Over a time
span of 250 million years, eight largest extinction-intensity
peaks with a periodic fluctuation in marine biodiversity of
~26-27 million years have been detected. Since then, data
from the Sepkoski’s dataset (Sepkoski, 2002) have been
intensively analyzed using various methods; some authors
report the presence of a slightly pronounced periodicity of
extinctions of ~27 million years (Lieberman, Melott, 2007),
whereas data obtained by other researchers indicate a strict
periodicity of ~62—63 million years (Rohde, Muller, 2005;
Lieberman, Melott, 2007), which appeared over an interval
of 500 million years (Rohde, Muller, 2005) (Fig. 1).

Similar studies were conducted using alternative databases:
Paleobiology Database (PBDB) of marine invertebrate fossils
(Alroy, 2008; Melott, 2008; Lieberman, Melott, 2012; Roberts,
Mannion, 2019) and Fossil Record 2 databases for marine and
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Fig. 1. Diversity dynamics of the Phanerozoic marine biota.

The main geological periods are indicated above, according to (Raup, Sepkoski, 1982), the vertical dashed line shows the times of six global extinctions of biota
on Earth: 7 - during the Late Cambrian; 2 — near the Ordovician-Silurian boundary; 3 - during the late Devonian period; 4 — near the Permian-Triassic boundary;
5 - near the Triassic-Jurassic boundary; 6 - near the Cretaceous-Paleogene boundary. Blue curve is a sine wave, black curve is adapted from (Rohde, Muller, 2005;

Fig. 1, c).

terrestrial fossils (Benton, 1995). Data were obtained both in
favor of the presence of periodicity (Melott, 2008; Lieberman,
Melott, 2012; Roberts, Mannion, 2019) and against strict
cyclicality (Benton, 1995; Alroy, 2008).

In the study (Benton, 1995) seven peaks of mass extinctions
of marine families were identified within the past 250 million
years with a time interval between them varying from 20 to
60 million years. As for the PBDB material, the results of the
study (Alroy, 2008) did not reveal any evidence in favor of
periodic extinctions. However, other results confirmed the
existence of a fairly strict periodicity of ~62—63 million years
in the occurrence of major extinction events in the Phanerozoic
(Melott, 2008; Lieberman, Melott, 2012), which was also
shown in the analysis of the Sepkoski’s dataset (Rohde, Muller,
2005; Lieberman, Melott, 2007, 2012). Recent studies of the
Paleobiology Database (Roberts, Mannion, 2019) confirm the
extinction periodicity of ~27 million years, but limit them to
the last 200 million years. The certainty and significance of the
cyclical nature of extinctions with periods of ~27 and ~62 mil-
lion years in the last 465 million years has been demonstrated
in other studies (Melott, Bambach, 2014, 2017).

It is necessary to add that one more cycle of marine bio-
diversity change with a period of 140+ 15 million years
was found in the analyses based on the Sepkoski’s dataset
(Rohde, Muller, 2005), but cyclicality of global extinctions
in Phanerozoic with ~62—63 million years period was more
strict.

Hense, based on various databases, researchers have re-
ported at least three cycles of mass extinctions with periods of
26-30, 62—63, and ~140 million years during the Phanerozoic
eon (Raup, Sepkoski, 1984, 1986; Sepkoski, 1989; Rohde,
Muller, 2005; Lieberman, Melott, 2007, 2012; Melott, 2008;
Melott, Bambach, 2014, 2017; Roberts, Mannion, 2019).
A cycle with a period of ~27 million years was most clearly
manifested during the last 200 million years (Roberts, Man-
nion, 2019).

In this regard, the question arises — is there a connection
between the observed periodicity in the diversity of terrestrial

410

biota and those processes that are considered above to be
causes of global extinctions? In other words, is there a periodic
abiotic process that could underlie the observed periodicity
in the diversity of marine or terrestrial biota or even Earth’s
entire biota?

Here it is important to emphasize once again that extinc-
tions described above are global, that is, they affect almost the
entire Earth’s biota, which means that if observed periodicity
was associated with abiotic factors, it could reflect only those
processes that affect the entire planet and are cyclical. From
this point of view, two types of processes that have similar
characteristics can be distinguished. The first are “inside
planetary” processes, that is, they are associated with dyna-
mic processes involved in plate tectonic motion that lead to
continental drift, volcanic activity, changes in sea level, etc.
The second are associated with extra-planetary influences and
are a reflection of processes associated with the dynamics of
the planet itself being a space object interacting with other
objects of the universe.

Let us consider the existing hypotheses on the relationship
between the periodicity of global extinctions and global ca-
tastrophes, which could be caused by such cyclical processes.

Frequency of extinctions

as a reflection of planetary processes

and the evolution of the Sun

Nowadays, there is a number of hypotheses regarding pos-
sible connection between the periodicity of extinctions on
Earth and astronomical processes. For example, a model of
large-scale fluctuations in the magnetic field of the Sun shows
an impressive periodicity of 66 million years (Baker, Flood,
2015), which is very close to the periodicity of mass extinc-
tions of ~62—63 million years identified by analyzing at least
two databases of marine invertebrate fossils (Rohde, Muller,
2005; Lieberman, Melott, 2007, 2012). Other hypotheses
have been proposed linking frequency of extinctions with
fluctuations of extragalactic cosmic-ray intensity as a result of
vertical oscillations of the solar system about the galactic plane
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(Medvedev, Melott, 2007); with the periodicity of the solar
system passage through the plane of the Milky Way galaxy
(Rampino et al., 1997, 2015; Lieberman, Melott, 2012); and
with the periodicity of the passage of comets near Earth and
the fall of asteroids, which can form different periodicities
depending on the size of celestial body (Rampino, Stothers,
1984; Rampino et al., 1997).

However, in recent years, new findings indicate that perio-
dicities associated with solar system oscillations about the
galactic plane are statistically unreliable (Erlykin et al., 2017,
2018) and could not cause the periodicity of extinctions on
Earth. And, although some researchers disagree, it is generally
recognized that there is no direct evidence of astronomical
reasons for the periodicity of biota extinctions on the planet
Earth (Melott, Bambach, 2017).

As for the planetary processes, there is also a wide variety
of opinions. Some researchers explain changes in the fossi-
lized organisms by periodic changes in sea level (Peters, 2008;
Tennant et al., 2016) or connect them with the dynamics of
tectonic movement of continental plates and their fragmenta-
tion (Valentine, Moores, 1970; Zaffos et al., 2017). One of the
assumptions regarding the fact that tectonic processes on Earth
could cause periodicity of mass extinctions has been based
on the data on the 60-million-year periodicity of seawater
Sr87/Sr8 ratio in marine sediments (Melott et al., 2012).

Other researchers detect a definite correlation between the
biodiversity dynamics and the temperature regime on Earth
(Mayhew et al., 2012) and consider periodic global climate
changes to be the cause of extinctions. It can be noted here
that glacial-interglacial cycles on Earth had a periodicity of
~135 million years (Veizer et al., 2000), which is statistically
indistinguishable from the periodicity of 140+15 million
years, which was revealed based on the Sepkoski’s dataset
(Rohde, Muller, 2005).

Of interest is the volcano crater dating over the past 260
million years, which demonstrates the cyclicity close to 26-27
million years (Rampino, Caldeira, 2015) characteristic of this
particular period of time (Raup, Sepkoski, 1984, 1986; Sep-
koski, 1989; Roberts, Mannion, 2019). However, in general,
volcanic activity during the last 300 million years is charac-
terized by weakly manifested cycles with a period of 15, 30,
and 60 million years (Prokoph et al., 2004).

As for the rather strict ~62—63 million-years mass-extinc-
tion cycle identified by different researchers using different
databases of marine invertebrate fossils (Rohde, Muller,
2005; Lieberman, Melott, 2007, 2012; Melott, 2008; Melott,
Bambach, 2014, 2017), the existing data on 60-million-year
periodicity associated with the dynamic processes involved in
plate tectonic motion (Melott et al., 2012) and modeling data
on the large-scale fluctuations of the solar magnetic field, both
show periodicity of 66 million years (Baker, Flood, 2015), but
do not allow strong connection with the periodicity of global
extinctions on Earth.

Several times in the history of biological life on Earth have
we detected serious external influences such as fall of asteroids
and meteorites without subsequent extinction (Archibald et
al.,2010), as well as extinctions without abiotic catastrophes,
which leads us to an assumption that internal causes of a bio-
tic nature could underlie mass extinctions of biota, which at
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different periods could coincide with global catastrophes or
be provoked by them. We believe that these internal causes
may be a reflection of a complex dynamic behavior of a living
system, such as terrestrial or marine biota, or even the biota
of the entire Earth.

Mass extinctions and their periodicity

as a reflection of internal properties

of a global ecosystem

The idea that fossil biodiversity on Earth is a reflection of the
internal laws of functioning of a global ecosystem, which is
the Earth’s biota, has arisen more than once. Mass extinc-
tions, which have been observed in the Earth’s fossil record
over the past 500 million years and lead to intermittent and
irregular evolutionary pace, represent just one aspect of the
complex dynamic behavior of a global ecosystem. To ex-
plain the phenomenon of punctuated evolution, S.J. Gould
and N. Eldredge have formulated the “theory of punctuated
equilibrium” back in 1972 (Gould, Eldredge, 1977, 1993;
Eldredge, Gould, 1997).

This theory is not strict. It is based on “empirical generali-
zations” of a number of facts that have long been noticed by
paleontologists, which indicate that long periods of evolu-
tionary stability, when species remain almost unchanged,
alternate with short intervals of rapid qualitative change,
which are characterized by “sudden” extinction of old species
and subsequently replacement by new types. The authors of
this theory and other researchers have found quite striking
examples in the Earth’s fossil record confirming such pattern
(Ovcharenko, 1969; Bambach, 1977; Gould, Eldredge, 1977,
1993; Williamson, 1981; Sepkoski, 1988; Jackson, Cheetham,
1999). Although the interpretation of some studies has been
questioned (Van Bocxlaer et al., 2008), in general, presence of
such pattern in the evolutionary process is not denied (Hunt,
2007; Mattila, Bokma, 2008; Rasskin-Gutman, Esteve-Altava,
2008).

Previously, the idea of internal biotic causes that determine
the evolutionary dynamics was formulated as “self-organizing
criticality” (Bak, Paczuski, 1995; Sneppen et al., 1995; Solé,
Manrubia, 1996), which reflects interactions between different
ecosystems and was used to explain mass extinctions and the
hypothesis of punctuated evolution. It was assumed that these
interactions, together with spontaneous mutations and genetic
variations that are always present in populations, could lead to
large evolutionary rearrangements called the “co-evolutionary
avalanches”. Recently, the concept of ““self-organizing critica-
lity” has again attracted the attention of researchers (Nykter
etal.,2008; Solé et al., 2010; Hesse, Gross, 2014; Valverde et
al., 2015). However, already in the 1990s (Newman, 1997a, b)
and later (Alroy, 2008), arguments against this concept have
been expressed, which were based on the demonstration of the
possibility of mass extinctions using simple models of spe-
cies adaptation to existing conditions and nutrition resources
without involvement of co-evolution and critical processes,
both with and without influence of the abiotic factors (Roberts,
Newman, 1996; Newman, 1997a, b).

There exist other ideas on the internal biotic causes of the
biodiversity on Earth that relate the Phanerozoic biodiversity
to the intensity of predation in marine communities (Huntley,
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Kowalewski, 2007) and suggest a certain role for predators in
the formation of marine biota diversity, although no correla-
tion between predators and preys were found in other studies
(Madin et al., 2006). Other researchers, seeing a definite rela-
tionship between biodiversity and the age of the oceanic crust,
connect the history of the seafloor with the biodiversity level
via the availability of food resources (Cermeio et al., 2017).

In the existing models of the diversity dynamics of the
Phanerozoic marine biota that has clear signs of punctuated
evolution in its development, the periodicity of extinctions
was not examined and was introduced into the models as a
given (Markov, 2001a, b; Markov, Korotaev, 2007). How-
ever, discussing the modeling results, the authors noted that
the causes of “staging” should be sought in the structure of
developing communities (Markov, 2001a). A.V. Markov and
A.V. Korotaev (2007) paid special attention to those life forms
that have an increased adaptive capacity associated with sexual
reproduction. In this regard, we should pay attention to the
studies of A.M. Bush et al. (2016) who believe that diversi-
fication of marine predators starting from the Cretaceous-
Cenozoic period (~200 million years ago) can be explained
by the peculiarities of sexual reproduction during the directed
transfer of sperm. However, given that internal fertilization has
probably developed as early as in the late Neoproterozoic Era
(> 500 million years), such delayed diversification requires
an explanation (Novack-Gottshall, 2016).

A number of theoretical studies has connected discontinuity
and staging in the Earth’s fossil record with the negative and
positive feedback regulatory loops that a priori exist in na-
ture, and the combination of which leads to system instability
(Robertson, 1991; Seaborg, 1999). This property of feedback
regulatory loops has long been noted and was demonstrated
in models of biological systems at various levels of their or-
ganization (Mackey, Glass, 1977; Decroly, Goldbeter, 1982;
Martinez de la Fuente, 1996; Goldbeter et al., 2001; Harish,
Hansel, 2015; Likhoshvai et al., 2015,2016; Kogai et al., 2017;
Khlebodarova et al., 2017, 2018). However, it turned out that
this is not the only mechanism that can cause instability in a
nonlinear dynamic system.

Periodicity and discontinuity

in the history of life viewed through

the prism of a mathematical model

No one doubts today that models of mathematical physics
are a powerful tool for understanding the deepest laws of
the Universe. Methods of mathematical modeling do not yet
play such a role in the science of living systems. However,
living systems are part of dynamic systems. They are open
and non-linear at all levels of their organization, so the method
of mathematical modeling is potentially able to help identify
the laws of their functioning. And, the more global the system
is, the more fundamental and, at the same time, simple in es-
sence, but not in content, should be the laws that determine
system’s functioning.

To develop the idea of the internal causes of the discontinu-
ity in evolution, we studied the evolution of large ecosystems
using methods of mathematical modeling. We define large
ecosystem as a group of organisms (population) of one species,
which we designated as “transit” species. In our models, such

412

Causes of global extinctions
in the history of life: facts and hypotheses

population mimics the biota of an ecosystem large enough
to be correlated with terrestrial or marine biota. These are
traditional logistic models of a frame type, in which the ef-
ficiency of reproduction and mortality of organisms depends
on population density. According to A.V. Markov, hypothesis
that the dynamics of the Phanerozoic marine biota calculated
by traditional methods (without amendments) adequately re-
flects real changes in biodiversity has not been unproved and
remains the most convenient and reliable basis for meaningful
biological interpretations (Markov, Korotaev, 2007, p. 4).

Evolution is described in models as process of ecosystem
self-development (population of a “transit” type), during
which there is a local increase in the adaptability of its in-
dividuals to the conditions of existence due to mutational
variability and natural selection.

Analysis of the dynamics of functioning of such models
have showed that living systems with different reproduction
methods implement different evolutionary laws of self-
development: “asexual” ecosystems showed stasis, whereas
“sexual” ecosystems evolved cyclically (Likhoshvai, Khlebo-
darova, 2016; Likhoshvai et al., 2017). That is, it turned out
that if natural selection in a population is directed towards
increasing the adaptability of its individuals to the conditions
of existence, then, at a certain stage of its evolution (the oc-
currence of sexual reproduction), such selection can act as
destabilizing factor.

Moreover, it turned out that these same factors can explain
the peculiarities of punctuated evolution observed in the fossil
record, such as mass extinctions and phases of rapid diversity
increase, as well as phases of stasis diversity, the causes of
which are still not understood (Voje, 2016; Voje et al., 2018).
Figure 2 shows evolutionary phases of the density parameter
of a “transit” population using one full cycle of the parame-
ter value fluctuation. In the model, phases of decrease and
increase in the parameter value repeat an unlimited number
of times with approximately the same time interval. The exact
duration of each phase cannot be predicted, since the oscilla-
tory dynamics observed in the model is chaotic.

One full evolutionary cycle of a “transit” population is
completed over time interval te[32,000, 44,000] conv. units,
which in the model is ~12,000 conv. units of time (Fig. 2). The
concept of fractal evolution (Dieckmann, Law, 1996), which
is based on the similarity of laws that regulate the dynamics
of population density, variety of species, genera and higher
levels of organization of living systems at different time
scales, allows to transfer these data when changing the time
scale according with a level of organization of living systems
with more than a single population. It is easy to verify that if
one conv. unit of time equals 50 years, then duration of one
evolutionary cycle is close to the species lifespan estimate,
and if it equals 500 years, we receive an estimate of the genus
lifetime, the durations of which are ~0.5 and ~5.9 million
years, respectively, according to (Gingerich, 1976; Severtsov,
1990, 2014). These rough estimates do not prove anything, but
suggest that time scales characteristic of dynamic processes
at the level of large ecosystems are one order of magnitude
larger, that is, such time scales range up to tens of millions
of years and cyclic changes in the diversity of Phanerozoic
marine biota with a period of 62—63 million years may repre-
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Fig. 2. Phases of the x(t) parameter evolution (biota density) demon-
strated on the example of one complete oscillation of the x(t) value.

Boundaries of the analyzed period are marked with red vertical lines. Phase f1
corresponds to extinction; phase f2 corresponds to the stage of biota develop-
ment after global extinction; phase f3 corresponds to the stage of explosive
growth of biota biodiversity; phase f4 corresponds to the stage of biota de-
velopment when a high diversity of life forms and a relatively low growth rate
are observed. Within the f4 phase, the stasis stage f4s and the local extinction
stage f4n are observed.

sent their reflection (Rohde, Muller, 2005; Lieberman, Melott,
2007, 2012; Melott, 2008; Melott, Bambach, 2014, 2017).

Thus, the modeling results have shown that if the efficiency
of reproduction and mortality in a population depends on its
density and the most adapted individuals, the genetic diver-
sity of which is a result of genome replication errors during
self-reproduction, are being selected, then these conditions
are sufficient for the formation of cyclical intermittent dy-
namics of biodiversity in a living system with sexual type of
reproduction.

The question arises — what is the origin of cyclicality and
intermittency observed in the evolution of life on Earth?

Global extinctions in the evolutionary history

of life on Earth as a reflection of the bistability
phenomenon: the hypothesis of two “trees of life”
The idea that the phenomenon of punctuated evolution can
be based on the bistability in biological systems has been
expressed by V.A. Likhoshvai long ago in the work dedicated
to the modeling of the evolution of a simple self-developing
living system. It was expressed as an idea of a latent pheno-
type in a self-developing living system, which represents an
internal resource of its evolutionary development (Likhoshvai,
Matushkin, 2000, 2004). Subsequently, when applied to global
ecosystems, this idea was transformed into the hypothesis of
the two “trees of life”.

Here it should be noted that Ch. Darwin defined the diversity
of living things on Earth as the “tree of life”’. Such comparison
very accurately reflects the deepest essence of life, which
constantly gives rise to new thin branches of species during
its continuous evolutionary development that can eventually
form into new genera, types, classes, etc., but can also dry out
and disappear (Darwin, 1991).

The most common characteristics of the “tree of life” are
biota density and species diversity. These characteristics are
reflected in our model as the population density of a “transit”
species, which at each moment in time depends on the ratio
between the rates of self-reproduction and mortality of its
individuals. Analysis of the behaviour of functions that de-
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Fig. 3. Charts of the reproduction C (red curve) and mortality D (blue
curve) functions at different time moments of system evolution.
1 - stable stationary state x,,;,; 2 — unstable stationary state x,,,; 3 — stable

stationary state x,,,,; blue dot - current x(t) value; colored arrows indicate the

direction of evolution (change) of the parameters; blue oval corresponds to
the contour of local extinctions and red oval - to global ones.

scribe changes in these parameters at different time moments
depending on the density of a “transit” population have shown
that evolving ecosystems with asexual type of reproduction
have only one stable state, while for ecosystems with sexual
type of reproduction the bistability is possible, that is, two
stable stationary states, each of which can be interpreted as
the “tree of life”, one of which is being manifested and the
other is not. Moreover, if evolution is directed towards im-
proving the adaptability of individuals of a “transit” species
to habitat conditions, which should be accompanied by niche
expansion and increased utilization of resources, then at some
point in time the stability of the manifested state becomes
lost and the system jumps into a new steady state that existed
before, but was unmanifested. The result of such transition
can be interpreted as sudden “disappearance” of old species
followed by explosive appearance of new types, that is, the
change of one “tree of life”” to another. From a mathematical
point of view, such event is not unusual in dynamic nonlinear
systems. Figure 3 demonstrates the mechanism of local and
global extinctions depending on the rates of change of func-
tions describing self-reproduction C (red curve) and mortal-
ity D (blue curve) of individuals of a “transit” population at
different moments of its evolution.

The intersection of functions C and D corresponds to the
stationary states of the system, which can be stable (x,,,, and
X,,.) Or unstable (x,, ;). If current value of density and biodi-
versity of biota x(¢) is located near the stable stationary state,
it falls into the region of its attraction and will tend to either
X, (seeFig.3,a,d, e)orx,, (seeFig. 3, c). The fact that at
the same time moment there is one more stable stationary state
does not affect the state of the system, since x(¢) value falls
outside the region of its attraction and the system cannot get
into it without external influence. Therefore, we can assume
that at the time moment described in Fig. 3, ¢, stationary state
x,,;, is manifested and stationary state x, . is not. In Fig. 3,
a, d, e, on the contrary, stationary state x,,,is manifested,
whereas stationary state x, ;, is not.
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Since the system evolves over time towards biota size
and diversity increase, value of the x(f) parameter increases,
while the attraction region of the manifested stationary state
decreases and approaches the stationary state x,, ;, so that at
some point they merge and disappear. At this time moment we
observe only one stationary state in the system — either x,,;,
(see Fig. 3, b) or x,,,,. (see Fig. 3, /), which passes from the
unmanifested state to the manifested one. Since at this time
moment the x(f) value is significantly different from the value
of the manifested stationary state (see Fig. 3, b, /), an explosive
change in the x(¢) value is observed. We believe that a rapid
change in system parameters during the transition from one
state to another can be a reflection of the uneven evolutionary
rates observed in phylogenetic studies (Nichol et al., 1993;
Pagel et al., 2006; Wolf et al., 2006; Palmer et al., 2012).

It also follows from these data that local extinctions (blue
outline) are associated with fluctuations in the current density
and diversity of biota x(¢) in the attraction region of the stable
stationary state x,,_(see Fig. 3, a, d), while global extinctions
are associated with the loss of stationary state stability and the
x(#) transition to the attraction region of the stationary state
X,,,» Which at this time moment becomes single, similar to
that shown in Fig. 3, b. It is this transition that we interpret
as the change of one “tree of life” to another.

Thus, we came to the conclusion that adaptation of orga-
nisms to the habitat conditions as a result of gradual accumula-
tion of mutations (the evolution) may by itself be one of the
causes of instability in a living system, which manifested itself
as periodically occurring mass extinctions of biota. However,
this instability manifested itself only at a certain stage of
the evolution of living systems and was associated with the
development of sexual dimorphism. This does not contradict
with the fact that during certain periods of life on Earth mass
extinctions could coincide with planetary environmental
disasters or be provoked by them.

Conclusions

Analysis of the causes of global extinctions in the Earth’s
history have shown that, although abiogenic factors are
recognized as prevailing and their various combinations can
explain most mass extinctions described in the Earth’s fossil
record, they do not explain such aspects of the evolutionary
process as periodic discontinuity and uneven evolution of
living organisms. However, these are evolutionary characte-
ristics that are manifested at all known levels of organization
of living systems — from molecular level to biosphere as a
whole. It has now been proven that “spasmodicity” of evolu-
tion at the paleontological level is reflected on the molecular
level (Nichol et al., 1993; Pagel et al., 2006; Wolfet al., 2006;
Palmer et al., 2012).

We believe that in addition to external factors, there are
other, internal, reasons for the occurrence of global extinc-
tions of terrestrial biota. According to our hypothesis, these
internal factors are associated with the phenomenon of
bistability, which occurs only in ecosystems with prevalent
sexual reproduction. The fossil record of life on Earth over
the past 500 million years reflects the life history of just such
organisms. Our hypothesis suggests that even with no global
catastrophes of an abiotic nature, extinctions in the evolution
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of living organisms would happen anyway. The possibility of
this is evidenced by the existence of extinctions that are not
yet associated with global catastrophes of an abiotic nature,
as well as the evidence of serious external influences that
were not accompanied by extinctions (Archibald et al., 2010).

We believe that the bistability phenomenon should be ma-
nifested in the evolution of a living system at all levels of
its organization. And at least at the cellular level, we have
demonstrated the contribution of bistability phenomenon to
the evolution of cellular complexity (Likhoshvai, Khleboda-
rova, 2017; Khlebodarova, Likhoshvai, 2018, 2019). There
is no doubt that at the level of the entire Earth’s biota the
bistability phenomenon should interfere with the abiogenic
factors observed in the fossil record of life on Earth. This is
evidenced by the extinction cycle with a period of ~140 mil-
lion years, although it was dimly manifested (Rohde, Muller,
2005), which can be associated with the frequency of glacia-
tions preceding extinctions (Veizer et al., 2000); as well as
by the extinction cycle with a period close to 26—27 million
years, which was manifested during the last 250 million years
(Raup, Sepkoski, 1984, 1986; Sepkoski, 1989; Roberts, Man-
nion, 2019) and coincided with the dating of volcano craters
(Rampino, Caldeira, 2015).

As for the rather strict cyclicity of marine extinctions mani-
fested over the last 500 million years, the period of which was
~63 million years (Rohde, Muller, 2005; Lieberman, Melott,
2007, 2012; Melott, 2008; Melott, Bambach, 2014, 2017),
both the empirical data on the ~60 million-years periodicity of
the Sr¥7/Sr8 ratio change in marine sediments (Melott et al.,
2012), which indicates the possibility of cyclicity associated
with motion of tectonic plates on Earth, as well as modeling
data on the fluctuations of the Sun’s large-scale magnetic
field with the periodicity of 66 million years (Baker, Flood,
2015), did not conclusively link them to the periodicity of
global extinctions.

At this stage, the modeling results do not explain the exis-
tence of such periodicity of extinctions. For this, the model
is too simple. The dynamics of changes in the biota density
observed in the model makes it possible to rather roughly
reproduce, with a change in the time scale, the oscillation
period characteristic of the specific level of organization of
living systems. However, these estimates suggest that the time
scales characteristic of dynamic processes at the level of large
ecosystems or even the entire Earth, are tens of millions of
years. At the moment, this question remains open.
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Abstract. In ancient freshwater lakes, an abnormally large species diversity is observed. The mechanisms that ge-
nerated extremely high biodiversity in the ancient lakes have not been sufficiently studied and remain only partially
known. Sequences of environmental changes in highly complex ecosystems such as Lake Baikal, may induce sophis-
ticated combinations of microevolutionary processes. These processes are likely to result in unusual “patterns” of
genetic variability of species. The most unusual patterns include the ones when speciation is followed by incomplete
lineage sorting as well as mitochondrial or nuclear introgression. All these phenomena are diagnosed by compar-
ing the topologies of phylogenetic trees inferred from molecular markers of evolution located in mitochondria and
nuclei. Mitochondrial and nuclear introgression is a particularly interesting and complex case, which is the process of
incorporating the gene alleles of one species into the gene pool of a sister species due to interspecific hybridization
(introgressive hybridization). In many cases, existing methods for molecular phylogenetic analysis do not automati-
cally allow the observed patterns of polymorphism to be explained and, therefore, cannot provide hypotheses that
would explain the mechanisms which resulted to these patterns. Here we use adaptive dynamics models to study
neutral molecular evolution under various scenarios of interaction between sister species and the environment. We
propose and justify a set of criteria for detecting how two evolutionary trees may differ, with a special focus on com-
paring a tree inferred from nuclear DNA to one from mitochondrial DNA. The criteria react to branching pattern and
branch lengths, including relative distances from ancestral lineages. Simulations show that the criteria allow fast and
automated detection of various types of introgression, secondary breaches of reproductive barriers, and incomplete
lineage sorting.

Key words: mitochondrial introgression; incomplete lineage sorting; ancient lakes; sympatric speciation; parapatric
speciation; disagreements between phylogenies; Lake Baikal.
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MeTo[ BBISIBJIEHUS U oIipeneseHsa TUIIOB HEeCOOTBETCTBUI
MEeXay (l)I/IJ'IOI‘eHeTI/I‘-IECKI/IMI/I JePEBbAMU,
ITIOCTPOE€HHBIMM II0 AO0E€PHBIM 1 MUTOXOHAPNMAJIbHBIM MapKepaM

A.A. TTopoummna @, A .JO. lllepbakos, T.E. [TepeToaunna

JIumHonornyecknin HCTUTYT Cnbupckoro otaeneHns Poccuiickon akagemmn Hayk, MpkyTck, Poccns
® e-mail: a.poroshina@lin.irk.ru

AHHOTauuMA. B gpeBHNX NPeCcHOBOAHbIX 03epax HabMoaaeTcss aHOManbHO 60bLIOV BUAOBOWN COCTaB OPraHM3MOB.
MexaHu3mbl, KoTopble 06ycIoBUNU GopMUpoBaHmMe 61MOpPasHO0bPasnA B LPEBHMX 03epax, eLle HEAOCTaTOYHO 13-
YeHbl. MMKPO3BOJTIOLMOHHbIE MPOLIECCHI, NPUBOAALLME B KOHEYHOM MTOre K BUAOOOPA30BaHMIo, BKIKOYaIOT B Ce6A B
KauyecTBe 3/1eMeHTapHbIX MPOLIECCOB M3MEHEHUS YNCIIEHHOCT 0COBEN, MUTPaLMIo U PEMPOAYKTVBHYIO N30ALKIO.
B npupopHbIX yCnoBursax, 0COGEHHO B TaKOM CIIOXHOW 3KOCKCTEME, Kak 3KocmcTeMa balikana, KoMOrHaLumM MUKpo-
3BOJIOLIMOHHBIX MPOLLECCOB MOTYT HOCWTb CaMblil MPUUYANMBBIA XapakTep U MOpoXAaTb HEOObIYHbIE «Y30Pbl» re-
HETUYECKOW N3MEHUMBOCTY BUAOB. K Hanbonee HeoOblYHbIM CielaM CNOXHbIX BUA006pa3oBaTesibHbIX NPOLECcoB
OTHOCATCA yHacnenosaHHbM I'IO]'IVIMOpd)VBM, a TakXKe MUTOXOHApwualnibHaA N AAepPHaA NMHTPOrpeccuun. T ABNeHunA
LMNarHOCTMPYIOTCA Ha OCHOBAHUW CPABHEHUS TOMOMOMI GUITOTEHETUYECKX JEPEBBEB, MOCTPOEHHbIX MO AAEPHBIM
1N MUTOXOHZPUAIbHBbIM MONEKYNIAPHBIM Mapkepam 3Bontoummn. OCO6eHHO UHTEPECHbIN 1 CIOXKHDBIN Clyyait — MUTO-
XOHAPWaNbHas 1 AaepHan MHTPOrpeccus, NpeacTaBnsAowan coboi Npouecc BKYEHNA annenein reHoB OAHOro
BMAA B reHOOH[ CECTPUMHCKOro BUAa Npv MeXBUAoBoW rmépuansaummn (MHTporpeccusHas rubpuansaumsa). Yacto
CyLlecTBylOLLVie MeTOfbl aHaIM3a reHeTMUYECKOro NoMMopdur3ma He NO3BONAIT aBTOMATUYECKN HAXOANTb 0ObACHe-
Hune Ha6J'IIO,q36MbIX KapTuH nonwmopd)vnsma N, cnefosaTtesibHO, Npeanaratb rmnoTesbl, KOTOPbIe 6bl pacKkpbln mexa-
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HV3Mbl, MOPOAUBLLME 3TN KapTUHBbI. B HacTosA el paboTe Mbl MCMOMb3yeM MOAENUN afanTUBHOW AUHAMWKU ANA U3y-
YeHNA HeNTPanbHOW MONEKYIAPHON 3BOOLUN MPY Pa3fINUHbIX CLLeHapUAX B3aUMOAENCTBUA MeXAY CECTPUHCKUMU
BMAAMU 1 OKpY»KatoLen cpepoit. Mbl npeanaraem Habop Kputepres A onpeaeneHns Toro, Kak MoryT pasnnyatbea
[1Ba 3BOJIIOLMOHHbIX filepeBa, MOCTPOEHHbIX C MCMOSIb30BaHMEM MOC/1ejoBaTeNIbHOCTEN AAEPHON N MUTOXOHAPUASb-
Hol HK. MogennpoBaHue NoKasbiBaET, YTO KPUTEPKM NO3BONIAIOT ObICTPO 1 aBTOMATMUECKU BbIABAATL PasfivyHble
TUMbI IHTPOTPeCccuy, BTOPUYHbIE HapyLLEeHVA PeNpPOAyKTUBHbIX 6apbepoB 1 HEMONTHOE PaCXOXAeHWe BULOB.

KntoueBble CI0Ba: MUTOXOHAPUANbHAA UHTPOrPeccus; HenonHasa CoOPTUPOBKa POAOCIOBHON; ApPeBHMEe 03epa; CUM-
naTpuyeckoe B1A00Opa3oBaHue; napanaTpuyeckoe BUA006pa3oBaHNe; pa3HOracua Mexay GrunoreHuAMM; 03epo

bankan.

Introduction

Significant advances in gathering the data on genetic polymor-
phisms of all kinds of organisms have shed light on important
features of the evolutionary process. For example, recent
technique, allow one to study previously cryptic features of
the mechanisms, generating and maintaining the diversity of
life. Among the most challenging foci of modern evolutionary
studies are the hyper-diverse and geographically constrained
ancient freshwater lakes (Lake Baikal in East Siberia, Lake
Tanganyika in East Africa etc). These lakes are inhabited by
rapidly evolving species assemblages generated by adaptive
radiation, mostly in sympatry, and ultimately responding to
the fast and powerful environmental challenges generated by
global changes (Brooks, 1950; Sherbakov, 1999; Salzburger
et al., 2014). Studies of speciation processes in ancient lakes
revealed numerous cases of presumably complicated evolu-
tionary histories and therefore many unexpected patterns of
genetic diversity. The most striking are the cases of dramatic
discordance between the patterns resulting the studies of
mitochondrial and nuclear DNA described in (Nevado et al.,
2009; Sturmbauer et al., 2010; Kéver et al., 2018).

Although these phenomena are well and long known to exist
in many species, their explanations involve the assumption
of large-scale range shifts (Toews, Brelsford, 2012; Schon,
Martens, 2012) and thus are hardly applicable to the situations
of sympatric or parapatric speciation responsible for the most
of'the species diversification in relatively small and closed eco-
systems. A systematic study of disagreements between mito-
chondrial and nuclear phylogenies requires a formal procedure
automating search for such cases, such as testing significance
of the disagreement and modelling of evolutionary scenarios
likely to cause generation of the discrepancies between nuclear
and cytoplasmic phylogenies. Here we describe fast simulta-
neous analysis of two tree topologies allowing one to detect
a discordance, test its significance and diagnose its type. We
test this approach on a set of trees resulting simulations of
evolutionary events and on the real-world data set on endemic
to Lake Baikal gastropods of genus Baicalia.

Materials and methods

Individual based modeling. Individual-based models
(Grimm, Railsback, 2005) simulating evolution of two sister
species of diploid organisms possessing both mitochondrial
and nuclear DNA markers were designed as described in
(Semovski et al., 2004). Differential responses of the sister
species to the same environmental challenges were modelled
by pre-setting independent curves of environmental niche
capacity for the two sympatrically occurring species. Model
also allows independent variation of gene flows between the
species thus mimicking asymmetric or symmetric breach of

SBOJTIOLUMOHHAA TEHETUKA U BUOOOBPA3OBAHME / EVOLUTIONARY GENETICS AND SPECIATION

the reproductive barrier during defined periods of time. Each

simulation was succeeded by collection of certain amount

(usually 100 of each to make it comparable to an experimental

study) of marker sequences from the same “individuals”, saved

in separate files and maximum likelihood trees were inferred

with PhyML version 3.3.20180129 (Guindon et al., 2010),

using the model of molecular evolution set to JC because of

the simulation settings. Tree comparisons were performed
with custom Python scripts using ete2 library (Huerta-Cepas

et al., 2010).

Types of discordances between mitochondrial and nuc-
lear markers. Discordance between nuclear and mitochon-
drial trees should be declared when their branching patterns
differ significantly so that one of them looks distorted strongly
if compared to the other. We test following kinds of phylogeny
discordances of two sister groups of organisms may occur:

- splitting into two species;

- introgression is when on the one tree all groups form sepa-
rate clades, while on the other tree one group appears inside
the cluster formed by the other group. In other words, the
common for one group allele becomes fully substituted with
the allele originated from the other group;

« inherited polymorphism (incomplete lineage sorting)
is when due to resent breach of reproductive barrier both
groups acquire alleles from the other ones. Discriminating
between different types of branching order discordances.
In order to detect the cases of introgressions while compar-

ing data sets, we had developed the test, which was used then
to optimize the processing of fairly large amounts of data.
The test employs three values estimated from the phylogenies
(Fig. 1). The first value is the corrected mutational distance
between the common ancestors of the two species (nodes L
and Lp) and the most basal node C4 (common ancestor of the
two species). In the case of inherited polymorphism all three
points in fact are the same point and thus all three distances
are equal to zero. Therefore if all three distances insignifi-
cantly differ from zero one may assume incomplete sorting of
ancestral lineages. Obviously all three distances would have
significant lengths if unaccomplished divergence of the two
species took place. We can also find the distance between CA
and L (d) for two species and find their difference (D). With
inherited polymorphism and separation into two types, the
distances d,, and d,, will be approximately equal.

The second value useful for detecting of introgression is
the sum of all distances from all representatives of the same
species to the most recent common ancestral node of the tree
(Ey if the number of specimens of the two species analyzed is
very far from equal, the average distance £ by a species must
be used). In spite of any accomplishments this value should
be approximately equal if molecular clock hypothesis holds.
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The latter condition may be tested separately. The significantly
different from zero value of the difference between E; and
E;, determined for one molecular marker, i.e. mitochondrial
gene while remaining approximately equal for other marker(s)
points at full introgression (see Fig. 1).

The possibility of a dramatic violations of molecular clock
hypothesis as well as numerous other reasons make it ne-
cessary to support the hypothesis on the introgression inde-
pendently. Here we propose to use for that purpose the test
for monophyly of the clades in question. We employed the
simplest form of the test as it is implemented in ete2 and ete3
libraries for Python (http://etetoolkit.org/). Based on the topo-
logy of the tree it calculates the coefficient of monophyly, P.
It becomes 0 in case of a monophyletic clade and 1 in case
of polyphyly.

The values and designations involved in the analysis are:
P — inherited polymorphism; I — introgression; 2s — two spe-
cies; P — coefficient of polyphyleticity (0: monophyletic,
1: polyphyletic); CA — closest common ancestor; L — furthest
descendant of the common ancestor indexed by the species;
d — distance (along the tree) from C4 to L indexed by the
species.

It is important to note that the protocol (pipeline) described
here makes it easy to test directly the statistical significance of
the diagnosis. This may be done by applying it to the bootstrap
replicates of the original data set followed by odds ratio test
to estimate the support to the conclusion.

In the case of the full introgression all sequences of one
type appear as the ingroup(s) to the recipient type. The other
marker yields monophyletic clusters consisting of a single
type of sequences. The four cases above may be diagnosed
by measuring the distances between the common ancestors of
sequences as they appear on the tree and comparing them to
distances from the common ancestors to the common root in
combination with the monophyleticity test for the both sister
groups. Indeed, the inner branch between the common ances-
tors of two groups passes the node defined by the outgroup in
all cases except for complete introgression. In the latter case
the common ancestor of the recipient group is connected to
the outgroup via the common ancestor of the donor group. In
this case the donor group is always polyphyletic, while the
recipient may be both monophyletic or polyphyletic if the
introgression occurred more then, once or multiple donor’s
lineages were involved. Mutual introgression from the recent
bi-directional hybridization generates the latter pattern in both
directions. In this case each type of sequences appears in the
other cluster as an ingroup.

Introgression differs from incomplete lineage sorting be-
cause in former case common ancestors of the invader (do-
nated) lineages would be significantly younger then the com-
mon ancestor of the recipient. In contrast, incomplete sorting
of ancestral lineages results in the absence of separate clusters
for the two groups in case of one of the markers. The simplest
cause of the latter may be the insufficient rate of molecular
evolution of the marker affected.

In all cases the internal branching order must be robustly
supported, and the branches crucial for the diagnosis must have
significant lengths. Therefore testing the diagnosis significance
simply turns into testing the significance of the sum of branch
lengths between common ancestors of the groups (species)
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Fig. 1. Schematic representation of the distortions to the tree topology
resulting the inherited polymorphism (incomplete lineage sorting) and
full introgression as compared to the unspoiled separation of two sister
species.
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Fig. 2. The respective position of the most recent common ancestors
(MRCA) in trees inferred from nuclear and mitochondrial introgressions.
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Upperraw (a): trees inferred from nuclear markers, lower raw (b): trees inferred
from mitochondrial markers.

and the most ancestral node of the tree. There are several me-
thods of estimating the confidence limits of the branch length
(Felsenstein, Felenstein, 2004; Anisimova, Gascuel, 2006).

Additional feature helping to diagnose the distortions of tree
topology is the monophyleticity of the groups. In the case of
the lack of any discordance, the mutual correspondence must
hold between the groups and clades on the tree.

If the tree is rooted by outgroup (Fig. 2, scheme of a fully
resolved phylogeny of two groups showing designations
used in this paper) CA4A, and CAjy labelled with colored dots
designate the common ancestors of the respective groups, O
is their common ancestor as it is defined by the outgroup)
linked to the common ancestor of species A and B with their
common ancestors designated as it is shown on the same
figure, the relative position of the three nodes will distinguish
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Table 1. Diagnostic of the tree distortions (nuclear or mitochondrial)

Pattern Group A is monophyletic ~ Group B is monophyletic ~ CA, CA, CA, s CA,,
DIVISIonmtozspeCIes ............. + ............................................... +>|_>|_ ..................... O .................. 0 ...................
|ntrogre55|on ............................. S + ............................................... >|_ .................. >|_ .................. >0 .................. 0 ...................
InhentedeIymorphlsm .......... _ ............................................... _ ............................................... =|_ .................. =|_ ..................... 0 .................. 0 ...................

between full introgressions if taken together with the results
of testing the groups for monophyleticity. All possible out-
comes are summarized in Table 1 (L is the distance between
the common ancestor of a groups to the common ancestor of
the two groups).

Baicalia sequences. Sampling locations of Baicalia speci-
mens are specified in (Peretolchina et al., 2007). Genomic
DNA was extracted from muscle tissue using a modified
method described earlier (Sokolov, 2000). Gene fragments
of mitochondrial cytochrome ¢ oxidase subunit 1 (COI) were
amplified using primers L1490 (5'-GGTCAACAAATCATAA
AGATATTGG-3’) and H2198 (5-TAAACTTCAGGGTGAC
CAAAAAATCA-3") (Folmer et al., 1994); fragments of the in-
ternal transcribed spacer (ITS1) were amplified using primers
Kp-2F (5'-AAAAAGCTTCCGTAGGTGAACCTGCG-3")
and 5.8SR (5'-AGCTTGGTGCGTTCTTCATCGA-3") (Nazar,
Roy, 1978). An average of 1-3 pL of DNA extracted was
amplified in a 25 pL reaction using BioMaster HS-Taq PCR
Kit (Biolabmix, Russia) under the conditions recommended
by the manufacturer. The conditions for amplification, elec-
trophoresis and amplicon purification are those in T.E. Pe-
retolchina et al. (2007). GenBank accession numbers of
ITS1 sequences: FI598711, FJ598712, FI598715-FJ598723,
FJ598727-FJ598732, FI598735-FJ598741, FI598743—
FJ598745, FI598748-F1598760, FI598762-FJ598771,
FJ598832-FJ598848; of COI sequences: 292995 (Zubakov
etal., 1997), HQ113269-HQ113278, DQ436384-DQ436443,
GU22640-GU22649, KT885116, FJ749133.

Software availability. All custom software used in this
work is available from https://github.com/dysh/MRDR.

Results and discussion

We have used several example phylogenies resulted from
computer experiments where various scenarios were used
to generate different patterns of disagreements between ma-
ternally inherited mitochondrial and nuclear DNA of diploid

Table 2. Metrics of the ML trees inferred from simulated data

organisms. The simulations involved differential responses
of sister species to the changes of environmental capacity
accompanied by periods of reproductive isolation breaches.
Each simulation produced two sets of “DNA sequences”
(Semovski et al., 2004) used for tree inferences subsequently
compared to each other using the procedure described here.
All kinds of disagreements between the trees were obtained
in course of these simulations and successfully classified
using the distances between ancestral roots and tests for
motophyleticity (Table 2). An example of full mitochondrial
introgression is shown on Fig. 3 (circles designate common
ancestors. The trees are rooted with the starting sequence used
in the simulation).

Experimental data example: genus Baicalia. Gastropod
genus Baicalia belonging to the subfamily Baicaliinae ende-
mic to Lake Baikal consists of five species diverged from the
common ancestor relatively recently in confines of the lake
(Sherbakov, 1999). Species of this genus differ morphologi-
cally and ecologically. The most remarkable ecological dif-
ference between them is their substrate—dependent mating
behavior. Both nuclear and mitochondrial markers have been
used in phylogenetic inferences involving the species of Baica-
lia (Zubakov et al., 1997; Peretolchina et al., 2007; Sitnikova
et al., 2016). Dramatic discrepancies between phylogenies
inferred from several nuclear markers and mitochondrial
markers are reported to be typical for the whole group and for
Baicalia in particular (Peretolchina et al., 2007; Sitnikova et
al., 2016). Here we have reproduced phylogenetic inferences
using the data set consisting of two markers of different inheri-
tance mode belonging to three Baicalia species: B. carinata,
B. dybowskiana and B. turriformis from (Peretolchina et al.,
2007). Two separate phylogenies have been obtained for the
nuclear gene ITS1 and mitochondrial COI. Maximum likeli-
hood trees obtained differed from each other (Fig. 4).

The two species, B. dvbowskiana and B. turriformis, appear
as monophyletic separate clades in a phylogeny inferred from

Treefiles Group Ais Group Biis CA, CA, CA., CA., Type
monophyletic monophyletic
treezs . m ,troottre ............ + ................................ + ................................ 0 038290 ............ 0 0 40520 .............. 0 ............. 0 ........... D M Slom n tozspeaes ........

treezs . n . rOOttre ................ + ................................ + ................................ 0 082230 ............ 0 1 9520 ................ 0 ............. 0 .........

tree|NTm,t rooure ........... R + ................................ 0 026070 ............ 0 ............................ 0 .......... > 0 ........... | ntrogre SS,on .......................

treeINanOOttre .............. R + ................................ 0 050680 ............ 0 O 87960 ........... > 0 .......... >0 .........

tree”: . m Itrooure ............. e R 0 ......................... 0 ............................ 0 ............. 0 ........... | nher ItedeIymorphl 5 m
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0.724
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Fig. 3. Phylogenetic trees inferred from simulated data sets.

a-thetreeinferred from“sequences”evolving as neutral nuclear marker; b - the tree based on“sequences”evolved according to the rules specific for mitochondrial

DNA. The aLRT supports are given in the nods of trees.

nuclear sequences. According to the tree inferred from the
sequences of mitochondrial origin both B. dybowskiana and
B. turriformis become in-groups to B. carinata. However, their
clusters are separated from each other. This example illustrates
that discrepancies between phylogenies may be relative and
complicated if traced in more than two groups: while there
are clear indications of full mitochondrial introgressions
from B. carinata to B. turriformis and to B. dybowskiana, if
the representatives of latter two species are subjected to phy-
logenetic inference in the absence of B. carinata there is no
discrepancy between the trees inferred from different markers.
Interestingly, the two introgressions were not simultaneous
and occurred with a large time gap.
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Conclusion

We present here a simple and fast procedure allowing one
to distinguish automatically between contrasting patterns of
disagreement between trees inferred for the same groups of
organisms using different sets of data. In this communication
we concentrate on the comparison between trees inferred
from DNA sequences of mitochondrial and nuclear origin.
First, we define different kinds of disagreements between the
tree topologies (introgression, ancestral polymorphism) and
propose the set of criteria, which may be estimated from a
phylogeny. The approach is based on the estimating distances
between common ancestors of groups defined externally, for
example, by species identity of their members. Two trees are
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Fig. 4. Phylogenetic trees inferred from DNA sequences of a mitochondrial marker COI (a) and nuclear marker ITS1 (b) for three
sister species of gastropods belonging to genus Baicalia (B. carinata (blue), and B. dybowskiana (red)).

The trees are rooted by outgroups consisting of all paralogous sequences belonging to other Baicaliinae. The aLRT supports are given in

the nods of trees.

used as the input, the groups are tested if they are monophyletic
and then set of distances between clusters is measured. At this
point it is possible to test for the statistical significance of the
distortions and their diagnoses using any appropriate approach
such as various kinds of bootstrapping.

This procedure is required for any modeling efforts aiming
at the elucidation of ecological circumstances favoring dif-
ferent types of disagreements between trees inferred for the

SBOJTIOLUMOHHAA TEHETUKA U BUOOOBPA3OBAHME / EVOLUTIONARY GENETICS AND SPECIATION

same organisms. It is interesting to note, that the same proce-
dure is potentially applicable to the cases when several sets of
loci of the same mode of inheritance give rise to dramatically
different trees due to selection or adaptation-guided acquisi-
tion from sister taxa. The discordance detection procedure
proposed here is fast and sufficient to browse transcriptomes
in search of sequence cliques evolving accordingly to each
other but differently from other large sets of sequences.
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Effect of gonadectomy and estradiol on the expression
of insulin signaling cascade genes in female and male mice
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Abstract. A positive effect of estradiol on insulin sensitivity has been shown for females and males. Insulin sensitivity
is higher in females than in males, and males show a greater tendency to develop metabolic disorders. It is believed
that these sex differences are due to a protective effect of estradiol in females, but not in males. Estradiol is a steroid
hormone, and its effect is due to the modulation of target gene expression, but the effect of estradiol on the expres-
sion of genes encoding insulin signal transduction and glucose transport has not been sufficiently studied. The aim
of the study was to compare the molecular mechanisms of the estradiol influence on insulin sensitivity in mice of
both sexes. The effect of gonadectomy and estradiol (1 pg/animal, three days) on the expression of insulin signaling
cascade genes in muscle, adipose tissue, and liver, as well as on the expression of Fgf21, estradiol receptors (Esr1/2),
and transcription factor Stat3 in the liver in female and male mice was investigated. Estradiol levels were lower and
glucose blood levels and insulin resistance were higher in Sham operated (Sham) males compared to Sham females.
Irs2, Pik3cd, and Esr1/2 mRNA levels were lower in the liver of Sham males than in Sham females. In females, gonad-
ectomy reduced the level of estradiol in the blood, increased insulin resistance and blood glucose levels compared
to Sham females. Administration of estradiol to gonadectomized females decreased blood insulin levels and insulin
resistance. In males, gonadectomy, on the contrary, increased the blood estradiol level, decreased blood insulin level
and insulin resistance. Estradiol did not affect the parameters studied in males. The development of insulin resistance
in gonadectomized females was associated with a decreased expression of the Irs2 gene in the liver. Increased insulin
sensitivity in gonadectomized males was associated with increased levels of Irs2 and Pik3cd mRNA in the liver. It can be
assumed that increasing the level of estradiol in the blood activates the expression of the Irs2 gene in the liver regard-
less of animal sex. Also, estradiol seems to regulate the transport of glucose in adipose tissue regardless of animal sex:
in females and males, an increase in the blood estradiol level was associated with a decrease in the expression of the
Slc2a4 gene in adipose tissue. Thus, the effects of estradiol on the expression of insulin cascade genes do not seem to
depend on animal sex, but have tissue specificity. Since the molecular mechanism of estradiol influence on the expres-
sion of insulin cascade genes in females and males is the same, the cause of sexual differences in insulin sensitivity and
the rate of development of metabolic disorders may be a decrease in the level of estradiol in the blood, as well as a
decrease in the expression of estradiol receptors in the liver in males compared to females.

Key words: gonadectomy; estradiol; testosterone; insulin sensitivity; gene expression; C57BL/6J mice.
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BiansiHye TOHAA3KTOMUU U ACTpaaANnoJia Ha 3KCIITPpECCUIO I'eHOB
CUTHA/JIbHOT'O KaCKaldad MHCVYJ/IMTHa V CaMOK 1 CaMIIOB MBbIIIIEeN
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AHHOTauuA. B HacTosALlee BPeMsA MOKa3aHO NONOXUTENbHOE BAUAHKE 3CTPAAMONIA Ha YyBCTBUTENBHOCTb K MHCYNHY
Ha YpOBHe L|efIoro opraHvi3ma y CamoK 1 CamLioB MblLleid. [y 3TOM YyBCTBUTENBHOCTb K MHCY/VIHY B LIESIOM Yy Ca-
MOK BblLL€, YeM Y CAMLIOB, 1 CaMLibl LEMOHCTPUPYIOT BOMbLUYI0 CKTOHHOCTb K Pa3BUTVI0 METabONMYECKNX HapyLLIEHWIA.
MpepnonaraloT, YTO AaHHbIE MOMOBbIE PA3INYMA OOBACHAIOTCA NPOTEKTUBHBIM [JeCTBUEM SCTPAANONa y CaMoK, HO
He y caMLIOB. ICTPaZMON ABNAETCA CTEPOVAHBIM FOPMOHOM, 11 ero AeiCTBME 0OYCNIOBNEHO MoAynALMEN IKCNpeccum
reHOB-MULLEHeN, OfHaKO BNMAHMWE SCTPaAMOSIa Ha SKCMPECCUIO FeHOB, KOAMPYIOLWMX TPAHCAYKLMIO CUrHana MHCYNHa
1 TPAHCMOPT IOKO3bl B KNETKY, 13yUYEHO HeoCTaTouHO. Lienbto paboTbl 6bI10 CpaBHUTENbHOE UCCefOBaHNE Mosie-
KyNAPHbIX MEXaHW3MOB BNVAHWA 3CTPAANONA Ha YyBCTBUTENBHOCTb K MHCYSIMHY Y Mbllei 06omx nonos. MiccnefosaHo
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Effect of estradiol
on insulin signaling

BAVAHME FOHAaAIKTOMMM 1 3cTpaanona (1 MKr/>KMBOTHOE, TPW [IHA) Ha SKCMPECCUIO FreHOB CUITHaNIbHOrO Kackada UHCY-
NNHA B MbILULLAX, XMPOBOW TKaHM 1 NMeYeHH, a TakKe Ha aKcnpeccuto Fgf21, peuentopos acTpaguona (Esr1/2) n TpaHc-
KpUNUMoHHOro dpakTopa Stat3 B neyeHn y caMoK 1 caMLOB Mbilelt. JIoxkHO onepupoBaHHble (JTO) camubl OTAnYanuchb
oT JIO CaMOK CHVXEHHbIM YPOBHEM 3CTPaAMONa, NOBbIWEHHbIM YPOBHEM [IIOKO3bl 1 GOSbLUEN PE3UCTEHTHOCTBIO K
nHcynuHy. B neyenn y J1O camuoBs yposHu MPHK Irs2, Pik3cd v Esr1/2 6binn Huxe, yem y JIO caMoK. Y caMOK roHaasK-
TOMUA CHMXKana ypoBeHb 3CTPaAMOsa B KPOBU, NOBbILANA PE3NCTEHTHOCTb K MHCYNINHY U YPOBEHb MI0KO3bl B KPOBU
no cpaBHeHwuto ¢ JIO camkamu. BBeaeHve acTpaamnona roHagIKkToMVPOBaHHbIM CaMKaM CHUKao YPOBEHb UHCYSIMHA B
KPOBU U PE3NCTEHTHOCTb K MHCYNIMHY. Y CamLi0B roHaf3KTOMMA, HA060POT, MOBbILWANa ypoBeHb 3CTPAAMOIa B KPOBK,
CHU>Kana pe3ncTeHTHOCTb K MHCYNIVHY Y YPOBEHb UHCYNNHA B KPOBU. BBeeHre 3cTpagmona roHag3kToOMUPOBaHHbIM
camuaM He OKasblBasio BAMAHUA Ha NCCNefoBaHHble nokasatenu. Pa3BuTre NHCYNMHOPE3NCTEHTHOCTM Y FTOHAAIKTO-
MMPOBAHHbIX CAMOK OblI0 aCCOLMMPOBAHO CO CHUPKEHVEM SKCMPECCUM reHa Irs2 B neyeHu, a NoBbllUeHVe YyBCTBU-
TENIbHOCTU K MHCYNVHY Y TOHaIKTOMMPOBAHHbIX CaMLoB — € yBenndeHnem yposHelt MPHK Irs2 n Pik3cd B neyeHw.
Mo>HO NpeAnoNoXNTb, YTO MOBbILLEHVE YPOBHA 3CTPaAMONa B KPOBY aKTUBMPYET SKCMPECCUIO reHa Irs2 B neyeHun He-
3aBMCMMO OT M0J1a XMBOTHOTO. Tak»Ke He3aB1CMMO OT MoJla XMBOTHOIO 3CTPaAMNOI, NO-BUAUMOMY, PeryanpyeT TpaHc-
NOPT IIOKO3bl B XKMPOBOW TKaHW: y CAMOK 1 CaMLIOB MOBbILIEHME YPOBHSA 3CTPaAvona B KPOBU 6bis10 acCoLMMPOBAHO
CO CHVPKEHMEM 3Kcnpeccun reHa Slc2a4 B xmpoBol TKaHuW. Takum o6pa3om, 3dpdeKTbl ScTpagmona Ha SKCNpeccuto re-
HOB WHCY/IMHOBOIO Kackaja, NMo-BYAUMOMY, He 3aBUCAT OT MoJa »KMBOTHOMO, HO MMEIOT TKaHEBYIO CneundruYHOCTb.
MocKonbKy MONeKyNAPHbIA MeXaHW3M BNAHWA 3CTPAAMOSIA Ha SKCNPECCUIO reHOB MHCYTMHOBOMO Kackaja y caMoK
1 CaMLIOB He pasfnyaeTcs, MPUYNHON NOMOBbIX Pa3Nynii B YyBCTBUTENIBHOCTU K MHCYIVHY U CKOPOCTW Pa3BUTUA
MeTaboNMYecKnX HapyLWEeHNI MOXKET ObITb CHUMXEHHDIN, MO CPaBHEHMIO C CaMKaMU, YPOBEHb 3CTPaAMnona B KPOBU 1
CHUXKEHHaA KCMpeccrs peLenTopoB 3CTPaAMNosa B NeyeHn.

KnioueBble C10Ba: FOHaA3KTOMKSA; SCTPAAMON; TECTOCTEPOH; YYBCTBUTENBHOCTb K MHCYSIMHY; SKCMPECCUA reHOB; MbILLN

nnHum C57BL/6J.

Introduction

Current data suggest that there is a close relationship between
estrogens and insulin sensitivity: estradiol increases the uptake
of glucose in muscle, suppresses hepatic glucose production,
lowers blood glucose levels and increases glucose tolerance
in ovariectomized females of mice and rats, in intact female
mice with severe genetic or diet-induced obesity, in male mice
and in men (Faustini-Fustini et al., 1999; Bryzgalova et al.,
2008; Saengsirisuwan et al., 2009; Zhu et al., 2014).

Molecular mechanisms of the estradiol effect on insulin
sensitivity are being actively studied. It has already been
shown that they are due to its effect on the phosphorylation
of insulin receptor substrates (IRS1 and 2), as well as its ef-
fect on the glucose transporter 4 (GLUT4) level and GLUT4
translocation into the cell membrane (Gonzalez et al., 2001;
Saengsirisuwan et al., 2009; Gorres et al., 2011; Muthusamy
et al., 2011; Narasimhan et al., 2013).

The effects of estradiol as a steroid hormone are related to
its effect on gene expression. Currently, the effect of estradiol
on the expression of the glucose transporter 4 gene (Slc2a4)
in females and males and on the expression of the insulin
receptor gene (/nsr) in males has been studied. Ovariectomy
has been shown to increase Slc2a4 expression in adipose tis-
sue in female mice and estradiol administration to reduce it
(Takovleva et al., 2014). Gonadectomy reduces the expression
of Insr in the liver, muscle and adipose tissue, and reduces
the expression of Slc2a4 in muscle and adipose tissue, but
exogenous estradiol does not affect the expressions in male
rats (Muthusamy et al., 2009, 2011). The results of in vitro
experiments performed on cell cultures (CHO, HepG2) sug-
gest that estradiol does not participate in the regulation of Insr
expression and activates the gene expression of the insulin
receptor substrate 1 and 2 (Irs1/2) in the liver (Xie et al., 2003;
Panno et al., 2006; Parthasarathy et al., 2009).

The estradiol effect on the expression of insulin cascade
genes may be mediated by other factors. For example, the

effect of estradiol on insulin sensitivity in mice with genetic
obesity (ob/ob mice ) is due to activation of liver expression
of'the transcription factor STAT3 (Gao et al., 2006). Fibroblast
growth factor 21 (FGF21) increases liver insulin sensitivity
(Gongetal., 2016) and may also mediate the effect of estradiol
on metabolism, because activation of the estradiol receptor
alpha increases the liver expression of Fgf2/ in female mice
(Allard et al., 2019).

Estrogens are known to be synthesized in the ovaries,
testicles and adrenal glands, as well as in peripheral tissues
from androgen precursors under the influence of an aroma-
tase enzyme complex, so the blood estradiol level of male
mice is comparable to that of females. However, males show
a greater tendency to develop metabolic disorders and reduced
insulin sensitivity when consuming high-fat food. In mice,
high-fat diet reduces hepatic insulin sensitivity and induces
fasting hyperglycemia in males, unlike females (Akoum et al.,
2011). It is assumed that gender-related differences in insulin
sensitivity and in the development rate of metabolic disorders
are due to the fact that in females, unlike males, estradiol has
a protective effect and increases insulin sensitivity. However,
the molecular mechanisms of the estradiol effect on insulin
sensitivity in males remain poorly understood.

The aim of the work was to perform a comparative study of
the molecular mechanisms of the estradiol influence on insulin
sensitivity in mice of both sexes. The effects of gonadectomy
and exogenous estradiol on the expression of insulin signaling
cascade genes in muscle, adipose tissue, and liver, as well as
on the liver expression of Fgf21, estradiol receptors of type
alpha and beta (Esr/2), and transcription factor Stat3 in
female and male mice were studied.

Materials and methods

Animals. C57BL/6J mice were kept in the vivarium of the
Institute of Cytology and Genetics. The mice were housed
under a 12:12-h light-dark regime at an ambient tempera-
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ture of 22 °C. The mice were provided ad libitum access
to commercial mouse chow (Assortiment Agro, Turakovo
Village, Moscow oblast, Russia) and water. All experiments
were performed according to the European Convention for
the Protection of Vertebrate Animals used for Experimental
and other Scientific Purposes (Council of Europe No. 123,
Strasbourg 1985) and Russian national instructions for the
care and use of laboratory animals. The protocols were ap-
proved by the Independent Ethics Committee of the Institute
of Cytology and Genetics, Siberian Branch of the Russian
Academy of Sciences.

Experiment. At the age of 10 weeks, females and males
were gonadectomized and housed individually. Three weeks
after the operation, three experimental groups were formed
for each sex: sham surgery animals that received oral ad-
ministration of oil (SHAM) and served as controls, gonad-
ectomized animals that received an oil administration (GE)
or 17B-estradiol administration (E2). Animals received an
oral administration of -estradiol (Sigma-Aldrich) at a dose
of 1 pg/animal or a solvent (vegetable oil, 100 pl) for three
days at 09:00. A day after the last administration, the animals
were decapitated after a night of fasting (18:00-09:00). Blood
and tissue samples (liver, muscle, visceral fat) were collected.
Blood was collected in tubes with 5 pl of EDTA and centri-
fuged (4000 g, 20 minutes), and blood plasma was stored at
—70 °C. Tissue samples were stored in liquid nitrogen until
RNA and protein were isolated. After determining the fast-
ing plasma levels of glucose and insulin, the physiological
index of insulin resistance (HOMA-IR) was calculated using
the formula [plasma glucose level (mmol/l) X plasma insulin
level (ng/ml)]/22.5.

The reaction of reverse transcription and real-time
PCR. The total RNA was isolated using the ExtraRNA re-
agent (Eurogen Lab, Moscow, Russia) in accordance with the
manufacturer’s instructions. First-strand cDNA was synthe-
sized with Moloney murine leukemia virus (MMLV) reverse
transcriptase buffer (SibEnzyme, Novosibirsk, Russia) and
oligo (dT) (Evrogen, Moscow, Russia) as a primer. Applied
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Biosystems TagMan gene expression assays (Table 1) with
B-actin as endogenous control and 2.5% reaction mixture for
gPCR in the presence of Rox reference dye (Syntol, Moscow,
Russia). Real-time PCR was performed using Applied Bio-
systems ViiA™ 7 Real-Time PCR System, using the standard
protocol according to the manufacturer’s instructions (Ap-
plied Biosystems). Relative quantitation was performed by
the comparative CT method, where CT is the threshold cycle.

Western blot analysis of protein levels. Samples of liver,
muscle and adipose tissue were homogenized. Protein extrac-
tion was performed in a lysing buffer (Tris-Triton buffer). The
protein concentration in the samples was evaluated using the
Bradford method using NanoDrop2000 (ThermoScientific).
Protein separation by molecular weight was performed using
gel electrophoresis in 10 % polyacrylamide gel in Tris-glycine
buffer (25 mm Tris, 250 mm Glycine, 0.1 % SDS). Electric
transfer of proteins to a 0.45 micron nitrocellulose membrane
was performed using the Trans-Blot system (Bio-Rad, USA).
The membranes were blocked with 5 % milk (milk powder,
PanReac AppliChem). Primary polyclonal rabbit antibodies
were used (Santa Cruz Biotechnology, USA, breeding 1:2000):
insulin Ra antibody (sc-710) and GLUT4 antibody (sc-7938).
After washing with a phosphate-salt buffer (0.1 % Tween-20),
the membranes were incubated for 1 hour at room temperature
with secondary goat antibodies conjugated with horseradish
peroxidase (1:5000 dilution) (sc-2004, At/goat anti-rabbit
IgG-HRP, HRP-conjugated, Santa Cruz Biotechnology,
USA). Detection of the structural protein beta-actin (1:5000
dilution) (sc-130656, Santa Cruz Biotechnology, USA) was
performed on the same membrane. At the end of immunoblot-
ting, the membrane was washed and incubated for 1 minute
in a substrate mixture (10 ml 100 mm Tris-Hcl pH 8.5; 50 ul
250 mM luminol; 22 pl 90 mM coumaric acid; 3 pl 33 %
H,0,), after which chemiluminescence was visualized on
the ChemiDocTM XRS device (Bio-Rad, USA). The results
were analyzed using the Image Studio Lite Ver 5.2 program.
The signal of the test protein in the sample was related to
the beta actin signal in the same sample. The level of protein

Table 1. Tagman gene expression assays (Applied Biosystems ) for mice used in the work

Symbol Catalogue No.
.................. , nerm01211875_m1
.................. , rs,Mm01278327_m1
.................. , rsZMm03038438_m1
.................. P Ik3Cde00435674_m1
5,C204 ........................................... M m01245502_m1 ....................
Actb .............................................. M m006007938_s1 ....................
.................. E 5,7Mm00433149_m1
.................. E S,ZMm005998217m1
SMB ............................................. M m01219775_m1 ....................
.................. F gf27Mm00840165_91
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expression in a sample is the ratio of the normalized signal in
this sample to the normalized signal in the reference sample.
Determination of blood biochemical parameters. Blood
glucose concentration was determined using the OneTouch
Select glucometer (Lifescan, Johnson and Johnson, USA).
Concentrations of estradiol, testosterone, and insulin in blood
plasma were determined by the ELISA method using com-
mercial kits (Mouse Estradiol (E2) ELISA Kit (MyBioSource,
USA), Testosterone rat/mouse ELISA (Demeditec Diagnostics
GmbH, Germany) and Rat/Mouse Insulin ELISA Kit (Mil-
lipore, USA)) according to manufacturers’ instructions.
Statistical analysis. The results are presented as means+SE
from the indicated number of mice. The effect of gonadectomy
and exogenous estradiol on the studied parameters in females
and males was determined using a single-factor MANOVA
variance analysis (gradations of the factor “experimental
group”: SHAM, GE, E2) with multiple comparisons using
the post hoc Newman—Keuls test. MANOVA with gradations
of the factor “experimental group” SHAM and GE was used
to analyze the effect of gonadectomy on the plasma estradiol
level, since blood samples were taken a day after the last injec-

Effect of estradiol
on insulin signaling

tion of the hormone, and the level of estradiol in the blood of
animals E2 could not reflect the actual level of the hormone in
the blood after injection. To compare the parameters of SHAM
females and SHAM males, a ¢-test was used. Significance was
determined as p < 0.05.

Results

Blood levels of sex hormones, glucose, and insulin

Sex effects (SHAM mice). In females, the estradiol level was
significantly higher, and the testosterone level was signifi-
cantly lower than in males (Table 2). Females had a higher
sensitivity to insulin than males: the insulin level of females
and males did not differ significantly, while the glucose level
and the index of insulin resistance (HOMA-IR) in females
was significantly lower than in males (Table 3).

Effect of gonadectomy and exogenous estradiol. In
females, gonadectomy reduced the plasma estradiol level
(MANOVA, p <0.05). A significant influence of the “experi-
mental group” on the insulin sensitivity in females was shown:
the index of insulin resistance, glucose and insulin levels in GE

Table 2. Body weight and plasma levels of sex hormones in female and male C57BL mice

Sex Experimental group Body weight, g
(number of animals in the group)

Fema|es ..................... S HAM(9)203105 .......
GE(12)233112 .......
E2(1o)218i05 .......

MANOVA ......................................................................................................

Ma|es ......................... 5 HAM(8)254J£04$$$
GE(10)246i04 .......
E2(11)251i05 .......

MANOVA ......................................................................................................

Estradiol, plasma, Testosterone, plasma,

pg/ml ng/mi
........................ 151i150241003
........................ 122160”1006
........................ 1271,40151,004
p<005 ....................................................................................
........................ 9 4i12$$280i09$$
........................ 133i10016i005*
........................ 128i120121003*
p<005 .................................... p<001 ...................................

55 p<0.01, 553 p < 0.001 compared to SHAM females, t-test; * p < 0.05 compared to SHAM animals of the same sex, post hoc Newman-Keuls test.

Table 3. Plasma insulin levels, blood glucose levels, and HOMA-IR in C57BL females and males

Sex

Experimental group
(number of animals in the group)

mmol/l

Glucose, blood,

Insulin, plasma, HOMA-IR

ng/ml

$ p < 0.05, 5% p < 0.01 compared to SHAM females, t-test; * p < 0.05, ** p < 0.01 compared to SHAM animals of the same sex; * p < 0.05 compared to GE animals

of the same sex, post hoc Newman-Keuls test.
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Fig. 1. Effect of gonadectomy and exogenous estradiol (1 pg/animal, 3 days) on mRNA levels of Insr, Irs1, Irs2, Pik3cd and the level of INSR protein in the

liver in SHAM, GE and GE +E2 female and male mice.

Here and in the Fig. 2-4: $ p < 0.05 compared to females; * p < 0.05 compared to SHAM animals of the same sex; # compared to GE animals of the same sex.
MANOVA, p < 0.05 or p < 0.01 — the influence of the “experimental group” factor is statistically significant.
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Fig. 2. Effect of gonadectomy and exogenous estradiol (1 pg/animal, 3 days) on the mRNA levels of estradiol receptors (Esr1 and Esr2), Fgf21 and Stat3

in the liver in SHAM, GE and GE + E2 female and male mice.

females were higher than in SHAM females, and exogenous
estradiol normalized these indicators.

In males, gonadectomy reduced the plasma testosterone le-
vel (MANOVA, p <0.01). On the contrary, the plasma estra-
diol level in GE males was higher than that of SHAM males
(MANOVA, p < 0.05). Gonadectomy and estradiol did not
affect blood glucose and insulin levels and the index of insulin
resistance in males.

Expression of insulin cascade components in the liver

Sex effects (SHAM mice). The expression of /rs2, Pik3cd,
Esrl, and Esr2 in females differed from that in males: the
mRNA level of these genes was significantly higher in females
than in males. The expression of Insr, Irsi1, Fgf21, and Stat3
and the level of the INSR protein were not significantly dif-
ferent in females and males (Fig. 1 and 2).

Effect of gonadectomy and exogenous estradiol. In fe-
males, gonadectomy decreased, while exogenous estradiol
increased, although not normalized, the /rs2 mRNA level in
the liver (MANOVA, p <0.01).

In males, exogenous estradiol did not affect the expression
of the studied genes, while gonadectomy increased hepatic
expression of /rs2 and Esrl (MANOVA, p < 0.05 in both
cases): the mRNA levels of these genes in GE and E2 males
were higher than in SHAM males. The level of Pik3cd mRNA
in the liver of GE and E2 males was also higher than in
SHAM males, but the differences did not reach the level of

significance (MANOVA, p =0.07). The level of Esr/ mRNA
in males was positively correlated (p < 0.05) with the level
of Irs2 mRNA (r = 0.74).

Gonadectomy and estradiol did not significantly affect the
Esrl/Esr2 ratio in the liver in females and males.

Expression of components of the insulin cascade

in muscle and adipose tissues

Sex effects (SHAM mice). The expression of insulin cascade
genes and proteins in muscle and adipose tissue did not differ
in SHAM females and SHAM males (Fig. 3 and 4).

Effect of gonadectomy and exogenous estradiol. In fe-
males, gonadectomy and estradiol did not affect the expression
of the studied parameters of the insulin cascade in muscle tis-
sue. In GE males, the /nsr mRNA level in muscle was higher
than in SHAM males, and the INSR protein level was lower
in GE and E2 males, compared to SHAM males. In females,
gonadectomy increased and exogenous estradiol normalized
Slc2a4 expression in adipose tissue (MANOVA, p < 0.05).
In GE and E2 males, Slc2a4 expression in adipose tissue was
lower than in SHAM males.

Discussion

One approach to study the effect of estradiol on the expression
of genes involved in insulin signal transduction is comparison
of females and males. Insulin sensitivity at the whole body
level (blood glucose level, insulin resistance index), as well
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Fig. 3. Effect of gonadectomy and exogenous estradiol (1 pg/animal, 3 days) on the mRNA levels of Insr, Irs1, Pik3cd, Slc2a4 and the level of INSR and
GLUTA4 proteins in skeletal muscles in SHAM, GE and GE + E2 female and male mice.
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Fig. 4. Effect of gonadectomy and exogenous estradiol (1 pg/animal, 3 days) on the mRNA levels of Insr, Irs1, Pik3cd, Slc2a4 and the level of INSR and
GLUT4 proteins in visceral adipose tissue in SHAM, GE and GE + E2 female and male mice.

as hepatic expression of insulin signal transduction genes  and the index of insulin resistance in females correspond to
(Irs2 and Pik3cd) in SHAM females was higher than that in  existing data (Rogers et al., 2009; Oh et al., 2011). Effects
SHAM males, which coincides with data obtained on intact  of gonadectomy on HOMA-IR in males, as shown by Parks
animals (Parks et al., 2015; Torre et al., 2017; Yakovleva et  and co-authors (Parks et al., 2015), depends on the animal’s
al., 2017). It was shown for the first time that SHAM females  genotype, and in C57BL/6J males, it decreases 10 weeks after
differed from SHAM males not only in increased blood es-  gonadectomy. In this study, the HOMA-IR index in GE males
tradiol levels, but also in increased expression of both types  did not differ significantly, but was 3.4 times lower than in
of estradiol receptors in the liver, which can be one of the = SHAM males. The absence of a significant effect of gonadec-
causes of sex differences in effects of estradiol on insulin  tomy on insulin sensitivity in males may be due to the shorter
sensitivity in the liver. duration of the experiment.

To study the effects of estradiol on the expression of in- In GE females, decreased insulin sensitivity was associ-
sulin cascade genes, in addition to comparing parameters in  ated with decreased hepatic expression of /rs2 and Esr2 and
females and males, we used a model of gonadectomy with  increased expression of Slc2a4 in adipose tissue. Exogenous
subsequent administration of estradiol. We assumed that  estradiol, in contrast, reduced Slc2a4 expression in adipose
gonadectomy would lead to a decrease in the blood estradiol  tissue and increased Irs2 expression in the liver. The effect
level in females as a result of elimination of the main source  of gonadectomy on hepatic /rs2 expression is well consistent
of hormone production, and in males —as a result of a decrease ~ with the observed sexual differences: Irs2 expression in fe-
in the level of testosterone, as a precursor of estradiol synthe-  males was higher than in males. The effects of estradiol on the
sis. However, in males, the level of the hormone in the blood  hepatic expression of /rs/ and Irs2 in female mice are known
after gonadectomy increased. This result may be due to the  to mediate estradiol type alpha (ERa) receptors (Panno et
activation of hormone production by the adrenal glands. As  al., 2006). Estradiol beta-type receptors (ER) are thought to
a result, gonadectomy eliminated differences in the level of  inhibit the estradiol effects mediated by ERa (Lindberg et al.,
sex steroids between females and males: the blood estradiol =~ 2003). According to the obtained data, ovariectomy did not
and testosterone levels did not differ in the gonadectomized fe-  affect ERo expression and reduced ER expression in the liver
males and males. However, in females, gonadectomy induced  in females, which implies an increase in the estradiol effects
the development of insulin resistance, and exogenous estradiol ~ mediated by ERa, and may have a compensatory-adaptive
normalized insulin sensitivity, while in males, gonadectomy  effects to maintain insulin sensitivity in conditions of reduced
and estradiol did not have a significant effect on the studied  blood estradiol levels.
parameters of insulin sensitivity (blood glucose and insulin In males, gonadectomy did not affect blood insulin and
levels, HOMA-IR). The results of the effect of ovariectomy  glucose levels, but caused increased levels of Irs2, Pik3cd,
and exogenous estradiol on blood glucose and insulin levels  and Es»/ mRNA in the liver. Since males have a tendency to
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increase the level of estradiol in the blood after gonadectomy,
and there is a correlation between the level of /752 expression
and Esrl expression in the liver, it can be assumed that the
hepatic [rs2 expression in males, as in females, is regulated
by estradiol. Accordingly, activation of the gene expression
of the estradiol receptor alpha may be part of the molecular
mechanism of the estradiol effect on insulin sensitivity in
GE males. Thus, increasing the blood estradiol level in fe-
males and males can activate the [rs2 gene expression in the
liver regardless of gender and contribute to improving insulin
sensitivity in general.

Transcription factor STAT3 was shown to mediate the
estradiol effects on the expression of hepatic lipogenic genes
(Gao etal., 2006) and FGF21 may mediate the estradiol effect
on the expression of gluconeogenic genes, since it increases
the gene expression of /rs2 and the glucose-6-phosphatase
(Fisher et al., 2011). However, the role of STAT3 and FGF21
in mediating the estradiol effects on the expression of insulin
signal transduction genes requires additional research, since
in the study no differences were found in the Stat3 and Figf21
mRNA levels in the liver in animals of different sexes and
experimental groups.

Activation of liver Pik3cd expression in GE males appears
to be due to a decrease testosterone levels. In females, the
Pik3cd mRNA level was higher than in males, but these dif-
ferences were not related to estradiol levels, since ovariectomy
and subsequent estradiol administration did not affect the level
of Pik3cd mRNA in females.

It is believed that the effect of estradiol on insulin sensitiv-
ity in adipose and muscle tissues is due to its stimulation of
glucose uptake by cells as a result of increasing the level of
GLUT4 and activating its translocation into the cell mem-
brane. In female mice, ovariectomy was shown to have no ef-
fect after 2 weeks, and caused a decrease in the level of Slc2a4
mRNA in muscle and adipose tissue after 10 weeks (Kim et al.,
2010). In female rats, 12 weeks after ovariectomy, the level of
GLUT4 protein in the muscles is reduced, while the estradiol
injections prevents this decrease (Saengsirisuwan et al., 2009).
In this study, 3 weeks after ovariectomy, the level of Slc2a4
mRNA in adipose tissue in females increased and exogenous
estradiol normalized it, while there was no significant effect
on the level of Slc2a4 mRNA in muscle tissue and the level
of GLUT4 protein in adipose tissue and muscle. We have
previously shown that ovariectomy for 5 weeks also increases
the level of Slc2a4 mRNA in adipose tissue, and estradiol for
3 weeks reduces it, while in muscle tissue the level of Slc2a4
mRNA decreases after ovariectomy, but exogenous estradiol
does not affect it (Iakovleva et al., 2014). Apparently, the effect
of ovariectomy and exogenous estradiol on Slc2a4 expression
in adipose and muscle tissues depends significantly on the
duration of the experiment.

The effect of gonadectomy and estradiol on the expression
of insulin receptor and glucose transporter 4 in adipose and
muscle tissues was studied in male rats. Gonadectomy has
been shown to decrease levels of mRNA and protein of INSR
and protein level of GLUT4 in adipose and muscle tissues,
and exogenous estradiol normalizes levels of these proteins
(Muthusamy et al., 2009, 2011). The results of our experiment,
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obtained on mice, are poorly consistent with these data. This
may be due to interspecies differences in the influence of go-
nadectomy on the blood estradiol levels and sex steroid ratio
in males. In our experiment, an increase in estradiol levels
after gonadectomy in males was associated with an increase
in Insr mRNA, but a decrease in INSR protein in muscle, and
a decrease in Slc2a4 mRNA in adipose tissue. It should be
noted that an increase in the blood estradiol levels (as a result
hormone administration in females and after gonadectomy in
males) was associated with a decrease in the Slc2a4 expression
in adipose tissue regardless of sex.

Conclusion

All of the above suggests that the effect of estradiol on the
expression of genes and proteins of the insulin cascade is
tissue-specific and does not depend on the sex: estradiol can
increase the expression of Irs2 in the liver, and can suppress
the expression of Slc2a4 in adipose tissue. Activation of /rs2
expression in the liver when the blood estradiol level increases
causes an improvement in glucose metabolism, so the effects
of estradiol in the liver cause an increase in insulin sensitivity
at the whole body. The significance of the estradiol effect on
Slc2a4 expression in adipose tissue in females and males is
not clear and requires further research. Despite the universal
mechanism of action, the protective effect of estradiol in males
is less pronounced than in females, apparently as a result of
reduced hormone levels in blood and reduced expression of
estradiol receptors in the liver.
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Abstract. Obesity and diabetes mellitus are known to lead to the development of metabolic syndrome and non-al-
coholic fatty liver disease (NAFLD). The mechanisms of programmed cell death are actively involved in maintaining
cellular homeostasis along development of NAFLD. Proteins of the BCL-2 family are key regulators of physiological
and pathological apoptosis. Homozygous males of BKS.Cg-Dock7™Lepr®/+/+/J mice (db/db mice) are characterized
by progressive obesity and the development of type 2 diabetes mellitus (DM2) with severe hyperglycemia at
4-8 weeks and organ lesions at 8-10 weeks of age. The aim of this research was to study the expression of molecular
cell regulators of apoptosis in liver cells of db/db mice males at different stages of obesity and diabetes develop-
ment (at the age of 10 and 18 weeks). Immunohistochemical analysis (using the indirect avidin-biotin peroxidase
method) and morphometric evaluation of the expression of the antiapoptotic protein Bcl-2 and the proapoptotic
protein Bad in liver cells of studied animals at different stages of obesity and DM2 were carried out. An excess of the
value of the Bcl-2 protein staining area over the Bad protein staining area was revealed in the liver of 10-week-old
animals. The Bcl-2/Bad expression area ratio in 10-week-old animals was twice as high as in 18-week-old animals,
which indicates the presence of conditions for blocking apoptosis in the liver of younger db/db mice. At the 18th
week of life, db/db mice displayed an almost threefold increase in the expression area of the Bad protein against the
background of an unchanged expression of the Bcl-2 protein. The decrease in the Bcl-2/Bad staining area ratio in
18-week-old animals was due to the increase in the Bad expression area, which indicates the absence of antiapop-
totic cell protection and creates conditions for activation of the mitochondrial pathway of apoptosis in the liver of
male db/db mice with pronounced signs of obesity and DM2.
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AHHoTauuA. /I3BeCTHO, UTO OXKMpPEHVE 1 CaxapHbl AnabeT NPUBOAAT K PasBUTMIO MeTabonnyeckoro CMHAPOMa
1 HEaNKOroJIbHOW »KMPOBOI 60Ne3HM neyeHn. B nopaepkaHny KNeToYHOro roMmeocTasa Npu HeanKorosbHOMN Xu-
poBoi 601€3HU NeYeHV NPYHUMAIOT aKTUBHOE yyacTe MexaHM3Mbl 3anporpaMmMrUpPoOBaHHON KneTouHow rnbenu.
Benku cemeiictBa BCL-2 ABNAOTCA KtoUeBbIM perynatopom GU3nMonornyeckoro 1 natonornyeckoro anontosa. Mc-
nonb3yemble B UCCAeA0BaHNMN FOMO3UTOTHbIE CaMLbl Mbiluel nuHun BKS.Cg-Dock7™Leprd®/+/+/) (mblwn db/db) xa-
paKTeEPU3YIOTCA NPOrpeccMpyoLLUM OXMPEHNEM U Pa3BUTNEM caxapHoro AnabeTa 2-ro Tuna (C[2), BbipaxeHHOW
runepriavikeMmnenn ¢ 4-8-i Heflenu Xmn3HY 1 Pa3BUTUEM OpPraHHbIX MopaxeHuin nocne 8-10-i1 Hepgenu. Lienbio pabo-
Tbl GbIIO N3YUUTb SKCMPECCUIO MOSIEKYTAPHO-KNETOYHbIX PEryNATOPOB anonTo3a B K/eTKax NeyeHn CamLoB MblLLei
db/db Ha pa3HbIx cpoKax pPa3BUTUA OXKMPEHUA 1 caxapHoro anabeta (B Bo3pacte 10 n 18 Hep). NpoBeaeHbl M-
MYHOTMCTOXUMMYECKII aHanm3 (C MOMOLLbIO HEMPAMOro aBUANH-OMOTMHOBOIO NEPOKCMAA3ZHOIO METOAa) U MOp-
domeTpryecKasn oLeHKa SKCNpeccmn aHTranonToTuyeckoro 6enka Bcl-2 n npoanontotnyeckoro npoTerHa Bad B
KneTkax neyeHun nccieayemMblX XMBOTHbIX Ha Pa3HbIX CPOKax pa3BuTuA oxunpeHua n CL12. B neueHun nccnegyembix
camuoB B Bo3pacTe 10 Hef, yCTaHOBJIEHO MPEBbILLIEHME 3HaYeHVA MIOLWaAM OKpaLlBaHMA Ha 6enok Bcl-2 Hap 6en-
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kom Bad. iHpekc cooTHowweHnA nnowagen skcnpeccun Bel-2/Bad y 10-HefenbHbIX »KMBOTHbIX OKa3ancA B ABa pa3a
BbllLE MO CPaBHEHMIO C 18-HefeNnbHbIMU 0COOAMY, YTO CBULAETENLCTBYET O HANUUMK YCNOBUIA ANst 6OKMPOBaHKA
npoLEeccoB anonTo3a B neveHn moiweii db/db 6onee paHHero Bo3pacTa. Ha 18-11 Hefene Xn3HM y CamLOB MblLLeit
db/db obHapyxeHO NouTn TpexKpaTHOe yBesnyeHne nnowaamn skcnpeccum 6enka Bad Ha doHe HensmeHumBLLencA
aKkcnpeccun 6enka Bel-2. CHuKeHre 3HaueHNs COOTHOLLEHNA NoLwaaen okpawmeaHusa Bcl-2/Bad y 18-HepenbHbIX
JKMBOTHbIX MPOU30LLIIO 3a CYET POCTa MoLWaan SKcnpeccum Bad, uto noaTBEPKAAET OTCYTCTBME aHTMAMNONTOTHYE-
CKOW 3aLUTbl KNETOK 1 CO3[aeT YCNOBUA ANA aKTUBALUN MATOXOHAPUANbHOW «BETBU» anonTo3a B NeYeHN CamLoB
Mbliwert db/db c BbipaxKeHHbIMY MpU3Hakamu oxunpeHua n CA2.

KntoueBble cnoBa: mbiwn db/db; oxunpeHne; caxapHblil anabet 2-ro TMna; NeyeHb; SHAOTENNOLMUTDI; renaTouuTbl;

Bcl-2; Bad.

Introduction

Mechanisms of programmed cell death are actively involved
in maintaining cell homeostasis in the development of non-
alcoholic fatty liver disease (NAFLD) (Schuppan, Schatten-
berg, 2013). Obesity and related metabolic disorders, including
lipid accumulation in the liver and inflammation, play an
important role in liver carcinogenesis. Recent data indicate
that obesity and diabetes lead to the development of metabolic
syndrome and NAFLD, which can progress in patients with
this disease to non-alcoholic steatohepatitis, which includes
the risk of cirrhosis and hepatocellular carcinoma (Shimizu
etal., 2011). Proteins of the BCL-2 family are key regulators
of physiological and pathological apoptosis. According to
the modern model of apoptosis regulation, the ratio of the
apoptosis regulator proteins Bcl-2, Bad and Bax determines
the sensitivity of cells to the effects of apoptotic factors and
is a “molecular switch” that determines whether tissue growth
or atrophy will occur (Sun et al., 2015). Molecular features of
the development of the mitochondrial pathway of apoptosis
in the liver of male db/db mice in postnatal ontogenesis at
different development stages of obesity and type 2 diabetes
mellitus (DM2) have not yet been studied.

The aim of this research — to study the expression of apo-
ptosis molecular cell regulators from the BCL-2 family pro-
teins: the antiapoptotic protein Bcl-2 and the proapoptotic
protein Bad in liver cells of male db/db mice at different
stages of obesity and DM2 development (at the age of 10 and
18 weeks).

Materials and methods

The experiments were carried out in the SPF Vivarium of the
Institute of Cytology and Genetics, SB RAS, on homozygous
males of BKS.Cg-Dock7"+/+Lepr@t/J mice (db/db mice). Ho-
mozygous individuals of this strain have a defect of the leptin
receptor (spontaneous mutation Lepr?) and are characterized
by polyphagia, progressive obesity from 3—4 weeks of life,
severe hyperglycemia from 4-8 weeks of life, the development
of organ lesions after 8—10 weeks. Animals were stored in a
room with a regular light cycle (14 h light/10 h darkness), a
constant room temperature of 24+2 °C and a relative humidity
of 45+10 %. The mice were kept on a standard food (Ssniff,
Germany) and water ad libitum.

Studies were conducted on mice aged 10 (z = 7) and 18
(n = 7) weeks, which is comparable to 10 and 18 years of
man age, respectively (Flurkey et al., 2006). Animals were
sacrificed by cranio-cervical dislocation and liver samples
were taken for light-optical and immunehistochemical stud-
ies. All experiments were performed in compliance with the
principles of humanity and carried out in accordance with the
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“Rules for the Use of Experimental Animals” (the Annex to the
order of the Ministry of Health of the USSR from 12.08.1977,
No. 755) and the European Unity Directive (86/609/EEC). The
study was approved by the local ethics committee (Protocol
No. 128 of 15 March 2017).

The liver pieces were fixed in 10 % buffered formalin (Bio-
Vitrum, Russia) for 48 h, dehydrated in a series of alcohols
of increasing concentration and enclosed in histomix (Bio-
Vitrum). The organ slices 3 um in thickness were obtained
using a LEICA RM2155 microtome (Germany) Liver prepa-
rations were stained with Mayer hematoxylin and eosin for
light-optical examination.

An immunohistochemical study of the Bcl-2 and Bad
protein expression was performed on liver paraffin sections
using the indirect avidin-biotin-peroxidase method using the
VectaStain Universal Elite ABC Kit (Vector Laboratories,
Catalog Number PK-7200). At the last stage, immunohisto-
chemical staining was carried out in a chromogenic substrate
containing diaminobenzidine (the solution is prepared ex tem-
pore from the components of the InmPACT DAB kit, Vector
Laboratories, Catalog Number SK-4105). Some sections
were stained with Mayer hematoxilin, washed with distilled
water and, after dehydration, mounted under the cover glass.
To quantify the expression of Bcl-2 and Bad in the mouse
liver, a computer-assisted morphometric analysis of digital
photographs obtained using a LEICA DM 2500 microscope
with a LEICA DFC425C video camera (Germany) at x400
magnification was performed. Using the Image J software
program, the average area of the staining zones on Bcl-2 and
Bad was determined on digital images. The ratio of Bcl-2
expression area to Bad expression area was calculated.

Statistical processing of research results was carried out
using Statistica 6.1 (serial number AXXR101E832903FA). To
analyze the data obeying the normal distribution (the average
staining area of Bcl-2 and Bad proteins), the arithmetic mean
and standard error of the arithmetic mean were calculated; the
significance of differences between the studied groups was
established using Student’s ¢-test. The significance of data
differences other than the normal distribution (the ratio of
Bcl-2 expression area to Bad expression area) was determined
using the nonparametric Mann—Whitney test. Differences
between the values compared were considered statistically
significant at p < 0.05.

Results

In the liver of the male mice studied at the age of 10 weeks,
stagnations in the interlobular veins, dilatation of lymphatic
vessels and bile ducts were detected. Signs of protein dystro-
phy and lipid accumulations, mainly of small droplet nature,
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Fig. 1. The liver of db/db mice aged 10 weeks: a - poorly marked immunohistochemical staining for the proapoptotic protein Bad
with subsequent Maier’s hematoxylin staining; b - pronounced immunohistochemical staining for the antiapoptotic protein Bcl-2
with subsequent Maier’s hematoxylin staining.

Here and in Fig. 3: black arrows point to immunohistochemically colored sinusoidal capillaries in the liver; white arrows point to immuno-
histochemically colored hepatocytes. Magnification is x400.

were found in some hepatocytes and in groups of parenchymal
cells located mainly in the intermediate zones of the hepatic
lobules.

Immunohistochemically, a weak Bad-positive signal was
identified in individual hepatocytes and in the heterogene-
ous population of sinusoidal cells of liver blood capillaries
(Fig. 1, a) involved in the formation of the blood-lymph bar-
rier in the liver, including endotheliocytes, Kupffer cells, Ito
cells and Pit cells (Michurina et al., 2016a). At the same time,
pronounced immunohistochemical staining was also observed
in liver cells for the antiapoptotic protein Bcl-2. In the hepatic
lobules, the marker studied was accumulated mainly in the
endothelial cells of the lining of blood sinusoidal capillaries
and in single hepatocytes (see Fig. 1, b).

Quantitative evaluation of the expression of the antiapop-
totic protein Bcl-2 and the proapoptotic protein Bad showed
an excess of the immunohistochemical staining area for the
Bcl-2 protein over the value of this parameter for the Bad
protein in the liver of db/db mice males aged 10 weeks (Fig. 2).

In the liver of male db/db mice at the age of 18 weeks, signs
of nonalcoholic fatty liver disease (NAFLD) development
were more pronounced than in animals aged 10 weeks. Dif-
fuse accumulation of medium-sized and large lipid droplets
was found in parenchymal cells of all hepatic lobule zones.
It developed against the background of disturbances in micro-
circulation, intraorgan bile transport, a significant dilatation of
blood and lymph vessels in the triad system and central veins.

50 ¢ * M Bcl-2

Area of staining, pixels sq.

10 18
Age of animals, week

Fig. 2. Areas of Bcl-2 and Bad protein staining in the liver of db/db mice
aged 10 and 18 weeks.

* The differences were significant between groups of “10 weeks” and
“18 weeks” (p < 0.05).

The study of the expression of apoptosis molecular-cell
regulators of BCL-2 family proteins in the liver of male db/db
mice at the age of 18 weeks revealed a pronounced immuno-
histochemical staining for the proapoptotic protein Bad of
endothelial cells of blood sinusoidal capillaries. A strong Bad-
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Fig. 3. The liver of db/db mice aged 18 weeks: a - pronounced immunohistochemical staining for the proapoptotic protein Bad
with subsequent Maier’s hematoxylin staining; b — weak immunohistochemical staining for the antiapoptotic protein Bcl-2 with

subsequent Maier’s hematoxylin staining.

20 -
— Median
0 25-75%
® Arithmetic mean

0.6

The area ratio index Bcl-2/Bad

0.4

02

10 18
Age of animals, week

Fig. 4. The Bcl-2/Bad staining area ratio.

*The differences are significant between the groups “10 weeks”and “18 weeks”

(p < 0.05).

positive signal was detected in hepatocytes located mainly in
periportal zones and around central veins (Fig. 3, a) as well as
in the ductal epithelium of triad bile ducts. At the same time,
weak immunohistochemical staining for the antiapoptotic
protein Bel-2 was detected in cells of the blood-lymph barrier
in the liver and in single hepatocytes of epy animals studied
at the age of 18 weeks (see Fig. 3, b).
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Morphometric analysis of the liver of 18-week-old animals
showed an increase in the Bad protein expression area, com-
pared to 10-week-old mice. At the same time, the staining
Bcl-2 protein area did not change in comparison with the
animals at the age of 10 weeks (see Fig. 2).

Evaluation of the ratio of Bcl-2/Bad expression areas
revealed a significant decrease in this index in 18-week-old
db/db mice compared to 10-week-old animals (Fig. 4), due to
an increase, mainly, in the Bad expression area in the animals
aged 18 weeks. Data obtained indicate the absence of antiapop-
totic cell protection of organ cells, which creates conditions
for activation of the mitochondrial pathway of apoptosis in
liver cells of the db/db mice at the age of 18 weeks.

Discussion

It is known that the development of programmed cell death is
influenced by posttranslational modifications of BCL-2 family
proteins. One of the ways to regulate the activity of apoptosis-
inducing proteins is the phosphorylation/dephosphorylation
process, which affects their ability to form heterodimers with
other members of the BCL-2 family proteins. According to
current data, the induction of the antiapoptotic protein Bcl-2
expression causes the closure of mitochondrial membrane
channels and prevents the release of the protease AIF (apo-
ptosis inducing factor) and cytochrome C, thereby protecting
the cell from apoptosis. At the same time, Bel-2 blocks lipid
peroxidation reactions in cell membranes, protecting cells
from damage by free radicals and thus preventing the deve-
lopment of apoptosis (Chevalier et al., 2000; Paltsev, 2002;
Mushkambarov, Kuznetsov, 2007; Dewanjee et al., 2015). We
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had previously found that db/db mice were already obese by
10 weeks of age and had severe hyperglycemia with plasma
glucose levels of 506 mg/dL (28.1 mmol/L) and higher. There
were no significant differences in glucose, triglyceride, total
cholesterol, ALT, or GGT levels in the db/db mice aged 10 and
18 weeks (Michurina et al., 2016b). At the same time, as was
found in this study, the expression area of the antiapoptotic
protein Bcl-2 exceeded the value of the imunohistochemical
staining area of the proapoptotic protein Bad in the liver of the
10-week-old animals. Results obtained indicate the presence
of antiapoptotic protection of liver cells at this stage of the
NAFLD development.

We have previously identified ultrastructural disorders
of the energy and protein-synthesis apparatus in liver cells,
carbohydrate and fat metabolism disturbances in the liver
of 18-week-old male db/db mice with DM2, which leads to
the development of protein and fat dystrophy in hepatocytes
(Michurina et al., 2016b).

Disorders of blood circulation and lymph flow in the db/db
mouse liver lead to a disruption in the morphological orga-
nization of the blood-lymph barrier in the liver, and cause
a decrease in LYVE-1 receptor expression on endothelial
sinusoid cell membranes. Such morphological rearrangements
contribute to the development of tissue hypoxia, oxidative
stress and mitochondria damage, which are the inducers of
cell death (Eckert et al., 2003; Michurina et al., 2016b). Under
these conditions, the mitochondrial pathway of cell apoptosis
is launched using the BCL-2 protein family. When the outer
membrane of mitochondria is disturbed, a thermolabile fac-
tor is also released from the intermembrane space, catalyzing
reactions with O, and leading to the development of oxida-
tive stress. In this case, reactive oxygen species (ROS) are
formed that destroy mitochondria and are powerful inducers
of apoptosis (Kolesnikov et al., 1999; Dewanjee et al., 2015).

The development of microvesicular steatosis is also con-
sidered to be a consequence of severe mitochondrial dys-
function (Begriche et al., 2011). The same mitochondrial
disorders are thought to be a common cause of small-bubble
steatosis and apoptosis development in obese mice (Trak-
Smayra et al., 2011).

In this study, we identified the greatest changes in the en-
dothelial cells of the liver blood sinusoidal capillaries. We are
just beginning to understand the complexity of the endothelial
cell functions. It is now proven that these cells control liver
regeneration as “a spatiotemporal rheostat”. Dynamically
regulating the angiopoietin-2 expression, they coordinate their
own regeneration and proliferation of hepatocytes, support the
restoration of connective tissue, and control the maturation
and resting state of blood vessels (Hu et al., 2014). The en-
dothelium acts as the first line of defense against invasion by
pathogenic microorganisms, and also regulates vascular tone
and permeability. Since damaged endotheliocytes can separate
from their basement membrane and circulate freely in the
blood, the possibility of detecting endothelial apoptosis in vivo
was discussed. The degree of development of vascular injuries
directly correlates with organ trauma in critically ill patients
(Hutchins et al., 2013). The pronounced immunohistochemical
staining revealed by us in the liver of the 18-week-old male
db/db mice for the proapoptotic protein Bad of endothelial
cells of the blood sinusoid capillaries with a low level of the
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antiapoptotic protein Bcl-2 expression in them indicates the
development of a mitochondrial pathway of apoptosis in the
cells of the blood-lymph barrier in the liver under NAFLD
(Shimizu et al., 2011; Hutchins et al., 2013).

Since apoptosis is triggered through the inactivation of
Bcl-2 upon its binding to the Bad protein, the increase in the
proapoptotic Bad staining area established by us indicates
the absence of antiapoptotic protection and the apoptosis
development along the mitochondrial pathway in liver cells.
This is also confirmed by a decrease in the Bcl-2/Bad liver
expression area ratio in the male db/db mice at the 18th week
of life.

Conclusion

Immunohistochemical analysis and morphometric evalua-
tion of the expression of apoptosis molecular-cell regulators
of BCL-2 family proteins — the antiapoptotic protein Bcl-2
and the proapoptotic protein Bad — in the liver cells of male
db/db mice were carried out at different stages of obesity and
type 2 diabetes mellitus development. An excess of the value
of the Bcl-2 protein staining area over the Bad protein stain-
ing area was revealed in the liver of 10-week-old animals.
The Bcl-2/Bad expression area ratio was twice as high in the
10-week-old animals as in the 18-week-old animals, indicating
the presence of conditions for blocking apoptosis in the liver
of younger mice. At the 18th week of life, mice displayed an
almost threefold increase in the expression area of the Bad
protein against the background of an unchanged expression
of the Bcl-2 protein. The decrease in the ratio of Bcl-2/Bad
staining areas in the 18-week-old animals was due to the in-
crease in the Bad expression area. The obtained results indicate
the absence of antiapoptotic cell protection and the creation
of conditions for activation of the mitochondrial pathway of
apoptosis in the liver of the male db/db mice with pronounced
signs of obesity and DM2.
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Aparntaius cyabPo@docdoBaHMIMHOBOIO MeTOda aHa/In3a
OOIIVX IUMMAOB OJIS1 Pa3/JINYHbIX OM0JOTMYECKIX OOHEKTOB
Ha ripumepe Drosophila melanogaster

M.A. Epemuna ®, H.E. IpyHrenko

DepepanbHbii NccnefoBaTeNbCKUIA LLeHTP VHCTUTYT yutonorum n reHetukn Cnbrpckoro otaeneHns Poccuiickoin akagemun Hayk, Hosocmbupck, Poccus
® e-mail: eremina@bionet.nsc.ru

AHHoTayuA. JIunuaHblii 06MeH UMeeT peluatollee 3HaueHne B dusnonoruun. B nocnepHue fgecatunetna MopenbHbIi
06beKkT Drosophila melanogaster akTUBHO UCMONb3YyeTCA B U3yuyeHUN GyHAAMeHTabHbIX BOMPOCOB MeTabonmn3ma nu-
NVAOB 1 €ro HapyLLeHW, BKOYas OXMPEHNE, a TaKXKe B NMOUCKE TepaneBTUYECKUX Lieneii Ansa neyeHus metabonmnye-
CKUX HapyLIeHW y YyenoBeKa. bbICTpoe 1 TOUHOE KONMYECTBEHHOE ONpefeneHne CofepKaHUsA IMMNUAOB — BaXKHbIN Lar
B peLueHuUn 3TrX 3agay. BnepBble MeTof KONMUYeCTBEHHOTO U3MepPeHUs OBLUX IMNULOB C UCMOMb30BaHNeEM Cynbdo-
docdosaHunmHosoro (COB) meTofa 6bin onucaH LlonbHepom ¢ Konneramu B 1962 1., a aganTypoBaH A1 HaCeKOMbIX
BaH leHfenem Ha camkax »enToimxopagoyHoro Komapa Aedes aegypti. lMpenmyLLecTBo 3TOro MeTofja no CPaBHEHNIO C
TPaAVLMOHHBIMU rPaBUMETPUYECKIM U XpOMaTorpadpryeckMm MeTofamy aHanm3a 3akJilo4aeTcs B TOM, YTO OH MO3BO-
naeT 06XoANTbCA MUHUMANbHbBIM KONMMYECTBOM G1OSTOMMYECKOro MaTeprana, He TpebyeT CIOXHbIX MaHUMYNALMIA € 06-
pasLom, ABAETCA BbICOKOUYBCTBUTENbHBIM, BOCMPOU3BOAVIMBIM 1 TPOCTHIM B peanv3aLmm ¢ MMHUManbHbIM Habopom
obopynoBaHus. B HacTosAweln paboTe onvcaHa moguduKauua npotokona BaH leHaens, no3sonsioLlan ocyLecTBAATb
apanTaumio METoa KONMYeCTBEHHOMO OnpeaeneHns obLUxX MMNMAOB AN1A Pa3MYHbIX OPraHU3MOB, Ha MPUMepe Kac-
cnyeckoli bronornueckoin mogenu D. melanogaster. B npeacTaBneHHOM NpoToKosie aAanTUpPoBaHbl BpeMs peakLuu,
06beMbl XMMYECKMX PacTBOPOB 1 peareHToB AJ1A MPOoBeAeHNA aHanv3a obpasLoB MHANBUAYaNbHbIX Apo3odun. JaH-
Has paboTa ABNAETCA aKTyanbHOW, Tak Kak OMMCbIBAET YHMBEPCATIbHYIO CXeMy, cornacHo Kotopoit COB meTon mMoxeT
ObITb afaNTUPOBaH AN KONIMYECTBEHHOTO aHaM3a CoAepKaHMs oOLWMX NUNULOB Y WNPOKOro crekTpa buonoruye-
CKMX 06BEKTOB. [Nl NpOBepKM pe3ynbTaTMBHOCTA MOANGULMPOBAHHOTO METOAA Mbl U3MEPUIN COAepKaHre obLLKX
nunuaoB y camok D. melanogaster, Hecywiyx runomopdHblie MyTaLMmn reHOB MHCYSIMHOBOTO CUTHANbHOIO Kackaga dilp6
1 dfoxo, no cpaBHEeHWMIO C NMUHMeN arkoro Tuna Canton-S v noka3sanu ydyactue dilp6, Ho He dfoxo B perynauum >nuposoro
o6meHa. MonyyeHHble pe3ynbTaTbl NoAYepPKMNBatOT 3GGEKTUBHOCTD KONIOPUMETPUYECKOTO METOAA C UCMONb30BaHNEM
CDB peakuyuy 1 cnekTpoGOTOMETPUU 1A KOIMYECTBEHHOTO aHaN3a CofepKaHns oBLLMX IMNULOB.

KnioueBble cnosa: Drosophila melanogaster; cynbdodocdpoBaHMINHOBBIV METOA; KONOPUMETPUS; CNEKTPOPOTOMETPUS;
obLwme NNuabl; XMPoBo 06MmeH; MyTauun dilpé4' n dfoxoBG01018,

[na yntuposauua: EpemnHa M.A., TpyHTeHko H.E. AganTauua cynbdodpocPpoBaHUIMHOBOrO MeTofa aHanm3a obLmx
NUMNUAOB ANA pasnyHbIX Grionornyecknx o6bekToB Ha Npumepe Drosophila melanogaster. Basunosckudi xypHan 2eHe-
muku u cenekyuu. 2020;24(4):441-445. DOI 10.18699/VJ20.636

Adaptation of the sulfophosphovanillin method of analysis
of total lipids for various biological objects
as exemplified by Drosophila melanogaster

M.A. Eremina®, N.E. Gruntenko

Institute of Cytology and Genetics of Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
® e-mail: eremina@bionet.nsc.ru

Abstract. Lipid metabolism is crucial in physiology. In recent decades the model object Drosophila melanogaster has
been actively used in the study of the fundamental issues of lipid metabolism and its disorders, including obesity, as
well as in the search for therapeutic goals for the treatment of metabolic disorders in humans. Quick and accurate
quantification of lipid content is an important step in solving these problems. For the first time the method of quantita-
tive measurement of total lipids with the use of the sulfophosphovanillin (SPV) method was described by ZélIner and
colleagues in 1962, and adapted for insects by Van Handel on females of the yellow fever mosquito Aedes aegypti. The
advantages of this method compared to traditional gravimetric and chromatographic methods of analysis are the use
of a small amount of biological material, lack of need for complex manipulations with the sample, its high sensitivity,
reproducibility and simplicity of implementation with a minimum set of equipment. Here, a modification of the Van
Handel protocol is described, which allows the method to be adapted for quantitative determination of total lipids
for various organisms as exemplified a widely used model, D. melanogaster. To test the effectiveness of the modified
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method, we measured the content of total lipids in D. melanogaster females carrying hypomorphic mutations of the
dilp6 and dfoxo insulin signaling pathway genes compared to the wild-type Canton-S line, and showed that dilp6 took
part in the regulation of fat metabolism, while dfoxo did not. The results obtained emphasize the effectiveness of the
colorimetric method with the use of SPV reaction and spectrophotometry for the quantitative analysis of total lipids.

Key words: Drosophila melanogaster; sulfophosphovanillin method; colorimetry; spectrophotometry; total lipids; lipid

metabolism; mutations dilp%4’ and dfoxoBG07018,
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BBepeHune

Jlunuaaelii 0OMEH MMeeT pelnaroliee 3HaYeHHue JJIsI BbI-
JKUBAHUS W PA3MHOKEHHSI OPTaHIU3MOB, TTOCKOIIBKY JTUTTHIBI
(hOpMUPYIOT SHEPTETHUECKUH Pe3epPB OpPraHu3Ma H SBISIOTCS
BaXHBIMH CTPYKTYPHBIMH KOMIIOHCHTAMHU KJICTOUHBIX MEM-
Opan u curHanbHBIME MoJieKynamu (Trinh, Boulianne, 2013).
Jlis n3ydeHuss MEXaHU3MOB PETrYISIUH METa00INIeCKOro
oOMeHa M ero HapylIeHUH, BKJIOYas OKHUPEHHE, a TaKXKe B
MOWCKE TEPANICBTHUECKUX LIEJCH A JedeHUs MeTabom-
YEeCKHMX HapyLICHUH y 4YeJoBeKa 4acTO MPOBOJT HCCIE0-
BaHMsI Ha PA3IMYHBIX KMBOTHBIX MOJIENSX, OT HEMATOJbl
npo3oduis 1o TpeI3yHOB U puMaroB (Kleinert et al., 2018).
Drosophila melanogaster MOAXOMUT IS MOZICIAPOBAHHUS
MeTabomuIeckux 3a00JIeBaHMiA YeTOBEKa, TOCKOJIBKY, BO-TIEp-
BBIX, OOJIBINIAS 9aCTh TCHOB M CEMEICTB T'€HOB, CBA3aHHBIX C
peryisimei yriieBogHO-)KUPOBOTO META0OIMYECKOTO Ty TH,
HBOJIIOIMOHHO KOHCEPBAaTUBHBI y JIPO30(IIBI M YEIOBEKa;
a BO-BTOPBIX, Ipo30(hriaa UMeeT MEHee CIOKHBI TeHOM U
MEHBIIYI0 U30BITOYHOCTH I'C€HOB, YEM ITO3BOHOYHBIC, YTO
JlaeT 3HAYUTENbHbIC TIPEUMYIIECTBA B U3YYCHUH (PYHKIUI
TSHOB i1 Vivo U OTIpeIeICHHH HOBBIX KOMITOHEHTOB 1y TH (Liu,
Huang, 2013; Alvarez-Rendon et al., 2018).

KoHcepBaTHBHOCTB pacrpocTpaHseTcs 1 Ha QyHKIIMOHAIb-
HBI YPOBEHB: KHPOBOE TEJIO HACEKOMOTO (aHAJIOT MTEUYeHH U
0eJ10i1 KUPOBOW TKaHM MIIEKONHMTAIOIINX) Y4acTBYEeT B MO-
IJIOIICHKH, 3aITaCaHiy U OOMEHE nuTaresibHbIX Bertects (Liu,
Huang, 2013; Musselman, Kuhnlein, 2018). Coxep:xanue
JKUpa B OPraHU3ME MyX MOXKET BAPHUPOBATH B IIUPOKUX MPEC-
JIeJIax U CIY>KUTh UyBCTBUTEIIbHBIM JIMATHOCTHYECKUM KPHTE-
pHieM, YKa3bIBAIOIINM Ha JEcOaaHC B METa00IN3ME JTUITHIIOB
(Hildebrandt et al., 2011). BeicTpoe 1 TOUHOE KOJIMUECTBEHHOE
OTIpeZIeTICHUE YPOBHS JIMIIM/IOB OYEHb BaYKHO ITPY IPOBEACHUN
HCCIIeTOBaHU B 3T0H cdepe. K TpaauIimoHHBIM METO1aM KO-
JIMYECTBEHHOTO ONPEAEIICHUS JINITHI0B, KaK IIPABUIIO, OTHOCST
IpaBUMETPHUECKHIA MIIN XpOMaTOrpadUuecKii METO/IbI aHa-
JM3a, HEAOCTaTKaMH KOTOPBIX CYUTAOT CIIOKHOCTE TIPOBEIC-
HUSI, TPYAOEMKOCTh, HCIOJIB30BaHNE OOJIBIIOTO KOJIMYECTBA
HCXOIHOTO MaTepuaa, YTo 3aTPyIHSIET BBINOTHEHNE HEOO0b-
KX 110 00BEMY aHATH3UPYEMOTO MaTepralia KCIICpUMEHTOB
(Anschau et al., 2017; Patel et al., 2019).

Psn uccnenoBanuii Joka3bIBaeT, UTO KOJIOPUMETPHUUECKUI
MeTO Ha OCHOBe cynb(odochopanmmmHoBoi (CDB) peak-
UM SIBJISIETCS] YHUBEPCAIBHBIM: TIPUMEHSIETCS JUISL OTIpe/ie-
JICHUS COJCP KAHUSA OOIIMX JIUMHMIOB U B CIMHHOMO3TOBOM
JKUJIKOCTH, M B CHIBOPOTKE W IIa3Me KPOBH UECIOBEKA, U B
MHUIIEBBIX MPOJIYKTaxX 1 dKosorndecknx oopasmax (Park et al.,
2016). Meton ananu3a oOUTMX JIMIHUIOB Y HACEKOMBIX BIIEp-
Bbie onucad Ban I'ernenem (Van Handel, 1985) mis camok
JKEIITOIIMXOPaIoYHOT0 Komapa Aedes aegypti. B HacTosiiee
BpeMs JIaHHBII KOJOPUMETPUUYECKUM METOZ UCIOJb3YETCs
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JUIS pAfa JPYTHX BUIOB HACEKOMBIX, B YHCIIO KOTOPBIX BXO-
qat ceepuku Gryllus bimaculatus (Fukumura et al., 2018) u
15 npencraBurerneii cemelicTa xecTKOKpbUIBIX (Bozdogan et
al., 2016), a Taxxxe MOANMUITIPOBAH [T SHOMAPA3UTONIIOB
Venturia canescens (Foray et al., 2012), knemeit Ixodes ricinus
(Abdullah et al., 2018), psi06 (Lu et al., 2008), mpocTeiimmx
(Park et al., 2016) 1 xeMOIUTOTPODHHBIX MUKPOOPTaHIU3MOB
(Anschau et al., 2017). CTout no4epkHyTh, 4YTO METO, IIPE/I-
noxeHHbI emie B 1962 r. (Zollner et al., 1962; uut. no: Po-
CTOBIICB, Pe3nnk, 1982), 1 cerogus He MOTEPsUT aKTyaTbHOCTH
1 TIpHOOpeI psii MOIU(PHUKALINH, OTBEYAIOIINX COBPEMEHHBIM
LEJISIM ¥ pa3HOO00Pa3Hi0 0OBEKTOB HCCIICOBAHHIMA.

IIpeumyiecTBo 3TOro NPOCTEMIIEro METOIA 3aKIII0UAET-
Csl B BOSMO)KHOCTH aHAJIM3a 00pa3IloB MaJIbIX 0OBEMOB U B
OBICTPOM KOJIMYECTBEHHOM M3MEPEHHH COICPIKAHUS OOLIUX
munioB (Park et al., 2016) ¢ ucnonp3oBanneM MUHUMAITEHO-
ro Habopa o6opynoBanus. [IpuHIMT METO]a OCHOBAH HA TOM,
yro COB peakuus TpeOyeT ABOWHOM CBS3U YIIIEPOI—yIIIEPO]
WIN CBOOOJHBIX THUAPOKCHUIBHBIX TPYI B JUIMUAHBIX KOM-
MOHEHTAaX; KOHIICHTPUPOBAHHAS CEpHAsl KHUCJIOTA BCTYMAET
B PEAKLHUIO C HEHACBIIICHHBIMHU JINIIHJIAMU C 00pa3oBaHuEM
KapOoHMEeBOTO aHNOHA; (hochopHast KHCIOTa BCTYTAET B pe-
aKIUIO C BaHWIMHOM C oOpa3oBaHueM (ocdarHoro 3¢dupa,
MIPUBO/ISL K YBEIMYCHUIO PEaKLIMOHHOM CIIOCOOHOCTH KapOo-
HUJIBHOM I'PYIIbI; KApOOHUEBBIH aHUOH BCTYTAET B PEAKIUIO
¢ KapOOHIIIBHOM TpyMIoi hochoBaHWINHA C 00pa30BaHHEM
cTabuibHOTO OKpamieHHoro komiiekea (Knight et al., 1972).
VHTEHCHBHOCTH OKPAITMBAHUS MOXKET OBITH KOJIMUECTBEHHO
onpezaeseHa ImyTeM U3MepeHust HoroneHus npu 525-530 um
C HCHOJIb30BaHUEM criekTpodoromerpryecknx metonos (Park
etal., 2016).

XOTs KOJOPUMETPUYECKHH METOJ Ha IpUMepe Koymde-
CTBEHHOI'O aHaJIM3a COACPIKAHMUS HEUTPAIBHBIX JHUIIH/OB
TpurmuepuoB (90 % oT Bcex TUMHIOB) OBUT IMOABEPKECH
kputuke (Al-Anzi, Zinn, 2010), oH MOKa3bIBACT CXOJTHBIC
pe3yabTaThl Kak ¢ TOHKOCJIOWHOM XpoMarorpaduei, Tak u ¢
konopumMeTprudeckuM anamm3oM (Cheng et al., 2011; Tennes-
sen et al., 2014; Byreddy et al., 2016).

Takum 00pa3oM, BO3MOXKHOCTb a/IalITUPOBATh 3TOT MPOCTOM
1 3(h(HEKTUBHBIN METOJ aHAJIN3a JUT PA3IUYHBIX BUOB KHU-
BOTHBIX IIPE/ICTaBIIsICT HECOMHEHHBIH HHTEpec. B HacTosmei
pabote MbI TipesiaraeM nporokon agantanuu COB merona
JUIsl KOJIMYECTBEHHOM OIIEHKH COJCPKaHMs OOIIUX JIUTHUIO0B
Y MHANBULYaTbHBIX MyX D. melanogaster v pe3ynbTaTsl IpH-
MEHEHHUsI TOI'0 METO/1a IIPY U3yUYESHHUHU COJCPIKAHHS JIUITHJIOB Y
JIBYX JINHUH ¢ MyTallUsIMU TEHOB HHCYJIMHOBOTO Kackana. Jliis
poBepKH dPPEKTUBHOCTH METO/IA MBI HCCIIEIOBAIIN COJIep-
JKaHWE OOILUX JIMITUIOB Y MyX, HECYIIIMX THIIOMOP(]HBIE My-
TaIMy TEHOB MHCYMHONOom00Horo nentuaa DILP6 (dilp6*!)
u TpanckpurionHoro dakropa dFOXO (foxoBG01018) Mt
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rnoJjaracM, 4To NpoBCACHHOC UCCICAOBAHNUE MTO3BOJIUT OLC-
HUTH Yy4aCTHUE JAaHHBIX TEHOB B JIMITUIHOM oOMeHe.

MaTtepwuanbl n metogbl

Pearentsl

» Xnopodopm (99.1 %) XY (AO «baza Ne | XuMpeakTHBOBY,
Poccus);

» metanon (99.5 %) XY (3AO0 «Bexron», Poccus);

* cepHast kucioTa (93.5-95.6 %) OCY (BAO «Coro3xum-
npom», Poccns);

* oproocdopnas kucnora (85 %) OCU (3AO «Coro3zxum-
pom», Poccns);

 BaHmauH kpuctamudeckuit (IOCT 16599-71);

* paduHEpoBaHHOE MoacorHegHOoe Macio (TOCT 1129-2013).

JKcnepuMeHTalIbHbIE ;KUBOTHBIE. MyXH COlEpKaINCh
Ha CTaHJAPTHON MUTATEeILHOM cpee (arap-arap, 7 /i1, KyKy-
py3Has MyKka, 50 1/11; cyxue apoxoku, 18 r/m; caxap, 40 v/m) B
unkyOarope (Sanyo, SImonns) npu Temneparype 25 °C, oTHO-
cureabHoM BiiaxkHocTu 50 %, 12-yacoBoM cBeTOBOM JHE. J{ist
9KCTIEPUMEHTOB NMAro CHHXPOHU3UPOBAIIH T10 BBUIETY (MyXHU
cobupanuck B TeueHne 3—4 1). B pabore 6butH HcToNb30Ba-
Hbl Tpu IuaKMu D. melanogaster: manus dilp6*! ¢ neneuneit
3'-obmactu reHa phl, 5'-obnactu rena dilp6, 3aXBaThIBAIOIICH
MepBBIH AK30H U 4acTh nepsoro nHTpoHa (Rauschenbach et
al., 2016); nunus foxoBC010!8 yecymas Bcrpoiiky P-anemenTa
[GT1] B 5'-06nactu reHa dfoxo, MPUBOAAIIYIO K YACTUIHOMN
norepe Gpynkuuu rera (Dionne et al., 2006); 1 TUHAS AUKOTO
tuna Canton-S. Bee nunun nomy4enst u3 Bloomington Dro-
sophila Stock Center.

IlonroroBka u xpanenue o06pa3uos. s npenoTspaiie-
HUs pepMeHTaTHBHOW Jerpaaanuu aunuaoB Ban [ennens
PEKOMEHIYEeT XPaHUTh HACEKOMBIX pH Temreparype —20 °C
WM HIDKe 100 BeIcymmBark ux npu 90 °C st ocTaHOBKH
(epmentaruBHoi aktuBHOcTH (Van Handel, 1985). Onu-
CaHa TaK)Ke BO3MOXKHOCTh XPaHHUTh HacekoMbIX B 70-95 %
9TaHOJIE; IIPU ATOM /ISl TPEAOTBPALICHUS PepMEHTATHBHON
Jerpajanuu npu xpaHeHuu Bbime —20 °C pexomeHxyercs
n3Mmensuath Hacekomoe (Lee, 2019). B macrosmeii padore
MYX 3aMOPXHMBAIIU B )KUIKOM a3ote (—195.75 °C) n xpanunu
npu —80 °C. Bo u30exaHne BAUSHUS [T1a3HOTO MUTMEHTa Ha
pe3yabTaThl U3MEPEHHUH Mepesi aHAIN30M MYX JEKalUTHPO-
Basn. B opurnnansaom merone (Van Handel, 1985) y camox
PEKOMEHYeTCsl YAAISTh SHYHUKH JIMOO HE MCIONb30BaTh B
OTIBITaX OIUIOJIOTBOPEHHBIX CAMOK, TaK KaK JINIIH/bI B SITUHHU-
Kax 3aracaroTcsi JUIsl IIOCIIeTyOIEro Pa3BUTHsI TOTOMCTBA 1
HE UMEIOT YCTaHOBJIGHHO MMUTATENIbHOM [IEHHOCTH JUIsl MyX.
Ho nockoineky y 1po30(huit He IPEACTaBIsAETCs BOZMOKHBIM
W3BJICYb SIMYHWKH, HE TIOBPE/IMB TIPH 9TOM CaMy MyXY, B Ha-
1Ieit paboTe Mbl OCTAPAIHUCH PELIUTH 3TOT BOIIPOC UCIIOJIb-
30BaHUEM JUIS aHAJIM3a HEOTUIOAOTBOPEHHBIX caMOK. Taroke
CJIC/TyeT OTMETHUTh, YTO KOJIMYECTBEHHOE H3MEPEHHE OOIIHNX
0B COB MeTo10M y MyX C SIMUHUKaMH HE PETISITCTBYET
00HAPYKEHUIO PA3ININil MEKTY JTMHUSIMH.

KoJsiopumeTpuyeckuii MeTo/1 KOJIMYeCTBEHHOH OLIEeHKH
coep:KaHus 00 LINX JUTMHIOB € NCIOIB30BaHHEM CYIbdo-
(docpoBanumHoBOI peaxumu. st momrydenus Gpocdona-
HIJIMHOBOTO peareHTa K 120 Mr BaHmInHA 100aBisutH 20 Mt
ropsideil BOJbI M PasMELIMBAIM /IO TOJHOTO PacTBOPEHHS
BanunuHa. Jlanee notasnsanu 80 mn H;PO, no xoneunoit
KOHIIeHTparmu 1.2 Mr/mit.
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ApanTtaumsa cynbdodpocPoBaHUINHOBOTO MeToAA
aHanM3a o6WmX NMMNMAOB Ha NpuMmepe APo30dhubl

JlunuHble cTanaapThl, Hanpumep TpuosenH (92860; Sig-
ma), MOKHO TIPHOOPECTH y MOCTABIIMKA XUMUYECKUX Be-
IIECTB W Pa3BOAMTH A0 HYXHOH koHumeHTpauuu (Foray et
al., 2012), onnako B padore (Byreddy et al., 2016) yka3aHo,
YTO TPUOJIEHH JJAET CIHIIKOM CHJIBHOE OKpAIlMBaHHE U HE
MOAXOUT B KauecTBe CTaHAapTa. B KkadecTBe JTUMUIHOTO
CTaHAapTa UCCIIEA0BATEIN B OCHOBHOM HMCIOJIB3YIOT PACTH-
tenpHbIe Maca (Van Handel, 1985; Park et al., 2016; Anschau
et al., 2017). M3BecTHOE KOIMYECTBO CTAaHAAPTa BCTYIMACT
B PEAKIHIO C peareHTaMu JUIsl TOJyYeHUs] KaaruOpOBOYHOM
JIMHAW, TUHEHHBIE PETPECCHU YaCTO MMEIOT 3HadeHHe R2
0.95 nnw BeImie. B HacTosmiei paboTe B Ka4eCTBE JIUTHIHOTO
cranaapra ucnosszoBanu 0.1 % pacTBop padhMHUPOBAHHO-
ro noaconaednoro Macaa (FOCT 1129-2013) (0.919 kr/m3).
st mpurotoBnenus crannapra 10 Mr macia pacTBOpsUIH B
XJI0podopme /10 KOHEUHON KOHIEHTpauu 1 Mr/mir.

V3mepeHne KOHLEHTpALUK OOIMNX JMITHI0B MPOBOIMIN
MOCPEACTBOM MOTU(PHUIIMPOBAHHOTO IS IPO30(MITBI METOIA
Ban I'engens (Van Handel, 1985). B ¢Bsi3u ¢ ominausiMu apo-
30(hMIIBI OT KOMapa Ae. aegypti, ISt KOTOPOTO pa3padaThIBaI
cBoif Metont Ban ['eHzienb, B HatieM npoTokosie ObUTH Motudu-
LIMPOBAHbI BPEMsl peaKIii, 00beMbl XUMHYECKUX PACTBOPOB
peareHToB A5 [IPOBEICHNS aHaIT3a 00pa3II0B NHIUBHUIYab-
HBIX Jipo30o¢ui. MTHINBHIyaIbHYIO MyXy TOMOT€HH3HPOBAIN
B 100 MKIT OXJTXKIeHHOM cMecH xitopodopm-meranona (V/V),
MociIe 4ero oOpasiibl HHTEHCHBHO BCTPSIXMBAIH B TCUCHUE
10 MuH, ganee 50 MKJI CyniepHaHTaHTA IEPEHOCHUIIU B YUCThHIE
NpOOMPKH 1 HarpeBau B Mukporepmoctare M-208 («buc-Hy,
Poccus) mpu 90 °C 1o moaHOTO MCTApEHHUS PACTBOPHUTEI,
no6asnsnu 10 mxn H,SO, 1 HarpeBay 06pasibl MpU TOM ke
TemIieparype 2 MUH. 3aTeM 00pasiibl OXJIaX/alli Ha JIbIY U
no6aBnsn (hochOBaHUTHHOBBINA PEareHT A0 001Iero oorema
1 M. MaxyOupoBanu 15 MUH Ipy KOMHATHOH TeMIieparype B
TEMHOTE JI0 IPOSIBIICHUS] PO30BOT'0 OKpAIIMBaHHMsI, CTAOUIIBHO
COXpaHSBIIEroCs B Te4eHNE | 4. AHaIM3MPOBaIN 00pa3Ibl B
cnekrpodoromerpe Smart Spec Plus (Bio-Rad, CIIIA) npu
JUTMHE BOJIHBI 525 HM IPOTHUB «XOJOCTOr0» 00pasiia, couep-
JKaIero ToJIbKo GpochOBAaHUIMHOBHIN peareHT.

Just mocTpoeHnst kannbpoBouHoi nuHUE Dopeii ¢ kom-
neramu (Foray et al., 2012) pekOMEHIYIOT HaUUHATH C KOH-
LIEHTPALUK HIKE 0)KNAAEMO B 00pasiie HACEKOMOTO U 3aKaH-
YMBaTh KOHIIEHTpaLeH BhIlIe oxxnaeMoit. Kanmnbposounyto
JIMHUIO TIOJIy4YaJld C MCIOJIb30BAaHUEM JEBSTH pa3BeICHUI:
0, 1, 5, 10, 20, 40, 60, 80 u 100 MKT ITUOUIHOTO CTaHIAPTA
B Tpex NoBTopax. Jlanee mpoueaypy BBIOJHSIIN COINIACHO
BBILIEONUCAHHOMY ITPOTOKOJLY.

Crarucrunyeckmii ananau3s. Pacuer pe3ynabTaroB NpoBO-
JIVJTH HA OCHOBaHMH JIAHHBIX KaTMOPOBOYHOM muHuH. JlocTo-
BEPHOCTh PE3YJIbTaTOB OLEHUBAIU C TIOMOIIBIO {~KPUTEPUSI
CrprofieHTa.

PesynbTatbl 1 06CyxaeHne

MocTpoeHne rpaaynpoBOYHON KPUBO ANA onpepeneHns
copepaHua obwmx nunuaos y D. melanogaster
[TocpencTBoM CEKTPOPOTOMETPHUUECKOTO MOTIOMIEHHS 13-
BECTHBIX KOHIIEHTpAUMH pad)UMHUPOBAHHOTO TOJICOIHEYHO-
TO Macia mpHu 525 HM ToNlydeHa TpagyHpOBOYHAS KPHUBAs
(puc. 1). Ycranosnena smHeliHas perpeccust: y = 0.0023x +
+0.0369; R?=0.9971.
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Fig. 1. Calibration line of the product of the sulfophosphovanillin reaction
with sunflower oil dissolved in chloroform to the concentration T mg/ml.
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Canton-S DILP6 dFOXO

Fig. 2. The level of total lipids in 3-day-old D. melanogaster females of
the wild-type line Canton-S and lines carrying hypomorphic mutations in
the genes for insulin-like peptide DILP6 and transcription factor dFOXO.

Each value is an average of 16-20 measurements. Means + SE are indicated.
**¥p < 0.001 - the significance of differences between mutant females with
the mutation in the insulin-like peptide DILP6 gene (dilp64’) and females of
the Canton-S line.

AmHani3 00pa31oB ¢ U3BECTHOM KOHIICHTPAIHUEH JIUITHIHO-
TO CTaHAAPTA MOKAa3aJl, YTO METOJ SIBISAETCS 1yBCTBUTEIBHBIM
1 CIOCOOEH TOYHO ONPE/CISTh YPOBEHb OOUIHMX JIMIHIIOB B
nuarnasone ot 0 1o 100 Mxr.

OnpepeneHne cofepxaHnAa o6LWNX MMNNL0B
y camok D. melanogaster c runomop¢HbIMy MyTaLmnamm
reHoB VHCYNIMHOBOTO Kackapaa dilp6 v dfoxo
M3BecTHO, YTO MHCYIMHOBBIM CHTHAJBHBIA KackKas Jpo30-
(bl/lﬂbl BKJIIOYA€T HICCTh TOMOJIOTOB MHCYJIMHA 1 UHCYJIMHOIIO-
TOOHBIX (hakTOopoB pocTa MitekonuTaromux (DILPs1-6), xo-
TOpBIE CBS3BIBAIOTCS C CMHCTBEHHBIM WHCYIMHOIIOZOOHBIM
peuerntopom apo3oduiisl (dInR), akTHBUPYOLIMM HHCYIHHO-
BBIH kackay (Gruntenko, Rauschenbach, 2018), u 1Ba romo-
nora penakcuHa (DILPs7, 8) (Gontijo, Garelli, 2018). Ctumy-
nsinmst dInR gepes cyOcTpar HHCYJIMHOIIOJOOHOTO perenTopa
(CHICO, romomor IRS1-4 miieKOUTAIOMNX) TPUBOIUT K
aktuBannu dAkt/PKB (romonor nporennkunassl B), kotopast
MOJIYJIMPYET aKTHBHOCTB pPsijia OEJIKOB, B YaCTHOCTH TpaHC-
KpunmuoHHOTO (hakTopa cemeiictBa Forkhead box class O,
dFOXO (romonor FOXO1, 3a u 4 y mexonutaromux) (Al-
varez-Rendon et al., 2018).

Panee metomom I1L[P B peampHOM BpeMeHH OBLIO YCTaHOB-
JICHO IByKpaTHOE CHIKEHUE YPOBHSI SKCIIPECCHU T'eHa dfoxo
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(Gruntenko et al., 2016) u cumxenue B 13 pa3 ypoBHsI 3Kc-
npeccuu rera dilp6 (Epemuna u np., 2019) B xupoBom Tene
(ocHoBHOM Mecte cunTeza dFOXO n DILP6) y camok miHnMi
¢ myrauuei dilp6*’ u foxoP901018 coorercTBEHHO, IO CpaB-
HEHHUIO C YPOBHEM JKCIIPECCHH ITHUX '€HOB B )KHPOBOM TeEIE
y caMoK JInHnH Jukoro tuma Canton-S. Kpome Toro, Mbl 00-
Hapy KWJIH, 4TO YPOBEHb IIIFOKO3bI U TPETaio3bl — 0CHOBHOTO
caxapa HacEeKOMBIX, y CAaMOK 00€HX MyTaHTHbIX JIMHUH MO-
BBIIIEH 110 CPABHEHMIO C KOHTpOJbHOU JmHuel Canton-S
(Epemuna u ap., 2019). Ha ocHOBaHMH 3THX JaHHBIX MBI
TIPEIIOIOKIIIA BO3MOKHOCTD ydacTus TeHoB dilp6 u dfoxo
B PEryJIsIIUKM YPOBHS JKUPOB y Apo30(uibl. IJsi mpoBepKH
9TOH TMIIOTE3bl MBI CPABHUIIN COJICPIKAHNE OOLIMX JIMITUIOB
y camok D. melanogaster ¢ mytamasmu dilp6*! u foxoBG01018,
a TaKKe y CaMOK KOHTpOJIbHOH imHMn Canton-S ¢ ITOMOMIbI0
C®B merona. Pe3ynbraTsl IpoBEeACHHBIX N3MEPEHUI Mpea-
CTaBJeHbl Ha pucC. 2. OYEBUAHO, YTO y MYTAHTHBIX CAMOK
nunnd dilp6*! ypoBeHs 0GIIUX JIUITHIOB MOBBIIIEH [0 CPaB-
HEHHUIO C CAMKaMH JIUKOTO TUTA (Pa3INyusi JOCTOBEPHBI IIPH
p<0.001), omHako ypoBEHBb OOLTHX JUMUAOB Y CAMOK JIHHHIH
foxoBG01018 ye oTrMuaeTcst OT TAKOBOTO y CAMOK JTMKOTO THITA
Canton-S.

B crarse (Murillo-Maldonado et al., 2011) roBopurcs 06
YBEIMYEHHUH COEPKaHusI OOIINX JIUMUIOB y TMHHUHN C YaCTHI-
HOW moTepel PyHKIMKM I'eHOB MHCYJIMHOBOTO Kackana PKB,
dInR u chico. Kpome TOT0, aBTOPHI OTIPEICITHIIN COIePKAHHE
YIIIEBOJIOB y 9THX JIMHUH W IPOAEMOHCTPHPOBAIIH , UTO JIUIIb
y HEOOJIBIIOTO YHCia JMHUM HAOIIOAAINCh 3HAYUTEIbHBIC
m3MeHenus. Tak, reTepoanenbHas KomouHamms [nR37/EN
MPUBOAMIIA K 3HAYUTEIHHOMY YBEIHYCHHIO COACPIKAHUS
YIIIEBOJIOB, TOTjIa Kak s PKB!3 u chico’! cymecTBeHHBIX
M3MEHEHNH He HaOmonanock. PaHee HaMu OBIIO BBIIBICHO
ydactue TeHoB dilp6 u dfoxo B peryssiiuy yriieBOIHOTO 00-
MEHa, COITPOBOK/IAIOIIEECS TOBBIIICHUEM YPOBHS TITFOKO3bI 1
TPErano3sl y TAIOMOPQHBIX MyTaHTOB dilp6?! u foxoBC01018
(Epemuna u 11p., 2019). OmHako ocTaBanoch HEBBISICHEHHBIM,
YHYaCTBYIOT JIM 3TH T€HbI B PETYISIMU JUIKIAHOTO OOMEHa.
B HacTosmeit pabore ¢ moMoIIpI0 OBICTPOTO METOAA C WC-
TIOJTE30BaHUEM CYIb()OooCchHOBaHHIMHOBON PEAKITH MBI IO~
KazajH, 4YTO B PEryJsIMU JIMITUJAHOTO OOMEHa MPUHUMAET
yaactue dilp6, Ho He dfoxo. Hamm pe3yisTaThl coracyroTes
¢ pesyasraramMu Mypuimio-Manbsaonano ¢ xkomuteramu (Mu-
rillo-Maldonado et al., 2011) u CBUIIETENBCTBYIOT O TOM, YTO
TeHbl MHCYIMHOBOTO CHTHAJIBHOTO KacKaJa MOTYT BIIHATh
100 TOJBKO HA YITIEBOIHBINA OOMEH, Kak B ciydyae dfoxo,
71100 TOJIBKO Ha JIMITUIHBINA 00OMEH, Kak B ciiyyae PKBu chico,
00 1 Ha YIIICBOAHBIN, M HAa JUIUAIHBIHN, KaK B ciy4ae dilp6
u dInR. Bo3MOXXHBIE MEXaHU3MbI 3TOTO BIHSHUS TPEOYyIOT
JlaJbHEHILEro U3yYeHUs..

3aknioyeHune

[TonyueHHble JaHHBIE IGMOHCTPUPYIOT BBICOKY0 3D (heKTHB-
HOCTb M 4yBCTBHUTEIBEHOCTH KOJOPUMETPUYECKOTO METOAa
C UCHOJBb30BaHMEM cyabpodochoBaHMINHOBON peakuu
JUTSL OTIPCICIICHUS] YPOBHsI OOIIMX JIUIH/IOB, B TOM YHCJIC B
HH3KHX KOHLeHTpauusx. [IpoBeieHHbII aHAIN3 CoIepKaHus
001X JIMIHUI0B y caMok D. melanogaster ¢ TATIOMOP()HBIMU
MYTalUsIMU TEHOB UHCYJIMHOBOTO KacKaJ[a 3TO MOITBEPIKIACT,
JIEMOHCTPHUPYA y9acTHe reHa dilp6, Ho He dfoxo B peryasiyn
JKHpOBOro oOMeHa. TakuM 00pa3zoM, NMPeATIOKCHHBI HAMHU

BaBunosckuii xKypHan reHeTuku u cenekuum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 4



M.A. EpemuHa
H.E. TpyHTeHKO

MIPOTOKOJI MOAXU(DUKAIMH KOJIOPUMETPUIESCKOTO METO/Ia aHa-
JIM3a CoJIeprKaHus OOIIUX JIMITUIOB C UCTIOJIb30BAHUEM CIICK-
TPO(HOTOMETPHUU MOKET OBITH YCIICIIHO MPUMEHEH MPH U3Y-
YCHUU MEXaHU3MOB )KHPOBOTO OOMEHA Y IIUPOKOI0 CIEKTpa
OHOJIOTMYECKUX 00BEKTOB.
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nnatdopme HayuHom anekTpoHHoM 6nbnuotekm — elibrary.ru/title_about.asp?id=32440
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