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Dependence of the content of starch and reducing sugars
on the level of expression of the genes of f-amylases
StBAM1 and StBAM?9 and the amylase inhibitor StAI

during long-term low-temperature storage of potato tubers

A.V. Kulakova, G.I. Efremov®, A.V. Shchennikova, E.Z. Kochieva

Institute of Bioengineering, Federal Research Centre “Fundamentals of Biotechnology” of the Russian Academy of Sciences, Moscow, Russia
® gleb_efremov@mail.ru

Abstract. Solanum tuberosum L. is the most important non-grain starch crop with a potential yield of 38-48 t/ha
and a starch content of 13.2-18.7 %. Potato tubers are stored at a low temperature (2-4 °C) in a state of physiolo-
gical dormancy. A disadvantage of this type of storage is the degradation of starch and the accumulation of re-
ducing sugars (cold-induced sweetening), including due to an increase in the activity of f-amylases that hydrolyze
starch to maltose. In this study, a comparative analysis of the -amylase (StBAM1, StBAM9) and amylase inhibitor
(StAl) gene expression, as well as starch and reducing sugar content in tubers during long-term low-temperature
storage (September, February, April) was performed using potato cultivars Nadezhda, Barin, Krasavchik, Severnoe
siyanie and Utro. The 3-amylase genes, StBAM9 and one of the two StBAM1 homologs (with the highest degree of
homology with AtBAMT), were selected based on phylogenetic analysis data. Evaluation of the expression of these
genes and the amylase inhibitor gene showed a tendency to decrease in transcription for all analyzed cultivars.
The starch content also significantly decreased during tuber storage. The amount of reducing sugars increased in
the September-April period, while in February—-April, their content did not change (Krasavchik), decreased (Barin,
Severnoe siyanie) or continued to grow (Utro, Nadezhda). It can be assumed that the gene activity of StBAMT and
StBAM9 correlates with the amount of starch (positively) and monosaccharides (negatively). The level of StAl expres-
sion, in turn, may be directly dependent on the level of StBAM1 expression. At the same time, there is no relation-
ship between the degree of cultivar predisposition to cold-induced sweetening and the expression profile of the
StBAM1, StBAM9, and StAl genes.

Key words: Solanum tuberosum; potato cultivars; tuber storage; starch catabolism; gene expression; -amylase.

For citation: Kulakova A.V,, Efremov G.I., Shchennikova A.V., Kochieva E.Z. Dependence of the content of starch and
reducing sugars on the level of expression of the genes of 3-amylases StBAM1 and StBAM9 and the amylase inhibi-
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3aBUCVIMOCTb COAeprKaHNs KpaxMaJsa U peayIpyIoUIX caxapoB
OT YPOBHS 3KCIIpecCuy reHoB B-amuina3 StBAMI1 n StBAM9

I UHTMOuUTOpa aMmwmiaa3s StAl rpu IjinTeIbHOM
HIN3KOTeMIIepaTypHOM XpaHeHUM KIIyoHel KapTodeis

A.B. Kyaakosa, I.V1. Eppemon ®, A.B. IllennukoBa, E.3. Kounesa

NHCTUTYT 6ronHkeHepun, OepepanbHblii nccnefoBaTenbckuii LeHTp «DyHAamMmeHTanbHble OCHOBbI GUOTEXHONOMMU» POCCUIACKOM akagemMmn Hayk,
Mocksa, Poccus
® gleb_efremov@mail.ru

AnHoTayus. Kaptodenb (Solanum tuberosum L.) - nepBas No BaXXHOCTV He3epHOBasA KPaxMasloHOCHas KynbTypa
C YPOBHEM MOTEHLMANIbHOW YpOoxalHOCTK 38-48 T/ra u cogepkaHrem Kpaxmana 13.2-18.7 %. Kny6Hu kaptodens
XPaHATCA NpU H13KoW TemnepaType (2-4 °C), uto obecneunBaet coctoaHme Gusnonornyeckoro nokos. Hegocrat-
KOM TaKoro XpaHeHUA ABNAIOTCA pacnaj Kpaxmana 1, Kak CIeAcTBUe, HakomneHme peayumpyoLmnx caxapos (xono-
[lOBOEe OCaxapuBaHue), B TOM UKC/e 3a CYET POCTa akTUBHOCTU (3-ammnas, rmaponmsyoLwmnx Kpaxmasn 4O ManbTo3bl.
B HacToALwWeMm nccnefoBaHny NpoBeAeH CPaBHUTENbHbBIN aHaNIN3 AMHAMUKI SKCnpeccumn reHoB [3-amunas (StBAM1,
StBAM9) n nHrnéuTopa amnnas (StAl), a Takke cogep)kaHuna Kpaxmana 1 pefyumpyoLyx caxapos B npouecce anu-
TEJIbHOTO HM3KOTEMMEPATYPHOro XpaHeHUs (CEHTAGPb, peBpasib, anpenb) KnybHel NATk copToB KapTodens (Ha-
nexna, bapuH, Kpacasuuk, YTpo n CeBepHoe cusiHue). leHbl 3-amunas — StBAM9 1 oguH 13 fByx romosnoros StBAM1

© Kulakova A.V., Efremov G.I., Shchennikova A.V., Kochieva E.Z., 2022

This work is licensed under a Creative Commons Attribution 4.0 License
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A.V. Kulakova, G.I. Efremov
A.V. Shchennikova, E.Z. Kochieva

Dependence of the starch and sugar content on the StBAMT,
StBAM9 and StAl expression during storage of potato tubers

(c Hanbonblueit cTeneHbio romonorun ¢ AtBAMT) — BbibpaHbl Ha OCHOBE [aHHbIX GpUIIOreHETUYECKOTO aHaIu3a.
OueHKa 3KCNPeccun 3TUX reHOB, a TakXKe reHa MHrMbuTopa ammias nokasana TEHAEHLMIO K CHUPKEHUIO YPOBHSA
TPaHCKPUNLUN AN1A BCEX aHaNM3Mpyemblx copToB. OGHAPYKEHO, UTO ColepKaHMe Kpaxmara B MpoLecce XpaHeHus
Kny6Hel Takxe CyLecTBEHHO nafaeT. B To e BpemsA KONMYeCTBO peayLmMpyoLLMX CaxapoB yBennyMBaeTca B ne-
puop ceHTABPb-anpenb, Toraa Kak B nepuog despanb-anpenb Ux cogepxaHme He meHsaeTca (KpacaBumk), CHuxXa-
etcAa (bapuH, CeBepHoe cnaHme) unu npogonxaet pactu (YTpo, Hapexaa). MoxXHO NpeanonoXuTb, YTO akTUBHOCTb
reHoB StBAM1 n StBAM9 koppenupyeT ¢ KONMYeCcTBOM Kpaxmasna (MofoX1TeNbHO) 1 MOHOCAaxXapuaoB (oTpuua-
TenbHO). A ypoBeHb 3Kcnpeccum StAl, B CBOKO ouyepefb, HAXOAUTCA B NPAMO 3aBUCUMOCTM OT YPOBHSA dKCMpeccum
StBAM1. Tpn 3TOM 3aBUCMMOCTb MeXAy CTEMEHbIO MPefPacnoioKeHHOCTN COPTa K XONOL0BOMY OCaxapuBaHMIO 1
npodunem skcnpeccum reHos StBAM1, StBAM9 n StAl oTcyTcTBYeT.

KnioueBble cnosa: Solanum tuberosum; copta KapTodens; xpaHeHue Kny6Hel; kaTabonn3m Kpaxmana; sKkcnpeccms

reHa; B-amunasa.

Introduction

Starch is a polymer of glucose and is one of the three main
natural polysaccharides. Unlike cellulose and chitin (struc-
tural biopolymers of the cell), starch is the main storage
carbohydrate and is found in large quantities in plastids of
heterotrophic plant organs: tubers and roots (tuber and root
crops), grains (cereals and legumes), mature and/or immature
fruits (Benkeblia et al., 2008; Bello-Perez et al., 2020).

The presence of starch in tubers of potato (Solanum tu-
berosum L.), the fourth most important crop in the world (after
cereals), determines its universal use as a food, fodder and
industrial crop. Despite the fact that cultivated cereals also
have a high content of this polysaccharide in grains, the advan-
tage of using potato starch is provided by its physicochemical
properties (granule structure, physicochemical properties, the
ratio of amylose and amylopectin polysaccharides, the degree
of polymerization of molecules, etc.). Potato cultivars differ
in the amount of starch in tubers, but varieties with almost
any starch content and characteristics are eaten, determining
the choice of a cooking method, as well as digestibility and
glycemic response (Bello-Perez et al., 2020).

The content of starch in tubers is determined primarily
by the genetic component, namely, the activity of more than
70 genes, including genes for key enzymes of biosynthesis
(starch synthase, etc.) and degradation (starch phosphory-
lase, adenylate kinase, amylases, etc.) (Van Harsselaar et
al., 2017). Also, the amount of polysaccharide is affected by
post-harvest storage of tubers at low positive temperatures
(24 °C). Thus, a state of physiological dormancy is main-
tained, while germination, drying out and development of
infections are slowed down. At the same time, by the end of
the storage period (closer to the planting season), part of the
starch is degraded with the formation of glucose, which is
necessary to stimulate the growth of shoots (Benkeblia et al.,
2008). However, a number of varieties are characterized by
the cold-induced sweetening (CIS) — a significant increase in
the content of reducing sugars in response to low temperatures
(Fischer et al., 2013), which leads to a deterioration in nutri-
tional and dietary qualities, in particular due to the formation
of acrylamide during frying (Sonnewald S., Sonnewald U.,
2014; Hou et al., 2019; Tai et al., 2020). At the same time,
there are CIS-resistant varieties that are used for the produc-
tion of french fries.

Starch catabolism is important both for plant growth and in
terms of consumer properties. The degree of susceptibility of
starch to degradation depends on the composition and structure

508

of the granules, which determines the digestibility of starch
and the glycemic response (Bello-Perez et al., 2020). Under
the action of a-glucan water dikinase (GWD; EC 2.7.9.4) and
phosphoglucan, water dikinase (PWD; EC 2.7.9.5), starch
is degraded into branched and linear glucans (Fettke et al.,
2007; Shoaib et al., 2021). Degradation to oligosaccharides
and maltose molecules is catalyzed by phosphorolytic (starch
phosphorylases, EC 2.4.1.1) and hydrolytic (a-amylases,
or 1,4-a-D-glucan-glucanohydrolases, AMY, EC 3.2.1.1;
B-amylases, or 1,4-a-D-glucan maltohydrolases, BAM or
Bmy, EC 3.2.1.2) enzymes (Solomos, Mattoo, 2005; Zeeman
et al., 2007; Shoaib et al., 2021). AMY hydrolyzes endo-a-
1,4-glycosidic bonds, forming oligosaccharides of various
lengths, while BAM cleaves off the second from the end
a-1,4-glycosidic bond, releasing disaccharides (Zeeman et al.,
2007; Shoaib et al., 2021). The release of glucose molecules
occurs under the exo-action of a-glucosidases (1,4-0-d-gly-
can-glucohydrolase, EC 3.2.1.20), which break the extreme
a-1,4- and a-1,6-glycosidic bonds (Taylor et al., 2000). The
reduced activity of both a-amylases and a-glucosidases signi-
ficantly reduces the rate of starch hydrolysis, which is a posi-
tive effect both for preventing CIS of tubers during storage
and for increasing the dietary value of potato (Riyaphan et
al., 2018).

According to studies of f-amylases in various plant species,
these hydrolases are also highly significant for starch hydro-
lysis. In the model species Arabidopsis thaliana L., a family
of B-amylases is characterized, consisting of nine enzymes
with different localization and function (Monroe, Storm,
2018). Phylogenetic analysis of the amino acid sequences
of B-amylases from 136 different species of algae and land
plants showed that modern angiosperms contain eight clades
of B-amylases, as well as a clade of inactive BAM10 enzymes,
which is absent in Arabidopsis (Thalmann et al., 2019). At the
same time, Arabidopsis BAM4 homologs are absent in many
starchy crops, which suggests species-specific regulation of
starch digestion (Thalmann et al., 2019).

The functional activity of individual enzymes of the BAM
family is elucidated using various approaches and methods.
Thus, the importance of the expression level of endosperm-
specific f-amylase (BmyI) and constitutive Bmy2 genes during
the development of barley grain for determining the quality of
malting is demonstrated (Vinje et al., 2019). A significant role
of the PbrBAM3 gene (birch pear Pyrus betulaefolia Bunge)
in plant resistance to cold due to an increase in the level of
soluble sugars is shown (Zhao et al., 2019). Most of the stu-

BaBunosckuii xKypHan reHeTuku u cenekuunm / Vavilov Journal of Genetics and Breeding - 2022 - 26 - 6



A.B. Kynakosa, I'/1. Eppemos,
A.B. LLleHHnKOBa, E.3. KouneBa

Table 1. Potato cultivars used in the study

2022
266

3aBUCUMOCTb COAEPKaHUA Kpaxmasia 1 caxapoB OT IKCNPeccumn
StBAM1, StBAM9 v StAl npun xpaHeHUn Kny6Hen KapTodens

Cultivar ID*

Cultivar

* According to: https://reestr.gossortrf.ru/.

dies (mainly from the 1990s) are published on B-amylases
of sweet potato ([pomoea batatas (L.) Lam.), the results of
which indicate the importance of this enzyme in modulating
the properties of sweet potato starch in order to increase con-
sumer qualities (Guo et al., 2019).

Despite the participation of f-amylases in the breakdown of
starch shown in other plants, there are few works on their study
in potato. It has been shown that these enzymes are capable of
hydrolyzing potato tuber amylose to maltose without residue
(Hopkins et al., 1948). The activity of B-amylases increases
significantly when the storage temperature of tubers decreases
from 20 °C to 3—5 °C (Nielsen et al., 1997), as well as during
the germination of tubers at the physiological dormancy re-
lease (Vajravijayan et al., 2018). Transcriptomic and proteomic
analysis of potato tubers stored at 15, 4, and 0 °C confirmed
that the regulation of reducing sugar accumulation is positi-
vely associated with the expression of f-amylases (Lin et al.,
2019).

The level of StBAM1 and StBAM9 gene expression posi-
tively correlates with the accumulation of reducing sugars in
tubers stored at low temperatures (Zhang et al., 2014a). The
StBAM1 enzyme can be inactivated by interaction with the
amylase inhibitor SbAI (Zhang et al., 2014b), as well as by
ubiquitination and degradation of StBAMI triggered by the
transcription factor SbRFP1 (Zhang et al., 2019).

In this study, the dynamics of the expression of genes for
B-amylases StBAM1, StBAM9 and StAI amylase inhibitor, as
well as changes in the content of starch and reducing sugars
were analyzed in tubers of five potato cultivars (Nadezhda,
Barin, Krasavchik, Utro, Severnoe siyanie) under long-term
low-temperature storage. The choice of cultivars was due to
differences in the tuber starch content.

Materials and methods

In the study, tubers of five potato cultivars (Nadezhda, Barin,
Krasavchik, Utro, Severnoe siyanie) were used, differing, ac-
cording to the originators (https://reestr.gossortrf.ru/), in tuber
starch content and purpose (Table 1). The plants were grown
in 2021 in the field of the Federal Potato Research Center
named after A.G. Lorch (Moscow region, Russia); at the end
of August, two plants of each cultivar were transferred to the
conditions of the experimental climate control facility in the
Institute of Bioengineering (Research Center of Biotechno-
logy, Russian Academy of Sciences). In September 2021, the
tubers were collected, homogenized and used (peel and pulp
together) for subsequent analysis of B-amylase (StBAM1 and
StBAMY) and amylase inhibitor (St4/) gene expression, as

Purpose*

Starch content®, %

Table 2. Primers used for qRT-PCR

Gene Primer Primer sequence (5'—3’)

StBAMT3 Forw/Rev CCGGGAGAGTATAATTGGGG
ACAACCCACCTTGGAAGAGG

StBAM9? Forw/Rev GATGGAAAGACTCCGGTTCAAG
ATGGATTGTGATGAGAAGGATAGC

StAl' Forw/Rev TTGTAACATGGCTCGCGTTC
TGTTGGTGAAGCACTTGGAG

ef1? Forw/Rev ATTGGAAACGGATATGCTCCA
TCCTTACCTGAACGCCTGTCA

SEC3A? Forw/Rev GCTTGCACACGCCATATCAAT

TGGATTTTACCACCTTC-CGCA

' Dyachenko et al,, 2021; 2 Lopez-Pardo et al, 2013; Tang et al., 2017;
3 primers developed in this study.

well as for determining the content of starch and reducing
sugars (glucose and fructose).

Total RNA was isolated from 50—-100 mg of tuber tissue
(RNeasy Plant Mini Kit, QTAGEN, Germany), additionally pu-
rified from DNA impurities (RNase free DNasy set, QITAGEN)
and used for cDNA synthesis (GoScript™ Reverse Transcrip-
tion System, Promega, USA), according to manufacturer’s
protocols. The quality of RNA was checked by electrophoresis
in 1.5 % agarose gel. RNA and cDNA concentrations were
determined on a Qubit 4 fluorimeter (Thermo Fisher Scientific,
USA) using appropriate reagents (Qubit RNA HS Assay Kit
and Qubit DS DNA HS Assay Kit, Invitrogen, USA).

Expression of the StBAMI, StBAM9, and StAIl genes in
potato tubers was analyzed by quantitative real-time PCR
(qRT-PCR) with normalization of data using the reference
genes elongation factor I-alpha (elfl; LOC102600998) and
SEC34 (LOC102599118) (Lopez-Pardo et al., 2013; Tang et
al., 2017) (Table 2). For qRT-PCR, we used 3 ng of the cDNA
template, cDNA-specific primers (see Table 2), the Reaction
Mixture for RT-PCR in the Presence of SYBR Greenl and
ROX kit (Sintol, Russia), and a thermal cycler CFX96 Real-
Time PCR Detection System (Bio-Rad Laboratories, USA).
The reactions were carried out in two biological and three
technical replicates under the following conditions: 5 min at
9 °C, 40 cycles (15 s at 95 °C, 50 s at 62 °C).

The B-amylase gene sequences from S. tuberosum (BAM1,
gene ID 102598794; BAM1,102584887; BAMS, 102598339;
PCT-BMY1, 102577806; BAM3, 102594291; BAM-like,
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102584563; BAM7,102593066; BAM9, 102590483) and mo-
del species A. thaliana (BAM1, 821975; BAM?2, At2g45880,
827959; BMY2 (BAMS), 834566; CT-BMY (BAM3), 827419;
BAM4,AT5G55700, 835664; BAMS, 827185; BAM6, 817789;
BAM7, AT2G45880, 819196; BAM9 (BMY3), At5g18670,
831985) were obtained from the NCBI database (https:/www.
ncbi.nlm.nih.gov). The phylogeny of the f-amylase protein
sequences was assessed to determine the S. tuberosum homo-
logs of Arabidopsis B-amylases, which are most significant in
starch degradation. The analysis was performed with MEGA7
(https://www.megasoftware.net/) using the maximum likeli-
hood method based on the JTT model; bootstrap — 1000 repli-
cates. Based on the transcripts of the S. tuberosum p-amylase
genes, we designed primers for the analysis of StBAM1 (gene
ID 102584887) and StBAMY (gene ID 102590483) expression
(see Table 2); the forward and reverse primers were separated
by at least one intron. The gene specificity of primers was
verified by comparing their sequences with S. tuberosum
transcripts using the NCBI-primer-blast (https://www.ncbi.
nlm.nih.gov/tools/primer-blast/).

Starch content (mg/g fresh tissue) was determined using
an Eppendorf BioSpectrometer® basic (Eppendorf, Germany;
A =340 nm) and a Starch enzyme test (Boehringer Mann-
heim/R-Biopharm AG, Switzerland) with some modifications
to the manufacturer’s protocol.

Briefly, tuber material (together pulp and peel) (~0.02 g;
this amount was determined based on known data on the
average starch content in potato tubers (13—20 %) and test
requirements for the amount of starch in the sample) was
homogenized, suspended in the mixture of 1 ml dimethyl
sulfoxide (DMSO) and 0.25 ml concentrated hydrochloric
acid, and incubated at 60 °C for 60 min with shaking. Then it
was cooled to 25 °C, mixed with 2.5 ml of milliQ; the pH was
adjusted to 4.5 with 2N sodium hydroxide. The suspension
was settled or filtered through Miracloth (Merck, USA). An
aliquot of the supernatant was diluted 5, 10, 20 and 100 times;
0.05 ml of the resulting solution was used for the enzyme test
and subsequent spectrophotometry. The values corresponding
to AA=0.115+0.035 were considered (based on the manu-
facturer’s recommendations). The analysis was carried out in
two biological and three technical replicates.

The content of reducing sugars (glucose and fructose) (mg/g
fresh tissue) was measured using high performance liquid
chromatography (HPLC) with a Varian ProStar chromatograph
(Varian Inc., USA), a 102 M differential refractive index detec-
tor for the chromatograph (Stayer model, Khromatek, Russia)
and Agilent Pursuit 200A PFP columns (4.6 x 150 mm, 5 pm
HPLC Column, A3050150X046, Agilent, USA). Briefly, 1 g
of the tuber material (together the pulp and peel) was ground
in liquid nitrogen, suspended in 10 ml of 80 % ethanol, and
centrifuged at 16,000 g for 15 min. The supernatant was used
for HPLC analysis. Isocratic elution was performed with
acetonitrile:water (75:25 v/v) as the mobile phase; flow rate —
1.5 ml/min, temperature — 30 °C. The analysis was carried out
in two biological and three technical replicates.

Statistical processing of the qRT-PCR and the starch and su-
gar content data was performed using the GraphPad Prism v. 8
(GraphPad Software Inc., USA; https://www.graphpad.com/
scientific-software/prism/). Data were expressed as mean (M)
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with standard deviation (+SD) based on two biological and
three technical replicates for each measurement option.
Welch’s t-test (unequal variance) was used to assess differen-
ces in gene expression and carbohydrate content (p < 0.05
indicates statistical significance of differences).

Results

The study was focused on the characterization of the expres-
sion of three genes — StBAM 1, StBAM9 and StAl. The amylase
inhibitor gene (StA/, gene ID 102591697) is present in the
potato genome in one copy (Zhang et al., 2014b; Dyachenko
et al., 2021), while the f-amylase family consists of several
members (Van Harsselaar et al., 2017). Based on the avail-
able NCBI and published data, the available sequences of the
S. tuberosum and A. thaliana B-amylase genes were obtained.
Comparative structural-phylogenetic analysis of the encoded
enzymes classified S. tuberosum B-amylases according to their
homology with A. thaliana proteins that form nine clades
(AtBAM1-AtBAMY) (Fig. 1).

S. tuberosum homologs were found for seven clades of
A. thaliana B-amylases (with the exception of AtBAM?2 and
AtBAM4). In particular, two StBAM1 and one StBAM9
(gene ID 102590483) homologs were identified in the potato
genome. Based on the obtained dendrogram, StBAM1 (gene
ID 102584887) with the highest degree of homology with
AtBAMI was selected from two p-amylases of the BAMI1
clade for study (see Fig. 1). We designed primers (see Table 2)
for the selected genes StBAM1 (gene ID 102584887) and
StBAMY (gene ID 102590483) and used them to analyze their
expression.

Tubers of five potato cultivars, Nadezhda, Krasavchik,
Severnoe siyanie, Barin, Utro (see Table 1), were collected
in September and stored at +3 °C. Tuber tissues were col-
lected for expression and biochemical analyses in September
(fresh harvest), February (5-6 months of storage) and April
(8 months of storage).

To determine the possible activity of StBAM1, StBAMY
and StAI, key enzymes of starch degradation (Zhang et al.,
2014a, b), the expression of genes encoding them in tubers was
analyzed during low-temperature storage (+3 °C; September,
February, April) (Fig. 2). A significant decrease in StBAM1
expression was shown in April compared to September (most
pronounced in cv. Krasavchik and Utro). At the same time,
the difference between the February and April data was in-
significant: the level of gene expression continued to slightly
decrease or did not change (see Fig. 2).

StBAMY expression also decreased significantly in Febru-
ary compared to September, but not as sharply as StBAM1
expression. The exception was cv. Krasavchik, where the
StBAMY transcription has not changed. In April, compared to
February, StBAM9 expression slightly increased (Nadezhda),
did not change (Utro, Barin, Severnoe siyanie), or decreased
(Krasavchik) (see Fig. 2).

A similar trend was also observed for the St47 gene. Its
expression sharply decreased in April compared to Septem-
ber in cv. Severnoe siyanie, Barin and Utro. In cv. Nadezhda
and Krasavchik, the level of St4[ transcription decreased
smoothly. In April, as compared to February, St4/ expression
slightly increased (Utro), did not change (Nadezhda, Kra-
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Fig. 1. Unrooted consensus dendrogram based on the alignment of 25 amino acid sequences of 3-amylases from S. tuberos-
um (BAM1, gene ID 102598794; BAM1, 102584887; BAMS8, 102598339; PCT-BMY1, 102577806; BAM3, 102594291; BAM-like,
102584563; BAM7, 102593066; BAM9, 102590483, including isoforms) and model species A. thaliana (BAM1, 821975; At2g45880
BAM2, 827959; BMY2 (BAMS), 834566; CT-BMY (BAM3), 827419; AT5G55700 BAM4, 835664; BAM5, 827185; BAM6, 817789;
AT2G45880 BAM7, 819196; At5g18670 BAM9 (BMY3), including isoforms).

The analysis was carried out in the MEGA 7.0 using the maximum likelihood method based on the JTT model. Branches corresponding

to clusters replicated in less than 50 % of bootstrap replicates are collapsed. The percentage of repeating trees where related taxa are
grouped together in the bootstrap test (1000 replicates) is shown next to the branches.

savchik, and Barin), or sharply decreased (Severnoe siyanie)
(see Fig. 2).

Thus, we observed a similar trend towards a decrease in the
expression level for all three analyzed genes in potato tubers
during low-temperature storage.

To assess the possible correlations between the expression
of B-amylase and amylase inhibitor genes with the content of
starch and reducing sugars in the tubers, a biochemical analysis
of the content of starch, glucose, and fructose was carried out
during low-temperature storage of tubers (September, Febru-
ary, April) (Fig. 3).

As expected, compared to September, the starch content
in tubers of all cultivars significantly decreased in April (see
Fig. 3). At the same time, the content of reducing sugars in
February and April in all cultivars was significantly higher than
in September. Compared with February, in April the content of
glucose and fructose in the tubers of cv. Utro, Nadezhda, and
Krasavchik continued to grow, while in cv. Barin and Severnoe
siyanie, it sharply decreased (see Fig. 3). At the same time,
in February, the tubers of cv. Barin had the highest content of

fructose and glucose — 1.5-3.0 and 1.5-4.0 times higher than
in the other cultivars. The lowest rates were in the tubers of
cv. Nadezhda. In April, there were no significant differences
between the cultivars, except for a lower (compared to the
other cultivars) glucose content in the cv. Severnoe siyanie
tubers.

Thus, during low-temperature storage from September to
April, the starch content in tubers of all cultivars decreased to
varying degrees, and the content of reducing sugars increased
in tubers of cv. Nadezhda and Utro. In cv. Krasavchik, Barin
and Severnoe siyanie, the content of reducing sugars increased
from September to February, and in April it did not change
compared to February (Krasavchik) or significantly decreased
(Barin, Severnoe siyanie).

Discussion

Potato tubers stored at a low temperature (+3 °C) were charac-
terized in dynamics (harvest, 5-6 and 8 months of storage) by
the expression of B-amylase (StBAM1, StBAMY9) and amylase
inhibitor (St47) genes, as well as by the content of starch and
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Fig. 2. StBAM1 (a), StBAM9 (b), and StAl (c) gene expression pattern in
tubers of five potato cultivars (Nadezhda, Krasavchik, Severnoe siyanie,
Barin, Utro) during low-temperature (+3 °C) storage (September, February,
April).

The letters s, f, and a above the columns indicate a significant difference
(p < 0.05) of a particular value of gene expression from the values for two other
months within each sample (s - September, f - February, a - April).

reducing sugars. The five cultivars selected for analysis are
divided into two groups depending on the purpose: table (Barin
and Utro) and french fries (Nadezhda, Krasavchik, Severnoe
siyanie) (see Table 1). This division is related to the degree of
sensitivity of each cultivar to cold-induced sweetening of tu-
bers; the higher the resistance, the more suitable the variety for
the production of french fries, since in CIS-unstable varieties,
frying is accompanied by an increased formation of reducing
sugars, leading to the synthesis of acrylamide (Sonnewald S.,
Sonnewald U., 2014; Hou et al., 2019; Tai et al., 2020).
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Fig. 3. The content of starch and reducing sugars (glucose, fructose)
(mg/g fresh tissue) in potato tubers of five cultivars (Nadezhda, Krasav-
chik, Severnoe siyanie, Barin, Utro) during low-temperature (+3 °C) sto-
rage (September, February, April).

The accumulation of reducing sugars, which is characteris-
tic of both cold-induced sweetening and the release of tubers
from dormancy, positively correlates with the expression of
B-amylase genes (Zhang et al., 2014a; Lin et al., 2019). The
analyzed StBAM1 and StBAM9 are homologs of the A. tha-
liana BAM1 and BAMY (see Fig. 1), localized in plastid and
catalytically active (BAM1) or inactive (BAM9) (Monroe,
Storm, 2018). The putative functional similarity of StBAM1
and StBAMY with the corresponding 4. thaliana enzymes is
supported by other studies. Thus, it was shown that StBAM 1
and StBAM9 make different contributions to the cold-induced
sweetening of tubers. StBAM1 is localized in the amyloplast
stroma and hydrolyzes soluble starch (Hou et al., 2017).
StBAMY is an inactive enzyme (Zhang et al., 2014b), but plays
a dominant role in cold-induced sweetening (Hou et al., 2017).
Localized on the surface of a starch granule, StBAM9 forms
a protein complex with StBAM1, thus attracting catalytically
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active StBAMI1 to release soluble glucan molecules from
the surface of the granules (Hou et al., 2017). The StBAMI1
enzyme can be inactivated by interaction with the amylase
inhibitor SbAI (Zhang et al., 2014b), as well as by ubiquitina-
tion and degradation of StBAMI triggered by the transcription
factor SbRFP1 (Zhang et al., 2019).

Considering the above data, we expected an increase in the
expression level of StBAM1 and StBAM9 and a decrease in
StAI transcription in tubers during long-term low-temperature
exposure (5-6 and 8 months). However, we observed a signifi-
cant decrease in the expression of all three genes (see Fig. 2),
although the starch content decreased and the amount of re-
ducing sugars increased (see Fig. 3). It can be assumed that
the StBAM1 and StBAMY gene activity correlates with the
amount of starch (positively) and monosaccharides (nega-
tively). The level of StAI expression, in turn, may be directly
dependent on the level of expression of the StBAMI and
a-amylase genes.

In addition, an increase in StBAM1 and StBAMY expres-
sion was previously shown after 30 days of low temperature
exposure (Zhang et al., 2014a), while in this study, analyses
were performed 7 and 9 months after storage. We assume that
after 30 days of storage of physiologically dormant tubers, it
can be considered as a short-term cold stress, during which
the tubers accumulate a sufficient amount of reducing sugars
for cold resistance, after which an equilibrium is established
between the content of starch/disaccharides and the activity of
enzymes for starch degradation. In addition, the participation
of a-amylases (hydrolysis) (Zhang et al., 2014a) and plastid
starch phosphorylase (phosphorolysis) (Slugina et al., 2020)
in starch catabolism should be taken into account.

Conclusion
Considering the data obtained, it can be concluded that there
is no relationship between the degree of cultivar predisposi-
tion to cold-induced sweetening of tubers and the expression
profile of B-amylase (StBAM1, StBAM9) and amylase inhibitor
(StAT) genes.
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Abstract. The present study was to determine the nature of gene action and combining ability of six quantitative
traits related to productivity of five varieties and ten hybrid combinations of durum wheat. Five modern durum
wheat varieties were used in diallel crosses as parents. The study includes three F, and two F, generations. The
experiments were done in a randomized block design in three replications during three years. Significant dif-
ferences between the genotypes in both generations was found for all the traits. The general combining ability
and specific combining ability showed reliability in both generations. Obtained results suggests that breeding
schemes should include both types of genetic effects in order to improve productivity components. The ratio of
variances showed that general combining ability has a greater influence on the inheritance of plant height, spike
length and thousand kernels weight. For productivity tillering capacity, number of spikelets per spike and kernels
weight per spike, specific combining ability has a great impact in inheritance. For thousand kernels weight a re-
determination of the genetic formula was established in both generations. Durum wheat varieties Deni, Superdur
and Progres were found to be the best general combinators for studied productivity elements. The most valuable
cross combinations were Deni x Superdur, Superdur x Predel and Progres x Predel. Parental wheat varieties and
progenies from these crosses can be used for improving productivity components and for increasing yields in
durum wheat breeding programs.
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AHHoTauuA. HacToslee nccnefoBaHre HanpaBneHo Ha onpeferneHne Xxapaktepa AelCTBUA FTeHOB U KOMOVIHa-
LIOHHOWM CMOCOBHOCTI TBEPAON MILEHNLbI MO LWEeCT! KONNYeCTBEHHbIM NPU3HaKaM s MATN COPTOB U AeCATU
rMopYAHBIX KOMOUHaLUWIA. B nccnepoBaHve 6biin BKIKOYEHDb! MATb COBPEMEHHbBIX COPTOB TBEPAON MLIEHNLbI B
KauecTBe poauTeneil Npv avanienbHOM CKpeluBaHum. M3yueHsl Tpy nokonexus F, 1 aBa nokoneHus F,. IKc-
NMepUMEHTbI BbIMOJSIHEHbI B PaHAOMU3UPOBAaHHOM G/I0OYHOM AV3aliHe B TPeX NMOBTOPEHUAX B TEUEHME TPEeX JeT.
BbifiBNEHbl JOCTOBEPHbIE Pa3NNUMsA MeXay reHoTUnamy Nno BCeM M3yyaemMbiM MpU3HaKkam B 060X MOKONEHUSX.
O6was KOMOMHALMOHHAA CMOCOBHOCTb 1 creunduyeckas KOMOMHALMOHHAA CMOCOGHOCTb MoKasann [JOCTo-
BEPHbIE OTIMYNA B 060X NMOKoneHusX. MoslyueHHble pe3ynbTaTbl MO3BOMAIT NPEANoNoKNTb, YTO CeNeKLVOH-
HaA CXxeMa [o/KHa YunTbiBaTb 06a TUMa reHeTUYecknx SGpHeKToB AN ynyylleHVs N1eMeHTOB NPOoLyKTUBHOCTY.
CooTHoLeHMe ANCepCcrin LEMOHCTPUPYET, YTo 06LWas KOMOVHALMOHHAsA CNOCOGHOCTL 6orbLLe BAMSAET Ha Ha-
CNeayeMoCTb MPU3HAKOB «BbICOTA PACTEHWA», <AJIMHA Kosloca» 1 «macca 1000 3epeH». [InA Npr3HaKoB «MpoayK-
TVBHAsA KYCTUCTOCTb», <4MCII0 KOSIOCKOB B KOJIOCE» 1 «Macca 3epeH B Kosiocex» 6osibliee BANAHME Ha HaceoBa-
HVe OKasblBaeT creundryeckas KOMOUHaALMOHHaA cnocobHocTb. [ina maccbl 1000 3epeH B 060X MOKONEHUAX
YCTaHOBJIEHO MepeonpeneneHne reHeTnyecknx dopmyn. Jlyuwmmm obwymy KombrHatopamm no sneMeHTam
NpofyKTUBHOCTV OAHOBPEMEHHO MO HECKONIbKUM MpUu3Hakam AsnstoTcA copta [leHn, Cynepgyp v Mporpec. Ca-
Mble LieHHble KOMOVHaLMN CKpeLLVBaHMI Mo HECKOIbKUM npuri3Hakam — [JeHu X Cynepayp, Cynepayp X Mpegen u
Mporpecx Mpefen. 3Tn copTa U KOMOMHALIMN MOXXHO UCMONIb30BaTb ANA YyYlleHWs MPU3HAKOB MPOAYKTNBHO-
CTU U MOBbILLEHVS YPOXKANHOCTY B NPOrpaMmax cenekumm TBepaoi NeHnLbl.

KnioueBble cnoBa: JefCTBIE reHOB; KOMOMHALMOHHAA CMOCOBHOCTb; KONMUeCTBEHHbIE NPU3HAKK; TBepAan niie-
HYLa; AMannenbHoe CKpeLmBaHme.
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Introduction

Breeding strategy of durum wheat is based on genetic informa-
tion on the inheritance of the main quantitative traits related
to productivity. To obtain such information, it is necessary to
apply a genetic model corresponding to the source material
to be used. In a regular breeding program, it is important
to identify the best parents for hybridization and crosses to
select valuable genotypes (Inamullah et al., 2006). Diallel
crosses have been used for a long time in genetic research
to determine the inheritance of a trait among a set of geno-
types and to identify superior parents for hybrid or varieties
development.

Information on additive gene effects i. e. general combining
ability effects (GCA) is of great importance, because it suc-
cessfully predicts the genetic potential of parents who give
desired results in segregating generations. In determining
the specific combining ability effects (SCA), a relationship
is established with the non-additive gene effects (dominance
and epistasis components). The identification of a good hybrid
combination with high SCA on a given trait makes it possible
to expect a more probable transgressive form for the trait.
Combining ability describes the breeding value of parental
varieties to produce better hybrids as well as their crosses
(Griffing, 1956).

The importance of combining ability is related to the eva-
luation of parental lines and their hybrids by their respective
additive and non-additive genetic effects in relation to a certain
trait. Diallel crosses give a more general view of combining
ability, where general and specific combining ability are in-
dicators for nature of gene action (Farooq et al., 2010). Asses-
ment of GCA effects show that it is not possible to choose a
good general combiner for all traits of the productivity. This
is due to the inability to combine in one genotype high GCA
on all traits (Kashif et al., 2008). However, some parents show
desired GCA effects for several traits. It is obvious that high-
yielding varieties included in crosses are mainly responsible
for increasing productivity (Adel, Ali, 2013).

A number of authors, using schemes of full and half diallel
crosses, have established the breeding value of a large number
of varieties and the gene action for traits related to productivity.
In the publications cited below, the authors found that both
additive and non-additive gene effects played a role in the in-
heritance of tested traits. According to J. Yao et al. (2011) and
M. Singht et al. (2018) plant height and spike length mainly
controlled by additive gene effects. It was reported that in
the inheritance of thousand kernels weight the non-additive
gene effects play an essential role (Akinci, 2009; Pansuriya
et al., 2014), while A. Hannachi et al. (2017) and A. Hassan
et al. (2018) establish inverse. Plant height, tillering capacity
and number of spikelets per spike were mainly controlled by
non-additive gene effects (Adel, Ali, 2013; Pansuriya et al.,
2014; Kandil et al., 2016), when A. Hannachi et al. (2017)
reported that plant height and productivity tillering capacity
were additive. The inheritance of the spike length, number of
spikelets per spike, and kernel weight per spike are controlled
by non-additive gene effects and they have a major role (Patel
etal., 2016; Tiwari etal., 2017), also A. Pansuriya et al. (2014)
for these traits and for spike length. Productivity tillering
capacity and number of spikelets per spike are controled by
non-additive gene effects, on the other hand, for spike length
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and thousand kernel weight additive gene effects dominate in
inheritance (Farooq et al., 2019).

It can be concluded from the published data that parental
varieties have a great influence on both types of combining
ability. On the other hand, they are carried out in different
growing conditions, which gives additional confirms to this
statement of diverstity.

The present investigation was undertaken to determine the
nature and magnitude of gene action and general and specific
combining ability for five modern durum wheat varieties and
for six quantitative traits related to productivity in diallel cross
of durum wheat.

Materials and methods

Parents and crosses. Five modern durum wheat varieties were
included in the study as the parental varieties in the half diallel
crosses. The varieties are selected among the new Bulgarian
varieties of durum wheats, including the old and the new
variety-standard and the Austrian variety Superdur, which has
recently become widespread in Bulgaria. Victoria — Bulgaria,
Deni — Bulgaria, Superdur — Austria, old variety-standard Pro-
gres — Bulgaria and new variety-standard Predel — Bulgaria.
The choice of varieties is based on their previous observation.
They are created in Field Crops Institute, Chirpan and are ge-
netically distant. Progres and Deni are created by experimental
mutagenesis combined with hybridization and Victoria and
Predel are created by hybridization. A diallel cross was per-
formed in which all the described varieties were crossed with
each other without reciprocal combinations. The crosses was
carried out handmade at the beginning of heading time in field
condition. The following ten combinations were performed:
Victoria x Deni, Victoria x Superdur, Victoria x Progres, Vic-
toria x Predel, Deni x Superdur, Deni x Progres, Deni x Predel,
Superdur x Progres, Superdur x Predel, Progres % Predel. From
each combination, 30 spikes were castrated and pollinated.
From the harvested F, plants, the seeds necessary for sowing
of F, generation were randomly selected.

Management. The parents are sown in each replication
in two rows, the F, hybrids in two rows, and the F, hybrids
in five rows. Genotypes are sown handmade in the field in
beds. Row length — two meters, row spacing — twenty cm
and inside the row — five cm in a randomized block design
with three replications. After the full maturity phenophase,
the necessary plants from each replication are harvested and
collected for biometric research. Twenty plants were selected
from the parents and F, generation and thirty plants from F,
generation at random. The diallel cross was performed in three
consecutive years. Thus, generation F, for three years and F,
for two years are provided. The experiments was conducted
in three harvest years 2014, 2015 and 2016. The experiments
was carried out in the breeding field of the Field Crops In-
stitute — Chirpan according to the adopted technology for
growing durum wheat. The predecessor is spring peas. The
soil type is Chernozems compact Eutric Vertisols (by FAO).
The three years meteorological condition are characterized
by higher temperatures compared to the multi-year period
(Fig. 1). The first year have 18.5 % and the second 58.2 %
precipitation over the multi-year period during the growing
season, while in the third year precipitation are 17.5 % less
than in the multi-year period (Fig. 2).
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Fig. 1. Average monthly and multiyear air temperature during 2013-2016 harvest years.
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Fig. 2. Average monthly and multiyear amount of precipitation during 2013-2016 harvest years.

The following traits were observed. Plant height (cm) — it
is measured from the ground surface to the end of the spike
without the awns on the main stem in centimeters. Produc-
tivity tillering capacity (pcs.) — the fertile spikes of one plant
are counted. Spike length (cm) — measured on the main stem
from the base of the spike to the top of the uppermost spikelet.
Number of spikelets per spike (pcs.) — the spikelets in the main
spike are counted. Number of kernels per spike (pcs.) — all
kernels of the main spike are counted after handmade thresh-
ing. Thousand kernels weight (g) — five hundred kernels are
weighed and multiplied by two. All traits are determined by
methodology by Y. Enchev et al. (1976).

Statistical analysis. The data from the three years F, and
the two years F, are averaged and on them are conducted
statistical processing. In the processing of the experimental
data, mathematical and statistical methods were used on the
results according to the set goal of the research. To perform
diallel analysis was used combining ability analysis in dial-
lel crosses — by method II model I (Griffing, 1956) with the
program software of M. Burow and J. Coors (1994). Analysis
of variance (ANOVA) by traits is derived through the same
program on M. Burow and J. Coors (1994).

Results

The results of analysis of variance showed statistically signifi-
cant differences between the genotypes for all studied traits
in both generations. The values of the variances for GCA and
SCA were significant in both generations (Table 1). Therefore,

both additive and non-additive gene effects (dominance and
epistasis) were of significant importance in the inheritance
of the traits. The studied traits related to durum wheat pro-
ductivity show that they are controlled by both additive and
non-additive gene effects.

The ratio of GCA and SCA variances (cé/cg) for F, and
F, are presented in Table 1. For plant height, spike length,
number of spikelets per spike and thousand kernel weight,
the sum of squares indicates that additive gene effects have a
greater influence in inheritance. For the other two traits, the
sum of the squares indicates that non-additive gene effects
have a greater impact. This is proved by the ratio of the vari-
ances of GCA and SCA, respectively. The preponderance of
additive gene effects ((Sé/css2 >1) was found in the inheritance
of plant height, spike length and thousand kernel weight. The
spike length in F, generation showed a significant increase,
which indicates that the additivity increases. Domination of
additive gene effects allow application of classical breeding
methods. For these traits selection can start in early segregat-
ing generations (F,—F,).

Domination of non-additive gene effects (cé/c? <1) is
observed for the productivity tillering capacity, number of
spikelets per spike and kernels weight per spike. Non-additive
gene effects (dominance and epistasis) prevalence in their
expression.

This analysis does not allow to determine or dominance
or epistasis are responsible for the inheritance of the traits. It
is well known that when inheritance is determined by non-
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Table 1. ANOVA for general combining ability (GCA), specific combining ability (SCA) and relation to variance of GCA and SCA (oé/of)

for six traits related to productivity

Traits Source F,
of variance 5umMean ............
of squares squares
Plantheight  Genotype 19658 1404
GCA ....................... 1 69534238 ..........
SCA2704 ....................... 2 70 ..........
Error .......................... 7 89 ......................... 28 ..........
0;/05 ........................... 2 32 ......................................
Product|v|tyGenotype30299 ..................... 2 164 ..........
tillering capacity GCA9937 ..................... 2 497 ..........
SCA20311 ...................... 2 031 ...........
Error .......................... 2 750098 ..........
03/05003 .........................................
sp.ke|engthGenotypezog7 ....................... 149 ..........
GCA ......................... 1 726 ....................... 4 31 ...........
SCA ........................... 3 71 ........................ 0 37 ..........
Er.—or .......................... 129 ....................... 0 04 ..........
oé/of 1.8
NumberGenotype2778 ....................... 198 ..........
of spikgle t GCA ......................... 1 512 ....................... 3 73 ..........
perspike T e
SCA 12.67 1.26
Error .......................... 5 68 ....................... o 20 ..........
03/03031 .........................................
Keme|swe.ght(:,enotype .................. 2 540139 ..........
per spike GC/.\ ........................... o 03 ....................... 0 20 ..........
SCA ........................... 2 55 ....................... 0 25 ..........
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*p <0.05;**p<0.01;***p <0.001; oé - GCA variance; of - SCA variance.

additive genetic effects, selection in early segregating genera-
tions will be difficult. In this case effective selection must start
in the later segregating generations F,—F..

Although the preponderance of additive genetic effects
for the thousand kernel weight in the individual years and
generations has been established, there is a change in the
genetic effects controlling the trait. This is due to the genotype-
environment interaction and is explained by the phenomenon
of redetermination of the genetic formula. In F, in 2014 the
non-additive genetic effects preponderance, and in 2015 and
2016 the additive ones. In F, in 2015 the non-additive genetic
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effects preponderance and in 2016 the additive ones (data not
shown). In the individual years in both generations, all other
traits show a one-way ratio of variances that determine the
influence of genetic effects.

The analysis for GCA of parents and SCA of hybrids for the
studied traits in F, and F, is presented in the next two tables
(Tables 2 and 3). From a breeding point of view, genotypes
with a negative value for plant height due to the connection
with lodging are more valuable. For all other traits, positive
values are preferable, as their increase will lead to an increase
in productivity.
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Table 2. General combining ability of parents and specific combining ability of crosses for three traits related to productivity

Genotype Plant height Productivity tillering capacity Spike lenght

*p <0.05; n.s. - no significant.

Table 3. Values for general combining ability of parents and specific combining ability of crosses
for three quantitative traits related to productivity

Genotype Number of spikelets per spike Kernels weight per spike Thousand kernels weight

*p <0.05; n.s. - no significant.
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Plant height. Table 2 presents the values for plant height.
The varieties Victoria and Progres has a significant and
positive values for GCA in F, and F,. They increase the plant
height in the hybrids in which he participated as parents.
The varieties Superdur and Predel have negative significant
values of GCA in both generations. These varieties reduc-
ing the plant height in the hybrids in which they participate.
They can be used successfully in the breeding program for
obtaining dwarf durum wheats. In terms of SCA, valuable
are the hybrid combination Progres x Predel, with significant
negative values in both generations. The other crosses have
different values for SCA, and in different generations they are
differently significant and change their signs according to the
generation.

Productivity tillering capacity. Table 2 presents the va-
lues for GCA and SCA for the productivity tillering capacity.
Significant values of GCA to increase the trait of productivity
tillering capacity have Deni variety in both generations. The
varieties Superdur and Predel have positive and significant
values in F, generation, while in F, generation the values
are significant but negative. Variety Victoria has a significant
and negative GCA in F, and a negative and nonsignificant
in F, and reduces the values of the trait. Of greater interest
are hybrid combinations and their SCA values (see Table 2),
as non-additive effects have been found to preponderance.
The results show that one of the crosses Progres x Predel has
significant and positive values in both generations for SCA.
The other crosses occupy an intermediate position.

Spike length. Table 2 presents the values for the general
and specific combining ability of parents and hybrids for spike
length. We define the varieties Deni, Superdur and Progres
as good general combinators to increase spike length, as they
have positive and significant values for GCA in both genera-
tions. Victoria variety has significant and negative values in
both generations and it decreases the spike length in the hy-
brids in which it participates. The SCA values of the hybrids
show that two crosses showed significant and positive values
in F, and F, are Deni x Superdur and Progres < Predel.

Number of spikelets per spike. The values for GCA and
SCA for the trait number of spikelets per spike are presented
in Table 3. The Victoria and Deni varieties in both generations
have significant values to increasing number of spikelets per
spike and they are good general combinators for this trait.
Variety Progres has negative GCA and reducing the values of
the trait. The other varieties have nonsignificant values, which
shows their insignificant role. The greate interest is in hybrid
combinations, as non-additive gene effects have been shown
to play a major role in inheritance. The hybrid combinations
Victoria x Deni and Victoria x Superdur show significant and
positive SCA effects in both generations. With the highest
SCA value is the cross Victoria x Deni.

Kernels weight per spike. Table 3 represents the values
for parental GCA and hybrid SCA. In F there are no varieties
with significant GCA effects. No good general combinators
have been reported to increase kernels weight per spike in
both generations. In the F, generation, the Progres and Predel
varieties increase the values of the kernels weight per spike,
and the Superdur variety decreases it.

These results are very contradictory and it is difficult to
define any of the varieties as a good general combiner on this
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trait. We can consider that the varieties Progres and Predel are
good general combinators on the basis of showing significant
and positive GCA effects in F, generation. Greater atten-
tion should be paid to hybrid combinations, as SCA effects
preponderance. Four significant good hybrid combinations
are observed in terms of SCA effects. They are positive and
significant in both generations. The most promising hybrid
combinations are Deni x Superdur, Deni x Predel, Super-
dur x Progres and Superdur % Predel.

Thousand kernels weight. The variety Progres (see Table 3)
is good general combiners for increasing the values of the
trait thousand kernels weight. Variety Progres has positive
and significant values in both generations. On the other hand,
general combiners that have been significant to reduce grain
size are the Predel and Superdur varieties in both generations.
In Table 3 can be seen that the cross Superdur X Predel, which
in both generations shows positive and significant values
for the SCA effects, is interesting in terms of breeding. The
remaining crosses in most cases have a significant value in
only one of the generations. For all traits the values for GCA
and SCA in most cases are in one-way direction and can be
relied on their reliability.

For the possibilities of heterosis in the breeding of durum
wheat and obtaining transgressive forms, it is necessary to
consider the crosses with significant SCA effects on several
traits. Of the studied hybrid combinations (see Tables 2 and 3)
as the most promising with significant SCA effects are Pro-
gres x Predel for plant height; Progres x Predel for productivity
tillering capacity; Deni x Superdur and Progres % Predel for
spike length; Victoria x Deni and Victoria X Superdur for the
number of spikelets per spike; Deni % Superdur, Deni x Predel,
Superdur x Progres and Superdur % Predel for grains weight
per spike; Superdur % Predel for the thousand kernels weight.

Discussion

Development of wheat varieties possessing improved yield
related characters had been the major objective of durum
wheat breeders. Thus availability of genetically based varia-
tion for traits like plant height, productivity tillering capacity,
spike length, number of spikelets per spike, kernels weight
per spike and thousand grain weight breeding population
is essential. Present genetic material used here to generate
information on genetic nature of these traits. A number of
studies by other investigations are in line with the results
obtained by us for GCA and SCA. Many researchers have
also found significant GCA and SCA effects for the plant
height (Topal et al., 2004; Pansuriya et al., 2014; Ali et al.,
2018; Singh et al., 2018; Sharma et al., 2019; Ayoob, 2020);
for productivity tillering ability (Topal et al., 2004; Akinci,
2009; Adel, Ali, 2013; Parveen et al., 2018; Talha et al., 2018;
Bajaniya et al., 2019; Farooq et al., 2019; Hammam et al.,
2020); for spike length (Topal et al., 2004; Yao et al., 2011;
Pansuriya et al., 2014; Patel et al., 2016; Rajput, Kandalkar,
2018; Sadeghzadeh-Ahari et al., 2018; Khaled et al., 2020;
Shamsabadi et al., 2020); for number of spikelets per spike
(Adel, Ali, 2013; Pansuriya et al., 2014; Kandil et al., 2016;
Patel et al., 2016; Saeed, Khalil, 2017; Parveen et al., 2018;
Khaled et al., 2020); for kernels weight per spike (Topal et
al., 2004; Adel, Ali, 2013; Mandal, Madhuri, 2016; Patel et
al.,2016; Talha et al., 2018; Amin, Towfig, 2019; Shamsabadi
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et al., 2020); for thousand kernels weight (Topal et al., 2004;
Akinci, 2009; Desale, Mehta, 2013; Brahim, Mohamed, 2014;
Motawea, 2017; Alietal., 2018; Hassan et al., 2018; Ali, 2019;
Khokhar et al., 2019; Sharma et al., 2019).

The obtained results for the GCA and SCA give a very clear
idea of the control in the inheritance of the traits elements of
the yield. The impact of additive and non-additive gene ac-
tion in the inheritance of the structural elements of the yield
shows that in order to maximize the productivity of durum
wheat, a system should be used that includes both variances
in simultaneously.

Plant height and spike length are used for an individual
selection by the classical methods. In both generations they
are controlled by additive gene effects. In most cases thousand
kernels weight is also controlled by additive genetic effects.
This shows that it is possible for breeders to obtain better
results in improving these traits. It should be noted that in
the case of plant height, spike length and in most cases for
thousand kernels weight, the selection may start in the earlier
segregating generations F,—F;. Because they are controlled
by additive genetic effects. It should be noted that the main
structural elements of yield — spike length and in most cases
thousand kernels weight are controlled by additive gene ef-
fects. Preponderance of additive gene effects in inheritance of
plant height has been reported by a number of other researchers
(Yao et al., 2011; Motawea, 2017; Ali et al., 2018; Hassan et
al., 2018; Rajput, Kandalkar, 2018; Singh et al., 2018; Talha et
al.,2018; Sharma et al., 2019; Ayoob, 2020); for spike length
(Kandil et al., 2016; Motawea, 2017; Parveen et al., 2018;
Rajput, Kandalkar, 2018; Sadeghzadeh-Ahari et al., 2018;
Singh et al., 2018; Farooq et al., 2019; Sharma et al., 2019;
Khaled et al., 2020; Shamsabadi et al., 2020); for thousand
kernels weight (Hannachi et al., 2017; Motawea, 2017; Ali
et al., 2018; Hassan et al., 2018; Ali, 2019; Amin, Towfiq,
2019; Farooq et al., 2019; Khokhar et al., 2019; Sharma et al.,
2019).

For other three traits preponderance non-additive gene ef-
fect in this investigation was observed. Therefore, selection
in early segregating generations will be difficult. In this case,
it is recommended that an effective selection must start in the
later segregating generations F,—F; when the influence of the
non-additive effects (dominance) decreases and the additivity
increases. The results from this study for productivity tiller-
ing capacity are in line with those obtained by other authors
(Desale, Mehta, 2013; Mostafa et al., 2014; Kandil et al.,
2016; Ahmad et al., 2017; Saeed, Khalil, 2017; El-Gammaal,
Morad, 2018; Parveen et al., 2018; Talha et al., 2018; Amin,
Towfiq, 2019; Bajaniya et al., 2019; Farooq et al., 2019;
Ayoob, 2020; Hammam et al., 2020); for number of spikelets
per spike (Mostafa et al., 2014; Kandil et al., 2016; Ahmad et
al., 2017; Saeed, Khalil, 2017; Tiwari et al., 2017; Parveen et
al.,2018; Talha et al., 2018; Farooq et al., 2019; Ayoob, 2020;
Khaled et al., 2020); for kernels weight per spike (Padhar et
al., 2013; Mostafa et al., 2014; Kandil et al., 2016; Mandal,
Madhuri, 2016; Tiwari et al., 2017; Talha et al., 2018; Amin,
Towfiq, 2019, Shamsabadi et al., 2020).

For thousand kernel weight, a redermination of the genetic
formula of the trait was found. This is due to the genotype-en-
vironment interaction. Redetermination of the genetic formula
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is especially evident in the case of quantitative traits that are
controlled by a large number of small polygens significantly
influenced by environmental conditions (Dragavtsev, Ave-
ryyanova, 1983). The presence of this phenomenon makes it
difficult to lead an effective selection on the thousand kernel
weight in different years and generations and the selection
must be conducted longer (Dragavtsev, Averyyanova, 1983;
Dragavtsev et al., 1984). When the phenomenon of redeter-
mination of the genetic formula is observed in the individual
years, different forms are selected, controlling the trait in the
breeding process. This means that in different years valuable
forms are selected in which the trait is controlled by both ad-
ditive and non-additive genetic effects.

The deepening of the research allows to specify the methods
of the applied breeding strategy and to optimize and increase
the efficiency of the selection. The possibility of evaluating
genotypes and their breeding value as a starting material for
increasing productivity is also important. With the conducted
research it is possible to get information about two of the
most important moments in a successful breeding program —
choosing parents for hybridization and leading a purposeful
selection. The selection on a separate trait can increase the
yield, but a more significant increase would be obtained by
simultaneously comprehensively improving its elements.

Varieties that have significant GCA effects for more than
one trait are of grait interest for breeding. The results for the
respective traits are presented in Tables 2 and 3. Tables show
which varieties are good combiners on the studied traits. Va-
riety Victoria is a good general combiner on the trait number
of spikelets per spike and a bad combiner for the traits plant
height and spike length. The Deni variety is a good general
combiner in terms of productivity tillering capacity, spike
length and number of spikelets per spike. The Superdur vari-
ety is defined as a good combiner for plant height and spike
length and a bad combiner for thousand kernels weight. Variety
Progres shows significant and positive values for GCA for the
traits spike length and thousand kernels weight, and is a bad
combiner for number of spikelets per spike and plant height.
Variety Predel is a good combiner for the trait plant height and
a bad combiner for thousand kernels weight. A good general
combiner at the same time on three traits is the Deni variety.
Good general combinators on two traits at the same time are
the varieties Superdur and Progres. Good general combina-
tors on one trait are the varieties Victoria and Predel. Varieties
Victoria and Progres are bad combiners on two traits. Varieties
Superdur and Predel are bad combiners on one trait. The only
exception is the Deni variety, which has no traits like a bad
combiner. The varieties Deni, Superdur and Progres emerge as
the best general combinators for the elements of the producti-
vity on several traits at the same time. To increase the yield, it
is necessary to simultaneously improve several valuable traits.
The certain general combining abilities are a prerequisite for
the correct selection of parental forms and their crossing for
the purposes of the durum wheat breeding program.

As can be seen, the varieties bearing high GCA most often
enter the crosses with high SCA. According to the various
traits, there are good crosses, such as combined parents with
high X high GCA and those who have combined parents
with low X low GCA. Some with high SCA values are also
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a combinations of high X low GCA. As the most valuable
hybrid combination with significant SCA effects on several
traits its define Deni x Superdur, Superdur x Predel and Pro-
gresx Predel.

Determining the combining ability shows that it is not pos-
sible to have one variety can good combinator for all traits.
Not all crosses with high SCA effects were obtained from
the crosses of a good X good GCA parent (Kumar, Maloo,
2012). Rather, crosses with high SCA effects are obtained
from crosses between bad X bad and bad X good combiner.
They argue that such manifestations are due to the involve-
ment of dominant or epistatis gene effects. Crosses with
high SCA may be more likely to be sources of transgression
(Gami et al., 2011; Tiwari et al., 2015). Transgressive lines
on a certain traits can be a source for creating highly efficient
durum wheat varieties. Evaluations of gene action explain the
genetic potential of breeding materials and contribute to the
targeted management of breeding progress in durum wheat
productivity.

Conclusion

The study found that both additive and non-additive gene
effects are of significant importance in the nature of gene ac-
tion of the productivity traits. This implies a breeding system
that includes both gene effects for improving the elements
of productivity. Inheritance of plant height, spike length and
thousand kernels weight is mainly controlled by additive gene
effects and it is possible to start selection of genotypes in the
early segregating generations F,—F;. Inheritance of produc-
tivity tillering capacity, number of spikelets per spike and
kernels weight per spike is controlled by non-additive gene
effects. Therefore, the selection on these traits should start in
the later segregating generations F,—F;. There is obtained a
change in the genetic effects affecting the expression of the
trait thousand kernels weight, which indicates the presence
of the redetermination of the genetic formula.
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Abstract. This review surveys the current state of taxonomy, origin, and utilization prospects for naked barley. The
cultivated barley Hordeum vulgare L. incorporates the covered and naked barley groups. Naked barleys are divided
into six-row naked barley (convar. coeleste (L.) A. Trof.) and two-row naked barley (convar. nudum (L.) A. Trof.). The
groups include botanical varieties differing in the structural features of spikes, awns, floret and spikelet glumes, and
the color of kernels. The centers of morphogenesis for naked barley are scrutinized employing archeological and
paleoethnobotanical data, and the diversity of its forms. Hypotheses on the centers of its origin are discussed using
DNA marker data. The main areas of its cultivation are shown, along with possible reasons for such a predominat-
ing or exclusive distribution of naked barley in highland areas. Inheritance of nakedness and mechanisms of its
manifestation are considered in the context of new data in genetics. The biochemical composition of barley grain
in protein, some essential and nonessential amino acids, 3-glucans, vitamins, and antioxidants is described. Naked
barley is shown to be a valuable source of unique combinations of soluble and insoluble dietary fibers and polysac-
charides. The parameters limiting wider distribution of naked barley over the world are emphasized, and breeding
efforts that could mitigate them are proposed. Pathogen-resistant naked barley accessions are identified to serve
as promising sources for increasing grain yield and quality. Main stages and trends of naked barley breeding are
considered and the importance of the VIR global germplasm collection as the richest repository of genetic material
for the development of breeding is shown.

Key words: naked barley; taxonomy; origin; genetics; grain quality; disease resistance; yield; breeding.

For citation: Lukina K.A., Kovaleva O.N., Loskutov I.G. Naked barley: taxonomy, breeding, and prospects of uti-
lization. Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov Journal of Genetics and Breeding. 2022;26(6):524-536.
DOI 10.18699/VJGB-22-64

T'0/103€epHbBIi SUMeHb: CICTeMaTKa, CeJIeKIINs
1 TIePCIIeKTUBLI VICII0Ib30BaHMS

K.A. Aykuna @, O.H. Koaaesa, VL.I. AockyTos

DepepanbHblii UCCNEROBATENbCKNI LLIeHTP BCepoCcCnncknin MHCTUTYT reHeTUYeCKrXx pecypcoB pacteHuii um. H./. Baunosa (BUP), CankT-TNeTep6bypr, Poccusa
@ k.lukina@vir.nw.ru

AHHoTauus. B 0630pe ocBelleHbl BOMPOChl COBPEMEHHOIO COCTOAHMA CUCTEMATUKN, MPOVNCXOXKAEHNS 1 NepCneK-
TVB UCMOMb30BaHNA rofo3epHOro sumMeHs. MNpeactaBneHbl MONOXEHNA CUCTEMATUKK KylbTYpHOro siumeHst Hor-
deum vulgare L., B KOTOPOA BbIAENAOTCA rPYynMbl MHOropsaaHoro (convar. coeleste (L.) A. Trof.) n iBypagHoro (convar.
nudum (L.) A. Trof.) ronosepHoro sumeHs. Mpynnbl BKIOYaOT PasHOBUAHOCTY COMTACHO OCOBEHHOCTAM CTPOEHNSA
KOJI0Ca, OCTel, LiBETKOBbIX 1 KONIOCKOBbIX YeLlyi 1 LiBeTy 3epHOBOK. OTpakeHbl BOMPOCh! ouaros ¢popmoobpazosa-
HIA FONTO3ePHOTO AUMEHS, MO JaHHbIM apXeosioru, Naneo3THOO0TaHMKNY, pa3HO06Pasio GOPM 1 COPTOB, a TakKe
paccMoTpeHbl BOMPOCh! MPOUCXOXKAEHMUA rOfI03ePHOro AuMeHs no pesynstatam [HK-mapkuposaHus. MpreegeHbl
OCHOBHble 30Hbl BO3/i€/bIBaHUA 1 BO3MOXHbIe MPUUVHbI TAKOTO NMPEVMYLLECTBEHHOTO UV UCKIIOUYNTENBHOTO pac-
NPOCTPaHeHVsi FONI03epPHbIX AUMEHEN B palioHax BblcOKoropbs. O6CyxaaeTca BONPOC HacNefoBaHNA Npu3Haka
rof03epHOCTN AYMEHA U MEXaHN3MOB €ro NPOABMIEHNA B COOTBETCTBUM C HOBbIMU AAHHBIMU B 0611aCTN FreHETUKU.
MpeacTaBneHbl XapakTePUCTUKN BUOXMMUYECKOTO COCTaBa 3epHa Mo 6efKy, HEKOTOPbIM 3aMEHVMbIM 1 He3ame-
HMbIM aMUHOKMCIIOTaM, [3-riokaHam, BUTaMrHaM, aHTVOKCcUAaHTaM. MoKasaHo, UTo roflo3epHbI AYMEHD — LieH-
HbIl ICTOYHVK YHUKANbHbBIX KOMOUHALWI PAaCTBOPUMbIX 1 HEPACTBOPUMbIX MULLEBbIX BOIOKOH 1 MONCAaXapuaoB.
MofuepKHYTO 3HauUeHVie MapaMeTPOB FrOJI03EPHONO AYMEHS, KOTOPbIE OrPAHUYMBAIOT LWMPOKOE PacnpoCTpaHeHne
3TOW KyNbTYpbl B MUPE, 1 BblAeSIeHbl HAaNpPaBieHUs CenekuMoHHON paboTbl AnA yCTpaHeHUs 3TUX HEAOCTaTKOB.
MpuBefeHbl NpUMepbl 06Pa3LOB roI03ePHOI0 AYMEHS, YCTONUUBBIX K BPeHbIM OpraH/i3Mam, KoTopble ABMIAITCA
NepCneKkTVBHbIMU UCTOYHMKAMM OIS NMOBbILIEHUA YPOXKAMHOCTM N KauecTBa 3epHa, a TakXKe COXPaHEHNSA SKOMOr-
YecKom YMcToTbl 1 6e30nacHOCTU NpoayKumn. OTpaxeHbl 3Tanbl 1 HanpaBleHUsA CeneKLMOHHbIX PaboT ¢ rofosep-
HbIM AIYMEHEM U MOKa3aHO 3HayeHne MUPOBOIA Konnekumn B/IP Kak OCHOBHOrO MCTOYHMKA reHeT!Yeckoro Marte-
puana ans pasBuUTUA CeneKkLuu.

KnioueBble C/10Ba: rono3epHblii AYMEHb; CUCTEMATIKA; NPOUCXOXKAEHNE; FTeHETHKA; KaueCcTBO 3epHa; YCTOMUMBOCTb
K 6ONe3HAM; ypoXKaHOCTb; ceneKkuus.
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Introduction

Barley has been one of the most important cereal crops
cultivated in all the world’s agricultural areas since ancient
times. Barley belongs to the genus Hordeum of the Tritica-
ceae family and is an obligate self-pollinator with a diploid
set of chromosomes (2n = 14). It is rightfully recognized as
a universal crop in terms of both the distribution scope and
use. It is the fourth among the most important cereals in the
world after wheat, maize and rice.

The wide area of distribution and a long cultivation history
induced the rich intraspecific diversity of H. vulgare L. This
cultivated species is divided into two subspecies: multi-row
(H. vulgare L. subsp. vulgare) and two-row (H. vulgare L.
subsp. distichon (L.) Koern.). They include groups of co-
vered and naked botanical varieties. Among naked barleys,
the groups of multi-row (convar. coeleste (L.) A. Trof.) and
two-row naked barley (convar. nudum (L.) A. Trof.) were
identified (Luk’yanova et al., 1990).

A specific feature of the naked barley groups is that their
grains are bare and do not adhere to glumes, so kernels are
easily separated from them when threshed. Naked barley is a
valuable source for breeding for grain quality. Various forms
ofnaked barley are characterized by a high content of protein
and essential amino acids, primarily lysine, phenylalanine,
methionine and threonine, fats, B-glucans, sterols, tocotrie-
nols, flavonols and phytophenols possessing antioxidant
activity (Aniskov et al., 2015; Meints et al., 2021).

Naked barley has its drawbacks. The main disadvantage
of naked barley is the protrusion of the central radicle bey-
ond the sphere of the grain surface, which leads to damage
to the embryo during threshing. The crop is characterized
by low adaptability to changing environmental conditions
and low resistance to drought, lodging, and various diseases.
It means that breeding work with naked barley should be
aimed not only at increasing its positive properties but also at
eliminating its major disadvantages. Currently, plant genetic
resources are being actively analyzed in order to identify
sources and donors for the main breeding trends.

Taxonomy

The history of barley classification dates back to ancient
times. In 1747, C. Linnaeus laid the foundations of scientific
plant taxonomy, covering a huge botanical diversity, includ-
ing barleys. The classification was based on the number of
fertile spikelets in each joint of the spike and the density of
the spike itself. According to the Hordeum L. classification,
there were four cultivated barley species within the genus,
and the botanical varieties of naked barley, var. nudum L.
(two-row) and var. coeleste L. (six-row), were identified
within those species, i.e¢., already at that time the division
of barley into covered and naked forms existed (Bakhteev,
1955; Trofimovskaya, 1972).

A great contribution to the development and further
evolvement of the intraspecific classifications of barleys
was made by such scientists as C.B. von Trinius, J.C. Doll,
C. Koch, R.E. Regel, S.A. Nevsky, N.I. Vavilov, A.A. Or-
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lov and F.Kh. Bakhteev. The naked barley was identified
as a separate subspecies by J.C. Doll. The classifications
by A.A. Orlov and F.Kh. Bakhteev recognized naked and
covered barleys as varieties within different species and
subspecies (Orlov, 1936; Bakhteev, 1955).

The contemporary classification, used at the N.I. Va-
vilov All-Russian Institute of Plant Genetic Resources
(VIR) and based on the works by N.I. Vavilov, R. Mansfeld,
S.A. Nevsky, F.Kh. Bakhteev and A.A. Orlov, was presented
by A.Ya. Trofimovskaya (Trofimovskaya, 1972). The culti-
vated species H. vulgare L. is divided into two subspecies:
multi-row (H. vulgare L. subsp. vulgare) and two-row
(H. vulgare L. subsp. distichon (L.) Koern.). They include
the groups of covered and naked botanical varieties. Among
naked barleys, the groups of multi-row naked barley (convar.
coeleste (L.) A. Trof.) and two-row naked barley (convar.
nudum (L.) A. Trof.) were identified (Trofimovskaya, 1972;
Luk’yanova et al., 1990). Naked barley groups are characte-
rized by a large number of endemic varieties from various
foothill and highland areas. This classification mirrors the
enormous polymorphism of species and botanical varieties
within this genus, including naked barley.

The group of multi-row naked barley, H. vulgare L. subsp.
vulgare convar. coeleste (L.) A. Trof., includes 58 botanical
varieties (Luk’yanova et al., 1990). Its typical feature is that
all three spikelets sitting in the grooves of the spike’s stem
are fertile in most of the spike and have normally developed
grains, while the grains themselves are bare, which means
that they are easily separated from the glumes. Botanica
varieties within the group are distinguished by the width of
glumes, the presence, length and smoothness of awns, the
color of the spike, the density of the spike, and also by the
color of grains.

The density of the spike differentiates varieties into those
with dense and lax spikes. Dense spikes are further subdi-
vided into dense and very dense ones. A very dense spike is
characteristic of the following botanical varieties: var. nu-
dipyramidatum Koern., var. uljassutaicum Vav. et Orl.,
var. subnudipyramidatum Orl., var. micrurum Vav. et Orl.,
and var. latinudipyramidatum Vav. et Orl. These botanical
varieties belong to the Japanese, Chinese and Mongolo-Ti-
betan agroecological groups. Their specific feature, in ad-
dition to a dense spike, is a stunted growth habit. Botanical
varieties with a dense spike are: var. revelatum Koern., var.
ancoberense Vav. et Orl., var. brevisetum Regel, var. na-
num Vav. et Orl., and var. latirevelatum Vav. et Orl. These
botanical varieties, belonging to the Japanese, Chinese and
Abyssinian agroecological groups, are common in Japan,
China, and Ethiopia.

Botanical varieties within the group of multi-row naked
barley are described as having three-lobed appendages in-
stead of awns (furcae): var. trifurcatum (Schlecht.) Wender.,
var. pseudotrifurcatum Langsd., and var. aethiops Koern.,
obtained from China, Mongolia and Ethiopia, but some
botanical varieties with the same feature have been identi-
fied in hybridization nurseries. This group also includes
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botanical varieties with awns or furcae only on the middle
spikelets; the lateral ones are awnless or have only small
rudiments of awns: var. cornutum Schrad., var. cornutifor-
me Aoberg., var. subaethiops Koern., var. nuditransiens
Koern., and var. nudijaponicum Vav. et Orl., from Japan,
South Africa, Tibet, and hybrids obtained in hybridization
nurseries.

Grain color features are the criteria for differentiating
many botanical varieties. Naked barley grains are of various
colors: yellow (var. coeleste L. and var. brevisetum Regel),
green (var. himalayense (Ritt.) Koern., var. urgaicum Vav. et
Orl. and var. kobdicum Vav. et Orl.), purple (var. violaceum
Koern., var. gobicum Vav. et Orl. and var. uhangaicum Vav.
et Orl.), black (var. duplinigrum Koern. and var. aethiops
Koern.), and brown (var. tibetanum Vav. et Orl.); there are
also diverse shades of these colors acquired during splitting
in crosses. Botanical varieties with yellow grains occur
everywhere. Varieties with green grains are also widespread,
but they predominantly belong to Asian agroecological
groups. The purple grain color is observed in botanical
varieties from the Mongolo-Tibetan and Chinese agroeco-
logical groups. Varieties with black grains belong to the
Abyssinian agroecological group. The variety with brown
grains belongs to the Tibetan agroecological group.

The two-row naked barley group, H. vulgare L. subsp.
distichon (L.) Koern. convar. nudum (L.) A. Trof., is charac-
terized by the fact that of the three spikelets sitting in the
grooves of the spike’s stem only one spikelet, the middle one,
is always fertile, with a normally developed grain; the grains
are bare, i. ., they are not firmly adhered to the glumes, so
they are easily separated from them during threshing. This
group consists of 38 botanical varieties. Similarly to the
multi-row naked barley group, the varieties within this group
are differentiated according to the morphological features of
the spike and the color of grains. All varieties mainly belong
to the Abyssinian, Dagestani, Japanese and Indian agroeco-
logical groups; besides, many varieties were obtained in the
process of crossing in hybridization nurseries. Botanical
varieties with a dense spike (var. gymnocrithum Koern.,
var. neogenes Koern., var. nudimelanocrithum Giess., etc.)
belong to the Abyssinian agroecological group.

Botanical varieties are differentiated within the group ac-
cording to the presence/absence of awns, their length, and
the presence of awn appendages (furcae). The varieties that
have three-lobed appendages instead of awns (furcae) are
var. nudifurcatum Regel, var. zhukovskii Chodk., var. sub-
laxum Koern., and var. gymnospermum Koern. The awnless
varieties are var. dupliatrum Koern., var. duplialbum Koern.,
var. subduplialbum Koern., and var. subdupliatrum Koern.
These varieties belong to Asian agroecological groups or
resulted from crosses in hybridization nurseries.

The two-row group of naked barley contains varieties that
are described to have lateral spikelets completely reduced
and represented by only glumes: var. nudideficiens Koern.,
and var. daghestanicum Vav. et Orl. They belong to the
Dagestani agroecological group.
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Color is also a distinctive feature of many botanical va-
rieties. Similarly to the multi-row naked barley, grains can
be yellow (var. nudum L. and var. colonicum Orl.), green
(var. viride Vav. et Orl., var. virideinerme Giess. et al. and
var. daghestanicum Vav. et Orl.), purple (var. nudidubium
Koern. and var. janthinum Koern.) or black (var. nigrinu-
dum Vav. and var. nudimelanocrithum Giess. et al.), or
manifest various other shades. The distribution of varieties
with different grain colors is similar to that of the multi-row
naked barley group.

The VIR global collection includes more than 1230 naked
barley accessions collected from all over the world. These
accessions are valuable genetic material for barley breeding
and can serve as a source for the development of high-yield-
ing naked barley cultivars adaptable to the environments of
various regions of the Russian Federation.

Origin and distribution of naked barleys

Very little is known about the origin of naked barley, because
no targeted studies have been performed on the subject; it has
been considered only in the context of the origin of barley in
general. The timeframe of the origin of naked barley started
to be discussed for the first time when multi-row naked and
covered barleys were discovered during the excavations at
Ali Kosh. A radioisotope analysis ascertained that naked
barley appeared approximately in the period of 7900 B.C.
These data indicate that naked barley evolved much later
than covered barley which grew in the Pre-Pottery Neolithic
(9700-9300 B.C.) (Helback, 1959). The very process of
naked barley emergence also remains not quite clear. The
most common hypothesis is the occurrence of a mutation in
the gene that controls the process of husk formation in grains.

Scientists of VIR found out in their research that naked
barley had three main foci of morphogenesis (Vavilov, 1965;
Luk’yanova et al., 1990). N.I. Vavilov perceived these foci
as “the loci of morphogenesis”, “extremely small spaces”,
where wild plant species were domesticated by man. Such
foci are identifiable by the data of archeology and paleo-
ethnobotany, but they are mainly identified according to
the modern varietal diversity of cultivated plant species and
forms. It is important to understand that ancient foci could
appear in different parts of the continents (i.e., polytopi-
cally) and at different times (heterochronously); later another
phenomenon became known — repeated domestication (re-
domestication) of plant species against the background of
a well-established ancient assortment.

The first focus is Southeast Asia and mountainous Central
and Western China with the lowland areas adjacent to it.
Naked barley is cultivated there mainly in mountainous
areas at an altitude of at least 2000 m. The second focus is
Northeast Africa (mountainous regions of Ethiopia), where
naked barley varieties are represented by endemic forms. The
third focus includes Western Asia: Turkey, Transcaucasia,
Iran, and Tajikistan (Vavilov, 1957).

Recent efforts have been intensively associated with
DNA markers. The data obtained can shift the concept of
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naked barley domestication to a higher level and confirm or
refute the existing hypotheses of the origin and distribution
of naked barleys.

One of the hypotheses concerning the origin of naked
barley is monophyletic origin in the territory of Southwest-
ern Iran, from where it started to migrate to other regions.
This assumption is based on the analysis of the dominant
SCARsKT?7 marker, which is closely associated with the
nud locus (Taketa et al., 2004). The highlands of the Hima-
layas can be considered as a possible center of domestica-
tion for naked barley (Badr et al., 2000) due to a number
of distinctive features (Xifeng et al., 2013). Recent studies,
however, manifest the opposite view. Based on the whole
genome data and the published exon-swapping resequenc-
ing data for 437 accessions, the authors showed that the
modern Tibetan barley (Hordeum vulgare L., qingke) was
derived from domesticated oriental barley and introduced
into Southern Tibet, presumably via Northern Pakistan,
India, and Nepal, about 3500-4500 years ago. The scant
genetic diversity of qingke suggests that Tibet can be ruled
out as a center of origin or domestication of barley. The rapid
decrease in genetic diversity on the way from domesticated
oriental barley to gingke can be explained by the effect of
isolation in the Tibet region from 2000 to 4500 years ago
(Zeng et al., 2018).

In addition to the hypothesis on monophyletic origin of
naked barley from Southwestern Iran, there is also a hypo-
thesis about multiple independent origin of naked barley.
It is based on a comparative morphological analysis of va-
rieties from different foci of morphogenesis and consists in
the independent emergence of naked barleys in several cen-
ters of crop origin (Helback, 1959).

The groups of multi-row and two-row naked barleys occur
in all areas of barley cultivation. They are most widespread
in Southeast Asia (China, Japan, and the Republic of Ko-
rea), Northeast Africa (Ethiopia and Eritrea), and Central
Asia — in mountainous regions (Pamir, Tibet, Tajikistan,
Mongolia and India) (Luk’yanova et al., 1990). The most
common varieties of these groups are var. coeleste L., var.
himalayense (Ritt.) Koern. and var. nudum L. Crop areas
under naked barley in the abovementioned countries are
not uniform: in some countries they reach 95 % of the total
barley crop area, while in others only 50 % or less. The
areas under naked barley abruptly diminish in the direction
from east to west. In Russia, naked barley is cultivated on a
small scale due to a number of factors limiting its distribu-
tion (Tetyannikov, Bome, 2020).

There are two viewpoints on the reasons for the spread of
naked barley mainly in mountainous areas. Some authors
attribute this phenomenon to the active use of naked barley
for food needs (Helbaek, 1966; Nevo, 1992), while others
hypothesize that naked barley is better adapted to such condi-
tions (Harlan, 1979). The second point of view was proved
by A.A. Pomortsev et al. (1996) who studied the dynamics
in the genotypic composition of barley populations obtained
from crosses between the cultivars Moskovsky 121 (two-
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row, covered) and Dzhau Kabutak (six-row, naked, var. hi-
malayense). The hybrids were grown concurrently from
F, to Fy in the Pamirs (2600 m above sea level) and from
F, to F,, in Moscow. As a result, it was shown that under
the impact of natural selection the dynamics of populations
according to marker loci during reproduction in the Pamirs
and in Moscow was different and led to the divergence of
populations. Under the conditions of the Pamir highlands,
the selection was targeted against plants with a covered grain
and two-row spike, while in the environments of Moscow
the selection was targeted against plants with naked grains,
which confirms the second viewpoint: naked barley is more
adapted to growing in highland environments than covered
barley (Pomortsev et al., 1996).

The gene controlling grain nakedness

and the mechanism of its action

It is currently recognized that the difference between covered
and naked barleys is controlled by a single locus. Grain
covering is classified as a dominant trait, and nakedness as
arecessive one. The genetic locus was assigned to the long
arm of barley chromosome 7H and named nud (from the
word nudum) (Gerasimova et al., 2020). The nud gene is
located at a distance of 0.3 cM from the proximal end and
1.2 cM from the distal one in the region (SCAR) of KT 2
and KT 4 (Kikuchi et al., 2003). The structural part of the
nud gene consists of two exons and one intron.

The Nud gene is present in covered barley; it encodes the
transcription of the ethylene response factor (ERF) fami-
ly, which belongs to the group of Wax Inducer 1/Shine 1
(WIN1/SHN1)-like transcription factors. The said factor
controls lipid biosynthesis and encodes protein of 227 amino
acids (Taketa et al., 2008). There are three allele variations
at the nud locus, designated as nud 1.a, nud 1.b, and nud 1.c.
The nud 1.a allele is the result of a Nud deletion. The nud 1.b
allele contains a nucleotide substitution of thymine with
adenine in the second exon, which leads to a substitution
of valine with aspartic acid at position 134. The nud I.c al-
lele has a 1 bp deletion in the second exon, which causes a
reading frameshift and generates a premature stop codon,
resulting in a truncated protein sequence of 199 amino acids.

The mechanism of forming hullness or nakedness on
barley grains is not yet fully understood. The version most
often encountered in publications is that the recessive nud
gene is in an intact state and does not generate an adhesive
lipid layer between the epidermis of the grain pericarp and
the glumes, which allows them to be freely separated during
threshing. As for the dominant Nud allele, it controls the
biosynthesis of lipids which contribute to the adhesion of
the glumes to the caryopsis and the formation of covered
barleys (Taketa et al., 2008; Hoad et al., 2016).

Recent works on the nud locus sequencing showed that
in all naked barley accessions this gene was characterized
by a 17-kb deletion or the presence of the non-synonymous
SNP T643A when compared with the functional Nud gene
(Yu et al., 2016). The analysis of X-ray-induced naked
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grain mutants confirmed that the Nud gene carried non-sy-
nonymous single-nucleotide polymorphisms in all cases. It
was also demonstrated that site-directed mutagenesis of the
Nud gene induced the appearance of naked grains on initial
transgenic plants (Gasparis et al., 2018). In addition to the
normal Nud deletion mutation contributing to hullness, a
new nud allele, designated nud 1.g, was identified in three
naked barley varieties collected in Tibet. The nud 1.g allele
contains the non-synonymous T643A SNP, unlike the func-
tional Nud gene. Genetic analysis showed that SNP T643A
nud 1.g co-segregates with the naked phenotype. Besides,
the in silico prediction of functionally conservative sites
and three-dimensional structures showed that the amino
acid substitution (valine with aspartate) induced by SNP
T643A could lead to a dramatic structural change in Nud that
could result in the loss of its function. This study provides
evidence of a possible new mechanism underpinning the
origin of the naked phenotype of domesticated barley in
Tibet (Yu et al., 2016).

More and more research is focused on the work with naked
barley. In 2020, an article was published where the authors
demonstrated a targeted change in the first exon of the Nud
gene with the help of the RNA-guided endonuclease Cas9,
which led to the conversion of the phenotypic features of
grain hullness into nakedness. The covered barley cultivar
Golden Promise served as the target research material, while
the changes were implemented through the mediated DNA
transfer by agrobacteria (Gerasimova et al., 2020).

However, a limited number of studies on this topic and
broad variability of the source material that has not yet
been fully studied impede the efforts to throw light on the
molecular mechanisms that regulate grain nakedness or
hullness in barley grains. Perhaps, using a wider diversity of
naked barleys from around the world and applying modern
methods would help to identify new loci responsible for
grain nakedness.

Chemical composition of naked barley grains

The main feature differentiating naked barley from co-
vered barley is the biochemical composition of its grain.
Barley grain contains unique combinations of soluble and
insoluble dietary fibers and polysaccharides along with low-
molecular-weight bioactive components (Madakemohekar
et al., 2018). Naked barley exceeds covered barley in the
content of nutrients, such as protein, some essential and
nonessential amino acids, B-glucans, vitamins, macro- and
micronutrients, phenolic and flavonoid compounds. It has
been established that all useful components of barley grain
are preserved during its processing, including such active
antioxidants as proanthocyanidins (Zheleznov et al., 2013;
Polonsky et al., 2021).

A physiologically important dietary component in naked
barley grain is (1,3;1,4)-B-D-glucans. They help to reduce
the risk of cardiovascular disease, maintain or reduce the
amount of cholesterol in blood, decrease the risk of hyper-
glycemic syndrome, improve liver functions, and reduce
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overweight (Wirkijowska et al., 2012; Bozbulut, Sanlier,
2019). The dry matter of covered barley grain contains
4-8 % of B-glucan, but for naked barley this index can reach
16 %. Its content in barley grain is determined by varietal
characteristics and environmental factors (Huth et al., 2002).
Naked barley is characterized by a high vitamin E content
(Moreau et al., 2007) and is considered a good source of
phenolic compounds, such as derivatives of cinnamic and
benzoic acids, proanthocyanidins, flavonols, flavanones, and
flavones (Shen et al., 2016; Ge et al., 2021), which manifest
antioxidant, anti-inflammatory, and antiproliferative effects.

Parameters limiting wider distribution

of naked barley

One of the main factors limiting wider distribution of na-
ked barley is its low yield compared with covered barley.
This is largely due to its low field germination caused by
the protrusion of the radicle beyond the grain. It affects the
embryo’s resistance to the mechanical impact of threshing
equipment, results in injuries, and leads to a decrease in field
germination of its seeds.

In order to overcome this disadvantage of naked barley in
breeding practice, it is necessary to control the morphology
of the grain shape and the nature of the embryo’s position-
ing (Tetyannikov, Bome, 2020). Quite a few lines with
oval-shaped and even rounded grains have already been
developed by crossing the Canadian naked barley cultivars
McGwire and BRL-6 with the covered cultivars Getman,
Vakula, Linus and others (Kirdoglo et al., 2013). A very
promising naked barley accession, 95683/73 (k-27730)
from Germany, was identified in the VIR collection. Its
grain is shortened (7.2 mm) but rather wide (3.8 mm) and
maximally thick (2.8 mm). Such parameters make this ac-
cession uniquely important for practical use in naked barley
breeding. Besides, accessions with the optimal grain shape
were identified: Alar-Erd-Ene from Mongolia, Hora from
the Netherlands, 1218-524 from the Czech Republic, and
S-257 from Mexico (Malashkina, 2008).

Long ago it was shown that covered barley cultivars were
more productive than naked ones. However, many authors
who studied naked barley observed that the glumes, tightly
adhered to the caryopsis, accounted for at least 12—14 %
of the total bulk of covered barley harvest. Barley glumes
themselves are the same straw, so it should be taken into
account when measuring the real yield of covered barley
(Gryaznov, 2014).

Barley yields are highly variable depending on environ-
mental conditions, especially in arid areas (Gryaznov, 2014).
Naked barley yields also vary significantly depending on
the characteristics of cultivars. The productivity of naked
barley forms was studied in many regions of Russia: in the
Tyumen (Tetyannikov, Bome, 2020), Omsk (Aniskov et al.,
2015) and Kemerovo (Zaushintsena et al., 2007) regions
and in the provinces of North Caucasus (Doroshenko et al.,
2019), and others. Accessions with the highest yield and
best adaptive properties were identified in those regions.
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Besides, one of the most important agronomic traits
of naked barley is its resistance to lodging in different
environments. T.M. Bogdanova et al. (2001) identified
single accessions resistant to lodging under the conditions
of Northwestern Russia: KM 280 (k-29419, var. nudum,
Czech Republic), Nacta (k-20928, var. nudum, Germany),
and complex hybrids from Mexico (k-28019, var. nudum,
and k-28083, var. neogenes). Later, under the same condi-
tions, accessions resistant to lodging were selected from
two-row barleys: k-29863 (var. neogenes, Czechoslovakia)
and k-28083 (var. neogenes, Mexico), and from multi-row
barleys: k-28961 (var. coeleste, India), k-4365 (var. coeleste,
Belarus), and k-21319 (var. subnudupyramidatum, Japan)
(Tyaglyi, 2007). Testing under the conditions of Tyumen
Province revealed resistance to lodging scoring 9 points in
the two-row accessions: k-22308 (H 2198 Ubamer Baco),
k-23450 (H 2866 Coll. Halle EP 80), k-25008 (Local), and
k-25855 (Ra 6), and in multi-row ones: k-30663 (C.1.11073)
and k-30624 (C.1.10975) (Tetyannikov, Bome, 2020).

An important criterion for increasing the yield of naked
barley in the areas of risky farming is its earliness. For
example, when studying the earliness of barleys from the
countries of Southeast Asia, two ultra-early forms from
China were identified: k-15881 (var. coeleste L.) and
k-15882 (var. nudipyramidatum Koern.), with an interval
of 30-33 days between the germination and ear emergence
phases (Zveinek, Kovaleva, 2017), which makes these ac-
cessions promising for cultivation in areas with unfavorable
abiotic factors. Besides, a study of the extensive material
from the VIR collection resulted in the identification of 16
early-ripening accessions, such as k-25090 (Mexico, var.
nudum) and k-29820 (Ethiopia, var. nigrinudum) from the
two-row group, and k-5489 (Ukraine, var. glabriduplini-
grum) and k-24817 (Ethiopia, var. tibetanum) from the
multi-row one (Bogdanova et al., 2001).

Practical cultivation of naked barley cultivars, including
cv. Nudum 95, attests to the need for the development of
measures to adapt such cultivars to local environmental
conditions, which will increase their yield to the level of
covered barley. Such technologies have already started
to appear, but only for certain regions (Gryaznov, 2016;
Gladkikh et al., 2019).

Resistance to various diseases

Disease resistance of cultivars is one of the important re-
serves for increasing the yield and quality of grain as well
as for maintaining the ecological cleanliness and safety of
products.

Diseases caused by fungi, bacteria and viruses, and pests
of barley occur each year in various regions of Russia, re-
sulting in abrupt decreases in grain yield and quality. They
affect the normal rhythm of plant development, produce
a negative impact on grain formation, reducing grain size
and filling, and disrupt plant stands. Therefore, breeding for
quality is closely associated with breeding for resistance to
diseases and pests. The most profitable and safest way to
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reduce grain contamination is to develop genetically resis-
tant cultivars. Breeding problems cannot be solved without
a constant search for new sources and donors of resistance,
because plant resistance genes lose their effectiveness in the
process of emergence and accumulation of virulence muta-
tions in pathogen populations (Luk’yanova et al., 1990).

It is known that barley can be infected with a wide range
of pathogenic fungi, and many of them can persist in the
grain. The genera Bipolaris, Pyrenophora, Phaeosphaeria,
Alternaria, Ustilago, Puccinia, Blumeria and Fusarium
are considered the most common fungi infecting barley
grain worldwide (Chen et al., 2016). Reduction of losses
in harvests and valuable grain qualities requires careful
selection of source material and involvement of the most
resistant sources and donors in breeding practice to develop
new cultivars.

Fusarium is a common disease of cereals, such as wheat,
maize or barley, and can lead to an abrupt decrease in yield
and product quality (Polisenska et al., 2020) through the
formation of mycotoxins. Mycotoxins in the human orga-
nism cause anorexia, vomiting, diarrhea and, in high doses,
intestinal bleeding; sometimes they produce additional
effects, such as impaired immune function. In plants, my-
cotoxins inhibit protein synthesis, while fungal enzymes
lead to protein degradation, thus inducing plant defense
mechanisms (Martin et al., 2018).

Plant resistance to Fusarium and accumulation of my-
cotoxins is a complex mechanism. Five major resistance
classes have been established for wheat, barley and maize.
Resistance of type I acts against initial penetration and
infection of plants. Type II restricts the spreading of infec-
tion within the plant. Resistance of type III deals with grain
infestation, type IV is associated with resistance and the abi-
lity to maintain yield, and type V combines all mechanisms
of resistance to mycotoxin accumulation (Martin et al.,
2018). Resistance of type V is suggested to be divided into
two components. The first, called type V-1, is the resistance
to toxin accumulation driven by metabolic transformation,
including enzyme-catalyzed biochemical modification. The
second component (type V-2) corresponds to the resistance
obtained through inhibition of mycotoxin biosynthesis by
endogenous compounds within the plant itself (Martin et
al., 2017).

There is proof that a large number of various plant me-
tabolites play a decisive role in the resistance to Fusarium:
phenolic acids, flavonoids, carotenoids, tocopherols, ben-
zoxazinoids, fatty acids, amino acids and their derivatives,
carbohydrates, amines and polyamines, terpenoids, etc.
(Gauthier et al., 2015; Atanasova-Penichon et al., 2016).
They suppress reactive oxygen species, scavenge free radi-
cals during lipid peroxidation and contribute to the estab-
lishment of a physical barrier against pathogenic infection,
while some metabolites can interfere with the biosynthesis of
mycotoxins (Siranidou et al., 2002). High pB-glucan content
in grain was also shown to contribute to the resistance of
type V (Martin et al., 2018).
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When studying covered and naked barleys, some resear-
chers demonstrated that covered barley turned out to be more
resistant (Warzecha et al., 2010), while others found very
low content of toxins in naked barley cultivars, justifying
this by the fact that a significant amount of toxins remains
in glumes (Buerstmayr et al., 2004). The latest data on
the specific features of barley resistance to Fusarium wit-
ness that the advantage of some naked barley forms over
covered ones in terms of the content of metabolite groups
that enhance the resistance of type V should be taken into
account.

A study of Fusarium resistance in barley cultivars, con-
ducted by domestic researchers, identified 14 highly resis-
tant accessions. Five of them were naked forms (k-2946,
k-11070, k-11073,k-11076 and k-11082) with large grains,
but prone to lodging and susceptible to powdery mildew
(Gagkaeva, Gavrilova, 2009).

Powdery mildew (causative agent: Blumeria graminis
(DC.) Golovinex Speerf. sp. hordei Marchal), brown rust
(Pucciniahordei G.H. Otth.) and Helminthosporium are
among the most widespread and harmful diseases of barley
in Russia (Kusch, Panstruga, 2017). Long-term resistance to
the powdery mildew pathogen of barley cultivars is provided
almost all over the world by the mloll gene and, to some
extent, mlo9 (Radchenko et al., 2020). A number of naked
barley accessions with resistance or low susceptibility to
powdery mildew were identified: Dublet (Belarus), Omsky
Golozerny 1 (Russia), k-26648 (Pakistan), Buck CDC,
CDC VC Gwire and CDC Dawn (Canada), k-3038 (Turk-
menistan), Orgeniepetite (France), NB-OWA (Nepal), etc.
Resistance to leaf spots caused by Helminthosporium was
observed in Buck CDC and Bowman (Canada), 84469/70,
k-3038 (Turkmenistan), Dublet (Belarus), Brunee (Ethiopia),
Orgeniepetite (France) and others. Complex resistance to
both pathogens was demonstrated by the accessions: Dub-
let, Omsky Golozerny 1, Omsky Golozerny 2, Yudinsky 1,
k-26648, 84469/70, Orgeniepetite, CDC Dawn, NB-OWA,
k-3038, CDC VC Gwire and E.E.B.N.46. They are recom-
mended for use in breeding programs targeted at resistance to
fungal diseases (Doroshenko E.S., Doroshenko Ed.S., 2018).

Accessions k-5448, k-8682 and k-17554 with powdery
mildew resistance were identified while testing Ethiopian
accessions at Pushkin and Pavlovsk Laboratories of VIR as
potential sources of the mlo11 gene allele in the development
of cultivars resistant to powdery mildew. Accession k-5448
(Abyn 8, var. duplinigrum, Ethiopia) was also resistant to net
blotch: the plant damage did not exceed the score of 1 point
(Alpateva et al., 2016). A stock of accessions resistant to
fungi was obtained during the study of naked barley cul-
tivars from the VIR collection. The best accessions that
retain powdery mildew resistance for 30 years are k-2930
(var. violaceum, China), k-5983 (var. coeleste, Afghanistan)
and k-3282 (var. nigrinudum, Ethiopia) (Bogdanova et al.,
2001).

In addition, wider distribution of naked barley is ham-
pered by its susceptibility to smut fungi. Among numerous
pathogens of cereals, smut fungi manifest one of the high-
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est levels of harm due to the fact that they are ubiquitous,
cause a very significant decrease in yield and worsen the
quality of grain. They can also provoke reduction of dry
matter accumulation in grain, shortening of the ear length,
and a decrease in tillering and the number of grains per ear
(Bechtol’d, Orlova, 2018). Phytopathological analysis of
40 naked barley accessions for covered smut showed that
only three cultivars had absolute resistance (0.0 %) to the
pathogen: Chugokuhadaka N2 (Japan), Buck CDC (Canada),
and k-30313 (Ethiopia).

Mid-ripening naked barley accessions were found to
be more affected by smut fungi compared to mid-late and
early ones. Seeds infected with loose smut have a lower
absolute weight (by 10-20 %) and their field germination
deteriorates (Zhichkina, Stolpivskaya, 2015). As a result of
the studies (2005-2007), 8 covered and 4 naked cultivars
were identified for being not affected by false loose smut
and covered smut, including the references Omsky 85 and
Omsky Golozerny 2. Accessions combining resistance to
false loose, covered and loose smuts were identified. They
were recommended to breeders for inclusion into crosses
in order to obtain immune cultivars (Meshkova, Sabaeva,
2009). Accessions k-23851 (var. himalayense, Mountainous
Badakhshan) and k-21544 (var. trifurcatum, Bolivia) from
the VIR collection were resistant to loose smut for 12 years
(Bogdanova et al., 2001). They are also of interest as pro-
mising sources.

Breeding improvement of naked barley

Historically, the study of naked barley was started by such
scientists as N.I. Vavilov, A.A. Orlov and F.Kh. Bakhteev.
They drew the attention of plant breeders, geneticists and
agronomists to the diversity of naked barley forms avail-
able in the global collection. They identified distinctive
features and areas of distribution of these forms, assessed
their agroecological characteristics, described the scope
of their application, and also initiated the collecting of
naked barely samples from all over the world (Khod’kov,
1985).

In Russia, the areas where naked barley was grown were
very limited. The first information about naked barley
cultivation in Eastern Siberia dates back to the beginning
of the 19th century. It was mostly in those years that the
so-called Himalayan barley appeared among cultivated
barleys. This form was borrowed in 1826 by S.I. Gagarin,
Vice-President of the Imperial Moscow Agricultural Society,
from Archduke John of Austria (Surin, 2011). According
to L.E. Khod’kov (1985), in the early period of domestic
breeding, only some agricultural institutions were interested
in naked barley. For example, Himalayan naked barley was
studied for several years at the Zapolskaya Experiment
Station in the late 19th century. In 1914, the first cultivar of
naked barley, Nudum 155, was released at the Dnepropet-
rovsk Experiment Station. It was obtained through individual
selection.

However, this is not the first information about the cultiva-
tion of naked barley in the Russian Federation. An analysis
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of fossil plant remains discovered by the expedition of the
Dagestan Branch of the USSR Academy of Sciences during
excavations of ancient settlements near the village of Gilyar
in Southern Dagestan showed that 4.5-5 thousand years
ago (in the Ancient Bronze Age) local residents cultivated
wheat and barley. With this in view, it is noteworthy that
naked barley was the most widespread (Omarov, 1981).
Local highlanders even singled out naked barley as an in-
dependent crop, different from ordinary cultivated barley.
Naked barley was exclusively cultivated in the mountainous
and alpine areas of Dagestan, where its grain was used for
food purposes.

Naked barley appeared in the global collection of VIR
at the very beginning of its establishment. It is interesting
that the first (k-1) registered number in the VIR catalogue
was given to a sample of naked barley (var. himalayense)
from Uzbekistan acquired in 1897. The first accessions of
naked barley arrived to the VIR collection from completely
different parts of the world: Uzbekistan, China, Ukraine,
Armenia, Georgia, Germany, Romania, Kazakhstan, Latvia,
France, Kyrgyzstan, etc., and from all over Russia: Saratov,
Yaroslavl, Tobolsk and Vyatka Provinces, Dagestan, Kuban,
Kursk Province, Don and Black Sea regions, Yenisey and
Terek basins, etc., which proves the widespread growth of
naked barley in Russia.

The State Variety Network has been testing naked barley
almost regularly since 1927, while the research into this
crop has become systematic. In the 1920-1930s, the naked
barley cultivars Nudum Rostovsky 0289, Nudum Rostovsky
3001, Coeleste 086, Nudum 021, Coeleste 08, Byloe,
Kolkhozny 7 and Nudum 92 were developed. However,
for various reasons, almost all of them were not officially
commercialized and zoned. Post-war breeding efforts also
did not achieve outstanding results in the development of
new naked barley forms. Thus, since the end of the last
century, the attention of both individual plant breeders and
various domestic breeding institutions has been drawn to the
problem of the development of naked barley cultivars and
their introduction into agricultural production, but almost
all of them were unsuccessful. L.E. Khod’kov (1985) in his
publication “Naked and Awnless Barley” (1985) analyzed
the experience in the breeding work with naked barleys in
the country and showed a number of promising improved
forms of his own breeding.

Targeted research on the development of naked barley
cultivars is currently being carried out in Canada, Japan,
the USA, Sweden and the Czech Republic. Russia, Ukraine
and Belarus are also interested in this subject. In Canada,
at the end of the 20th century, such cultivars as Scout and
Tupper (1980), Condor (1988), Buck and Richard (1990)
were released; they currently occupy the area of more than
350,000 hectares (Aniskov et al., 2015). Besides, in 1997,
the “waxy” barley was first developed in Canada; it exceeded
common barley in the content of B-glucans by 32—41 %. In
Belarus, the first studies on the development of naked barley
cultivars date back to the 1970s. Those efforts resulted in
releasing such cultivars as Golozerny 76, Belorussky 76,
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Golozerny 94 and Dublet (Trofimovskaya, 1972). Significant
progress has been made in Switzerland, where several naked
barley cultivars were included in the official catalogue in
the late 1980s.

In the Russian Federation, breeding works with naked
barley are actively carried out in the Siberian Research
Institute of Agriculture, Krasnoyarsk Research Institute of
Agriculture, Siberian Research Institute of Plant Production
and Breeding, and Kemerovo Research Institute of Agri-
culture. At present, there are already six cultivars of naked
barley listed in the State Register for Selection Achieve-
ments: Omsky Golozerny 1 (2004), Omsky Golozerny 2
(2008) and Omsky Golozerny 4 (2020), Oskar (2007),
Nudum 95 (2010), and Ergeninsky Golozerny (2020) (State
Register..., 2021). However, these cultivars are adapted to
the environments of certain regions, and in other regions
their quantitative and qualitative traits are not manifested.
For example, cv. Ergeninsky Golozerny is adapted to arid
areas in the black earth zone, which makes it in demand in
the south of Russia and other arid regions (Characteristics
of Plant Varieties..., 2020).

Contemporary plant breeding has changed significantly.
These changes are associated with the development of mo-
lecular marker technologies and the possibilities of sequenc-
ing (Khlestkina, 2013). They make selection by genotype
possible, which significantly accelerates the breeding pro-
cess (Jaganathan et al., 2020). Currently, SNP markers are
widely used for genotyping (Agarwal et al., 2008; Jagana-
than et al., 2020), and they are applied for both covered and
naked barleys.

The use of NGS (next-generation sequencing) technolo-
gies for studying naked barley is not as widespread as for
covered barley. J. Hernandez et al. (2020) associated it with
the problem of the absence of model naked barley. X. Chen
(2014) studied two local naked barley cultivars XQ754 and
Nimubai from Tibet using paired-end RNA sequencing on
the Illumina HiSeq 2000 platform and derived their tran-
scriptomes. All in all, 13.1 and 12.9 million 90 bp paired
reads were produced from two cultivars. Based on databases,
a description of the genes and conservative protein domains
in the developing grain of naked barley was presented. More-
over, the sequences and expression levels of the genes as-
sociated with coding storage proteins and enzymes for starch
synthesis and B-glucans were analyzed. Their temporal and
spatial patterns were derived from the transcriptome data of
the covered barley cultivar Morex (Chen et al., 2014). These
data ensure the genetic potential to improve the qualitative
traits of naked barley in future studies.

At present, the results of sequencing jointly with high-
throughput genotyping technologies can be used for effective
targeted selection of the desired genotypes among breeding
lines, which will significantly accelerate the development of
new barley cultivars with desired characteristics (Rozanova,
Khlestkina, 2020).

The global barley collection held by VIR contains an
extensive gene pool of naked barley. The group of multi-
row naked barleys constitutes a small part of the collection
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compared to covered ones and consists of 827 accessions,
including 34 varieties. The two-row naked barley group
includes only 303 accessions and 21 varieties. Many naked
barley varieties in the VIR collection are endemic, very
rare, and represented in the collection by single accessions,
which makes the VIR collection a unique source of valuable
genetic material.

Economic importance of barley

Currently, the trend of food production from various cereals
meeting the dietary needs of humans is actively developing.
The dietetic, preventive and therapeutic effect of such food
products on a human organism is based on the biochemi-
cal composition of cereal grains. In recent years, breed-
ing practice has been aimed at developing high-yielding
cultivars combining the maximum content of biochemical
components and their optimal ratio with other grain qua-
lity indicators and resistance to various abiotic and biotic
stressors (Loskutov, Khlestkina, 2021). Barley is among such
crops: it is an important source of food and feed and a valu-
able industrial crop in many countries of the world. Barley
demonstrates stable grain harvests every year: in 2020, ac-
cording to FAO, the barley grain harvest amounted to over
151 million tons (http://www.fao.org/faostat/en/#data/QC,
accessed June 25, 2021). About 75 % of the world’s barley
production is used for animal feed, 20 % goes to the produc-
tion of malt for the brewing industry, and only 5 % for food
production (Blake et al., 2011).

Use of barley for food purposes

Barley is highly adaptable to high-altitude climate condi-
tions, drought, and soil salinity, which makes it an important
staple food crop in North Africa and the Tibetan Plateau in
China where other crops, such as wheat and rice, cannot
produce high and stable yields (Moza, Gujral, 2016).

The list of food products from naked barley grain is cur-
rently expanding. Barley grain is used to make barley and
pearl barley groats. Since the grain of naked barley is easi-
ly separated from glumes, the yield of groats from naked
barley is higher than from covered barley. Naked barley
cultivars meet all requirements for producing high-quality
groats. Therefore, it seems advisable to replace a number
of covered cultivars with naked ones for the production of
groats (Borisonik, 1971).

Naked barley grain is also used to make flour. In high-
land areas, the flour from naked barley is mainly consumed
as satu (flour made from roasted barley grains) and also
mixed with flour made from other crops, such as wheat,
buckwheat, millet and pea, to cook flatbread, dumplings
and thukpa (Tibetan noodle soup). In addition to flour, a
special traditional fermented drink (Chhyang) and distilled
liquor are prepared from the grain for various cultural and
religious events.

In Canada, products made from mixtures of wheat and
barley flour in varying proportions are quite common. To
preserve the biological value of the grain, whole grain flour
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is used, without siftings and technological waste (Trofi-
movskaya, 1972). In Italy, naked barley is widely used for
processing into dietary barley flour or such products as quick
breakfasts and coffee substitutes. To obtain barley coffee,
the grain is roasted to a dark brown color and finely ground,
and the resulting powdery mass is used as a coffee sub-
stitute.

The work is underway to use whole-grain oat and barley
for the preparation of functional drinks, including plant-
based milk. Such drinks are rich in B-group vitamins, com-
plex carbohydrates, and various mineral components. Whole
grains used in beverages also contain a wide variety of phe-
nolic compounds with antioxidant activity (Fernandes et
al., 2018/19).

In Russia, naked barley flour mixed with bread wheat flour
is becoming more and more popular for baking purposes
in order to enrich products with compounds useful for the
human organism and significantly increase the nutritional
and consumer value of bakery products.

A large number of experiments helped to identify the
optimal ratio of wheat/barley flour (90/10 %) for bread.
With such ratio, the characteristics of bread (organoleptic
assessment of the surface and color of the crust, porosity and
elasticity) are not inferior to those of the products made from
pure wheat flour; however, it should be noted that an increase
in the share of barley flour for bakery products to 25 % or
more worsens the quality of products (Letyago, Belkina,
2019). Research is also underway to obtain bread products
with increased antioxidant activity. Similar optimal ratios
have been calculated for the addition of flour from the grain
of the naked pigmented barley cultivar Granal 32, which
shows increased antioxidant activity of 10 % (Gryaznov et
al., 2019; Martinez-Subira et al., 2020).

Including naked barley, rich in B-glucans and anthocya-
nins, in a balanced diet provides many health benefits, and
such low-glycemic and fiber-rich dietetic foods may help
to regulate blood glucose levels in healthy individuals and
diabetic patients (Shakib, Gabrial, 2010; Martinez-Subira
et al., 2020).

Use of barley for feed purposes

Most of the world’s barley production (>70 %) is used to
meet the needs of animal husbandry. Barley as a fodder crop
is widely utilized in Russia, CIS countries, Eastern Europe
and Canada, where one of the most popular fodder crops,
maize, is not so widespread (Avdeichik et al., 2009).

The grain of naked barley is a valuable high-energy
feed, rich in protein and a number of essential amino acids,
while the content of cellulose is low. Numerous studies on
naked barley are aimed at including it in feeds with various
enzyme supplements to improve the quality of animals and
reduce rearing costs. Active introduction of naked barley
grain into animal rations showed a positive effect mainly
on laying hens (Dadashko et al., 2010), pigs (Tatarkina,
2019), broiler chickens (Teimouri et al., 2018), and geese
(Toropova, Sukhanova, 2013).
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Other uses of barley

Actively developed is the trend when not only covered
but also naked barley is used for the production of malt
for the brewing industry and the sector dealing with other
alcoholic drinks. Aqueous extracts from barley malt are
also used in medicine, textile and leather industries. The
possibility of using naked barley as a crop for brewing has
been discussed for a very long time, but it is necessary to
make adjustments to the technological process, for example
by replacing natural filtration through films with artificial
filters (Borisonik, 1971).

There is also a trend to use naked barley to make diastatic
malt, which has a composition and enzymatic activity com-
parable to that of brewing and distilled malts, but superior
to that of wheat malt brewed under identical conditions.
The first advantage of such malt is a shorter maturation time
than that of malting barley or wheat. Another advantage of
naked barley malt is that it can be used directly for food
purposes without the need to prepare malt extracts and
syrups, as is the case with brewing and distillation industries
(Bhatty, 1996). Besides, naked barley can serve as basic
material for the production of fuel alcohol (Ingledew et
al., 1995).

The latest studies on naked barley have shown its versa-
tility for uses both for feed and food as well as for various
production needs. Although researches have formed an
opinion based on their long-term experience that there are
difficulties in their approaches to promoting the use of naked
barley, many of them believe in the expediency of at least
partial replacement of covered barley with the naked one
in order to increase produce quality and possibly reduce
production costs.

Conclusion

After a detailed review of published sources on naked barley,
we can conclude that such forms of barley undoubtedly have
a number of advantages over the traditional covered ones,
such as easy separation of glumes during threshing, a more
balanced biochemical composition, an increased content of
protein, various amino acids, B-glucans and compounds with
antioxidant activity, and a lower cellulose content, which
increases its value as a fodder crop.

The VIR collection preserves and maintains more than
1230 naked barley accessions collected from all over the
world. It can serve as a source for the development of high-
yielding cultivars of naked barley with adaptive properties,
thus providing an advantage in producing high-quality
harvests, while easy separation of the kernel from glumes
would facilitate grain processing operations.
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The effect of the 7DL-7Ae#1L-7Ae#1S translocation
on the productivity and quality of spring bread wheat grain
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Abstract. The 7DL-7Ae#1L-7Ae#1S translocation with the Lr29 gene attracts the attention of bread wheat breeders by
its effectiveness against Puccinia triticina. However, its impact on useful agronomic traits has been little studied. In this
report, the prebreeding value of 7DL-7Ae#1L-7Ae#1S was studied in analogue lines (ALs) of spring bread wheat cultivars
Saratovskaya 68 and Saratovskaya 70 during 2019-2021. The presence of the Lr29 gene was confirmed by using molecu-
lar marker Lr29F24. The ALs with the Lr29 gene were highly resistant to P. triticina against a natural epiphytotics back-
ground and in laboratory conditions. 7DL-7Ae#1L-7Ae#1S in Saratovskaya 68 ALs reduced grain productivity in all years
of research. On average, the decrease was 35 and 42 %, or in absolute figures 1163 and 1039 against 1802 kg/ha in the
cultivar-recipient. In Saratovskaya 70 ALs, there was a decrease in grain yield in 2019 and 2020, and there were no diffe-
rences in 2021. On average, the decrease was 18 and 32 %, or in absolute figures 1101 and 912 against 1342 kg/ha in the
cultivar-recipient. The analogues of both cultivars showed a significant decrease in the weight of 1000 grains, which ranged
from 14 to 20 % for Saratovskaya 68 and 17-18 % for Saratovskaya 70. An increase in the period of germination-earing
was noted only in Saratovskaya 68 lines, which averaged 1.3 days. ALs of Saratovskaya 70 had no differences in this trait.
7DL-7Ae#1L-7Ae#1S did not affect plant height and lodging resistance in all ALs. Studies of the bread-making quality in
lines with 7DL-7Ae#1L-7Ae#1S revealed a significant increase in grain protein and gluten content. As for the effect on the
alveograph indicators, there were differences between ALs of both cultivars. While Saratovskaya 68 ALs had a decrease in
elasticity and in the ratio of dough tenacity to the extensibility, Saratovskaya 70 lines had an increase in these indicators. All
lines increased the flour strength and the loaves volume, but while Saratovskaya 68 ALs had an increased porosity rating,
Saratovskaya 70 ALs had the same rating as the recipient.

Key words: bread wheat; translocation 7DL-7Ae#1L-7Ae#1S; analogue lines; efficiency of the Lr29 gene; effect on grain
productivity and bread-making quality.
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BausHue tpaHciaokanum 7DL-7Ae#1L-7Ae#1S Ha IPOAYKTUBHOCTD
I KAUeCTBO 3epPHa APOBOI MSITKOI IIII€HUIIbI

C.H. Cubuxees! @, E.J. Tyabrsiena®, A.E. Apyxun!, A.B. Anapeepal

! DepepanbHbIit arpapHbIii HayuHbIil LeHTp 0ro-BocToka, Capatos, Poccua
2 Bcepocchinckimin Hay4HO-MCCNejoBaTeNbCKNI MHCTUTYT 3alyTbl pacteHuid, MywkuH, CaHkT-MeTepbypr, Poccna
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AnHoTtauuma. TpaHcnokauna 7DL-7Ae#1L-7Ae#1S c reHom Lr29 ot xpomocombl 7Ae#1 nbipea yanuHeHHoro (2n = 70) npu-
B/ieKaeT BH/MaHMe ceneKkLMoHepoB MATKOM NieHULbl 3G deKTUBHOCTbIO MPOTUB BO3OYANUTENA NTMCTOBON pxaBunHbl. OfHa-
KO ee B/IMAHME Ha XO3ANCTBEHHO MONe3Hble NoKasaTeny n3yyeHo HefoCTaTouHo. B npefcTaBneHHON cTaTbe UCCnefoBaHa
arpoHomMmnyeckas LeHHOCTb TpaHcnokaunn 7DL-7Ae#1L-7Ae#1S y aHanoros ApoBow MArKow niieHuubl coptos Capatos-
cKkan 68 n CapatoBckad 70 B TeueHne 2019-2021 rr. Hanuune rena Lr29 y nccnepyemoro matepuana 6b110 NoaTBepAeHo C
nomoLybto ML P-aHann3a c mapkepom Lr29F24. JIuHum c reHom Lr29 xapakTepu3oBanuncb BbICOKOM yCTONUMBOCTbIO K Puccinia
triticina Kak Ha doHe ecTeCTBeHHOW 3NNUTOTUN, TaK U B 1abOPaTOPHbIX ycoBuaAx. TpaHcnokauma 7DL-7Ae#1L-7Ae#1S y
aHanoros copta CapaTtoBckasa 68 cHmkana NPoAyKTUBHOCTb 3€pHa BO BCe oAbl nccnefoBaHui. B cpegHem noHwkeHne
cocTtaBuno 35 1 42 %, unu B abcontoTHbIX Undpax 1163 n 1039 npotms 1802 Kr/ra y copTa-peuunueHTa. B 1o xe Bpema y
NuHUN-aHanoros copTa CapaToBcKaa 70 OTMeUYEHO MOHKEHUE YPOXKaNHOCTM 3epHa B 2019 1 2020 rr. 1 He 6b110 OTANYWIA B
2021 r. B cpepgHeM NOHMXKeEHKE YPOXaNHOCTM 6b110 18 1 32 %, unun B abcontoTHbIX Lnudpax 1101 1 912 npoTms 1342 kr/ra'y
copTa-peuunueHTa. Y aHanoros 0601mx COpToB BbIABIEHO 3HaUMMOeE MOHM»eHne Maccbl 1000 3epeH, KoTopoe Konebanocb
ot 14 go 20 % Ha copTe CapaToBckas 68 1 17-18 % — Ha copTe CapaToBckas 70. YBennyeHne neprofa «BCxofbl—KonoLlle-
HVe» 06Hapy»KeHO TONbKO Y NMHUIA-aHanoros copTa CapaTtoBckas 68, KOTopoe cocTaBuo B cpeaHeM 1.3 cyTokK. Y aHanora
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The effect of the 7DL-7Ae#1L-7Ae#1S translocation
on the productivity and quality of spring bread wheat grain

copta CapatoBckas 70 pa3nuuuin no 3ToMy nokasartesnto He 6bino. TpaHcnokauma 7DL-7Ae#1L-7Ae#1S He BAnAna Ha Bbl-
COTY pacTeHWI 1 YCTONYMBOCTb K MOMEeraHuio y Bcero Habopa nuHWIN. MiccnefoBaHmna KayecTBa MyKu 1 xneba y nuHUN ¢
TpaHcnoKkauven 7DL-7Ae#1L-7Ae#1S BbIABUIM 3HAUMMOE yBENNYEHWE COAEPKAaHMA 3ePHOBOro 6enka 1 KnenkosuHbl. Of-
HaKo Habniopanvcb pasnuuna Mexay nuHuamn copto CapaTtoBckas 68 u CapaTtoBckas 70 Mo BAVAHMIO Ha MokKasaTenm
anbBeorpada. Ecnn y nuHnin copta CapaTtoBckas 68 0TMeuanochb NMOHWXKEHWE YNPYrocTy, OTHOLLEHNA YNPyrocTy TecTa K
pPacTAXMMOCTI, TO y NMHKI copTa CapaToBcKaa 70 3Ty NokasaTenu NoBbIWanNCb. Bce NMMHUM yBennumnBanu cuny MykKu v
obbem xnebues, HO ecnin y nnHUI copTa CapaToBcKasa 68 Gbina NoBblleHHaA xnebonekapHaa OLeHKa, TO JIMHWUK copTa

CapaTOBCKaFI 70 He oTAnYanucb oT peynnmneHTa.

KntoueBble cioBa: MArkas nweHnya; TpaHcnokauma 7DL-7Ae#1L-7Ae#1S; nuHnm-aHanoru; 3gp$eKTMBHOCTb reHa Lr29; Bnvs-

HWE Ha NPOAYKTUBHOCTb N Ka4eCTBO 3€pPHa.

Introduction

The Lower Volga region of the Russian Federation is one of
the main regions growing bread wheat. The main crops are
in the Saratov and Volgograd regions. In 2020, in the Saratov
region, the total area under bread wheat (winter and spring)
amounted to 1,380,524 ha (http://srtv.gks.ru/storage/media
bank/f2raAGzs). In the Volgograd region, the total area under
bread wheat (winter and spring) amounted to 1,528,000 ha
(https://volgastat.gks.ru/storage/mediabank/posev_21.pdf).
According to “The State Register of Selection Achievements
Authorized for Use for Production Purposes™in 2021, 90 cul-
tivars of winter bread wheat and 27 cultivars of spring bread
wheat have been registered in the Lower Volga region (gossort
rf.ru/wp-content/uploads/2021/04/Final-register-2021.pdf).

In this region, one of the main fungal diseases of wheat is
leaf rust (pathogen Puccinia triticina f. sp. tritici Erikss.). De-
spite the fact that some Russian grain-growing regions of the
last decade are characterized by a decrease in the importance
of this disease, the losses from it are quite large (Gultyaeva
et al., 2021). In the Lower Volga region, the disease occurs
annually, and strong epiphytoties are observed every three to
four years (Gultyaeva et al., 2020). The last strong epiphytoty
was in the growing season of 2017 (Sibikeev et al., 2020). De-
spite the above-mentioned large number of winter and spring
bread wheat cultivars registered in this region, a significant
part of them are susceptible to P. triticina (Gultyaeva et al.,
2021). Thus, in the Left Bank zone of the Saratov region, the
prevailing cultivars of spring bread wheat are Saratovskaya 42,
Saratovskaya 55 and Albidum 32, which are not protected by
any resistance genes or they have ineffective Lr10 (Gultyaeva
et al., 2020, 2021).

In general, each region of Russia has its own set of common
wheat cultivars with leaf rust resistance genes (Lr-genes).
However, in general, it is not large and is limited to genes
Lrl, Lr3, Lr9, Lri0, Lr19, Lr20, Lr24, Lr26, Lr34, Lr37 and
Lr6Agil, Lr6Agi2, LrSp. These genes are used in practical
breeding in various combinations, but in general, only LrSp,
Lr6Agil, and Lr6Agi2 genes have not been overcome (Gul-
tyaeva et al., 2021). Moreover, there is reason to believe that
the last two genes are allelic (Sibikeev et al., 2017). In this
regard, most breeding centers in Russia are searching for and
transferring new unidentified Lr-genes from wild relatives
into promising material (Davoyan et al., 2017, 2019, 2021;
Gultyaeva et al., 2020) or attracting effective previously un-
used Lr-genes (Sibikeev et al., 2019). The latter include the
Lr29 gene, which is highly effective both in Russia (Gultyaeva
et al., 2021) and abroad (Labuschagne et al., 2002; Li et al.,
2018; Atia et al., 2021).
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As is known, the Lr29 gene is introgressed into the bread
wheat cultivar Chinese Spring from the short arm 7Ae#1 of
the chromosome Agropyrum elongatum (Host) Beauvois
=Thinopyrum ponticum (Podp.) Backworth and Dewey by
homeologous recombination (Sears, 1973). E.R. Sears (1973)
identified a 7D/Ag#11 transfer that differed from others in its
resistant response to the leaf rust pathogen. Unlike other leaf
rust resistance genes (Lr24, Lr19) introduced from Ag. elonga-
tum, the Lr29 gene is not linked to stem rust resistance genes
and yellow flour (McIntosh et al., 1995). The catalog of wheat
gene symbols does not list any commercial cultivars with this
gene (Mclntosh et al., 2013). However, there is information on
the presence of Lr29 in Egyptian varieties (Atia et al., 2021).
Based on the research of E.I. Gultyaeva, it is absent in Rus-
sian cultivars of winter and spring bread wheat (Gultyaeva et
al., 2021). The reason for the limited use of the Lr29 gene in
practical breeding, more precisely the 7TDL-7Ae#1L-7Ae#1S
translocation, is not known.

The question of whether this is due to the fact that it does not
compensate for the absence of wheat chromatin, or contains
undesirable linkages, is open, since there is little information
on the effect of this translocation on economically useful
traits. There are only two studies of the 7DL-7Ae#1L-7Ae#1S
translocation available to us: they were conducted in Canada
and South Africa, focused mainly on the study of flour and
bread quality and were carried out in small plot crops for one
or two growing seasons (Dyck, Lukow, 1988; Labuschagne
etal., 2002). In Russia, such studies have not been conducted.
To identify the effect of the 7DL-7Ae#1L-7Ae#1S transloca-
tion with the Lr29 gene on grain productivity and the quality
of bread flour in the laboratory of genetics and cytology of
the Federal Center of Agriculture Research of the South-East
Region, analogue lines of spring bread wheat were bred using
Saratovskaya 68 and Saratovskaya 70 cultivars.

The purpose of our research was to reveal the prospects of
the 7DL-7Ae#1L-7Ae#1S translocation with the Lr29 gene
for practical breeding both in terms of effectiveness against
P, triticina and in terms of its effect on grain productivity and
flour and bread quality.

Materials and methods

The material used included the following genotypes: 1) cul-
tivar-recipient of spring bread wheat Saratovskaya 68 (C68)
and Saratovskaya 70 (C70); 2) analogue lines of spring bread
wheat Saratovskaya 68*4//TcLr29; 3) analogue lines of spring
bread wheat Saratovskaya 70*4//TcLr29. Analogue lines were
obtained by crossing the C68 and C70 cultivars with a near
isogenic line of the Thatcher cultivar (TcLr29, RL-6080)
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containing the 7DL-7Ae#1L-7Ae#1S translocation with the
Lr29 gene, followed by fourfold backcrossing with cultivar-
recipients. In total, 20 analogue lines were obtained from the
C68 cultivar and 11 lines were obtained from the C70 cultivar.
For further studies, two lines of analogues for each cultivar
were taken. Since both recipient cultivars are susceptible to the
leaf rust pathogen, the main criterion for backcross selection
was resistance to P, triticina.

Two different recipient cultivars were taken into the study
to identify the possible influence of the recipient genotype
on the studied traits. C68 and C70 cultivars differ from each
other. The first cultivar is awned, red-grained, white-ears, tall-
growing, mid-ripening, susceptible to the leaf rust pathogen,
contains the ineffective Lr/0 gene (Gultyaeva et al., 2020),
belongs to the category of valuable wheat in terms of flour and
bread quality. The second cultivar is awnless, white-grained,
white-ears, tall-growing, early maturing, susceptible to the leaf
rust pathogen, does not contain any Lr-genes (Gultyaeva et
al., 2020); belongs to the category of valuable wheat in terms
of flour and bread quality.

The studies included three stages: the first stage was to con-
firm the presence of alien material in the studied analogue lines
C68*4//TeLr29 (C68Lr29) and C70*4//TcLr29 (C70Lr29),
Lr-genes were identified using the molecular marker Lr29
(Lr29F24) (Procunier et al., 1995). DNA was isolated from the
leaves of 5-day-old seedlings by the micro method according
to the method of D.V. Dorokhov and E. Clocke (Dorokhov,
Clocke, 1997). Three plants were taken from each line. The
DNA concentration in the standard solution was 50—100 ng/pl.
The polymerase chain reaction was carried out in a MyCycler
Thermal Cycler (Bio-Rad, USA) under the following condi-
tions: 94 °C — 3 min, 35 cycles (94 °C — 30 s; 60 °C — 30 s;
72 °C — 1 min). The amplified fragments were separated by
electrophoresis in 1.5 % agarose gel in 1XTBE buffer; the
gels were stained with ethidium bromide and photographed
under ultraviolet light. The TcLr29 line was used as a posi-
tive control.

The second stage was an evaluation of the lines susceptibi-
lity to the pathogen of leaf rust at the juvenile stage and the
stage of adult plants. The susceptibility of plant material at the
stage of adult plants (milky-wax ripeness phase) was evaluated
in the field conditions of the Federal Center of Agriculture
Research of the South-East Region during a strong epiphytoty
of the pathogen in 2017 (Sibikeev et al., 2020).

In the field, the resistance degree was determined using
the A.P. Roelfs et al. (1992) scale, where R is resistant, MR
is moderately resistant, MS is moderately susceptible, and
S'is susceptible, respectively. The percentage degree of rust
damage was assessed according to the scale of R.F. Peterson
et al. (1948). Lines at the juvenile stage were evaluated in
laboratory conditions in the first leaf phase at the All-Russian
Institute of Plant Protection in 2018. P, triticina clones marked
with virulence for genes Lr9 (K9), Lr19 (K19), Lr26 (K26)
and the combined Saratov population of the pathogen were
used. Test clone K9 was isolated from the Ural population,
test clone K19 — from Tambov, K26 — from Krasnodar popula-
tion, respectively. The Saratov population was collected at the
Lysogorsk phytonursery of the Saratov region in 2018. The
test clones and population used were avirulent to Thatcher
(TcLr) lines with genes Lr24, Lr23, Lr28, Lr29, Lr39(= 41),
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Lr45,Lr47, Lr51, Lr53 and virulent to those with Lr1, Lr2a,
Lr2b, Lr2c, Lr3a, Lr3bg, Lr3ka, Lr10, Lri4a, Lrl5, Lri6,
Lri7,Lrl8, Lr20, Lr30.

Clone K9 was virulent to TcLr9 and avirulent to TcLr19,
and TcLr26; clone K19 was virulent to TcLr/9 and avirulent
to TcLr9, TcLr26; clone K26 was virulent to TcLr26, aviru-
lent to TcLr9, and TcLr19. These P. triticina test clones were
chosen for analysis, since virulence to L79 is common in the
Ural region, to Lr/9 —in the Middle and Lower Volga regions,
and to Lr26 — in all regions of the Russian Federation where
bread wheat is grown.

The Saratov population of the pathogen was represented by
a mixture of two races: virulent to the TcLr19 line, avirulent
to TcLr9, TcLr26 and virulent to the TcLr26 line, avirulent to
TcLr9, TeLri9. For infection, 10—12 day old seedlings (the
first leaf phase) of the studied lines of analogues and recipient
cultivars grown in pots with soil were used. They were sprayed
with an aqueous suspension of spores of each test clone and
a population with the addition of Tween 80 detergent. After
infection, the plants were placed in a light installation un-
der controlled conditions (temperature 20 °C, photoperiod
16 h day/8 h night). The type of wheat reaction was determined
according to the scale of E.B. Mains, H.S. Jackson (1926),
where 0 is the absence of symptoms; 0; — necrosis without
pustules; 1 — very small pustules surrounded by necrosis;
2 — pustules of medium size, surrounded by necrosis or chlo-
rosis; 3 — pustules of medium size without necrosis, 4 — large
pustules without necrosis, X — pustules on the same leaf of
different types, chlorosis and necrosis are present. Plants with
0-2 point damage were classified as resistant (R), and 3, 4 and
X (S) were classified as susceptible (Mains, Jackson, 1926).

The third stage is the evaluation of grain productivity traits,
physical and baking properties of dough and bread in the
C68Lr29 and C70Lr29 analogue lines in comparison with the
recipient cultivars C68 and C70. The studies were carried out
in 2019-2021. The hydrothermal coefficient for the growing
season of bread wheat in 2019 was 0.6 (very dry conditions),
in 2020 — 0.8 (dry conditions) and 0.9 (dry conditions) in
2021. The main differences between the weather conditions
in 2019 and 2021 there were high temperatures during the
flowering period (above the long-term average by 4.2 and
8.0 °C, respectively) with a reduced amount of precipitation
(below the long-term average by 13 mm), which sharply re-
duced grain productivity. At the same time, in 2020, during the
flowering period, a lower temperature was observed (below
the long-term average by 1 °C) with an increased amount of
precipitation (above the long-term average by 48 mm), which
increased the grain yield.

The experimental material was randomly sown in 7 m?
plots in three replications. The seeding rate was 400 grains
per 1 m?. The bread-making quality was evaluated by the
content of crude gluten, gluten strength and the indicators
of the IDG-3 device (deformation index of gluten) and the
Chopin alveograph with the baking of experimental bread
samples. The protein content of grain harvested in 2020 and
2021 was determined on the Infratec™ 1241 Grain Analyzer.
The data obtained for each set of lines of analogues and the
corresponding recipient cultivars were subjected to one-way
ANOVA with multiple comparisons according to Duncan
using the Agros-2.10 breeding and genetic software package.
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Electrophoregram of the fragments amplification in the presence of the Lr29F24/Lr29R24 marker.
M - length marker of 1000/100-500 (Diam). The arrow indicates a 900 bp diagnostic fragment. Tracks 1-20 — analogue lines C68Lr29;

21-31 - analogue lines C70Lr29.

Results

Identification of resistance genes

To confirm the presence of the 7DL-7Ae#1L-7Ae#1S translo-
cation, and, accordingly, the Lr29 gene, PCR analysis with the
Lr29F24 marker was performed in the C68Lr29 and C70Lr29
analogue lines (Procunier et al., 1995).

Amplification fragments, 900 bp in size, were detected in
the entire set of C68Lr29 and C70Lr29 analogue lines, as well
as in the positive control (TcLr29 line). 31 samples were ana-
lyzed; a 900 bp size amplification product was determined in
lines No. 6,8, 11, 14, 19,20 - C68Lr29,No. 21,31 —C70Lr29
(see the Figure). Based on the molecular analysis performed
using a marker developed to detect the 7DL-7Ae#1L-7Ae#1S
translocation with the Lr29 gene, it was suggested that the
C68Lr29 and C70Lr29 analogue lines carry this transloca-
tion, and hence the Lr29 gene. To reveal the effect of the
TDL-7Ae#1L-7Ae#1S translocation on economically valu-
able traits, lines No. 6 and 8 C68Lr29 and lines No. 21, 31
C70Lr29 were chosen.

Phytopathological analysis of resistance

to the leaf rust causative agent

Under the leaf rust epiphytotics condition of 2017, all lines
with the Lr29 gene had a resistant reaction type (R) (infestation
0 %, reaction type — IT = 11+), while the recipient cultivars
C68 and C70 had susceptibility to the pathogen (S) (infesta-
tion 40 and 60 %, reaction type IT = 3). Similar results were
obtained during lines inoculation in the seedling phase in
laboratory conditions (Table 1).

Thus, phytopathological analysis of resistance to the leaf
rust pathogen in the C68Lr29 and C70Lr29 analogue lines
under field and laboratory conditions evidenced a high level
of their resistance and the effectiveness of the Lr29 gene,
compared with the original recipient cultivars.

Effect of the 7DL-7Ae#1L-7Ae#1S translocation

on grain productivity and flour and bread quality

The results of studying grain productivity in lines with the
7DL-7Ae#1L-7Aet#1S translocation (Lr29 gene) showed that,
on average, for the period from 2019 to 2021, there are no
significant differences in yield in the lines compared to the
recipient cultivars C68 and C70 (Table 2). This is expected,
since the grain productivity traits in 2020 are three to five times
higher than the grain yield in 2019 and 2021. Similar results
were obtained when identifying the effect of Sr22+Sr25 and
Sr22+S8r35 gene combinations on lines of spring bread wheat
compared to the L503 and Favorit cultivars. The grain yield
of these cultivars and lines was 2.3-2.7 times higher in 2020
compared to 2019 (Sibikeev et al., 2021). Nevertheless, the
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Table 1. Characteristics of lines susceptibility
with translocation 7DL-7Ae#1L-7Ae#1S and parental cultivars
to the pathogen P, triticina in the seedling phase

Cultivar, line Reaction type (IT), score
Clone tests Saratov
.......................................................... population
K9 K19 K26 P. triticina

analysis of grain productivity separately by years revealed that,
in the C68Lr29 analogue lines, for all three years of study, the
grain yield was significantly lower than that of the recipient
cultivar C68. Similar conclusions were reached when compar-
ing the grain productivity of the C70Lr29 lines for two years
of study (2019 and 2020), and only in the growing season of
2021 the grain productivity of the lines was at the level of the
recipient cultivar C70.

The 2019-2021 seasons were characterized by drought, but
the 2020 season was distinguished by precipitation distribu-
tion during the growing season. This year, there was moisture
excess from germination to flowering, and then there was a
drought with high temperatures until full maturity. The main
positive moment of the growing season in 2020 was the in-
creased precipitation amount in the third decade of June (the
flowering phase of spring bread wheat). At the same time,
the excess of long-term indicators was 80 % at low air tem-
peratures, which further contributed to a higher grain yield.

On average for 2019-2021, the analysis of the 1000 grain
weight, as one of the important elements of grain productivi-
ty, showed a significant decrease in the C68Lr29 lines — 26.6
and 24.6 g compared to the recipient cultivar —30.9 g. Similar
results were obtained for the C70Lr29 analogue lines — 29.4
and 29.7 g versus 36.0 g for C70 (see Table 2).

On average for 2019-2021, the effect of the 7DL-7Ae#1L-
TAe#1S (Lr29 gene) translocation on the duration of the
germination-earing period was ambiguous. If significant
differences were observed between the C68Lr29 lines
(42.3 days) and the recipient cultivar C68 (41.0 days), then
there were no differences between the C70L729 lines (40.7
and 40.0 days) and the cultivar C70 (40.0 days). Thus, the
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Table 2. Grain productivity traits in spring bread wheat lines with the translocation 7DL-7Ae#1L-7Ae#1S (Lr29 gene) in 2019-2021

Cultivar, line Seedling-earing period, days, Grain yield, kg/ha

average for 2019-2021
C63 ....................... 410 .................................................................................
C63 L r296 ............ 42 3 .................................................................................
C63 L r293 ............ 42 3 .................................................................................
Hcp051o ...................................................................................
c7o ....................... 400 .................................................................................
c7 o L r2921 .......... 40 7 .................................................................................
c7 o L r2931 .......... 400 .................................................................................
HCPOS ................... N5152 ............ 250 .........

1000 grain weight, g,  Grain protein content, %,

average for 2019-2021 average for 2019-2021
................................... 309166
................................... 266139
................................... 246135
..................................... 2705
................................... 360167
................................... 294175
................................... 297175
”5 ........ N552 ...................................... 05 ......................................

Table 3. Bread-making quality traits in lines of spring bread wheat with the 7DL-7Ae#1L-7Ae#1S translocation (Lr29 gene)

for 2020 on the average
Cultivar, line Alveograph®
Pmm ....................... p/L ............................. Wumts
C68 .............................. 97 ............................ 15 ............................. 281 ..........

csgerga ................... 79 ............................ 10 ............................. 263 .........

C68Lr298 ................... 33 ............................ 10 ............................. 31 4 .........

HCPOS ............................ 9 ............................ 03 ............................... 20 .........

c7o .............................. 91 ............................. 15 ............................. 222 .........

c70Lr2921 ................ 103 ............................ 16 ............................. 327 .........

c70Lr2931 ................ 1 1 0 ............................ 13 ............................. 280 .........

HCPOS ............................ 9 ............................ Ns ................................ 30 .........

Bread**
V,cm3 Porosity, score Crumb color
710 4.2 White
820 4.9 White
750 5.0 White
40 0.3
820 4.9 White
875 438 White
870 5.0 White
40 NS

*Indicators of the alveograph: P - dough tenacity; P/L - tenacity to extensibility ratio; W - flour strength.

** Indicators of bread evaluation: V - bread volume; porosity.

effect of the 7DL-7Ae#1L-7Ae#1S translocation was not the
same in different genotypes of the recipient cultivars: in lines
based on the mid-season cultivar C68, the germination-earing
period lengthened, and on the early-ripening cultivar C70, it
remained at the recipient level. There were no differences in
plant height and lodging resistance between the studied lines
and the recipient cultivars.

Unfortunately, the involvement of alien genetic variability
in the bread wheat gene pool worsens some traits of flour and
bread quality. Therefore, when studying the effect of chromo-
some introgression or translocations from related species into
bread wheat, an important step is to determine the quality of
the final product — flour and bread. On average for 2020-2021,
studies revealed that lines with the 7DL-7Ae#1L-7Ae#1S
translocation (L729 gene) significantly exceeded the recipient
cultivars in grain protein content (see Table 2). Moreover, the
C68Lr29 analogue lines exceeded the recipient cultivars by
2 %, and C70L729 — by 0.8 %.

According to the indicators of gluten, the following results
were obtained: the C68Lr29 lines significantly exceeded the
recipient cultivar C68 in gluten content, namely 41.7 and 41.4
versus 31.4 % in the recipient, LSD; = 2.5. There were no
significant differences in gluten strength between the C68Lr29
lines and the recipient, but it should be noted that, according
to IDK-3, the C68Lr29 lines have weaker gluten — 76 and
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80 units, against 72 units in C68. The C70Lr29 lines showed
a significant excess in gluten content of the recipient cultivar
C70, namely 37.0 and 38.5 versus 35.0 % in the recipient,
LSD,; = 1.5. There were no significant differences in gluten
strength between the C70L729 lines and the recipient culti-
var. In addition, according to the indicators of IDK-3, in the
C70Lr29 lines, the gluten of the first group is 71 and 75 units,
in C70 — 69 units, respectively.

When studying the alveograph indicators, it was found that
the C68Lr29 lines differed not only from the recipient cultivar,
but also from each other. According to the dough elasticity and
the ratio of the dough tenacity to extensibility (P/L), there was
a decrease, but in one of the C68Lr29 lines, the decrease in
elasticity (P) was insignificant. The C68L729 lines showed an
ambiguous effect of the 7DL-7Ae#1L-7Ae#1S translocation
on the flour strength: one line slightly decreased, and the se-
cond one significantly increased this indicator. Crumb porosity
and bread volume in the C68Lr29 lines increased relative to the
recipient cultivar C68, but in one of the lines the bread volume
increase was insignificant. At the same time, in the C70Lr29
lines, the effect of the 7DL-7Ae#1L-7Ae#1S translocation on
the alveograph parameters was unambiguous: an increase in
dough elasticity, equal to the P/L ratio, an increase in flour
strength, bread volume, and a high score for bread porosity at
the level of the recipient cultivar C70 (Table 3).
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Discussion

As noted above, the Lr29 gene in the 7DL-7Ae#1L-7Ae#1S
translocation is highly effective against leaf rust pathogen
populations in many countries of the world. Only two P. tri-
ticina pathotypes from Turkey and one from Pakistan are
known to be virulent to this gene (Huerta-Espino, 1992, from
Mclntosh et al., 1995). In our studies, the effectiveness of the
Lr29 gene was confirmed during severe leaf rust epiphytosis
in the Saratov region (R-type resistance and type of response
to the pathogen IT = 1) and in laboratory studies. Lines with
the Lr29 gene were resistant when inoculated with P. triticina
isolates virulent to Lr9, Lr19, Lr26 (IT = 0;). Since, under
field conditions, adult plants were evaluated in the phase of
the beginning of grain filling, and in laboratory studies, seed-
lings were evaluated in the one leaf phase, it can be argued
that the protective effect of Lr29 was expressed throughout
the growing season.

Analyzing the effect of the 7DL-7Ae#1L-7Ae#1S transloca-
tion (gene Lr29), it is necessary to note the translocation size.
As can be seen from its designation, it includes a part of the
long arm and the entire short arm of the chromosome 7Ae#1
of Thinopyrum ponticum and a part of the long arm of the 7D
chromosome of bread wheat. The break point is indicated at
the distal part of 7DL-7Ae#1L of arms (Friebe et al., 1996).
Thus, there is reason to expect a large impact on agronomic
traits, primarily on grain productivity and the quality of flour
and bread.

Unfortunately, there are few studies on the effect of the
7DL-7Ae#1L-7Ae#1S translocation (gene L#29) on economi-
cally valuable traits (prebreeding study) (Dyck, Lukow, 1988;
Labuschagne et al., 2002). These studies were carried out on
near isogenic lines of the Thatcher cultivar (Dyck, Lukow,
1988) and Thatcher and Karee cultivars (Labuschagne et al.,
2002). They mainly focused on determining the effect of the
7DL-7Ac#1L-7Ae#1S translocation (Lr29 gene) on bread-
making quality traits. Grain productivity has been studied
during one year, and it showed a neutral effect (Dyck, Lukow,
1988).

In our studies, based on the results of three-year field trials
under conditions of moisture deficiency (drought of varying
degrees), a significant decrease in grain productivity was
observed in the C68L729 lines for all three seasons. A similar
effect was found in the C70Lr29 lines: a significant decrease in
grain yield for two seasons out of three. P.L. Dyck, O.M. Lu-
kow (1988) and M.T. Labuschagne et al. (2002) found a
positive effect on grain protein content (Dyck, Lukow, 1988;
Labuschagne et al., 2002). Our results are consistent with this
conclusion. The increase in the grain protein content of the
analogue lines compared to the recipient cultivars ranged from
0.8 to 2.0 %. The conclusions about a positive effect on the
volume of experimental breads also coincided. According to
the results of our studies, the excess was from 40 to 110 cm?3.
In the ratio of dough tenacity to extensibility (P/L), same as in
the studies of M.T. Labuschagne et al. (2002), we determined
the effect of the recipient variety. Thus, a decrease was noted
on the C68Lr29 lines, and a neutral effect on the C70Lr29
lines. In studies by P.L. Dyck and O.M. Lukow (1988), a posi-
tive or neutral effect on the weight of 1000 grains was noted
(Dyck, Lukow, 1988). According to our data, the presence of
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the 7DL-7Ae#1L-7Ae#1S translocation lowers this parameter,
moreover, in two sets of analogue lines it decreases over three
years of study. The decrease was from 4.3 to 6.6 g.

For the rest of the studied traits, our studies complement the
results of P.L. Dyck, O.M. Lukow (1988) and M.T. Labuschag-
ne et al. (2002). So, in the studies of P.L. Dyck, O.M. Lukow
(1988) and M.T. Labuschagne et al. (2002), a positive or
neutral effect on water absorption capacity and flour yield,
and a negative effect on dough formation time were found.
Our studies have established a positive effect on the gluten
content and a slight decrease in its strength. In addition, the
effect of the recipient cultivar on the dough elasticity was
revealed, so in the C68Lr29 lines the 7DL-7Ae#1L-7Ae#1S
translocation reduces this indicator, and in C70Lr29 it is sig-
nificantly increased. In terms of the effect on the flour strength,
the C70Lr29 lines showed a significant increase, while in the
C68Lr29 lines, one line slightly decreased, and the second
significantly increased this indicator. It is possible that, in ad-
dition to the effect of the 7DL-7Ae#1L-7Ae#1S translocation,
the set of the C68Lr29 lines was also affected by selection
during line generation. M.T. Labuschagne et al. (2002) also
observed selection effects within a set of near isogenic lines of
the Karee cultivar with the Lr29 gene, which had ambiguous
flour quality indicators.

In our studies, all analogue lines either increased bread
porosity indicators (C68Lr29 lines) or had high indicators at
the level of the recipient cultivar (C70L729 lines). In addition,
a different effect (depending on the recipient cultivar) on the
duration of the seedling — earing period was revealed. Thus,
significant differences were observed between the C68Lr29
lines (42.3 days) and the recipient cultivar C68 (41 days),
while there were no differences between the C70Lr29 lines
(40.7 and 40.0 days) and the variety C70 (40.0 days). No effect
ofthe 7DL-7Ae#1L-7Ae#1S translocation on plant height and
lodging resistance was found.

Conclusion

The high efficiency of the Lr29 gene against the Saratov
population of the leaf rust pathogen, as well as pathotypes
virulent to Lr9, Lr19, Lr26, was confirmed. For the whole
complex of economically valuable traits, analogue lines with
the 7DL-7Ae#1L-7Ae#1S translocation (gene Lr29) were
more promising than the recipient cultivars in terms of flour
and bread quality, but were inferior to them in terms of grain
productivity. The decrease in grain yield is apparently asso-
ciated with a decrease in drought resistance compared to the
recipient cultivars Saratovskaya 68 and Saratovskaya 70. For
further use of the 7DL-7Ae#1L-7Aet#1S translocation (Lr29
gene) in breeding programs, additional studies are needed to
reduce the negative impact on a number of agronomically
important traits.
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Abstract. The genus Xanthomonas comprises phytopathogenic bacteria which infect about 400 host species, includ-
ing a wide variety of economically important plants. Xanthomonas oryzae pv. oryzicola (Fang et al., 1957) Swings et
al, 1990 is the causal agent of bacterial leaf streak (BLS) being one of the most destructive bacterial diseases of rice.
BLS symptoms are very similar to those of bacterial blight caused by closely related Xanthomonas oryzae pv. oryzae.
X. 0. pv. oryzae and X. o. pv. oryzicola and often occur in rice fields simultaneously, so separate leaves may show
symptoms of both diseases. The quarantine status and high severity of the pathogen require a highly efficient, fast
and precise diagnostic method. We have developed an assay for Xanthomonas oryzae pv. oryzicola detection using
real-time polymerase chain reaction (QPCR) and PCR amplicon sequencing. The DNA samples of X. 0. pv. oryzae and
X. 0. pv. oryzicola were obtained from the collection of CIRM-CFBR (France). To evaluate the analytical sensitivity of the
assay, a vector construct based on the pAL2-T plasmid was created through the insertion of X. o. pv. oryzicola target
fragment (290 bp). Primers and a probe for qPCR were selected for the hpal gene site. They allowed identifying all
the strains the sequences of which had been loaded in the GenBank NCBI Nucleotide database before November 11,
2021.The SegX.o.all sequencing primers were selected for the hrp gene cluster sequence, namely for the nucleotide
sequence encoding the Hpa1 protein, the sequencing of which allows for efficient differentiation of X. oryzae species.
The analytical specificity of the system was tested using the DNAs of 53 closely related and accompanying micro-
organisms and comprised 100 % with no false-positive or false-negative results registered. The system’s analytical
sensitivity was not less than 25 copies per PCR reaction. Its efficacy has been confirmed using five different gPCR
detection systems from different manufacturers, so it can be recommended for diagnostic and screening studies.
Key words: Xanthomonas oryzae pv. oryzicola; Xanthomonas; polymerase chain reaction; gPCR; bacterial leaf streak;
specificity; sensitivity; species diagnostics.
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Xanthomonas oryzae pv. oryzicola
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AnHoTauuma. baktepun poga Xanthomonas Dowson, 1939 nopakatot okosio 400 BMAOB pacTEHWIA, B TOM YMCIIe BaX-
Hble CeNbCKOX035NCTBEHHbIE KyNbTypbl. BakTepuranbHas nonocatocTb puca — OAHO 13 CaMblX Pa3pyLIUTeNbHbIX 3a60-
neBaHWiA, Bbi3BaHO baKTepuaMU Braa Xanthomonas oryzae pv. oryzicola (Fang etal., 1957) Swings et al., 1990. CunbHoe
CXOACTBO CYMMTOMOB MOPaXKEHUA C APYIVM KapaHTUHHbIM GNM3KOPOACTBEHHbBIM NaToBapuaHTom — Xanthomonas
oryzae pv. oryzae (Ishiyama, 1922) Swings et al., 1990, a Tak)ke BO3MOXXHOCTb COBMECTHOIO 3apakeHus AenatoT Bu-
3yanbHyl NOEHTUOMKALMIO HEBO3MOXKHON. KapaHTMHHBIA CTaTyC 1 BbiCOKaa BPEeJOHOCHOCTb MaToreHa TpebyioT
BbICOKO3PEKTNBHOrO, BbICTPOro 1 TOYHOTO MeToAa ero AnarHocTukm. Lenbto nccnepoBaHma 6binmn paspaboTka n
anpobauna HabopoB peareHTOB ANA BblABNeHNA 6akTepun Xanthomonas oryzae pv. oryzicola, Bbi3biBaiolen 6akTe-
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MornekynapHo-reHeTMyeckoe BbisiBneHue Bo3byanTtenen
6aKTepuranbHoO NOOCaTOCTU INCTLEB PrCa

pvanbHyto NonocaToCTb IMCTLEB Prca, METOAOM NONMMEPA3HON LieNHoM peakummn B peanbHom BpemeHn (MLP-PB),
a Takxe MNUP ¢ nocnegyowmm ceKkBeHMpOBaHMEM aMIIMKOHOB. B paboTe n3yyeHbl obpasupl JHK X. 0. pv. oryzae n
X. 0. pv. oryzicola, nonyueHHble 13 konnekuyun CIRM-CFBR (OpaHuus). ns NpoBepKM aHaNUTUYeCKOM YyBCTBUTENb-
HOCTM 6blna co3faHa KOHCTPYKUMA Ha OocHoBe BekTopa PAL2-T ¢ uenesoi BcTaBkoi 290 . H. bbinn nogobpaHbl 1
anpob6upoBaHbl Npanmepbl 1 30HA ANA cneundmryeckon amnnndrkaumm ¢parmeHTa reHa hpal metogom MMLP-PB,
nossonsawwme obHapyxusatb JHK X. o. pv. oryzicola. MokazaHa cnoco6HOCTb C MOMOLLbIO pa3paboTaHHbIX npaini-
MepoB 0OHapyXMBaTb BCe WTaMMbl X. 0. pV. oryzicola, nocnefaoBaTeNbHOCTM KOTOPbIX HaXOAWINCL B 6a3e AaHHbIX
GenBank NCBI Ha 11.11.2021. AHanuT4yeckas cneunduYHOCTb Habopa peareHTOB MPOTECTMPOBaHA Ha BbIOOPKe
13 [HK, BblaeneHHbIX 13 53 6IM3KOPOLACTBEHHbIX 1 CONYTCTBYIOLUX OPraHW3MOB, U COCTaBUIa Ha NCCNeA0BaHHOM
Bbl6opKe 100 %. JIOXKHOMONOXKUTENBbHBIX 1 IOXHOOTPULATENbHBIX Pe3yNbTaToB He 06HapyeHo. MNpoBepKa aHanu-
TUYECKON YyBCTBUTENIBHOCTY MOKa3ana, uYto cTabubHbiin cneundunuHbiii curHan MNLUP-PB Habntopganca npu passege-
HUW KOHTPOJIbHOM Nnasmuabl Ao 25 KONUiA Ha peakumio. PaboTocnocobHOCTb NoslyyeHHOro Habopa peareHToB Gbina
NoATBEPXKAEHA TeCTUpOBaHMeM Ha nNAaTu npubopax ana MUP-PB pa3Hbix npon3BoaguTtenen, YTo AaeT BO3MOXHOCTb
peKoMeHAoBaTb ero A NpoBefeHA ANarHOCTUYECKNX U CKPUHUHIOBBIX UCCnefoBaHuin. Mpaimepbl AnsA ceKBeHu-
poBaHua segX.o.all 6biny NnogobpaHbl Ha NOCNEAOBATENBHOCTL KNacTepa reHoB hrp, @ UMEHHO Ha HYKNEOTULHYIO
nocnefoBaTenbHOCTb, Kogupytollyto 6enok Hpal. CekBeHMpoBaHWe BbIGPAHHOrO yyacTka no3sonseT 3¢pGeKTnBHO
anddepeHumnposaTb baktepum Buaa X. oryzae.

KnioueBble cnoBa: Xanthomonas oryzae pv. oryzicola; Xanthomonas; nonumepasHas uenHaa peakums; MLIP-PB; 6ak-
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TepuralsibHaA NOJI0CaToCTb PUCa; CI'IeLlVId)I/I‘-IHOCTb; YYyBCTBUTEJIbHOCTb; BUAOBAA ANArHOCTMKa.

Introduction

Bacteria Xanthomonas Dowson, 1939 are spread world-
wide and able to infect at least 400 kinds of plants includ-
ing those of high economic importance (Bogdanove et
al., 2011; Ryan et al., 2011; Fang et al., 2019). Currently,
27 species of this family have been known, many of which
demonstrate high levels of virulence and specificity in cer-
tain kinds of plants (Leyns et al., 1984; Ryan et al., 2011;
An et al., 2020). Bacterial leaf streak (BLS) is considered
to be one of the most devastating diseases caused in rice
by Xanthomonas oryzae pv. oryzicola (Fang et al., 1957),
Swings et al., 1990 (Soto Sudrez et al., 2010).

The disease results in 8 to 32 % of yield loss and is
regarded as a serious problem in rice-producing countries
(Liuetal., 2014; Jiang et al., 2020). Since the damage done
by BLS can seriously threaten the world’s food security
(Tang et al., 2000; Lang et al., 2014), Xanthomonas oryzae
pv. oryzicola was included in List 1 of harmful quarantine
organisms that are not present in the EEU territory as well
as in List A1 of the European and Mediterranean Plant
Protection Organization (EPPO) that considers the bacteria
as quarantine ones'. Despite the fact that BLS is believed
to have been detected for the first time in 1918 in the Phi-
lippines, its pathogen was identified only in 1957 in China
(Nino-Liu et al., 2006). For the time being, BLS spread
is limited to the tropical and subtropical parts of Asia,
Northern Australia and a part of Western Africa (EPPO,
2007; Xie et al., 2014; Jiang et al., 2020). The pathogen is
absent in the Russian Federation despite cases of infection?
in the southern part of the country and the Russian Far East

T EPPO for the EU under Contract 90/399003. Data Sheets on Quaran-
tine Pests. https://gd.eppo.int/download/doc/530_ds_XANTOR_en [Ac-
cessed: 23.11.2021].

2 Cabi Invasive Species Compendium. Datasheet Xanthomonas oryzae
pv. oryzicola (bacterial leaf streak of rice). https://www.cabi.org/isc/
[Accessed: 23.11.20211].
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(EPPO, 2007, 2018). According to the EPPO Reporting
Service, no cases of X. 0. pv. oryzicola infection have been
registered since 19943,

Oryza sativa L., 1753, commonly known as Asian rice,
is a typical host plant for X. o. pv. oryzicola. In addition,
it affects some weed cereals and several other cultivated
plants such as Poaceae including Leersia spp., Lepto-
chloa spp., Oryza spp., Paspalum scrobiculatum, Zizania,
Zoysia spp. (Ou, 1985; Saddler, Bradbury, 2005; EPPO,
2007). The bacteria mainly spread through infected seeds
as well as due to mechanical damage. In case of small
plants, infection occurs through wind, raindrops, water-
ing or after contacting infected plant material (Mew et al.,
1993).

In plants, X. o. pv. oryzicola reproduce in the substo-
matal cavity where they get through the stomata to affect
the intercellular space of the parenchyma. However, they
do not get as far as the xylem and their spread is limited
by the mesophyll tissue’s apoplast (Nino-Liu et al., 2006;
Triplett et al., 2011; Jacques et al., 2016). The early stage
of infection is characterized by small watery interveinal
strokes that later transform into bacterial effusion (Mew et
al., 1993). The veins act as barriers preventing the patho-
gen’s further spread and extending a leaf’s affected areas
along its length, so they can merge later. In case of severe
infection, BLS becomes difficult to differ from the bacterial
burn caused by Xanthomonas oryzae pv. oryzae, another
quarantine bacterial species. Visual identification can also
be complicated by favorable environmental conditions and
plant resistance (Swings et al., 1990; Poulin et al., 2014),
since both species can infect rice fields at the same time
(Mew et al., 1993; Nino-Liu et al., 2006).

The objective of the presented study was to develop and
test an assay for genetic detection and diagnostics of the

3 EPPO Global Database. https://gd.eppo.int [Accessed: 23.11.2021].
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Xanthomonas oryzae pv. oryzicola pathogen using real
time polymerase chain reaction (QPCR) and PCR amplicon
sequencing.

Materials and methods

The presented study was carried out at the Biotechnology
Collective Use Center of the All-Russian Research Institute
of Agricultural Biotechnology and Syntol LLC. As qPCR
positive controls, the DNA samples of the Indian typical
strain of X. o. pv. oryzae (2532) and Malaysian pathotype
of X. 0. pv. oryzicola (2286) from the French Collection
of Plant Associated Bacteria (CIRM-CFBP, France) were
used. For the last pathotype, a draft whole genome assem-
bly was obtained (Wilkins et al., 2015). X. o. pv. oryzae’s
geographic distribution is limited to the territories of Asia,
Africa and North America, while that of X. o. pv. oryzicola
— to the countries of Asia and Africa. Selecting the target
strains, we relied upon the customs statistics of rice import
to Russia and according to their data 31.7 % of imported
rice in 2018 was supplied by India, followed by Thailand,
Pakistan and Kazakhstan®.

In design of oligonucleotides for qualitative detection of
X. 0. pv. oryzicola DNA, the hpal gene region was used.
As many other gram-negative pathogens, X. o. pv. ory-
zicola has the type III secretion system (T3SS) being a
molecular syringe with which the bacteria deliver effector
proteins directly into the host cell cytosol (Zhu et al., 2000;
Furutani, 2003; Li et al., 2011). The T3SS and its secreted
components promote a hypersensitive response (HR) in
resistant plants and plants not being the main host for the
pathogen. The system is coded as Arp, a hypersensitivi-
ty and pathogenicity gene (Cho et al., 2008; Fan et al.,
2017), the main operon of which is composed of more than
20 genes in several transcription units that contain the Arp,
hrc and hpa genes (Zou et al., 2006; Cho et al., 2008). The
oligonucleotides were synthesized by Syntol LLC using
their expendables. To design the qPCR and PCR amplicon
sequencing reactions, reaction buffer B-009 (Syntol LLC,
Russia) was used.

The buffer had the following component concentra-
tions: 3 mmol of MgCl,, 0.25 mmol of dNTP, and 2.5 ¢. a.
of polymerase with antibodies to inhibit ferment activity
(Syntol LLC). When designing the oligonucleotides, we
made sure the annealing temperature was 60—62 °C for the
primers and 64—67 °C — for the probe with 3'-GC-clamp.

The multiparameter analysis of the properties of the
selected primers was performed using such online applica-
tions as Thermofisher Multiple Primer Analyzer (https://
www.thermofisher.com), Promega Biomath Calculator —
Tm for Oligos Calculator (https://worldwide.promega.
com), Oligonucleotide Properties Calculator (http://bio
tools.nubic.northwestern.edu). The qPCR fluorescence-

4 Agrobusiness Think Tank. https://ab-centre.ru/articles/analiz-importa-
risa-v-rossiyu-v-2001-2019-gg-
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labelled probe incorporated a FAM dye attached to the
probe’s 5" end. The RTQ-1 dye attached to the probe’s 3’ end
served as a quencher. The primer concentration in reaction
mixture was 800 nM, and 400 nM — in the probe. The qPCR
reaction’s repeatability and reproducibility was assessed
using the following detection systems: ANK-M (IAI RAS,
Russia), QuantStudio 5 (Thermo Fisher Scientific, USA),
CFX-96 (Bio-Rad, USA), DTprime 5 (DNA-Technology,
Russia), Rotor-Gene 6000 (Qiagen, USA). The obtained
results were considered positive if the fluorescence signal
level exceeded the threshold of 10 % module difference of
the lowest and highest signals.

To verify the analytical sensitivity of the assay, a vector
pAL2-T-based structure (Eurogen, Russia) with a 290 bps
inclusion of X. oryzae pv. oryzicola was designed. Liga-
tion was carried out after the PCR product was purified
using the ColGen DNA purification kit (Syntol LLC). To
design the vector-based structure, a T4 DNA ligase buffer
(Thermo Fisher Scientific) was used. The plasmid DNA
was impregnated into Escherihia coli bacteria (Migula
1895) through thermal shock. The vector’s presence was
attested using the PCR-colony method with the standard
M13 primers followed by 1.5 % agarose-gel visualization.
Plasmid DNA separation was carried out using a PlasGen
reagent kit (Syntol LLC). The obtained circular plasmid
was processed with the Not/ restriction enzyme (Thermo-
Fisher Scientific), its concentration measured in a Quantus
fluorometer (Promega Corporation, USA). To test the ana-
lytical sensitivity of the designed assay, qPCR to dissolve
the plasmid were replicated 2 and 4 times. The analytic
specificity of the designed primers and probes was tested
using the DNAs of 53 closely related and accompanying
microorganisms (Alyapkina et al., 2018).

Bioinformatic analysis and data processing were per-
formed using the UGENE (Unipro, Russia) and AliView
(Sweden) software solutions.

To sequence X. o. pv. oryzicola’s DNA, a primer couple
including seqX.o.all F 5'-TCTTTGAACACACAATTC
GGCGG-3' and segX.o.all R 5-TGG AGAATCTCTC
CGACGATA-3" was designed. The amplification program
of PCR amplicon sequencing reaction included primary
denaturation (5 min at 95 °C); cyclic denaturation (15 s
at 95 °C); annihilation (40 s at 60 °C); cyclic elongation
(36 cycles of 30 s at 72 °C); final elongation (5 min at
72 °C). The sequencing was carried out using a Nanofor 05
genetic analyzer (IAI RAS).

Results and discussion

The search for nucleotide sequences in GenBank NCBI
found 208 of them to belong to the Xanthomonas family
including 20 strains of X. 0. pv. oryzicola. During sequence
alignment performed in AliView, qPCR oligonucleotides
were selected for the regions of the Apal target gene conser-
vative to X. o. pv. oryzicola in such a way that the selected
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Table 1. Primer and probe sequencies selected for the hpal gene region of X. o. pv. oryzicola and their amplification programs

Sequence

Note. F - forward primer; R - reverse primer; Pb - probe.

primers’ attachment sites were strictly specific and enabled
the detection of all the target’s stains the DNA sequences
of which had been loaded in the GenBank NCBI database’
before 11.11.2021. Table 1 demonstrates the primer and
probe sequencies for X. o. pv. oryzicola diagnostics, se-
lected for its Apal gene region.

The analytic specificity of the assay was tested using
53 DNA samples of closely related and accompanying
microorganisms from different collections that included
9 DNA samples of the bacteria belonging to the Xan-
thomonas family. The samples were obtained from col-
lections:

— of the All-Russian Center of Plant Quarantine and Fe-
deral Service for Veterinary and Phytosanitary Surveil-
lance’s divisions: Ralstonia solanacearum 0023, 0027,
0029, 0030, Erwinia amylovora, Clavibacter michi-
ganensis subsp. sepedonicus 0140, 0028, 0244, C. m.
subsp. michiganensis 0240, 0241, 0242, 0243, X. o. pv.
oryzae 0227, X. phaseoli, Pectobacterium carotovorum
subsp. carotovorum 0141, 0168, P. atrosepticum 0142,
Dickeya solani, Xylophilus ampelinus 0124, Pantoea
stewarti, P. st. subsp. indologenes, P. aglomerance,
Candidatus Liberibacter, Acidovorax citrulli;

— CIRM-CFBP collection, France: P. st. subsp. indologe-
nes CFBP 3614, C. m. subsp. nebraskensis CFBP 2405,
CFBP 3491, Curtobacterium flaccumfaciens pv. flac-
cumfaciens CFBP 3418, C. fl. pv. poinsettiae CFBP
2403, C. fl. pv. oortii CFBP 1384, X. axonopodis pv.
phaseoli CFBP 2534;

— Leibniz Institute DSMZ-German Collection of Micro-
organisms and Cell Cultures GmbH, Germany: X. gard-
neri DSM 19127, X. perforans DSM 18975, P. wasabiae
DSM 18074, X. euvesicatoria DSM 19128, X. vesica-
toria DSM 22252, X. translucens pv. translucens DSM
18974, P. cacticida DSM 21821, P. betavasculorum
DSM 18076, D. dadantii subsp. dieffenbachiae DSM
18013, D. d. subs. dadantii DSM 18020, D. paradisiaca
DSM 18069, D. chrysanthemi DSM 4610, D. zeae DSM
18068, P. c. subsp. odoriferum DSM 22556;

— Singerta Company’s collection (Russia): C. m. subsp. mi-
chiganensis, Agrobacteria spp., X. campestris pv. cam-
pestris, X. translucens pv. translucens;

> National Center for Biotechnology Information. http://www.ncbi.nlm.
nih.gov [Accessed: 23.11.2021].
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Amplification program
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Fig. 1. gPCR results, a series of dilutions of a plasmid containing X. o. pv.
oryzicola DNA target insertion (0376), FAM detection channel.

CFX-96 (Bio-Rad) interface; NCS - negative control sample.

— All-Russian Microorganism Collection of G.K. Skrya-
bin Institute of Microorganism Biochemistry and Phy-
siology (Pushchino, Moscow region, Russia): C. m.
subsp. insidiosus BKM Ac-14027, C. m. subsp. nebra-
skensis BKM Ac-1404T, Pseudomonas savastanoi BKM
B-1546;

— All-Russian Collection of Industrial Microorganisms of
Kurchatov National Research Center — GosNIIgenetika
(Moscow, Russia): C. albidum BKIIM B-1834.

The primers and probe’s analytic specificity for the
abovementioned sample set was 100 %. All the samples con-
taining X. o. pv. oryzicola DNA came positive, which was
confirmed by sequencing. No false-positive results were
registered including those for the DNA of X. o. pv. oryzae,
which is a closely related variant of the target pathogen.

For testing the assay’s analytical sensitivity, the initial
concentration of the plasmid with X. o. pv. oryzicola inser-
tion of 13 ng/ul or 3 x 10° copies/ul was used. qPCR in a
series of seven dilutions was performed as four 10-time
dilutions, first in double repeat, and then in quadruple
repeat starting from the fifth series (Fig. 1). After the first
dilution, the plasmid concentration reduced to 3 x 10° co-
pies/ul. Starting from 150 copies, all the following dilution
series were additionally titrated as 2 x 10", 5x 10", 7x 10"
in quadruple repeat. For a series of seven 10-time dilu-
tions, the kinetic curve slope comprised A =-2.671, and
the correlation ratio, R>= 0.989. A stable specific signal
was observed down to 25 copies in the reaction mixture.
In case of 10-time dilution of X. o. pv. oryzicola DNA, the
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Fig. 2. gPCR results, a series of dilutions of a plasmid containing X. o. pv. oryzicola DNA target insertion (0376), FAM detection channel.

ANK-M (IAI RAS) interface. NCS - negative control sample.

Table 2. gPCR results obtained in different detection systems using the assay to detect X. o. pv. oryzicola's hpal gene region

Samples, Threshold cycle, Ct

TO-HME QIULION oo e
ANK-M QuantStudio 5 CFX-96 DTprime 5 Rotor-Gene 6000
(IAI RAS) (Thermo Fisher Scientific) (Bio-Rad) (DNA-Technology)  (Qiagen)

10_3 ............................................. 2584 ......................... 2552 ...................................... 2643 ......................... 2540 ............................ 2554 ........................

1073 ............................................. 2599 ......................... 2537 ...................................... 2643 ......................... 2540 ............................ 2545 ........................

1074 ............................................. 2936 ......................... 2932 ...................................... 2948 ......................... 2910 ............................ 2902 ........................

10_4 ............................................. 2953 ......................... 2933 ...................................... 2943 ......................... 2900 ............................ 2895 ........................

10_5 ............................................. 3227 ......................... 3268 ...................................... 3256 ......................... 3220 ............................ 3246 ........................

10_5 ............................................. 3235 ......................... 3288 ...................................... 3229 ......................... 3180 ............................ 3226 ........................
Negativecontrol Notavailable ~ Undetermined Notavailable  Notavailable  Notavailable
Negatvecontrol Notavailable ~ Undetermined Notavailable  Notavailable  Notavailable
KmetlccurvesbpeA ................ 320 ........................... 367 ........................................ 300 ........................... 330 .............................. 343 ..........................
Corrdatl On ratl 0 . R S 0998 ......................... 0999 ...................................... 0998 ......................... 0997 ............................ 1000 ........................
EfﬁCIencyE%ms ............................ 87 ........................................... 116101 ............................... 96 .............................

assay showed lower sensitivity — down to 43 copies in the
reaction mixture.

The designed assay was tested using five qPCR detection
systems from Russian and foreign manufacturers (Fig. 2,
Table 2). As a matrix, a series of 10-time dilutions of the
pathogen’s DNA was applied. The kinetic curve slope
comprised A = 3.00-3.67, the correlation ratio, R*=0.997—
1.000, and the efficiency, E = 87-116 %. The threshold
value difference comprised + 1 cycle, which was due to the
features of the systems’ design and their threshold cycle
computation algorithms.
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To test the primer pair (seqX.o.all F and seqX.o.all R)
enabling for Sanger sequencing diagnostics, direct PCR
was performed. As a matrix, the DNAs of X. o. pv. oryzae
(2532) and X. o. pv. oryzicola (2286) were used as well
as a 1:1 bacterial DNA mixture to imitate joint infection.

To differentiate the two closely related bacterial spe-
cies, a region from 2288483-2288778 bps characterized
by a large number of nucleotide changes relative to the
reference sequence CP050113.1 from the NCBI GenBank
database was used. Comparison of X. o. pv. oryzae and
X o. pv. oryzicola’s nucleotide sequences and their mixture
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Fig. 3. DNA sequence fragments of X. oryzae pv. oryzicola (1), X. oryzae pv. oryzae (2), and a DNA mixture of the two agents (3)
that resulted from the sequencing using the segX.o.all primer pair.

The box marks peak matching. Data processed in UGENE v. 38.1 (Unipro).

can be seen in Fig. 3 where peaks C (X. o. pv. oryzicola)
and G (X. 0. pv. oryzae) match unlike the sequencing re-
sults for each of the agents. Bioinformatic analysis of the
obtained sequences confirmed they could infect a host both
individually and jointly.

Alignment of the obtained nucleotide sequences in the
mixture of DNA X .o. pv. oryzae and X. o. pv. oryzicola
detected 19 nucleotide changes relative to the reference
genome CP050113.1 (Table 3).

Apart from the nucleotide changes listed in the Table 3,
a three-nucleotide insertion in X. o. pv. oryzicola (in posi-
tion 2288667 bps) and a three-nucleotide deletion in X. o.
pv. oryzicola (in position 2288702 bps) were found relative
to the reference X. 0. pv. oryzae genome (Fig. 4).

The specific primer placement on X. oryzae enables
analyzing pathovariant sequences to detect joint infection
by two closely related bacteria and indicate their species.

The obtained nucleotide sequences made it possible
to confirm the cultures’ relation to the collected strains
in relation to the genome data base. Alignment of the se-
quences from the data base enabled us to understand certain
intraspecific diversity of the X. o. pv. oryzae strains that
came from Africa. At the same time, X. o. pv. oryzicola’s
diversity was not that high and limited to a single SNP per
studied region of the ipal gene cluster. Despite the genetic
polymorphism of the population of bacterial infections in
rice, the designed sequencing and qPCR primers make it
possible to detect all isolates irrespectively of the origin
of the material included in the Nucleotide NCBI database.

Most of the procedures to detect X. o. pv. oryzae are
applicable for X. o. pv. oryzicola as well. Their identifica-
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Table 3. Detected nucleotide changes in the amplified fragment
resulted from the sequencing using the segX.o.all primer pair

No.  Nucleotide change’s Nucleotide change’s type

DOSItION relative e
to CP050113.1, bps X.o.pv.oryzae  X.o.pv.oryzicola
1 .......... 2288729 ............................ G ............................ C ............................

2 ......... 2288720 ............................ G ............................ C ............................

3 ......... 2288717 ............................ -|- ............................ G ............................

4 ......... 2288677 ............................ A ............................ C ............................

5 ......... 2288656 ............................ C ............................ -|- ............................

6 ......... 2288640 ............................ C ............................ -|- ............................

7 ......... 2288636 ............................ A ............................ G ............................

8 ......... 2288622 ............................ G ............................ -|- ............................

9 ......... 2288621 ............................. A ............................ G ............................

10 ......... 228 8 578 ............................ G ............................ A ............................

11 .......... 2288571 ............................. T ............................ C ............................

12 ......... 228 8 566 ............................ G ............................ A ............................

13 ......... 228 8 565 ............................ C ............................ T ............................

14 ......... 228 8 564 ............................ C ............................ -|- ............................

15 ......... 228 8 563 ............................ C ............................ G ............................

16 ......... 228 8 562 ............................ -|- ............................ C ............................

17 ......... 2288561 ............................. G ............................ -|- ............................

18 ......... 228 8 559 ............................ T ............................ C ............................

19 ......... 228 8 558 ............................ -|- ............................ C ............................
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CP050113.1 Xanthomonas oryzae pv. oryzae strain K2 chromosome. complete genome
_R_1 Xanthomonas oryzae pv. oryzae

_R_2 Xanthomonas oryzae pv. oryzae

_R_1 Xanthomonas oryzae pv. oryzae

_R_2 Xanthomonas oryzae pv. oryzae

_R_1 Xanthomonas oryzae pv. oryzicola

_R_1 Xanthomonas oryzae pv. oryzicola

_R_2 Xanthomonas oryzae pv. oryzicola

_R_2 Xanthomonas oryzae pv. oryzicola

_R_1 Xanthomonas oryzae pv. oryzae + Xanthomonas oryzae pv. oryzicola
_R_2 Xanthomonas oryzae pv. oryzae + Xanthomonas oryzae pv. oryzicola

Molecular genetic detection
of bacterial leaf streak agents of rice

340 350 360 370 380
[ [ R | [ | [ R

LI R R |

gcttcagtcgagcaaaaatgctgaggagggtaagggtcal---jgg
gcttcagtcgagcaaaaatgctgaggagggtaagggtcal---gg
gcttcagtcgagcaaaaatgctgaggagggtaagggtca---gg
gcttcagtcgagcaaaaatgctgaggagggtaagggtcal---gg
gcttcagtcgagcaaaaatgctgaggagggtaagggtcal---gg
gcttcag@cgaacaaaaatgctgaggaaggtaagggtcalgcagyg
gcttcag
gcttcag

cgaacaaaaatgctgaggaaggtaagggtcalgcagg
cgaacaaaaatgctgaggaaggtaagggtcalgcalgg
gcttcag@cgaacaaaaatgctgaggaaggtaagggtcalgcagg

gcttcagycgarcaaaaatgctgaggarggtaagggtcalgcrgg

gcttcagycgarcaaaaatgctgaggarggtaagggtcalgcrigg

Fig. 4. Alignment of the DNA sequencies of X. o. pv. oryzae and X. o. pv. oryzicola and that of their mixture resulted from the sequencing using the

segX.o.all primer pair.

The box marks the deletion. The alignments were obtained in AliView v. 1.27 (Sweden).

tion begins with selecting the samples with clear infection
symptoms for further cultivation in a nutrient solution.
The method has its drawbacks since the colonies of both
bacteria grow slowly in isolation media. Another prob-
lem is the presence of dominating kinds of bacteria and
bacterial antagonists that prevent proper observation of
the target ones. Division of X. oryzae’s two pathovariants
is possible due to their phenotypical features, induction
symptoms, serological test, fingerprinting (polyacrylamide
gel electrophoresis) and phagotyping results (Vera Cruz et
al., 1984; Benedict et al., 1989; EPPO, 2007).

Restriction fragment length polymorphism changes al-
low one to observe the almost compete genetic diversity of
isolates and their origin (Gonzalez et al., 2007). However,
this technique has a number of significant disadvantages
such as insufficient sensitivity and specificity; high labor
intensity that prevents the method from being used in di-
agnostic and industrial laboratories. For that reason, PCR
has become the key method for detection of the X. oryzae
bacteria (Sakthivel et al., 2001).

Current assays allow for X. oryzae detection in general,
and further separation into pathovariants requires a standard
PCR assay with species-specific primers recommended by
the EPPO and All-Russian Center of Plant Quarantine, the
results of which are to be sequenced. The EPPO protocol
for X. o. pv. oryzae and X. o. pv. oryzicola identification
recommends the TXT/TXT-4R primers (Sakthivel et al.,
2001; EPPO, 2007; Lang et al., 2010) to be used. To detect
X. oryzae DNA using qPCR, it is recommended to use the
X.0.F/X.0.R primers devised by the All-Russian Center of
Plant Quarantine (Egorova et al., 2014). To separate the two
pathovariants, qPCR can be performed using the PF/PR
primers and the TagMan probe that have been specifically
designed to detect X. o. pv. oryzae (Zhao et al., 2007).

In 2021, the All-Russian Center of Plant Quarantine
carried out an interlaboratory comparison to detect BLS
in rice (21X0O0). 16 reference centers and interregional
vet laboratories took part and successfully passed a test to
detect the disease using the Xanthomonas oryzae pv. ory-
zicola-RT assay we have designed.
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Conclusion

The designed assay enables the detection of BLS agents in
rice. Being a reagent kit for qPCR, is also equipped with the
seqX.o.all_F/R primers for PCR amplicon sequencing that
detect X. oryzae in cases of individual and joint infection.
The system allows for robust screening of quarantinable
products and confirms obtained qPCR results with DNA
sequencing. The assay has been successfully tested using
five qPCR diagnostic systems from different manufactures
and can be recommended for diagnostic and screening
analysis in research and diagnostic laboratories.
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in laboratory Drosophila melanogaster strains
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Abstract. Symbiotic bacteria of the genus Wolbachia are widespread in Drosophila melanogaster populations. Based
on the polymorphism of the Wolbachia genome, the symbionts’ diversity in D. melanogaster is presented by two
groups: MEL (wMel, wMel2, wMel3 and wMel4) and CS (wMelCS and wMelCS2). The wMel genotype is predominant
in natural D. melanogaster populations and is distributed all over the world. The CS genotypes, on the other hand, are
of particular interest because it is unclear how they are maintained in the fruit fly populations since they should have
been eliminated from them due to their low frequency and genetic drift or been replaced by the wMel genotype.
However, this is not what is really observed, which means these genotypes are supported by selection. It is known
that the wMelPlus strain of the wMelCS genotype can increase the lifespan of infected flies at high temperatures.
The same genotype also increases the intensity of dopamine metabolism in Drosophila compared to the MEL-group
genotypes. In the present study, we searched for the rare Wolbachia wMelCS and wMelCS2 genotypes, as well as
for new genotypes in wild-type D. melanogaster strains and in several mutant laboratory strains. The symbiont was
found in all populations, in 200 out of 385 wild-type strains and in 83 out of 170 mutant strains. Wolbachia diversity
in D. melanogaster wild-type strains was represented by the wMel, wMelCS and wMelCS2 genotypes. More than 90 %
of the infected strains carried wMel; 9 %, wMelCS2; and only two strains were found to carry wMelCS. No new Wolba-
chia genotypes were found. The northernmost point reported for the wMelCS2 genotype was Izhevsk city (Udmur-
tia, Russia). For the first time the wMelCS2 genotype was detected in D. melanogaster from the Sakhalin Island, and
wMelCS, in the flies from Nalchik (the North Caucasus). A comparison of Wolbachia genetic diversity between the
wild-type laboratory strains and previously obtained data on mutant laboratory strains demonstrated differences in
the frequencies of rare CS genotypes, which were more prevalent in mutant strains, apparently due to the breeding
history of these Drosophila strains.
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AHHoTayusa. CumbunoTnyeckme baktepun poga Wolbachia wmnpoko pacnpoctpaHeHbl B nonynauuax Drosophila me-
lanogaster. Ha ocHoBe nonnmopdursmMa nepectpoek reHoma pasHoobpasue Wolbachia y D. melanogaster noppas-
nensetca Ha ase Knagbl: MEL (reHotunbl wMel, wMel2, wMel3 n wMel4) n CS (wMelCS n wMelCS2). leHotrn wMel
LOMVHUPYET B NMPUpPOAHbIX nonynauuax D. melanogaster v pacnpocTpaHeH no scemy mupy. feHotunbl CS-Knagpl
npeaCcTaBAAT 0COO6bI MHTEPEC, MOCKONbKY HEUM3BECTHO, KaK OHV NOAAepKMBatoTcA B nonynauuax D. melanogaster.
Mpwy HX3KOI YacToTe BCTPEUYAEMOCTM OHU AOMKHBI SNMUMUHUPOBATLCA BCIEACTBUE FeHETNYECKOro Apelida nnu Bbl-
TecHATbCA reHoTnom wMel, uero B gencTBUTENBHOCTY He NpouncxoauT. CnefoBaTenbHO, STU FEHOTUMbI MOAAEPXKN-
BatoTcA ot6opom. Hanpumep, wramm wMelPlus (reHotrn wMelCS) cnocobeH yBenuunBaTtbh NPOLOSIXKUTENIBHOCTb
MKM3HM MyX NP NOBbILIEHHbIX TeMnepaTtypax. leHoTun wMelCS TakKe yBennumnBaeT MHTEHCMBHOCTb JOdaMMHOBOIO
MeTabonuama y 4po3odun no cpaBHeHuto ¢ reHoTunamu MEL-Knagpl. B HacToswwen pabote npoBeaeH NONCK PeAKNX
reHoTunos Wolbachia wMelCS n wMelCS2, a Tak»e HOBbIX FeHOTUMOB B NUHUAX D. melanogaster oukoro Tvna u B oT-
LenbHbIX MyTaHTHbIX IMHUAX NabopaTopHOro dboHaa. CUMOUOHT GbiN BbIABNEH BO BCEX MOMYMALMOHHbBIX BbiGOpKax y
200 13 385 nuHuii Arkoro Tina ny 83 n3 170 myTaHTHbIX. PasHoobpasue Wolbachia B nuHuax D. melanogaster pukoro
TUna npegcTtasneHo reHotunamu wMel, wMelCS n wMelCS2. bonee 90 % nHpmumpoBaHHbIx nuHMin HecyT Wolbachia
wMel reHoTuna, 9 % — wMelCS2, n Tonbko B ABYX NuHMAX obHapyxeH wMelCS. HoBbix reHotunos Wolbachia He
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3adukcpoBaHo. Ana reHotmna wMelCS2 oTmeyeHa Hambonee ceBepHas TouKa pacrnpocTpaHeHusa — MxkeBck (Ya-
MypTuA). BnepBsble nokasaHo npucytcteue reHotna wMelCS2 B nuHumn D. melanogaster n3 nonynaumm o. CaxanuH,
a B IHUM 13 nonynauun r. Hanbumk — reHoTtrna wMelCS. CpaBHeHue reHeTuyeckoro pasHoobpasusa Wolbachia mex-
Ay NnabopaTopHbIMY IMHUAMY JUKOTO TWMa U paHee NoMyYeHHbIMU AaHHbIMY A1 MYTaHTHbIX 1a60PaTOPHbIX IMHWUI
noKasasio pasnnume B YacToTax pefKmx reHoTunos CS-rpynmbl, y MyTaHTHbIX JIMHWIA X 6OMblUe, YTO MOXKeT ObITb

CBA3AHO C NCTOpMel noaaepaHna nuHuin Drosophila.

KntoueBble cnoBa: Drosophila melanogaster; Wolbachia; reHotunbl; nabopaTopHbI GoHA,.

Introduction

Symbiotic bacteria of the Wolbachia genus are widespread in
Drosophila melanogaster populations (Riegler et al., 2005;
Richardson et al., 2012; Ilinsky, 2013; Bykov et al., 2019).
Apart from a number of point mutations, these Wolbachia
genomes differ by a series of the rearrangements that can be
casily detected by polymerase chain reaction (PCR) assay
followed by electrophoretic analysis as per M. Reigler et al.
(2005). Their polymorphism has enabled one to distinguish
MEL (wMel, wMel2, wMel3 and wMel4) and CS (wMelCS
and wMelCS2) group of genotypes (Riegler et al., 2005;
Ilinsky, 2013). The wMel genotype, whose name is similar
to that of the strain, prevails in D. melanogaster, the others
have either rare or local spread (Riegler et al., 2005; Ilinsky,
Zakharov, 2007a, b; Ilinsky, 2013; Bykov et al., 2019), e. g.
while being widely spread in the world, the wMelCS genotype
is rare, where its prevalence does not exceed 10 % (Riegler
et al., 2005; Ilinsky, Zakharov, 2007a, b; Serga et al., 2014;
Bykov et al., 2019).

Meanwhile, the wMelCS2 genotype is often detected in
the D. melanogaster populations of Eastern Europe, Central
and Northern Asia and Western Siberia, whose prevalence in
some samples could reach up to 40 % (Riegler et al., 2005;
Ilinsky, Zakharov, 2007a, b; Ilinsky, 2013; Bykov et al., 2019).
In the strains of South and South-East Asia, singular cases of
wMel2 genotype presence have been detected (Riegler et al.,
2005; Bykov et al., 2019), while the wMel4 genotype was
first registered in the Sinai Peninsula, and no other data are
currently available regarding its spread (Ilinsky, 2013). The
wMel3 genotype was found only in a single laboratory strain
and is most likely absent in the wild (Riegler et al., 2005).

Detailed genome analysis of the Wolbachia bacteria in
D. melanogaster confirmed the abovementioned subdivision
and enabled one to subdivide the MEL and CS groups into
several clades (Richardson et al., 2012; Chrostek et al., 2013;
Early, Clark, 2013; Ilinsky, 2013). Thus, the most widespread
wMel genotype has four (I, II, IIT and V) clades, and the
wMel2 genotype — two (IV and VIII). As for the CS group, it
has only one clade (Richardson et al., 2012; Chrostek et al.,
2013; Ilinsky, 2013). Analysis of the nucleotide polymorphism
of the full genomes of the wMelCS and wMelCS2 genotypes
detected four haplotypes (Bykov et al., 2019). One of which
is present in wild-type D. melanogaster and the mutant strains
of the fruit-fly stock, while the others have only been found
in a small number of mutant strains, which confirms the low
genetic diversity of the CS group.

For some of the Wolbachia genotypes, their effect on the
fruit fly’s biological features has been described, e. g., clade V
of the wMel genotype prevailing in the D. melanogaster po-
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pulation of the Palearctic (Bykov et al., 2019), and clade VI
of'the wMelCS genotype induce weak cytoplasmic incompati-
bility (Ilinsky, Zakharov, 2011; Ilinsky, 2013). Comparing the
temperature survivability of flies (Versace et al., 2014; Maz-
zucco et al., 2020) has shown that those infected with clade V
of the wMel genotype withstand cold temperatures better
than those infected with clade VI of the wMelCS genotype
and clades I, 11, III of the wMel genotype. D. melanogaster
also change their temperature preferences depending on the
infection status and Wolbachia genotype (Arnold etal., 2019;
Truitt et al., 2019). It has been demonstrated that wMelCS
increases dopamine metabolism intensity unlike the wMel,
wMel2 and wMel4 genotypes (Gruntenko et al., 2017). The
female fruit flies infected with the wMel genotype are more
productive than non-infected ones or those infected with the
wMelCS genotype (Serga et al., 2014). The authors also note
the wMelCS genotype is able to reduce the fruit fly’s fertility.

Many data have been accumulated to describe Wolbachia’s
spread and variability in the wild D. melanogaster populations
(Hoffmann et al., 1994, 1998; Riegler et al., 2005; Ilinsky,
Zakharov, 2007a, b; Vesprool, Haddrill, 2011; Bykov et al.,
2019), while the set of investigations studying the issue in the
laboratory strains includes only two reports (Clark et al., 2005;
Ilinsky et al., 2014). A study of the flies kept at Bloomington
Drosophila Stock Center was carried out only to estimate the
infection degree in wild-type strains and the strains containing
different mutation groups and P-element (Clark et al., 2005).
It demonstrated the differences in the number of infected lines
for different groups of fruit flies, which were probably related
to their breeding history.

The second study was carried out in the stock of Laboratory
of Population Genetics of Institute of Cytology and Genetics,
Siberian Branch of the Russian Academy of Sciences, and its
objective was not only to detect Wolbachia infection frequency
but also to estimate its genetic diversity in the mutant strains
of the stock (Ilinsky et al., 2014). It has been found the line
groups with different mutation differed both in terms of infec-
tion frequency and Wolbachia genotype composition. In some
cases, it could be related to the breeding history, in particular,
to using the specific infected balancing strains for maintaining
certain mutations.

When it comes to Wolbachia’s genetic diversity, the CS
group is of particular interest for it is still unknown how these
genotypes are maintained in D. melanogaster populations.
Considering their low frequency, they should be eliminated
in the populations either due to genetic drift or being replaced
by the wMel genotype, but this is not what happens in reality
(Riegler et al., 2005; Ilinsky, 2013; Bykov et al., 2019). It is
likely that these genotypes are supported thorough selection.
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Recently, new data have been published concerning some
phenotypic effects observed in this genotype group, €. g., the
wMelPlus strain of wMelCS genotype increases the flies’
survival in presence of thermal stress. However, the mecha-
nism of this phenomenon remains unknown (Burdina et al.,
2021). Another strain (wMelPop) of the same genotype was
detected when observing flies’ death due to rampant bacterial
proliferation in the host’s cells (Min, Benzer, 1997; Woolfit
etal., 2013).

Genetic differentiation and comparative analysis of Wol-
bachia isolates will make it possible to detect new effects
and understand the mechanisms of host-symbiont interac-
tions, which can later be used for practical applications, e. g.,
for the wMel and wMelCS genotypes, their ability to block
mosquito-borne viral infections has been found. In other
words, they prevent dengue fever, Zika virus infection and
other viral infections when they are transmitted from the fruit
fly to the mosquito (Schultz et al., 2017; Xue et al., 2018;
Flores et al., 2020).

The aim of the present study was performing a search in
the D. melanogaster strains of the laboratory stock of Institute
of Cytology and Genetics of Siberian Branch of the Russian
Academy of Sciences to detect the rare Wolbachia genotypes
such as wMelCS and wMelCS2 as well as new genotypes.
These strains can later be used to investigate the effect Wol-
bachia has on the biological features of D. melanogaster, in
particular, to analyze its effect on the metabolism of infected
fruit-fly strains, their fertility and thermal stress resistance.
The results of our study will also complement to the early
obtained data on Wolbachia diversity in natural and laboratory
populations of D. melanogaster.

Materials and methods
In the study, 555 strains of D. melanogaster from the labora-
tory stock of Institute of Cytology and Genetics of Siberian
Branch of the Russian Academy of Sciences were used. The
lines were bred from the natural populations collected in dif-
ferent regions of Russia, Ukraine and Kyrgyzstan from 1985
to 2016 as well as in Kenia in 2019 (Tables 1 and 2). For the
DNA extraction, pools of five females were used. The flies
were homogenized in STE buffer (100 mM NaCl, 10 mM
Tris-Cl, pH 8.0, 1 mM EDTA, pH 8.0) and incubated during
an hour at 56 °C. After the incubation, the samples were cen-
trifuged at 13,000 RPM for 10 min for debris removal, and the
supernatant was PCR assayed for 1) presence of Wolbachia
(whole collection); 2) infection frequency and presence of rare
Wolbachia genotypes (370 wild-type strains (see Table 1));
for the population represented with more than 10 strains,
infection frequency was determined and 95 % confidence
intervals (CI) was estimated using Clopper—Pearson method;
3) CS-genotype diversity (170 strains containing natural muta-
tions (see Table 2)); 4) possible infection loss (15 strains of
wild-type D. melanogaster from the Tomsk population (see
Table 1) that had been earlier characterized in terms of their
Wolbachia genotype and infection status (Bykov etal., 2019)).
The Wolbachia infection status and genotype were de-
termined according M. Riegler et al. (2005) based on four
markers such as insertion in WD 1310 and WD 0516 locus;
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the number of vntr 105 and vntr 141 minisatellite repeats.
For the 170 mutant strains, Wolbachia presence was checked
only for loci 1310 and 0516/7 to determine whether the
bacteria belonged to the MEL or CS group. For the detected
CS variants, additional assay for loci vatr 105 and vntr 141
was carried out to distinguish the wMelCS and wMelCS2
genotypes. These 170 strains were discarded from the analy-
sis of the infection and genotype frequencies since they did
not provide information on the symbiont’s prevalence in
the population. Statistical analysis of the obtained data was
performed using the Minitab 17.1.0 software (Minitab Inc.,
State College, PA, USA).

Results

In the 555 strains of D. melanogaster assayed, the Wolbachia
infection was detected in 51.9 % of wild-type (see Table 1)
and 48.8 % of mutant (see Table 2) strains. In the assayed
wild-type strains, the infection rate varied from 15.8 to 100 %
(see Table 1), 52 % on average (95 % CI 46.8-57.0 %). The
symbiont was detected in all population samples. Fifteen
strains of the Tomsk population turned out to be infected with
Wolbachia of expected genotype, i.e., no infection loss after
10 years of breeding was found.

Wolbachia diversity in the assayed wild-type D. mela-
nogaster strains was represented by three genotypes wMel,
wMelCS and wMelCS2. More than 90 % of infected strains
carried the wMel genotype, that correlated with its dominance
in natural populations worldwide (Riegler et al., 2005; Ilinsky,
Zakharov, 2007a, b; Bykov et al., 2019). About 9 % of the
infected strains obtained from the natural populations of Altai
(Gorno-Altaisk, Biysk), Kyrgyzstan (Bishkek) and Udmurtia
(Izhevsk) carried the wMelCS2 genotype. The only case of
wMelCS was detected in a strain from a natural population
of Ukraine. Rare CS-clade variants were also found in the
mutant flies from the populations of Sakhalin and Nalchik
(see Table 2). At the same time, the wMelCS genotype had
never been found in Sakahlin earlier as well as wMelCS had
never been detected in Nalchik.

Discussion
In the present study, we carried out a search for the Wolbachia
bacteria of wMelCS and wMelCS2 genotypes in the D. me-
lanogaster strains collected from natural populations and
maintained in laboratory stock for 3—36 years. These genetic
variants of the symbiont are rare in natural populations but still
can be widely spread worldwide (Riegler et al., 2005; Ilinsky,
Zakharov, 2007a, b; Bykov et al., 2019). In the majority of
cases in this study they were found in the strains from the
regions where these genotypes had been registered earlier.
In Udmurtia (Izhevsk), the wMelCS2 genotype had never
been registered in D. melanogaster, which was probably due
to the small number of assayed strains (Ilinsky, Zakharov,
2007a). For the time being, this is the northernmost geographi-
cal location where this genotype has been registered (Bykov
et al., 2019), but one has to keep in mind that we know quite
a little about the northern populations of D. melanogaster
and the boundaries of its spread can be much wider than the
ones known to us today. At the same time, accidental delivery

FEHETUKA MUKPOOPTAHU3MOB / MICROBIAL GENETICS 555



A.S. Ryabinin, O.D. Shishkina
Yu.Yu. llinsky, R.A. Bykov

Rare Wolbachia genotypes
in laboratory Drosophila melanogaster strains

Table 1. Wolbachia prevalence and genetic content in the wild-type D. melanogaster strains from the laboratory stock
of Institute of Cytology and Genetics, Siberian Branch of the Russian Academy of Sciences

Region, year N/N,,, (%w+; 95 % CI)* Number of genotypes™*
UkrameKlev1985 ................................................... 1/1 ........................................................................... W Me|C52 ..............................................................
CnmeaMagarach1990 .......................................... 7 /4 .......................................................................... W Mel ....................................................................
UkramezaporOZhewgo ....................................... 9 /1 ........................................................................... W Mel ....................................................................
Russ'a GO mOAltaISk 1 . 992 ..................................... 8 /5 .......................................................................... W Me|(1)WMe|CS 2 (4) ........................................
Russia,Biysk, 1993 49/20(408%27.0-558%) wMel (14, wMelCS2(6)
Ukrameleopo|1997 ............................................ 10/6(60%26_88%) ............................................ W Me| ....................................................................
Russ'a IZheVSk . 20 0 0 ............................................... 1 0/5(5 0 . % 1 9 . 81%) ............................................ W Mel ....................................................................
Russ'a Karambay 2000 ........................................... 1 9/3(1 5 8 . % . 33 8 . 3 96 %) ................................... W Mel ....................................................................
Russ'apychaszooo ................................................ 11/7(636%308_891%) ................................... W Mel ....................................................................
Ukram e ; Cherka Ssy 200 0 ........................................ 3 0/1 . 2( 4 0 % 2 27_594 %) .................................... W Mel ....................................................................
Kyrgyzstan, Bishkek, 2001 - 25/604% 9-45% wMel (@), wMelcs2)
Russ'a PyChas . 2 001 ................................................. 2 8/1 . 9( 6 79 : %4 76 § 841%) ................................. W Me| ....................................................................
Uraine, Cherkassy, 2001 46/1022%11-36%) wMel @), wMelcs ()
Russ'a Adle rz 002 ................................................... 2 / 1 ........................................................................... W Mel ....................................................................
Russia, lzhevsk 2002 22/15(682%:45.1-861%) wMel (14, wMelCS2()
Ky rgyzstanBIShkek 2006 ....................................... 3 /3 .......................................................................... W Me|(2)WMe|CS 2 (1) ........................................
Russ'aKrasnodarzo% ........................................... 11/8(73%39_94%) ............................................ W Me| ....................................................................
Russ'a TomSk 2 0 06 ................................................. 3 /2 .......................................................................... W Me| ....................................................................
Ukralneleopo|2006 ............................................ 17/7(412%184_671%) ................................... W Mel ....................................................................
CnmeaMagaraChzoos 4/2 .......................................................................... W Mel ....................................................................
UkrameKlevzoos ................................................... 2 /2 .......................................................................... W Mel ....................................................................
UkramePOIeSSkoezoos ......................................... 14/10(714%42_92%) ....................................... W Mel ....................................................................
UkrameChemoby|2008 ........................................ 10/7(70%35_93%) ............................................ W Me| ....................................................................
Russ'a TomSk 2 0 11*** ............................................ 1 5/1 5( 1 00 : /0 782_100%) ................................... W Mel ....................................................................
KemaNaerbyzmg ................................................ 1/1 ........................................................................... W Mel ....................................................................
KemaKlta|e2019 .................................................... 10/10(100%69_100%) ...................................... W Me| ....................................................................
Kema KIbOkO . 20 1 9 ................................................. 8 /8 .......................................................................... W Me| ....................................................................
Kema 2019 ............................................................... 1 0/1 . 0( 1 00 . /0 6 9_100%) ...................................... W Mel ....................................................................
TOtaI ........................................................................... 3 85/20 0 .................................................................. W Me|“84) Wme | CS (1)WMe|CS 2 (15) .............

* N - the number of assayed strains; N,,, — the number of infected strains; %w- - proportion of infected samples; 95 % confidence intervals were estimated using

the Clopper-Pearson method for samples with N = 10; ** the number are indicated in cases of several genotypes detected;

characterized (Bykov et al., 2019).

of D. melanogaster infected with this Wolbachia genotype
together with products should not be excluded. So, later it
may disappear from the local population due to the death
of its hosts in the winter period. A similar case of accidental
delivery was probably observed in the mutant strain from the

*** the strains have been earlier

Sakhalin Island. These flies had wMelCS-genotype Wolbachia
that had never been registered in this territory.

Earlier, we characterize in detail the infection rate and ge-
netic diversity of Wolbachia in D. melanogaster populations
from Nalchik collected in 2010-2013, the single cases of
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Table 2. Wolbachia prevalence in the collection of mutant D. melanogaster strains derived from natural populations

Region, year N/Ny. NueL Ncs (genotype)
Russwsakhalmzom_zom .................................... 128/53 .................................. 5 2 ......................................... 1(WMe|C52) ...............................................
Russ'aNa|ch|k200042/30 .................................... 2 54(WMe|C52)1(WMe|CS) ..........................
Tota| ............................................................................ 1 70/8 3 .................................. 7 7 ......................................... 5 (WMe|CS 2 ) 1(WMe|CS ) ..........................

Note. N - the number of assayed strains; N,,., — the number of infected strains; Njyg, Ncs — the number of the strains harboring Wolbachia of MEL and CS clades,
respectively.

Table 3. Comparison of Wolbachia’s genetic compositions in the wild-type, mutant and natural strains of D. melanogaster

Strains Nymel/YowMel 95 % Cl Rare genotypes Rare 95% Cl
(wMelCS, wMelCS2, wMel2, wMel4)  genotypes, %
W,|dtype .................................................. 184/92 ................ 8 7_95 ................. 168 ........................... 5 _13 ................
Mutant(||mskyeta|2014) ..................... 6 0/43 .................. 3 5_52 ................. 7 85748_65 ..............
Natura|(Bykoveta|201g) ...................... 8 52/98 ................ 9 6_99 ................. 172 ............................ 1_3 ..................

Note. Ny el — the number of strains with Wolbachia of the wMel genotype; %wMel - percents of strains with Wolbachia of the wMel genotype.

Table 4. Wolbachia infection frequencies for the wild-type, mutant and natural strains of D. melanogaster

Strains N Nyt N, Infection 95 % Cl
frequency, %
W||dtype ............................................................ 3 85 ........................... 2 00 ........................... 185 ............................ 5 247_57 .....................
M Uta n t(”mSky eta| 20 ]4) ............................... 3 53 ........................... ] 38 ........................... 2 15 ............................ 3 9 ............................. 3 4_44 .....................
Natura|(Bykoveta|2019) ............................... 1505 ......................... 8 69636 ........................... 5 7 ............................. 5 5_60 .....................

Note. N - the number of strains; N,,.,, N,,_ — the number of infected and uninfected strains, respectively.

wMelCS2 genotype were found (Bykov et al., 2014, 2019).
Analysis of the mutant strains bred from the Nalchik popula-
tion in 2000 demonstrated the presence of both wMelCS2
and wMelCS genotypes. The available data enable us to
conclude that wMelCS?2 is constantly supported in the popula-
tions of this region. The detected case of wMelCS genotype
confirm our earlier assumption that this variant of bacteria
can present in the fly populations of Nalchik (Bykov et al.,
2014). The long-term presence of rare Wolbachia genotypes
in D. melanogaster may be due to several reasons, e.g., the
flies harboring the wMelCS and wMelCS2 genotypes may
overwinter and produce new generations of infected insects
(Kriesner et al., 2016; Bykov etal., 2019). Also, the symbiont
itself may provide advantages for infected species (Hedges
et al., 2008; Teixeira et al., 2008; Gruntenko et al., 2017) or
induce the reproductive abnormalities that sustain infection
in the population (Ilinsky, Zakharov, 2011; Ilinsky, 2013).
In the mutant laboratory strains of D. melanogaster, the
wMelCS and wMelCS2 genotypes occur much more often,
which is due to strains’ breeding history that involved using of
the balancing strains infected with these Wolbachia genotypes
(Ilinsky et al., 2014). Comparative analysis of Wolbachia
genetic diversity in the natural, mutant and wild-type strains

demonstrated the presence of statistically significant differ-
ences in genotype ratio between the stock’s wild-type strains
and the natural populations (Fisher’s exact test, p = 7x1075).
The symbiont’s genetic composition in the mutant strains also
differed significantly from that in the natural strains (Fisher’s
exact test, p < 1x1078 for both cases) (Table 3).

In general, the Wolbachia prevalence in the stock’s cultures
of D. melanogaster was comparable to those in the studies
that had been published earlier, which confirms the symbionts
is ubiquitous and its occurrence is of high frequency (Ilinsky,
Zakharov, 2007a; Vespoor, Haddrill, 2011; Serga et al., 2014;
Bykov etal., 2019). Detailed comparison of our data for wild-
type strains to those for mutant strains and natural ones showed
some differences in Wolbachia infection frequency, hence both
mutant and wild-type strains were different from the natural
ones (Fisher’s exact test, p = 0.043 and p < 1x10-8 for both
cases). They differed from one another as well (p = 0.0005)
(Table 4).

A possible explanation of the differences in infection fre-
quencies between natural and wild-type strains is to say some
of'the lines experienced infection loss after many generations.
It is known that Wolbachia can eventually be lost in maternal
lineage due to incomplete maternal transition, and in absence
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of any positive effect on its host can be completely eliminated
from a population (Hoffmann et al., 1998; Ilinsky et al., 2014).
Our analysis demonstrated that the symbiont preserved itself
in the 15 lines of fruit flies from Tomsk, whose populations
had been maintaining during 10 years. On the other hand,
the mutant strains of D. melanogaster had demonstrated pos-
sible cases of infection loss (Ilinsky et al., 2014). In (Ilinsky,
2013), strain S400 infected with clade 111 of wMel genotype
experienced infection loss (data not shown).

Conclusion

The present study found two strains of D. melanogaster
infected with the wMelCS genotype of Wolbachia, and
20 strains — with the wMelCS2 genotype. These strains will
be further investigated to estimate the effect the symbiont
has on the fruit fly’s biology. Our study has extended the
boundaries of wMelCS2 spread, whose northernmost point
now is Udmurtia (Izhevsk). Our results confirm Wolbachia
can be sustained in laboratory strains, which does not exclude
the likelihood of infection loss after long-term breeding. The
symbiont’s infection frequency and genotypic composition are
in general comparable to those estimated in natural populations
and supplement the available data. When compared against
those in the mutant strains, Wolbachia infection frequency and
genotypic composition in the wild-type strains turned out to
be closer to those observed in natural populations.
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Bacillus anthracis strain differentiation
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Abstract. Bacillus anthracis is the anthrax causative agent. For its epidemiology, it is important not only to identify the
etiological agent but also to determine the patterns of its evolution and spread. Modern methods of molecular bio-
logy make it possible to detect a number of genetic markers suitable for indicating and differentiating the strains of
B. anthracis, including the loci arranged as variable number tandem repeats (VNTRs) and SNPs, one nucleotide-sized
differences in the DNA sequence of the loci being compared. The objective of the present study was to examine the
effectiveness of SNP analysis and PCR amplification of VNTR loci combined with the high-resolution amplicon melting
analysis for identification and differentiation of the anthrax agent strains. In the study, seven strains of B. anthracis ob-
tained from soil samples and animal carcasses were investigated using vaccine strain STI-1 as a reference. For molecular
genetic characterization of these bacteria, analysis of 12 SNPs and variability analysis of eight VNTR loci were carried
out. To detect the differences between the strains, their PCR product melting points were measured in the presence of
the EvaGreen (Sintol, Russia) intercalating dye. For SNP detection, a PCR assay with double TagMan probes was applied.
It was found that the studied virulent strains, except for B. anthracis No. 1 and 3, could not be attributed to any phylo-
genetic subgroup of the anthrax agents. The proposed method made it possible to differentiate four out of the seven
investigated strains. Strains No. 5-7 had identical SNP and HRM profiles and, as a result, formed a single cluster. Our
investigation has confirmed that the proposed method can be successfully used for preliminary analysis of an epizootic
situation in the case of anthrax.

Key words: Bacillus anthracis; genotyping; VNTR; SNP; HRM-analysis; epidemiology of anthrax.
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OuddepeHmaliisa nirtaMMoB Bacillus anthracis
Ha ocHOBe SNP- u VNTR-nmonmMmop@dn3ma reHOMOB

E.A. Auucumosa®, H.A. ®axpytanHoB, A.A. Muprasos, E.A. AoaoHoBa, VI.A. Eansaposa, M.E. TopbyHoBa,
H.J. XammapoB, AV 3aithyaans, KA. OcstHuH

DepepanbHbI LEHTP TOKCMKOOrMYECKO), painaLoHHoOM 1 6ruonornyeckon 6esonacHocTy, HayuHblin ropopok-2, KasaHb, Poccua
® elizaveta-real@mail.ru

AHHoTauus. baktrepuu Bacillus anthracis saBnsioTcs Bo30yauTenem cubnpckoi A3ebl. ns anMaemMmmonornm 3toi MHdek-
LUV UMEET 3HaUYeHMEe He TONIbKO NAeHTUdMKaLMA STUONOMMYECKOro areHTa, HO U BbIAACHEHNE 3aKOHOMEPHOCTM ero 3B0-
nouun 1 pacnpoctpaHeHns. CoOBpeMeEHHbIE METOAbI MOSIEKYNAPHOW GO0 NO3BONAIOT ONPeAenUTb PAL reHeTnYe-
CKUX MapKepoB, MPUIroAHbIX ANA UHANKauMn 1 anddepeHumauuy wrammos B. anthracis. K Takum mapkepam OTHOCAT
VNTR-noKycbl - nocniefoBaTeNlbHOCTY, OPraHN30BaHHble B reHOMe B BMAE TaHAEMHbIX MOBTOPOB, a Takxe SNP — otnnunsa
B nocnepoBatenibHocTn [IHK B cpaBHrBaeMbIX JIOKycax pa3MepoMm B OAVH HykneoTua. Lienbto HacToswein paboTbl 6bina
oueHKa 3pdeKTUBHOCTM COBMeCTHOro npumMeHeHna SNP-aHanusa u MNUP-amnnndurkaumm VNTR-nokycoB ¢ aHann3om
TemnepaTypbl MAABAEHUA aMMIMKOHOB BbICOKOMO paspelleHna ans naeHtndukaumm n guddepeHumaymmn lWtammos
B036yauTensa cnbupckoii A3Bsbl. Miccnegosanu cemb WTaMmoB B. anthracis, nonyyeHHbIX 13 06pa3LoB NoYBbI 1 TPYMNOB
KMBOTHBbIX, B KauecTBe pedepeHC-MUKpoopraHnama Obii BakUVHHbIN wtamm B. anthracis CTU-1. ina monekynapHo-re-
HeTNYeCKoW XapaKTepuCTMKN AaHHbIX 6akTepuii npoBefeH aHanu3 12 oAHOHYKNEOTUAHbIX NONMMOPOU3MOB, a TakKe
BapuabenbHocTy BocbMu VNTR-0KYCOB, AnA onpeaeneHna pasnnymnin B KOTOpbIX Obin BrepBble NCMob30BaH MeTox
onpepeneHua Temnepatyp nnasnenuva [MLP-npoaykToB B npucyTcTBUM nHTepKanupytowero kpacutena EvaGreen
(3A0 «CuHTONY, Poccna). OAna getekumm SNP nprimeHeH meTog nonmmepasHom LenHown peakuyumu (MLP) ¢ ncnonbsosa-
HueMm [BoHbIX TagMan-30Ha0B. O6Hapy»KeHo, UTO BCe 13yYaeMble BUPYNEHTHbIE WTaMMbl, Kpome B. anthracis N2 11 3,
no SNP-npodusnio He MoryT 6bITb OTHECEHbI K Kakon-nnbo dunoreHeTYeCcKon Noarpynmne Bo3byautena cubrnpckom
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InddepeHumauma wrammos Bacillus anthracis
Ha ocHoBe SNP- 1 VNTR-nonumopdrama reHomos

A3Bbl. MeToAMYecKUin nogxon, BKNovalowmin B ce6sa aHanus SNP- n VNTR-nocnegoBaTtenbHocTel, no3sonun andde-
peHUrpoBaTb MeXay cobol WwTammbl B. anthracis N2 1-4, B To Bpems Kak 6akTepun B. anthracis N° 5-7 feMOHCTprpyoT
opviHakoBble SNP- n HRM-npodunu n, Kak cneactaue, GopmmpytoT oaviH Knactep. Takum 06pa3om, NoKasaHa NpuHLU-
nManbHana BO3MOXXHOCTb MCMOJIb30BaHWA PACCMOTPEHHON B 3TOl paboTe MeTOANKY ANA NPefBapuUTeNIbHOro aHanusa
3NN300TNYECKON CUTYaLMM MPU BCrbILLKaX CUOUPCKO A3BbI.

Kntouesble cnosa: Bacillus anthracis; reHotunuposanue; VNTR; SNP; HRM-aHanus; anugemmonorusa cubupckom A3Bbl.

Introduction

Bacillus anthracis is the causative agent of anthrax, a par-
ticularly hazardous zoonotic infection. Although effective
measures to prevent the occurrence and spread of the disease
have been developed and rather widely implemented, from
2000 to 20,000 anthrax cases are registered around the world
every year (Pisarenko et al., 2019), mostly in Africa, Central
Asia, and Latin America (Hugh-Jones, Blackburn, 2009;
Kenefic et al., 2009). In Russia, anthrax commonly occurs in
Siberia and North Caucasus (Logvin et al., 2017).

All the B. anthracis populations known to researchers are
extremely monomorphic and have clonal structure (Achtman,
2008; Keim et al., 2009). This high genetic similarity poses
a significant hindrance for strain differentiation of anthrax
agents using bacteriological and serological methods. The
problem, however, may be solved using molecular genetic
approaches. The methods detecting sites with variable number
tandem repeats (VNTR) and single nucleotide polymorphisms
(SNP) in the agent’s genome have turned out to be the most
promising for B. anthracis strain indication and differentiation
(Timofeev et al., 2018; Wang et al., 2020).

Compared to VNTR loci, SNPs are more stable in evolu-
tionary perspective and have low mutation frequency, which
comes at a cost of lower resolution. That is why polymorphism
detection in SNP loci of the anthrax agent is a rather common
first stage in the genotyping systems using a combination of
SNP and VNTR markers (Timofeev et al., 2018), in which a
set of 14 diagnostically significant canonical SNPs (canSNPs)
is widely used. The systems make it possible to attribute the
microorganism under study to a particular phylogenetic line
and, as a result, make an assumption about its geographic
origin (Van Ert et al., 2007). Three phylogenetic lines (A, B,
and C) are commonly identified in today’s research, which
in turn form 14 phylogenetic groups as follows: A.Br.Ames,
A.Br.Australia 94, A.Br.003/004, A.Br.Vollum, A.Br.005/006,
A.Br.001/002, A.Br.Western, A.Br.WNA, A.Br.008/009,
A.Br.011/009, B.Br.001/002, B.Br.KrugerB, B.Br.CNEVA,
and C.Br.A1055 (Timofeev et al., 2018). According to the
literature, the strains isolated in the Russian Federation belong
predominantly to group B.Br.001/002 of line B and groups
A.Br.001/002 and A.Br.008/009 of line A, and less often to
A.BrAust94 (Eremenko et al., 2018; Koteneva et al., 2019).

Multilocus variable number tandem repeat analysis (MLVA)
is used for further strain differentiation within each SNP cluster
(Timofeev et al., 2018). PCR analysis with further separation
of amplification products in agarose or polyacrylamide gel,
often combined with capillary electrophoresis, is the most
common MLVA strategy (Bondareva et al., 2014). The most
accurate results may be obtained from amplicon sequencing,

but the duration of the procedure (at least several days) tends
to be a major downside of the approach.

In the present study, differences in VNTR loci, specifically
tandem repeat numbers, were determined using HRM (high
resolution melting), i. e. real-time analysis of amplicon melting
points. The EvaGreen (Sintol, Russia) intercalating dye used
for HRM analysis inserts itself between two complementary
nucleotides in a double-stranded DNA molecule. The dye’s
fluorescence under light of 490-nm wavelength is registered
in FAM detection channel. When DNA denaturation occurs,
there is no fluorescence and hydrogen bonds break. Thus, if
we gradually increase the temperature in the thermocycler,
continuous detection will enable us to determine the repeat
number based on amplicon melting point. The latter approach
outperforms the classical MLVA methods since it does not
require sequencing or fluorescence-labeled probes, and, as a
result, makes it possible to detect differences in VNTR loci of
B. anthracis strains at a lower financial and time cost. HRM
analysis of PCR amplification products had been previously
suggested for SNP genotyping (Derzelle et al., 2011) but had
never been described for analyzing VNTR loci.

The objective of the present study was to evaluate the ef-
ficiency of SNP analysis and PCR amplification of VNTR
loci in combination with high-resolution amplicon melting
point analysis for identification and differentiation of anthrax
agent strains.

Materials and methods

In the study, seven B. anthracis strains obtained from soil
samples and animal carcasses were used (Table 1). B. anthra-
cis vaccine strain STI-1 from the microorganism strain col-
lection of the Federal Center for Toxicological, Radiation and
Biological Safety (Kazan, Russia) was used as a reference.
The strain samples were prepared for further molecular genetic
research in compliance with the MUK 4.2.2941-11 methodo-
logical protocol (2011).

The genomic DNA was isolated using the DNA-sorb-B kit
(Central Research Institute for Epidemiology of Rospotreb-
nadzor, Moscow) as per manufacturer’s instructions.

The SNP analysis was performed using real-time polyme-
rase chain reaction (qPCR) with the double TagMan probes
and primers described earlier (Van Ert et al., 2007). The
master mix volume of 15 pl included 125 pM of each dNTP,
2.5 MM MgCl,, 5 pM of each primer and probe, 10 ng DNA
matrix, 1.0 U Taq polymerase (Evrogen, Russia), ddH,O (up
to 15 ul). The qPCR procedure was run on a Real-Time C1000
thermocycler with CFX96 optical reaction module (Bio-Rad,
USA) under the following protocol: initial DNA denaturation
at 95 °C for 3 minutes followed by 39 cycles as follows:
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Table 1. Studied strains of B. anthracis

Bacillus anthracis strain differentiation
based on SNP and VNTR loci

Strain, No. Collection site and year of isolation

1 Checheno-Ingush ASSR, 1971

2 ................................ Tajlk SS R 1 971 ............................................................
3 ................................. Kurganreglon’ . 1 . 97 1 ..................................................
. 4 ................................ U|ya nOVSk’ 2 0 04 ........................................................
. 5 ................................

. 6 ................................ Rep ub| Ic ofTata rsta n .,. 2 004 ......................................
. 7 ................................ Rep Ubl IcofTata rsta n 2 008 ......................................
. STH ...............................................................................................................

Table 2. Synthetic oligonucleotides used for amplification of VNTR loci

Locus ID: genomic location, bp Primer nucleotide sequence, 5'—3’ Expected
Forward ....................................................... Reverse ..................................................... ?rr: F?::: fr: :;Z) ,ebp
VA CPO762221:4103374-4103699  CACAACTACCACCGATGGCAC GCGCGTTTCGTTTGATICATAC %6
VBl CP054800.1:3380187-3380415  ATAGGTGGTTTTCCGCAAGTTATTC  GATGAGTTTGATAAAGAATAGCCTGTG 211
VB2 CP054800.1:3380389-3380541  CACAGGCTATTCTTTATCAAMACTCATC  CCCAAGGTGAAGATTGTTGTTGA 135
ViC1 CPOS4816.1:1937943-1938522  GAAGCAAGAAAGTGATGTAGTGGAC  CATTTCCTCAAGTGCTACAGGTTC 544
VG2 CPOSA816.1:1937447-1937978  CCAGAAGAAGTGGAACCTGTAGCAC  GTCTTTCCATTAATCGCGCTCTATC 460
CG3  CP054816.1:4931009-4931169  CCATGTCGTTTTACTTCTCTCTCCAATAC AGTCATTGTTCTGTATAAAGGGCAT 151
oxo1 FRS72876 CAATTTATTAACGATCAGATTAAGTTCA  TCTAGAATTAGTTGCTTCATAATGGC 108
px02 FRS72886 TCATCCTCTTTTAAGTCTTGGGT GTGTGATGAACTCCGACGACA PR

denaturation at 95 °C for 10 s, annealing oligonucleotides at
50 °C for 30 s (detection in R6G/ROX channel), extension
at 72 °C for 5 s. Point nucleotide changes in each locus were
identified based on fluorescence intensity in each channel.
Variability of SNP loci was numerically estimated based on
allelic polymorphism index (h) (Selander et al., 1986).

MLVA amplicon melting points were determined using the
EvaGreen intercalating dye. The primer set for amplification
of VNTR loci is presented in Table 2.

The qPCR master mix volume of 15 pl included 1.5 ul
10> PCR-buffer with the EvaGreen dye (Syntol), 2.5 MM MgCl,
solution (Syntol), 1.0 U Taq polymerase (Syntol), 125 uM of
each dNTP, 5 pM forward and reverse primers, 10 ng DNA
matrix, ddH,O (up to 15 pl). DNA amplification with further
HRM analysis was run on a Real-Time C1000 thermocycler
with CFX96 optical reaction module (Bio-Rad) under the fol-
lowing protocol: initial DNA denaturation at 95 °C for 3 min
followed by 39 cycles as follows: denaturation at 95 °C for
10 s, annealing oligonucleotides at 60 °C for 30 s (detection
in FAM channel), extension at 72 °C for 10 s. Melting para-
meters were as follows: temperature range from 65 to 95 °C
with 0.2 °C increments, 5 s dwell time. Melting curves for
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amplification products were graphically analyzed using CFX
ManagerTM (Bio-Rad). The amplicons were separated in na-
tive 8 % polyacrylamide gel (PAAG) (Sambrook et al., 1989).

Bioinformation analysis of B. anthracis genomes was per-
formed using the Vector NTI 9.1 software and NCBI databases
(https://www.ncbi.gov).

Results

Design and validation

Molecular typing of the strains was performed using the
extended protocol including the detection of 12 SNP loci re-
ferred to as A.Br.001, A.Br.003, A.Br.004, A.Br.006, A.Br.007,
A.Br.008, A.Br.009, B.Br.001, B.Br.002, B.Br.003, B.Br.004,
and A/B.Br.001 (Van Ert et al., 2007) and analysis of eight
VNTR loci (VirA, VirB1, VirB2, VirCl1, VirC2, CG3, pXO01,
and pX02) (Keim et al., 2000). The genotyping was validated
using B. anthracis vaccine strain STI-1.

The results of SNP analysis presented in Table 3 allowed us
to draw conclusions on the configuration of point nucleotide
changes in the 12 investigated loci of B. anthracis STI-1. It
was found that, except for two loci (ABr003 and ABr008), the
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Table 3. Results of SNP analysis of investigated B. anthracis strains
Strain, Locus Phylogenetic
NO. e group
ABr001 A.Br003 A.Br004 A.Br006 A.Br.007 A.Br.008 A.Br.009 B.Br.001 B.Br.002 B.Br.003 B.Br.004 A/B.Br.001
STH ......... -|- .............. G .............. -|- .............. A ............... -|- .............. -|- .............. A .............. -|- .............. G .............. G .............. -|- .............. A ................ A Broos/oog .....

1 ................ -|- .............. _ ............... C .............. A ............... -|- .............. _ .............. A .............. -|- .............. G .............. G .............. -|- .............. A ................ A Br003/004 .....

2 ............... T .............. _ ............... C .............. A ............... C .............. _ .............. A .............. T .............. G .............. G .............. T .............. A ................ _ ........................

3 ............... -|- .............. _ ............... -|- .............. A ............... -|- .............. _ .............. A .............. -|- .............. G .............. G .............. -|- .............. A ................ A B ro o 8/009 .....

4 ............... -|- .............. _ ............... C .............. A ............... C .............. _ .............. A .............. -|- .............. G .............. G .............. -|- .............. A ................ _ ........................

5 ............... -|- .............. _ ............... C .............. C ............... -|- .............. _ .............. A .............. -|- .............. -|- .............. A .............. -|- .............. A ................ _ ........................

6 ............... -|- .............. _ ............... C .............. C ............... -|- .............. _ .............. A .............. -|- .............. -|- .............. A .............. -|- .............. A ................ _ ........................

7 ............... T .............. _ ............... C .............. C ............... T .............. _ .............. A .............. T .............. T .............. A .............. T .............. A ................ _ ........................
Table 4. VNTR locus characteristics of B. anthracis STI-1
Locus Locus Repeat  Repeat nucleotide sequence Repeat Amplicon

size,bp  size, bp number  melting point, °C
VrrA ............ 3 14 ........... 12tatcaacaacaa4845 ........................
Vrrm ........... 2 29 ............. 9 ............. c aaggtcac ...................................................................................................................... 2 862 ........................
VrrBz .......... 162 ............. 9 Caatatcaa ....................................................................................................................... 3 857 ........................
Vrra ........... 6 16 36cttcttctgactcttctgtttccgcaattacttcta ........................................................................... 2 82 ...........................
W2 604 72 ctacgaccggtactictictgcaactggtigtctictacaatcggtgttictictacaactgattgticct 2 85
CG3 ............. 156 ............. 5 tatta ................................................................................................................................ 1752 ........................
pxm ........... 156 ............. 3 aat ................................................................................................................................ 16742 ........................
pxoz_ .................. 2 at__ .............................

SNP profile obtained matched the data on single nucleotide
polymorphisms available in the literature for the same strain
(Afanas’ev et al., 2014; Eremenko et al., 2018). It should be
noted that canSNPs are rather conservative and known for low
mutation rate (Timofeev et al., 2018). Therefore, the validi-
ty of atypical single nucleotide changes in loci ABr003 and
ABr008 detected for B. anthracis STI-1 required further
confirmation, particularly by sequencing. Thus, ABr003 and
ABr008 loci were discarded from the canSNP panel applicable
for strain differentiation at the current research stage.

MLVA was performed using classical PCR with further
amplicon separation in PAAG that only allowed us to deter-
mine the approximate sizes of seven investigated VNTR loci
of B. anthracis STI-1 as follows: VitrA — 300 bp, VirB1 —
250 bp, VrrB2 — 190 bp, VrrC1 — 700 bp, VirC2 — 600 bp,
CG3 -160 bp, pX01 — 160 bp. Amplification products for the
locus localized in capsule-encoding plasmid pX02 were not
detected. The absence of plasmid pXO?2 is characteristic for
B. anthracis STI-1 (Afanas’ev et al., 2014).

The accurate size of the amplified VNTR fragments of the
B. anthracis STI-1 DNA as well as nucleotide repeat sizes
were determined in silico. Chromosomal DNA nucleotide

sequence of B. anthracis STI-1 (GenBank CP066168) was
limited by the respective primers (see Table 2) using the Vector
NTI 9.1 software. The results obtained after bioinformation
analysis of the B. anthracis STI-1 genome are presented in
Table 4. The complete nucleotide sequence of plasmid pX01
for the investigated strain is not available in the GenBank
database. As a result, the tandem repeat number in the locus
of interest was determined as a difference between the ampli-
con molecular mass and the repeat-free size of the amplified
fragment divided by the number of nucleotides in the variable
site. Electrophoresis showed that CG3 and pX01 locus sizes
for B. anthracis STI-1 were identical. Thus, to calculate the
repeat number for plasmid pX01, the molecular mass of the
CG3 locus was used.

The melting curve peaks for gPCR amplification products
for MLVA loci of B. anthracis STI-1 were also identified
(see Table 4). The qPCR procedure was performed using the
EvaGreen dye in eight replicas. It was found that the difference
between replicas for most loci under study was 0.2 °C. Thus,
the values of at least 0.2 °C were considered an acceptable
parameter difference for the further differentiation of anthrax
strains based on VNTR loci melting point differences.
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Bacillus anthracis strain differentiation
based on SNP and VNTR loci

Table 5. Melting points of the PCR products obtained after amplification in the VNTR loci of the investigated B. anthracis strains

Strain, Locus

NO. e s
VrrAl VrrB1 VrrB2 VrrC1

1 ......................... 846 .................... 860 .................... 854 .................... 842 .....

2 ........................ 846 .................... 860 .................... 830 .................... 840 .....

3 ......................... 842 .................... 858 .................... 854 .................... 842 .....

4 ........................ 852 .................... 860 .................... 854 .................... 842 .....

5 ......................... 850 .................... 858 .................... 858 .................... 840 .....

6 ........................ 850 .................... 860 .................... 858 .................... 840 .....

7 ........................ 850 .................... 860 .................... 860 .................... 840 .....

Single nucleotide polymorphism analysis

The results of molecular genetic analysis of SNP loci for the
studied virulent strains of B. anthracis are shown in Table 2.
It turned out that SNP analysis did not show differences in
five loci including A.Br001, A.Br005, A.Br009, B.Br001, A/B.
Br001. The values of variability index (h) for the remaining
seven SNP loci ranged from 0.12 to 0.4.

The results obtained allowed us to divide the investigated
strains into four clusters. The largest cluster was formed by the
three strains isolated in the Republic of Tatarstan (B. anthracis
No. 6 and 7) in 2008 and 2014 and in Ulyanovsk (B. anthracis
No. 5) in 2004. The second cluster included strains No. 2 and 4
collected in the Tajik SSR in 1972 and Ulyanovsk in 2004,
respectively. Two remaining clusters were formed by strains
No. 1 and 3 found in the Checheno-Ingush ASSR in 1971 and
in the Kurgan region in 1972, respectively.

The results of SNP typing allowed us to attribute strain
No. 1 to the phylogenetic subgroup A.Br.003/004. It was found
that B. anthracis bacteria of strain No. 3 could be attributed
to the phylogenetic line A.Br.011/009, similarly to the STI-1
reference strain. The SNP profiles obtained for the rest of the
investigated microorganisms were not characteristic for any
of the previously identified phylogenetic subgroups of B. an-
thracis strains.

Multilocus variable number tandem repeat analysis

The obtained amplicon melting point values were used to
perform VNTR strain differentiation (Table 5). The melting
points of the obtained PCR fragments after variable-locus
amplification depended on their nucleotide compositions,
specifically the tandem repeat numbers, i.e., the higher the
latter, the higher the melting point.

It was found that the melting curves of strains No. 1 and 2
obtained after amplification in the VrrAl locus were identi-
cal to the melting curve obtained for the reference strain at
the same locus and probably included four tandem repeats in
VirAl. Four strains (No. 4-7) showed higher melting points
compared to the reference strain, which implies a higher
tandem repeat number in the VirAl locus. On top of that,
strain No. 3 showed the lowest melting point in the VirAl
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VrrC2 CG3 pXO1 pX02
............... 836756746782
............... 834750742778
............... 834750742782
............... 836752746784
............... 834752746782
............... 836752746784
............... 836752748784

locus among the investigated strains, and as a result it was
characterized by the lowest repeat number in the VrrAl locus.

Strains No. 5-7 and STI-1 showed identical amplicon melt-
ing curves at VrrB2 and, thus, included three tandem repeats
in the VrrB2 locus, similarly to B. anthracis STI-1. The data
from Table 5 demonstrate that the rest of the investigated
strains had lower repeat numbers in this locus, i.e., probably
two in strains No. 1, 3, 4, 6 and one — in strain No. 2.

The amplicon melting curves in the CG3 locus indicate
that all the strains of interest, except for No. 1, included one
tandem repeat, similarly to STI-1, so strain No. 1 probably
carries several repeats in this locus.

It was observed that strains No. 2 and 3 were characte-
rized by amplicon temperatures in pX01 identical to those of
the reference strain. Thus, a conclusion was made that these
bacteria had 16 tandem repeats in plasmid pX01, whereas the
remaining strains had over 16 repeats.

The melting points of PCR products obtained after ampli-
fication in loci VrrB1, VrrCl, and VrrC2 were the same for
all investigated strains, and, as a result, their repeat numbers
fragments were the same in these DNAs as well. STI-1 had
two tandem repeats in these loci. The investigated strains
showed lower amplicon melting points in VirB1 and VirC2
compared to the reference strain and probably carried one tan-
dem repeat in these loci. With regards to the VrrC1 locus, the
melting points of PCR products obtained after amplification
for all the investigated strains exceeded the respective value
of the reference strain. Thus, a conclusion can be made that
the investigated strains carry three or more tandem repeats
in the VrrCl1 locus. The number of repeats in the pX02 locus
could not be determined due to the lack of this marker in the
reference strain.

Thus, it was found that strain No. 1 had a different tandem
repeat number in the CG3 locus, strain No. 2 — in the VrrB2
and pXO2 loci, and strain No. 3 —in the VirA1 locus. A unique
melting point profile of PCR amplification products in VNTR
loci was identified for strains No. 1-3, making it possible
to differentiate between them. The remaining three strains
(No. 5-7) showed the same melting point profiles and could
therefore be combined into one cluster. A similar melting
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point profile was detected for strain No. 4, its only difference
from strains No. 5-7 being the tandem repeat number in the
VrrB2 locus.

Discussion

In recent years, Russian and foreign authors have published
a substantial number of papers on the design of viable ap-
proaches to genotyping anthrax agent strains (Le Fleche et
al., 2001; Keim et al., 2004; Van Ert et al., 2007; Gierczynski
et al., 2009; Eremenko et al., 2012; Afanas’ev et al., 2014).
Most of the available B. anthracis genotyping methods are
based on polymorphism of tandem repeats or point mutations
in their genome. Some authors believe that the test systems
based on a combination of genetic markers with different dis-
criminating power and stability are the most efficient way to
differentiate between B. anthracis strains (Keim et al., 2004;
Chang et al., 2007; Afanas’ev et al., 2014). SNP loci are more
stable but have a low variability index compared to VNTR
ones. That is why, when these loci are used in combination,
it is recommended to first use canSNPs to attribute the inves-
tigated strains to a specific phylogenetic group, and then use
MLVA to differentiate the strains within each canSNP cluster
(Timofeev et al., 2018).

PCR amplification followed by visualization of the obtained
amplicons in agarose or polyacrylamide gel is still considered
a universal approach to the analysis of VNTR loci (Jackson
et al., 1997, 1999; Keim et al., 2000). This method may be
effective for differentiation of nucleotide repeats of over 10 bp
in size (VirAl — 12 bp, VirC1 — 36 bp, VirC2 — 72 bp) but
is not suited for differentiation of repeats of 2—3 nucleotides
in size (VrrB1 and VirB2 — 9 bp, CG3 — 5 bp, pXO01 — 3 bp,
pX02 — 2 bp). In our study, the sizes of most repeats did not
exceed 10 bp, which made electrophoresis unviable for strain
differentiation, so HRM analysis was applied to differentiate
between the allelic variants of the VNTR loci based on tandem
repeat numbers. This method is widely used in genotyping,
specifically to detect mutations, polymorphisms, and epige-
netic differences in double-stranded DNA samples (Graham
etal., 2005; Margraf et al., 2006). According to the literature,
HRM analysis is also applicable for indication and differentia-
tion of Brucella strains (Winchell et al., 2010).

According to the literature, the B. anthracis strains cir-
culating in the Russian territories of high anthrax risk are
predominantly attributed to the A.Br.001/002, A.Br.008/009,
B.Br.001/002, and A.BrAust94 genotypes (Eremenko et al.,
2018; Kravets et al., 2018; Koteneva et al., 2019). In particu-
lar, the strains isolated in North Caucasus generally fall into
canSNP clusters A.Br.008/009 and A.BrAust94. Genotype
B.Br.001/002 also occurs in the Republic of Dagestan (Kote-
nevaetal.,2019). The strains attributed to phylogenetic groups
A.Br.001/002, A.Br.008/009, and B.Br.001/002 are the most
common in Siberia and the Russian Far East (Eremenko et
al., 2018; Kravets et al., 2018).

It should be noted that, according to some authors, the va-
riety of canSNP genotypes is probably not restricted to the 14
that are currently described (Afanas’ev et al., 2014; Timofeev
etal., 2018). For example, M.V. Afanas’ev et al. (2014) have
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identified three additional phylogenetic subgroups. Indeed,
the results of genetic typing of the seven B. anthracis cultures
performed in the present study using SNP and MLVA analysis
showed that all the studied microorganisms, except for strains
No. 1 and 3, could not be attributed to the main phylogenetic
canSNP subgroups based on their SNP profiles. Phylogenetic
line A.Br.003/004, to which strain No. 1 was attributed, mostly
includes strains from the American continents (Eremenko et
al., 2018). Among all the investigated strains, strain No. 3
isolated in the Kurgan region showed the most characteristic
SNP profile for Russian isolates.

The studied anthrax agent strains are typically organized
into SNP clusters based on their geographic origin, the excep-
tion being strains No. 2 and 4 isolated in the former Tajik SSR
in 1972 and Ulyanovsk in 2004 sharing the same SNP profile.
HRM analysis showed that these bacteria had different repeat
numbers in loci VrrAl, VirA2, pXOl1, and pXO2 and, as a
result, may be differentiated from one another. A reasonable
assumption would be that these microorganisms had a com-
mon geographic origin but diverged with time affected by
trade and migration flows. According to the literature, VNTR
loci are characterized by a high mutation rate (103 to 104 per
generation) (Keim et al., 2004; Birdsell et al., 2012; Thierry et
al., 2014) and, compared to SNP loci, are in fact the markers
of the later evolution of B. anthracis strains.

The HRM profiles obtained for the remaining strains of
interest had the patterns matching well with the SNP profiles.
Thus, the extended protocol combining SNP and VNTR analy-
ses makes it possible to differentiate between four B. anthracis
strains. Strains No. 5-7 demonstrated the same SNP and HRM
profiles and were therefore combined into the same cluster.

The use of HRM analysis has made it possible to differenti-
ate the strains of interest from one another and attribute them
to the respective clusters. We have also determined repeat sizes
in the loci, the PCR-product melting points of which were
identical to amplicon melting points in the same VNTR loci
for the reference strain. The state of the art is that the tandem
repeat size may only be accurately determined by sequencing,
which means VNTR locus sequencing is to be performed for
the strains of interest in the future. We believe that combining
the two methods may allow us to create a database of melting
curves for VNTR loci, in which the curves will be related to
the locus size.

Conclusion

Applying HRM to analyze PCR products in VNTR loci has
a high application value. In particular, this approach may be
used for a rapid preliminary differentiation of B. anthracis
strains within the same outbreak. To achieve the most efficient
and informative indication and differentiation of anthrax agent
strains, we propose the following algorithm: 1) attribute the
strains of interest to phylogenetic subgroups using SNP typ-
ing; 2) differentiate the strains within each SNP cluster using
MLVA and HRM analysis; 3) perform MLVA typing for the
differentiated strains using classical PCR, electrophoresis, and
sequencing. However, further research is required to inves-
tigate the capabilities and limits of this genotyping strategy.

FEHETUKA MUKPOOPTAHU3MOB / MICROBIAL GENETICS 565



E.A. Anisimova, N.A. Fakhrutdinov, D.A. Mirgazov ...
N.I. Khammadov, L.I. Zainullin, K.A. Osyanin

References

Achtman M. Evolution, population structure, and phylogeography of
genetically monomorphic bacterial pathogens. Annu. Rev. Micro-
biol. 2008;62:53-70. DOI 10.1146/annurev.micro.62.081307.162832.

Afanas’ev M.V., Kravets E.V., Dugarzhapova Z.F., Takaishvili V.E.,
Polovinkina V.S., Balakhonov S.V. Comparative multilocus VNTR
and SNP analysis of Bacillus anthracis vaccine strains. Mol. Genet.
Microbiol. Virol. 2014;29(2):86-92. DOI 10.3103/S08914168140
20025.

Birdsell D.N., Pearson T., Price E.P., Hornstra HM., Nera R.D.,
Stone N., Gruendike J., Kaufman E.L., Pettus A.H., Hurbon A.N.,
Buchhagen J.L., Harms N.J., Chanturia G., Gyuranecz M., Wag-
ner D.M., Keim P.S. Melt analysis of mismatch amplification muta-
tion assays Melt-MAMA: a functional study of a cost-effective SNP
genotyping assay in bacterial models. PLoS One. 2012;7(3):¢32866.
DOI 10.1371/journal.pone.0032866.

Bondareva O.S., Savchenko S.S., Tkachenko G.A., Abueva A.l., Mu-
ratova Yu.O., Antonov V.A. Modern approaches to the genotyping
of causative agents of particularly dangerous infections. Epidemio-
logiya i Infektsionnye Bolezni = Epidemiology and Infectious Di-
seases. 2014;1:34-44. (in Russian)

Chang C.H., Chang Y.C., Underwood A. VNTRDB: a bacterial vari-
able number tandem repeat locus database. Nucleic Acids Res. 2007,
35(Database issue):D416-D421. DOI 10.1093/nar/gkl872.

Derzelle S., Laroche S., Le Fleche P., Hauck Y., Thierry S., Verg-
naud G., Madani N. Characterization of genetic diversity of Bacil-
lus anthracis in France by using high-resolution melting assays and
multilocus variable-number tandem-repeat analysis. J. Clin. Micro-
biol. 2011;49(12):4286-4292. DOI 10.1128/JCM.05439-11.

Eremenko E.I., Pisarenko S.V., Aksenova L.Yu., Ryazanova A.G.,
Zhirov A.M., Semenova O.V., Bobrysheva O.V., Kovalev D.A.,
Kulichenko A.N. Phylogenetics, evolution, and phylogeography of
Bacillus anthracis. Bakteriologiya = Bacteriology. 2018;3(2):57-63.
DOI 10.20953/2500-1027-2018-2-57-63. (in Russian)

Eremenko E.I., Ryazanova A.G., Tsygankova O.1., Tsygankova E.A.,
Buravtseva N.P., Kulitchenko A.N. Genotype diversity of Bacillus
anthracis strains isolated from the Caucasus region. Mol. Genet.
Microbiol. Virol. 2012;27(2):74-78. DOI 10.3103/S089141681202
0024.

Gierczynski R., Jackubczak A., Jagielski M. Extended multiple-locus
variable-number tandem-repeat analysis of Bacillus anthracis
strains isolated in Poland. Pol. J. Microbiol. 2009;58(1):3-7.

Graham R., Liew M., Meadows C., Lyon E., Wittwer C.T. Distin-
guishing different DNA heterozygotes by high-resolution melting.
Clin. Chem. 2005;51(7):1295-1298. DOI 10.1373/clinchem.2005.
051516.

Hugh-Jones M., Blackburn J. The ecology of Bacillus anthracis. Mol.
Aspects Med. 2009;30(6):356-367. DOI 10.1016/j.mam.2009.08.03.

Jackson P.J., Hill K.K., Laker M.T., Ticknor L.O., Keim P. Genetic com-
parison of Bacillus anthracis and its close relatives using amplified
fragment length polymorphism and polymerase chain reaction ana-
lysis. J. Appl. Microbiol. 1999;87(2):263-269. DOI 10.1046/j.1365-
2672.1999.00884.x.

Jackson P.J., Walthers E.A., Kalif A.S., Richmond K.L., Adair D.M.,
Hill K.K., Kuske C.R., Andersen G.L., Wilson K.H., Hugh-Jones M.,
Keim P. Characterization of the variable-number tandem repeats
in vrrd from different Bacillus anthracis isolates. Appl. Environ.
Microbiol. 1997;63(4):1400-1405. DOI 10.1128/aem.63.4.1400-
1405.1997.

Keim P., Gruendike J.M., Klevytska A.M., Schupp J., Challacombe J.,
Okinaka R. The genome and variation of Bacillus anthracis. Mol.
Aspects Med. 2009;30(6):397-405. DOI 10.1016/j.mam.2009.08.
005.

566

Bacillus anthracis strain differentiation
based on SNP and VNTR loci

Keim P., Price L.B., Klevytska A.M., Smith K.L., Schupp J.M., Oki-
naka R., Jackson P.J., Hugh-Jones M.E. Multiple-locus variable-
number tandem repeat analysis reveals genetic relationships within
Bacillus anthracis. J. Bacteriol. 2000;182(10):2928-2936. DOI
10.1128/7B.182.10.2928-2936.2000.

Keim P., Van Ert M.N., Pearson T., Vogler A.J., Huynh L.Y., Wag-
ner D.M. Anthrax molecular epidemiology and forensics: using the
appropriate marker for different evolutionary scales. Infect. Genet.
Evol. 2004;4(3):205-213. DOI 10.1016/j.meegid.2004.02.005.

Kenefic L., Pearson T., Okinaka R., Schupp J., Wagner D., Ravel J., Hoff-
master A., Trim C.P., Chung W.-K., Beaudry J.A., Foster J., Mead J.,
Keim P. Pre-Columbian origins for North American anthrax. PLoS
One. 2009;4(3):e4813. DOI 10.1371/journal.pone.0004813.

Koteneva E.A., Tsygankova O.I., Kalinin A.V., Abramovich A.V. The
spectrum of canSNP genotypes as an indication of intraspecific ge-
netic and phenotypic diversity of Bacillus anthracis strains isolated
in North Caucasus and in neighboring areas. Meditsinskiy Vestnik
Severnogo Kavkaza = Medical News of North Caucasus. 2019;
14(4):580-582. DOI 10.14300/mnnc.2019.14144. (in Russian)

Kravets E.V., Dugarzhapova Z.F., Takaishvili V.E., Ivanova T.A.,
Chesnokova M.V., Balakhonov S.V. Biological and molecular pro-
perties of Bacillus anthracis strains isolated in Siberia and the Rus-
sian Far East (1959-2013). Problemy Osobo Opasnykh Infektsiy =
Problems of Particularly Dangerous Infections. 2018;3:54-59. DOI
10.21055/0370-1069-2018-3-54-59. (in Russian)

Le Fléche P., Hauck Y., Onteniente L., Prieur A., Denoeud F., Ra-
misse V., Sylvestre P., Benson G., Ramisse F., Vergnaud G. A tan-
dem repeats database for bacterial genomes: application to the ge-
notyping of Yersinia pestis and Bacillus anthracis. BMC Microbiol.
2001;1:2. DOI 10.1186/1471-2180-1-2.

Logvin F.V., Kondratenko T.A., Vodyanitskya S.Y. Anthrax in the
world, CIS, and Russian Federation (literature review). Meditsinskiy
Vestnik Yuga Rossii = Medical Herald of the South of Russia. 2017,
8(3):17-22. DOI 10.21886/2219-8075-2017-8-3-17-22.

Margraf R.L., Mao R., Highsmith W.E., Holtegaard L.M., Wittwer C.T.
Mutation scanning of the RET protooncogene using high-resolution
melting analysis. Clin. Chem. 2006;52(1):138-141. DOI 10.1373/
clinchem.2005.052951.

MUK 4.2.2941-11 Organization and Protocol of Anthrax Labora-
tory Diagnostics in Municipal, Regional, and Federal Laboratories:
Methodological Guidelines. Moscow: Rospotrebnadzor Federal Hy-
giene and Epidemiology Center, 2011. (in Russian)

Pisarenko S.V., Eremenko E.I., Ryazanova A.G., Kovalev D.A., Burav-
tseva N.P., Aksenova L.Yu., Dugarzhapova Z.F., Evchenko A.Yu.,
Kravets E.V., Semenova O.V., Bobrisheva O.V., Kuznetsova 1.V.,
Golovinskaya T.M., Volynkina A.S., Balakhonov S.V., Kulichen-
ko A.N. Phylogenetic analysis of Bacillus anthracis strains from
Western Siberia reveals a new genetic cluster in the global popula-
tion of the species. BMC Genomics. 2019;20(1):692. DOI 10.1186/
$12864-019-6060-z.

Sambrook J., Fritsch E.F., Maniatis T. Molecular Cloning: A Labo-
ratory Manual. New York: Cold Spring Harbor Laboratory Press,
1989.

Selander R.K., Caugant D.A., Ochman H., Musser J.M., Gilmour M.N.,
Whittam T.S. Methods of multilocus enzyme electrophoresis for
bacterial population genetics and systematics. Appl. Environ. Micro-
biol. 1986;51(5):873-884. DOI 10.1128/aem.51.5.873-884.1986.

Thierry S., Tourterel C., Le Fléche P., Derzelle S., Dekhil N., Men-
dy Ch., Colaneri C., Vergnaud G., Madani N. Genotyping of french
Bacillus anthracis strains based on 31-loci multi locus VNTR ana-
lysis: epidemiology, marker evaluation, and update of the internet
genotype database. PLoS One. 2014;9(6):¢95131. DOI 10.1371/
journal.pone.0095131.

BaBunosckuii xKypHan reHeTuku u cenekuunm / Vavilov Journal of Genetics and Breeding - 2022 - 26 - 6



E.A. AHncumosa, H.A. ®axpyTtanHos, I.A. Mnprasos ...
H.W. Xammapos, J1./. 3aitnynnuH, KA. OcAHWH

Timofeev V.S., Bakhteeva LV., Dyatlov 1.A. Genotyping of Bacil-
lus anthracis and closely related microorganisms. Russ. J. Genet.
2018;54(1):1-11. DOI 10.1134/S1022795418010118.

Van Ert M.N., Easterday W.R., Huynh L.Y., Okinaka R.T., Hugh-
Jones M.E., Ravel J., Zanecki S.R., Pearson T., Simonson T.S.,
U’Ren J.M., Kachur S.M., Leadem-Dougherty R.R., Rhoton S.D.,
Zinser G., Farlow J., Coker P.R., Smith K.L., Wang B., Kenefic L.J.,
Fraser-Liggett C.M., Wagner D.M., Keim P. Global genetic popula-
tion structure of Bacillus anthracis. PLoS One.2007;2(5):e461. DOI
10.1371/journal.pone.0000461.

LnddepeHunauma wrammos Bacillus anthracis
Ha ocHoBe SNP- 1 VNTR-nonumopdrama reHomos

2022
266

Wang D., Wang B., Zhu L., Wu S., Lyu Y., Feng E., Pan C., Jiao L.,
Cui Y., Liu X., Wang H. Genotyping and population diversity of
Bacillus anthracis in China based on MLVA and canSNP analy-
sis. Microbiol. Res. 2020;233:126414. DOI 10.1016/j.micres.2020.
126414.

Winchell J.M., Wolff B.J., Tiller R., Bowen M.D., Hoffmaster A.R.
Rapid identification and discrimination of Brucella isolates by use of
real-time PCR and high-resolution melt analysis. J. Clin. Microbiol.
2010;48(3):697-702. DOI 10.1128/JCM.02021-09.

ORCID ID

E.A. Anisimova orcid.org/0000-0002-0416-6193
N.A. Fakhrutdinov orcid.org/0000-0002-6522-7930
D.A. Mirgazov orcid.org/0000-0002-4709-314X
E.A. Dodonova orcid.org/0000-0002-6919-4064

I.A. Elizarova orcid.org/0000-0003-0802-435X
M.E. Gorbunova orcid.org/0000-0002-0707-2117
N.I. Khammadov orcid.org/0000-0001-5669-1486
L.I. Zainullin orcid.org/0000-0002-3086-4921

K.A. Osyanin orcid.org/0000-0003-2763-8605

Acknowledgements. The research was carried out with the support of the Federal Center for Toxicological, Radiation, and Biological Safety.

Conflict of interest. The authors declare no conflict of interest.
Received March 24, 2022. Revised June 28, 2022. Accepted June 28, 2022.

FEHETUKA MUKPOOPTAHU3MOB / MICROBIAL GENETICS 567



FrEHETUKA MMKPOOPTAHM3MOB BaBrnoBcKui XXypHan reHeTUkn n cenekummn. 2022;26(6):568-574

OpurunHanbHoe nccnegosaHue / Original article DOI 10.18699/VJGB-22-69

Original Russian text www.bionet.nsc.ru/vogis/

Effect of colchicine on physiological and biochemical properties
of Rhodococcus qgingshengii

Yu.A. Markoval @, L.A. Belovezhets2, V.N. Nurminskyl, L.S. Kapustinal, N.V. Ozolinal, V.V. Gurinal,
A.L. Rakevich3, A.V. Sidorov!

T Siberian Institute of Plant Physiology and Biochemistry of Siberian Branch of Russian Academy of Sciences, Irkutsk, Russia
2 AE. Favorsky Irkutsk Institute of Chemistry of the Siberian Branch of the Russian Academy of Sciences, Irkutsk, Russia

3 rkutsk Branch of the Institute of Laser Physics, The Siberian Branch of the Russian Academy of Sciences, Irkutsk, Russia
® juliamo6@mail.ru

Abstract. The genus Rhodococcus includes polymorphic non-spore-forming gram-positive bacteria belonging to
the class Actinobacteria. Together with Mycobacterium and Corynebacterium, Rhodococcus belongs to the Mycolata
group. Due to their relatively high growth rate and ability to form biofilms, Rhodococcus are a convenient model
for studying the effect of biologically active compounds on pathogenic Mycolata. Colchicine was previously found
to reduce biofilm formation by P. carotovorum VKM B-1247 and R. gingshengii VKM Ac-2784D. To understand the
mechanism of action of this alkaloid on the bacterial cell, we have studied the change in the fatty acid composition
and microviscosity of the R. gingshengii VKM Ac-2784D membrane. Nystatin, which is known to reduce membrane
microviscosity, is used as a positive control. It has been found that colchicine at concentrations of 0.01 and 0.03 g/l and
nystatin (0.03 g/l) have no significant effect on the survival of R. gingshengii VKM Ac-2784D cultivated in a buffered
saline solution with 0.5 % glucose (GBSS). However, colchicine (0.03 g/1) significantly inhibits biofilm formation. Rho-
dococcus cells cultivated for 24 hours in GBSS with colchicine acquire a rounded shape. Colchicine at 0.01 g/l concen-
tration increases C16:1(n-7), C17:0, C20:1(n-9) and C21:0 fatty acids. The microviscosity of the membrane of individual
cells was distributed from the lowest to the highest values of the generalized laurdan fluorescence polarization index
(GP), which indicates a variety of adaptive responses to this alkaloid. At a higher concentration of colchicine (0.03 g/I)
in the membranes of R. gingshengii VKM Ac-2784D cells, the content of saturated fatty acids increases and the content
of branched fatty acids decreases. This contributes to an increase in membrane microviscosity, which is confirmed by
the data on the GP fluorescence of laurdan. All of the above indicates that colchicine induces a rearrangement of the
Rhodococcus cell membrane, probably in the direction of increasing its microviscosity. This may be one of the reasons
for the negative effect of colchicine on the formation of R. gingshengii VKM Ac-2784D biofilms.

Key words: Rhodococcus gingshengii; colchicine; biofilms; fatty acids; membrane microviscosity.
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AHHoTauus. Pog Rhodococcus o6beanHAET NONMMOPOHbIE HECMOPOOOPa3yioLLMe rPaMMNONOXNTENbHbIE GaKTepUNn,
oTHocAWMeca K Knaccy Actinobacteria. Rhodococcus Bmecte ¢ Mycobacterium v Corynebacterium BXOpaT B rpynny
Mycolata. bnarofapsa 0THOCUTENIbHO BbICOKOI CKOPOCTU POCTa 1 CNOCOBHOCTM K 06pa3oBaHuto buonneHok, Rhodo-
coccus ABNATCA yLOOHOM MOAeNblo ANA N3yyeHnsa AecTBUA OMONOrMUYecKy akTUBHbBIX COEANHEHWNIA Ha NaTOreHHble
Mycolata. PaHee 6bif0 NOKa3aHo, YTO KONXMLMH yrHeTan obpasoBaHue 6uonneHokK y P. carotovorum BKM B-1247 u
R. quingshengii BKM Ac-2784D. Llenbio HacTosALweln paboTbl 6bi110 U3yyeHre EeNCTBUA KONXMLMHA Ha XKUPHOKMCIOT-
HbIA COCTaB U MMKPOBA3KOCTb MembpaH Rhodococcus gingshengii BKM Ac-2784D pns NOHUMaHUs MexaHu3Ma Aeit-
CTBWA 3TOrO ankanonaa Ha 6akTepuranbHyio KNeTky. B kauecTse NONOXKUTENIbHOFO KOHTPOSIA NCMONb30BaN HACTATUH,
CHUKAOLWNIA MUKPOBA3KOCTb MeMOpaH. YCTaHOBMIEHO, UTO KONXMUUH B KOHUeHTpaumsax 0.01 n 0.03 r/n 1 HUCTaTWH
(0.03 r/n) He OKasanu CyLeCTBEHHOrO BIMAHUA Ha BblXMBaeMocTb R. gingshengii BKM Ac-2784D, KynbTBrMpyemoro
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BnusHve KonxmumHa Ha dusnonoro-buoxrmmyeckme
cBoWcTBa Rhodococcus gingshengii

B 3abydepeHHOM Pu3nonormyeckom pactope riokosbl (3OPI). OgHako konxuumnH (0.03 r/n) 3HauUMTENbHO yrHeTan
ob6pasoBaHve 6uonneHKku. Knetkn Rhodococcus, KynsTrBrpyemble B TedeHre cyToK B 3OPI ¢ KONXULMHOM, Npro6-
peTanu okpyrnyto ¢opmy. KonxuuuH B KoHueHTpauum 0.01 r/n Bbi3biBan yBenuUeHmne XupHblix Kucnot C16:1(n-7),
C17:0, C20:1(n-9) n C21:0. MMKPOBA3KOCTb MeMOpPaHbI OTAENbHbIX KNETOK pacrnpefensnacb oT MaKCMManbHO HU3KMX
[0 MaKCUManbHO BbICOKMX 3HaUYeHU nokasaTtensa 06obLeHHon nonapusaunm enyopecueHummn naypgaHa (GP), uto
CBMAETeNbCTBYET O pa3HOO6pasMmn aganTaLMOHHbIX OTBETOB Ha 3TOT ankanoug. MNpu 6onee BbICOKOW KOHLEHTpaLMm
konxuumHa (0.03 r/n) B membpaHax knetok R. gingshengii BKM Ac-2784D yBennunBanocb copepaHune HacblleH-
HbIX >KUPHbIX KACNOT 1 NMafano — pa3BeTBNEHHbIX. DTO CMOCOOGCTBOBANIO YBEIMUEHUIO MUKPOBA3ZKOCTU MeEMOpPaHbI,
yTO NoATBepXKAaeTCA AaHHbIMM MO GP. Takum 06pa3om, KONXMLUMH MHAYLIMPYET NEPECTPONKY KNETOYHON MemMbpaHbI
Rhodococcus, BepoATHO, B CTOPOHY YBEIMYEHUA €€ MUKPOBA3KOCTU, YTO MOXKET ObITb OAHON U3 NPUYMH HEraTUBHOIO
[encTBUA KoNxnurHa Ha obpasoBaHue 6uonneHok R. gingshengii BKM Ac-2784D.

KnioueBble cnosa: Rhodococcus gingshengii; KONXLUMH; GUONNEHKN; XKMPHbIE KNCIOTbl; MUKPOBA3KOCTb MEMOPaH.

Introduction

The Rhodococcus genus includes polymorphic non-spore-
forming gram-positive bacteria that belong to the Actino-
bacteria class. Rhodococcus are frequently met in nature, in
particular, in living organisms. Among the key features of
these microorganisms is their ability to decompose different
organic compounds, including pollutants (PAC, biphenyls,
alkanes, etc.) (Szokol et al., 2014; Li et al., 2016). For this
reason, Rhodococcus continue to attract the growing interest
as valuable biotech species.

Along with Mycobacterium and Corynebacterium, Rho-
dococcus relates to the Mycolata group, which is charac-
terized by the presence of mycolic acids on the cell walls
(Sutcliffe, 1998). This makes these bacteria more resistant
to the toxic compounds such as disinfectants, antibiotics
or PAC. Unlike myco- and corynebacteria, Rhodococcus
species are mostly non-pathogenic. Therefore, owing to
relatively high growth rate and propensity to biofilm for-
mation, the Rhodococcus represent a convenient model to
examine the effect of biologically active compounds on
pathogenic Mycolata.

The integrity of a microbial cell drastically depends on
the membrane. In order to survive in ever-changing envi-
ronmental conditions and to maintain optimal membrane
fluidity, the bacteria change the fatty acid composition of
membrane lipids (Dubois-Brissonnet et al., 2016). The cell
membrane is the major target of non-polar organic solvent
toxicity (De Carvalho et al., 2005). Plant metabolites also
affect the membrane via inhibition of the efflux channels
activity (Tegos et al., 2002), the content of porin proteins
(Abreu et al., 2012), etc.

Previously, we found that the alkaloid colchicine at a
concentration of 0.25 g/l suppressed the formation of a
biofilm by Pectobacterium carotovorum VKM B-1247 and
Rhodococcus gingshengii VKM Ac-2784D species (Bybin
et al., 2018). Moreover, no negative effect on the viability
of these bacteria was revealed. Colchicine is widely known
as an alkaloid that interrupts the tubulin polymerization
in eukaryotic cells (Zhang et al., 2018). It is likely that
colchicine exhibits a similar effect on the microorganisms,
affecting the cytoskeleton and preventing the adhesion of
microbial cells (Dubey et al., 2011). However, its influence
on microbial cells was poorly studied. All of the above
sparked our interest in this compound.

In the present work, we have examined the effect of col-
chicine on the fatty acid composition and microviscosity of
R. gingshengii VKM Ac-2784D membranes.

Materials and methods

R. gingshengii VKM Ac-2784D strain isolated from the rhi-
zosphere of couch grass (Elytrigia repens (L.) Nevski) grow-
ing in the oil-contaminated territory of the Irkutsk region
(Russia) was used in the work (Petrushin et al., 2021). The
Rhodococcus strain features a good formation of biofilms,
and therefore represents a convenient model for their study.

The bacteria were cultivated on BTN-agar (Biotekh-
novatsiya, Russia) for 48 h at 26 °C. Then they were trans-
ferred to a 0.5 % glucose buffered saline solution (GBSS)
and the density of the suspension was adjusted to ODg,
0.26-0.33.

The minimum inhibitory concentration (MIC) of colchi-
cine for R. gingshengii VKM Ac-2784D was determined by
the limiting dilution method (Guidelines..., 2000).

To evaluate the effect of nystatin and colchicine on growth
kinetics and biofilm formation, 150 ul of bacterial suspension
was added to the wells of sterile flat-bottom 96-well plates
and the optical density was measured on the first, third,
and eighth days of cultivation using an iMark plate reader
(Bio-Rad, USA) , A = 595 nm. The plate was washed from
loosely attached cells. The precipitate was stained with 1 %
crystal violet solution for 45 min. After washing (3 times)
to extract the dye, 200 pl of 96 % ethanol was added to the
wells. The level of extraction (absorption) of crystalline
violet with ethanol was measured using an iMark plate reader
(Bio-Rad) at a wavelength of 595 nm in optical density units
(ODyys). The degree of biofilm formation corresponded to
the intensity of dye staining of the wells content (Shaginyan
etal., 2007).

Two controls were employed in the work. The first one
involved the bacteria cultivated in GBSS without the ad-
dition of colchicine. The second control used the bacteria
grown in a medium with 0.03 g/l of nystatin (Biosintez,
Russia), since nystatin can reduce microviscosity of the cell
membranes. Colchicine (Sigma-Aldrich, USA) was applied
at concentrations of 0.01 and 0.03 g/l. When plotting the
diagrams, the relative optical density in % to the control was
used. Cell sizes were assessed using the AxioVision Rel 4.8
software.
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To determine the fatty acid composition of the bacte-
rial membrane and the orderliness (microviscosity, fluidi-
ty) of its lipid phase, the bacteria were cultivated in the
aforementioned media for a day. The membrane lipids
orderliness was evaluated by the generalized polarization
(GP) of laurdan lipophilic probe fluorescence in each pixel
corresponding to the luminescent image domain. To stain
the bacteria, 10 uM of a methanolic solution of laurdan
(2-(dimethylamino)-6-dodecanoylnaphthalene) (Sigma-
Aldrich) was added to each vial. Live stained bacteria were
observed using a microscope (laser scanning confocal
fluorescent microscope MicroTime 200; PicoQuant GmbH,
Germany).

The distribution of GP values was analyzed by visuali-
zation with histograms. For each histogram, a theoretical
multimodal distribution as a superposition of several normal
distributions was plotted (Nurminsky et al., 2017). Next, the
parameter fitting of the experimental distributions of bacte-
rial membrane GP values was estimated. The model distribu-
tion was a normal distribution or a mixture of distributions
and thus consisted of one or more components. Finally, the
optimal parameters of the components that were closest to
the experimental distribution were selected.

To determine the composition of fatty acids (FA), the
bacteria were cultivated similarly without the addition of
laurdan. The lipids were extracted according to the pub-
lished procedure (Bligh, Dyer, 1959). After removal of the
solvent, a 1 % methanol solution of H,SO, was added to
the lipid extract and heated on a water bath at 60 °C for
30 min. After cooling, the solution was extracted (3 times)
with hexane (Christie, 1993). Fatty acids methyl esters
were analyzed using an Agilent technology 5973N/6890N
MSD/DS chromato-mass spectrometer (USA). Detector
(mass spectrometer) was quadrupole, ionization method was
electron impact (EI), ionization energy was 70 eV, the mode
of'the total ion current registration was used for the analysis.
Separation was performed on an HP-INNOWAX capillary
column (30 m*250 um x 0.50 pm). The stationary phase
was polyethylene glycol. The mobile phase was helium; gas
flow rate was 1 ml/min. Temperature of the evaporator was
250 °C, temperature of the ion source was 230 °C, tempera-
ture of the detector was 150 °C, and temperature of the line
connecting the chromatograph with the mass spectrometer
was 280 °C. Scan range was 41-450 amu. The volume of
the injected sample was 1 pl, the flow separation was 5:1.
Chromatography was carried out in isothermal mode at
200 °C. To identify the peaks of FA methyl esters, methyl
ester standards (Sigma-Aldrich) and mass spectrometry
using the NIST 05 mass spectrum library (Ozolina et al.,
2017) were used. The content of individual fatty acids was
calculated as a percentage of the total amount of fatty acids
and divided into groups: saturated (SFA), monounsaturated
(MUFA), polyunsaturated (PUFA), saturated iso- and an-
teiso-methyl branched fatty acids (BFA) (Rodrigues, de
Carvalho, 2015).
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The significance of differences in biofilm formation and
the quantitative content of fatty acids were assessed using
the nonparametric Kruskal-Wallis test with Dunnett’s cor-
rection (Glantz, 1991). All calculations were performed
using the RStudio software.

Results and discussion

It was found that the MIC of colchicine for R. gingshengii
VKM Ac-2784D is 0.02 g/l. Therefore, in further experi-
ments, the concentrations below and above this value, i.e.
0.01 and 0.03 g/, respectively, were used. The selected
concentrations of colchicine and nystatin did not strongly
affect the growth of Rhodococcus (Fig. 1). At the same
time, it was established that colchicine at a concentration
0f 0.03 g/l significantly inhibited the formation of a biofilm
at all stages of the experiment, while at a concentration of
0.01 g/l a divergent effect was observed. On the first day,
nystatin stimulated the formation of a biofilm, whilst on the
third and eighth days of cultivation, its effect was comparable
to the control (Fig. 2).
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Fig. 1. Optical density of R. gingshengii VKM Ac-2784D cell suspension
relative to control, %, on the first, third and eighth days of cultivation.
Here and in the Fig. 2: 7 — GBSS; 2 - GBSS with 0.03 g/l colchicine; 3 - GBSS with
0.01 g/l colchicine; 4 — GBSS with 0.03 g/I nystatin.
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Fig. 2. Optical density of biofilm R. gingshengii VKM Ac-2784D on the first,
third and eighth days of cultivation.
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cBoWcTBa Rhodococcus gingshengii

Table 1. Cell sizes of R. gingshengii VKM Ac-2784D after cultivation for a day under control conditions

and in the presence of the studied compounds

Experiment Length, nm
Control 1.35%£0.29
Colchicine, 0.01 r/n 1.04+0.23*
Nystatin, 0.03 r/n 1.46+0.36

* p < 0.05.

The cultivation of R. gingshengii VKM Ac-2784D in
the presence of colchicine for a day essentially changed
the cell morphology: the cells acquired a more rounded
shape (Table 1). Moreover, the intracellular content became
heterogeneous (Fig. 3), which is consistent with the results
obtained for Bacillus megaterium (Dubey et al., 2011). The
shape of Rhodococcus cells under the action of nystatin
remained intact.

The changes in cell morphology are usually accompanied
by structural and functional rearrangement of their cell mem-
branes (de Carvalho et al., 2014). Specifically, the degree
of saturation of FA, their length, as well as the amount of
branched fatty acids are altered.

Under the control conditions, the Rhodococcus cell mem-
branes mainly contained palmitic, stearic, and oleic acids
(Table 2). The ratio of saturated to monounsaturated
fatty acids was 1.64. The content of polyunsaturated and
branched acids was small (4.41 and 0.84 %, respectively).
Colchicine at a concentration of 0.01 g/l changed the ratio
of saturated and monounsaturated FA (1.29) in favor of
the latter, and simultaneously reduced the amount of poly-
unsaturated FA. At the same time, the number of long-
chain FA C20:1(n-9), C21:0 and C22:0 increased. With
0.03 g/1 of colchicine, the relative content of saturated and
branched FA increased (Fig. 4), while the ratio of UFA to
MUFA reached 1.89. All this indicates the rearrangement
of R. gingshengii VKM Ac-2784D membrane after the
introduction of colchicine into the cultivation medium.
Interestingly, different concentrations of colchicine had an
opposite effect on the composition of cell membrane FA.
This is probably due to various degrees of regulatory systems
disorder. The addition of nystatin, a compound that fairly
increases the membrane fluidity, led to a higher content of
unsaturated and branched FA, substantially lower amount
of palmitic FA, higher concentration of oleic FA.

The fluidity or microviscosity of membranes is an integral
index that depends on lipid saturation and content of sterols
or proteins. Therefore, further we focused our efforts on the
evaluation of the colchicine and nystatin effect on the order-
liness of the lipid phase of R. gingshengii VKM Ac-2784D
membrane. For this purpose, the laurdan fluorescence GP
index was used, which can vary from —1 to +1. Its negative
values correspond to lower microviscosity (higherfluidity)
of the cell membrane (Nurminsky et al., 2015) (see Mate-
rials and Methods).

Width, nm Length/width
0.56+0.08 242

0.58+0.1 1.78*
0.68+0.14 2.12

Fig. 3. Cell morphology of R. gingshengii VKM Ac-2784D, cultivated for
24 hours in buffered saline with glucose (5 g/L) (C) and after adding
0.03 g/l nystatin (7), 0.01 g/l colchicine (2), 0.03 g/l colchicine (3).

Stained with laurdan. Magnification x 600.

The fitting of experimental distributions of bacterial
membrane GP values permitted to find from one to four com-
ponents under the action of nystatin and colchicine (Fig. 5).
In all variants, the most significant component characterizes
the liquid-disordered regions of the membrane (o (average
GP values): —0.16-0.04, contribution: 73.9-100 %). The ste-
rol-binding agent nystatin shifted GP towards a decrease in
the orderliness of the membranes (a: —0.16, contribution:
100 %), which corresponds to the known mechanism of
action of this antibiotic on the membranes of eu- and pro-
karyotes (Efimova et al., 2014). Colchicine, on the contrary,
increased the orderliness of the membranes: a of the most
significant components shifted, although slightly, towards
positive values compared to the control in both concentra-
tions (a: 0.04, contribution: 73.9-89.4 %), which agrees
with the observed increase in the amount of saturated FA.
However, this significantly expanded the data scattering, and
the number of components reached 2 (in the variant with
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Effect of colchicine on physiological and biochemical
properties of Rhodococcus gingshengii

Table 2. The composition of FA in the membrane cells of R. gingshengii VKM Ac-2784D cultivated for a day

in GBSS with colchicine (0.03 and 0.01 g/I) and nystatin (0.03 g/I)

Fatty acid Control Concentration of alkaloids, g/I
Colchicine Nystatin
0.03 0.01 0.03

%

B SFA

100} = PUFA
BFA

80 MUFA

60} | |

40t

20}

0
C 1 2 3

Fig. 4. Relative content of the main groups of fatty acids during cul-
tivation for a day in buffered saline with glucose (5 g/I) (C) and with the
introduction of 0.03 g/l nystatin (7), 0.01 g/l colchicine (2), 0.03 g/I colchi-
cine (3).

SFA - saturated fatty acids; PUFA — polyunsaturated fatty acids; MUFA — mono-
unsaturated fatty acids; BFA —saturated iso- and anteiso-methyl branched fatty
acids.

572

0.01 mg/ml) and 4 (in the variant with 0.03 mg/ml). Minor
components corresponded to more densely packed regions of
the membranes (a: 0.29, contribution: 1.8 %) or, conversely,
to less densely packed ones (a: —0.29, contribution: 6.7 %).

Conclusion

In conclusion, colchicine in the composition of GBSS at
concentrations of 0.01 and 0.03 g/l did not significantly
affect the survival of R. gingshengii VKM Ac-2784D, but
strongly inhibited the formation of a biofilm. Rhodococ-
cus cells cultivated for 24 hours in GBSS with colchicine
acquired a rounded shape. With 0.01 g/l of colchicine, the
content of C16:1(n-7), C17:0, C20:1(n-9) and C21:0 FA
acids increased.

The membrane microviscosity of individual cells is dis-
tributed from the lowest to the highest GP values, which
indicates a variety of adaptive responses to this alkaloid.
At a higher concentration of colchicine (0.03 g/l) in the
cell membranes of R. gingshengii VKM Ac-2784D, the
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a
Variant Compo- Average GP, Std. Contribution,
......................... nent ..@ ...Gevatono % .
Control 1 0.01 0.16 100
Nystatin, 1 -0.16 0.17 100
0.03 g/
Colchicine, 1 -0.08 0.24 26.1
Q0T gl oo s
2 0.04 0.16 73.9
Colchicine, 1 -0.19 0.03 2.1
QOB g/l e e
2 0.04 0.18 89.4
3 0.29 0.02 1.8
4 -0.29 0.11 6.7

2022
266

BnusHve KonxmumHa Ha dusnonoro-buoxrmmyeckme
cBoWcTBa Rhodococcus gingshengii

b
© Control
Nystatin, 0.03 g/I
© Colchicine, 0.01 g/l
® Colchicine, 0.03 g/I
@ o [
-04 -0.2 0 0.2 04 GP

Fig. 5. Influence of nystatin and colchicine on the parameters of the components of the distributions of GP values of R. gingshengii VKM Ac-2784D
membranes (a) and comparison of the components on the bubble diagram (b); the area of the circle reflects the contribution of each component,

n=10-26.

content of saturated fatty acids increased, while the amount
of branched fatty acids reduced. This enhanced the mem-
brane microviscosity that was confirmed by the values of
laurdan fluorescence GP. These data testify to an adaptive
rearrangement of the cell membrane under the action of
the studied alkaloid, which is consistent with the results
obtained by other authors (Wang et al., 2020). This may be
areason of the negative effect of colchicine on the formation
of R. gingshengii VKM Ac-2784D biofilms.
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Activity of alkanmonooxygenase alkB gene
in strains of hydrocarbon-oxidizing bacteria
isolated from petroleum products
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Abstract. Alkanmonooxygenase enzymes AlkB and Cyp153 are responsible for the aerobic degradation of n-alkanes
of petroleum and petroleum products. To prove the usage of n-alkanes from oil and petroleum products by hydro-
carbon-oxidizing bacteria isolated from aviation kerosene TS-1 and automobile gasoline Al-95, the detection of the
key genes alkB, Alk1, Alk2, Alk3 and Cyp153 encoding alkanmonooxygenases AlkB and Cyp153 (responsible for the
oxidation of hydrocarbons with a certain chain length) was carried out. It was found that bacterial strains isolated
from TS-1 jet fuel, except Deinococcus sp. Bi7, had at least one of the studied n-alkane degradation genes. The strains
Sphingobacterium multivorum Bi2; Alcaligenes faecalis Bi3; Rhodococcus sp. Bi4; Sphingobacterium sp. Bi5; Rhodococ-
cus erythropolis Bi6 contained the alkB gene. In the strains of hydrocarbon-oxidizing bacteria isolated from gaso-
line Al-95, this alkanmonooxygenase gene was not detected. Using the real-time PCR method, the activity of the
alkB gene in all bacterial strains isolated from petroleum products was analyzed and the number of its copies was
determined. By real-time PCR using a primer with a different sequence of nucleotides to detect the alkB gene, its
activity was established in all bacterial strains isolated from gasoline Al-95; besides, the strain Paenibacillus aga-
ridevorans Bi11 was assigned to the group with a high level of its activity (1290 copies/ml). According to the assess-
ment of the growth of isolated hydrocarbon-oxidizing bacteria on a solid Evans mineral medium with the addition
of the model mixture of hydrocarbons, the strains were divided into three groups. The distributions of strains of
hydrocarbon-oxidizing bacteria in the groups based on the activity of the alkB gene and groups formed based on
the growth ability and use of the model mixture of hydrocarbons and petroleum products were found to be con-
sistent. The results obtained indicate that we need to use a complex of molecular and physiological methods for a
comprehensive analysis of the distribution of the studied genes in bacteria and to assess their activity in the strains
of hydrocarbon-oxidizing bacteria capable of biodegradation of petroleum hydrocarbons.

Key words: biodamage; petroleum products; hydrocarbon-oxidizing bacteria; biodegradation; alkanmonooxyge-
nase; alkB gene; real-time PCR.
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AKTUBHOCTD 'eHa aJIKAHMOHOOKCcHUreHasnI alkB
V IIITaAMMOB VIJIEBOOOPOOOKUC/ISIOMINX OaKTePUii,
BbIJJ€/I€eHHbIX 113 He(PTeImpOaYKTOB
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AHHoTauusa. DepmeHTbl ankaHMoHookcureHasbl AIkB n Cyp153 oTBETCTBEHHbI 32 a3pO6HYI0 AerpafaLuio H-ankaHoB
HedTV 1 HedTenpoayKToB. [1NA foKa3aTenbCTBa UCMOIb30OBaHMA WTaMMaMy YrieBOAOPOAOKNCAALWMX baKkTepurii,
Bbl€NEHHbIX 13 aBUALMOHHOrO KepocuHa TC-1 n aBTomobunbHoro 6eHsnHa AN-95, H-ankaHoB HebTN 1 HedTenpo-
LyKTOB, NpoBefeHa aeTekuma Knouesbix reHos alkB, Alk1, Alk2, Alk3 n Cyp153, kopupyowmx arkaHMOHOOKCUTeHasbl
AlkB 1 Cyp153, oTBETCTBEHHbIX 3@ OKMCSIEHNE YINIEBOAOPOLAOB C OnpeAeneHHON ANNHON Lenu. YCTaHOBMIEHO, UTO
LWTaMMbl GaKTepuiA, 30NMPOBaHHbIE U3 peakTBHOro Tonnmea TC-1, 3a ucknoueHnem Deinococcus sp. Bi7, umenn
KaK MHUMYM OAVH U3 UCCNe[oBaHHbIX FeHOB Aerpafaunmn H-ankaHos. Ltammbl Sphingobacterium multivorum Bi2,
Alcaligenes faecalis Bi3, Rhodococcus sp. Bi4, Sphingobacterium sp. Bi5, Rhodococcus erythropolis Bi6 copepanu
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Activity of alkanmonooxygenase alkB gene
in strains of bacteria isolated from petroleum products

reH alkB. Y \WuTaMMOB yrneBOAOPOAOKMCAALWMX 6aKTepuid, BblgeneHHbIX U3 6eH3nHa A/-95, 3TOT reH ankaHMOHO-
oKcureHasbl He 6bin fleTekTpoBaH. C nomouybto MeToaa MNLP B peanbHOM BpeMeHW MpoaHann3npoBaHa akTMBHOCTb
reHa alkB y Bcex nonyyeHHbIX U3 HedpTenpoayKToB WTaMMOB GaKTepuii 1 ONpefeNieHo Yncio ero Konuii. Metogom
MLP B peanbHOM BpeMeHH C UCMONb30BaHMEM MpaiiMepa C APYroi NocnefoBaTeNlbHOCTbIO HYKeOTUAOB AJ1s AeTeK-
Luu reHa alkB ycTaHOBJIEHa €ro aKTUBHOCTb Y BCEX LITaMMOB 6aKTepui, BbiAeNieHHbIX 13 6eH3nHa AN-95, npryem
wramm Paenibacillus agaridevorans Bi11 oTHeceH K rpynne ¢ BbICOKMM ypOBHeM ero akTueHocT (1290 konwuii/mn). Mo
OLleHKe poCTa UCCneoBaHHbIX YINeBOAOPOAOKMCAALWMX 6akTepUid Ha MIOTHOW MUHEpPanbHOM cpefie DBaHca C Mo-
[eNbHOI CMeCblo YrNIeBOAOPOAOB WUTaMMbl Obiv pasfeneHbl Ha Tpuy rpynmnbl. OTMeUeHbl COBMAZEHNA Pe3yNbTaToB
no pacrnpepAeneHuio LWTaMMOB YrlIeBOAOPOAOKUCALWMX BakTepuid B rpynnax no akTMBHOCTYW reHa alkB n rpynnax,
cpOpPMUPOBaAHHBIX HAa OCHOBE CMOCOBHOCTI POCTa U UCTONb30BaHNA MOAENbHON CMecu yrneBofopPOAoB U HedTe-
npognyKToB. MNonyyeHHble pe3ynbTaTbl CBUAETENbCTBYIOT O HEOOXOAVMOCTU NMPUMEHEHNA KOMIIEKCA MONEKYAPHO-
reHeTNYeCcKrX 1 Gr3NoNornyecKrX METOA0B A BCECTOPOHHEro aHanv3a pacnpoCcTpaHeHUs NCCIeAyeMbIX FEHOB Y
6aKTepuii 1 OLLeHKN UX aKTVBHOCTU B LUTAMMaX YrneBOAOPOAOKMCAIOLMX GaKTepuid, CNOCo6HbIX K buoaerpagaumnm
yrneBofopOA0B HedTeNPOAYKTOB.

KnioueBble cnoBa: 6ronoBpexpeHne; HepTenpoayKTbl; YrieBoAOpPOAoKMcasAowre 6akTepuy; 6uoperpajauns;

ankaHMOHoOKcureHasbl; reH alkB; NLP B peanbHOM BpemeHu.

Introduction

Petroleum products are the main source of energy from the
economical point of view and in human life. Data about
biological contamination of petroleum products and, first of
all, various types of fuels, especially aviation kerosene, has
recently increased significantly in the open press (Martin-
Sanchez et al., 2018). Direct and indirect losses from micro-
biological corrosion of petroleum products in industrialized
countries range from 2 to 5 % of the annual gross domestic
product (Karimova, 2007). The study of the ability of strains
of hydrocarbon-oxidizing bacteria isolated from petroleum
products to use n-alkanes plays an important role both for
protecting petroleum products from bio-damage and in the
application of these strains for the disposal of emergency
oil spills in water areas and on land (Dedov et al., 2017).
In addition, the ability of bacteria to assimilate petroleum
hydrocarbons can be the reason for the loss of their quality
during transportation, storage and usage of equipment (Martin-
Sanchez et al., 2018).

As arule, microorganisms are capable of selective assimila-
tion of certain types of hydrocarbons, which is determined by
the number of carbon atoms and the peculiarity of the structure
of the hydrocarbon. In natural conditions, microorganisms
form communities in which a single chain of oxidation of
hydrocarbons of oil and petroleum products is formed by the
type of metabiosis. Each microorganism of the community,
having specific enzyme systems aimed at using a certain
type of hydrocarbons, uses this substrate in its metabolism.
Therefore, with the joint action of microorganisms of the
community, not only a larger amount, but also a wider range
of hydrocarbons of oil and petroleum products is used (Timer-
gazina, Perekhodova, 2012).

It is known that the vast majority of bacterial transfor-
mations of hydrocarbons are oxidative reactions that occur
most actively in aerobic conditions. There are data on the
molecular mechanisms and ways of aerobic biodegradation
of hydrocarbons, which are as follows: 1) many multi-purpose
oxygenase systems forming active complexes with hydrocar-
bon substrates and molecular oxygen have been discovered;
2) several enzymes involved in the initial stage of aerobic
biodegradation of alkanes have been characterized (Coon,
2005; Funhoff et al., 2006; Van Beilen, Funhoft, 2007); 3) the
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metagenomic approach has made it possible to describe new
metabolic pathways of hydrocarbon degradation, different
from those previously characterized in cultured pure bacterial
strains (Sierra-Garcia et al., 2014) and 4) new phylotypes of
alkanmonooxygenase (a/kB) genes encoding alkanmonooxy-
genases have been found in marine ecosystems (Wasmund et
al., 2009; Smith et al., 2013).

Aerobic degradation of alkanes can be carried out by two
main types of enzymes: alkanmonooxygenase AlkB (also
known as alkanhydroxylase) and some cytochrome P450
systems (Van Beilen et al., 2006) found in bacteria of the
genera Pseudomonas (Johnson, Hyman, 2006), Rhodococ-
cus (Sameshima et al., 2008), Acinetobacter (Throne-Holst
et al., 2007), Alcanivorax (Liu, Shao, 2005), Burkholderia
(Mohanty, Mukherji, 2008), Geobacillus (Vomberg, Klinner,
2000) and Gordonia (Kato et al., 2009). Genes encoding the
protein complex of alkanmonooxygenase CYP 153 P450 have
been studied by several authors (Whyte et al., 1998; Smits et
al., 1999; Kloos et al., 2006; Powell et al., 2006), molecular
methods for their identification have been proposed not only
in pure cultures, but also at the level of the microbial com-
munity (Wang et al., 2010).

However, the regulation of the expression of genes encoding
the degradation pathways of alkanes still has many unresolved
issues, due to the fact that in many cases genes of central
metabolism also participate in these processes (Paisse et al.,
2011). In addition, since these genes and their products are
adaptive, many of them are often located in plasmids, which
can contribute to their variability and horizontal transfer
(Korshunova et al., 2011).

The cytochrome P450 Cyp153 family is a type of alkan-
monooxygenases used for the degradation of short-chain
and medium-chain n-alkanes and are commonly found in
hydrocarbon-oxidizing bacteria lacking AIkB monooxygen-
ases (Van Beilen, Funhoff, 2007). Oxygen-activated systems
lacking this cytochrome are characteristic of prokaryotes and
are formed by another integral membrane-bound monooxy-
genase encoded in most bacteria by the alkB gene, and electron
transport proteins such as rubredoxin and NADH-dependent
reductase encoded by the alkG and alkT genes, respectively
(Van Beilen et al., 2006; Cappelletti et al., 2011). AlkB mono-
oxygenase has been detected in bacteria of various systematic

BaBunosckuii xKypHan reHeTuku u cenekuunm / Vavilov Journal of Genetics and Breeding - 2022 - 26 - 6



T.H. Wanwnpo, H.A. MaryuyapoBsa
E.C.Jlo6akoBa

groups and is used by them for oxidation of n-alkanes with
a chain length up to C,, (Wasmund et al., 2009). Thus, A/k-
like genes have been studied in Gram-positive bacteria such
as Rhodococcus, Mycobacterium, Nocardia and Praserella
(Andreoni et al., 2000; Vomberg, Klinner, 2000; Van Beilen
et al., 2002; Whyte et al., 2002).

To confirm the presence of a specific n-alkane oxidation
system and the homology degree of its sequence with the
previously studied sequences of the alkB gene, the method
of amplification of fragments of the alkB gene using specific
primers for this gene was mainly used. Studies on the genetic
and structural organization of n-alkane oxidation systems,
regulation of their genes and the spectrum of utilized sub-
strates were carried out only for individual strains. It should
be considered that each microorganism has a certain set of
inducible oxygenase systems and the ability to degrade some
hydrocarbons depends on the expression of the corresponding
oxygenase (Redmond et al., 2010).

The detection and determination of the activity of key genes
responsible for the oxidation of certain types of hydrocarbons
in oil and petroleum products is a direct proof of the use of
hydrocarbons by hydrocarbon-oxidizing bacteria, and can also
serve as a measure of the assessment of the metabolic activity
of a particular microorganism.

The aim of the work was to detect alkB, Alkl, Alk2, Alk3
and Cyp153 genes encoding AlkB and Cyp153 alkanmono-
oxygenases in strains of hydrocarbon-oxidizing bacteria iso-
lated from samples of TS-1 jet fuel and AI-95 gasoline, and
to study the activity of the al/kB gene by real-time PCR.

Materials and methods

Objects of research. In the current study, 13 strains of hyd-
rocarbon-oxidizing bacteria isolated from TS-1 jet fuel and
AI-95 gasoline (Shapiro et al., 2021) were used. The sequences
of the fragment of the 16S rRNA gene of isolated strains of
hydrocarbon-oxidizing bacteria are deposited in the Genbank
international database (Table 1). Bacterial strains are stored
in the collection of the Department of Bioengineering of the
Faculty of Biology of Moscow State University. The cultures
were maintained on a solid organic Rich medium containing
peptone, yeast extract, casein hydrolysate, and glucose (Lysak
et al., 2003), the growth of isolated strains in the presence of
petroleum products was analyzed on an Evans mineral medium
(Evans et al., 1970) with the addition of hydrocarbons as the
only carbon source.

Isolation of bacterial DNA. DNA isolation was carried out
after 7 days of cultivation of hydrocarbon-oxidizing bacteria
strains on the Rich medium. To isolate bacterial DNA, the
Thermo Scientific™ MagJET™ Plant Genomic DNA Kit was
used as described earlier (Shapiro et al., 2021).

Assessment of the growth of pure cultures of hydrocar-
bon-oxidizing bacteria on a medium with model hydro-
carbons. The growth of isolated cultures of hydrocarbon-
oxidizing bacteria in the presence of hydrocarbons was com-
pared using the M. V. Zhurina et al. (2008) method. 0.025 ul
of culture suspension of a hydrocarbon-oxidizing bacteria
strain with an optical density (OD) of 0.2 was added onto
the solid EM medium containing 1.96 % by volume of a
mixture of hydrocarbons No. 1 (C,5H,,, C,;H,,, C ,;H;; and
C,4H,,-pseudocumol) and distributed over the surface of the
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Table 1. Strains of hydrocarbon-oxidizing bacteria
isolated from petroleum products samples

Type of Bacterial strain Genbank ID
petroleum

product

TS-1 kerosene  Sphingobacterium multivorum Bi2  MG812313.1

Alcaligenes faecalis Bi3 MG812316.1
Rhodococcus sp. Bi4 MK951703
Sphingobacterium sp. Bi5 MK968142
R. erythropolis Bi6 MG871403.1
Deinococcus sp. Bi7 MG812379.1
Rhodococcus sp. Bi10 MG871414.1
Sphingobacterium sp. Bi8 MK968144
S. mizutaii Bi9 MK968143
Al-95 gasoline  Paenibacillus agaridevorans Bi11 MK951751
Bacillus pumilus Bi12 MK951709
B. safensis Bi13 MK951740
Bacillus sp. Bi14 MK951752

Petri dish with a spatula. After 7 days, the grown colonies of
microorganisms were washed off with a 1 % NaCl solution
in two portions of 5 ml. In the combined sample, the optical
density of the obtained cell suspension was measured using
the spectrophotometer KFK-2-UHL 4.2 at A= 540 nm and the
thickness of the optical layer | = 10 mm.

Detection of alkanmonooxygenase genes alkB, Alkl,
Alk2, Alk3 and Cyp153. To obtain the PCR products of genes
encoding various alkanmonooxygenases (Kohno et al., 2002;
Ivanova et al., 2014) (the sequences of the used primers are
shown in Table 2), PCR was performed with the genomic
DNA of the isolated strains using the following parameters:
initiation — 94 °C x 3 min, subsequent 35 cycles —94 °Cx30s,
55°C (Cyp153) or 60 °C (alkB)*40 C, 72 ° C — 1 min; final
polymerization — 72 © Cx 7 min. (Ivanova et al., 2014). For
genes Alkl-3 PCR was performed in the following mode:
initial initiation — 94 °C %3 min, subsequent 30 cycles —
94°Cx60s,40°Cx30s, 72 °C—30s; final polymerization —
72 °Cx7 min (Kohno et al., 2002).

PCR was performed on a Mastercycler Gradient DNA
amplifier (Eppendorf, Germany). The volume of the amplifi-
cation mixture was 50 pl and had the following composition:
10 ml of 1x Taq polymerase buffer (Evrogen, Russia), 1 ml
of forward and reverse primers, 1 ml of DNA of the sample
and 37 ml of water. The amplification results were recorded
using electrophoresis. The PCR purification of the product
was carried out using the Cleanup Standard kit (Eurogen).

Real-time PCR. The real-time PCR method was used to
quantify the number of DNA copies containing the functional
alkB gene responsible for the degradation of n-alkanes. The
measurement was carried out on a DTLite4 (DNA Technology,
Russia) amplifier after 7 days of cultivation of hydrocarbon-
oxidizing bacteria strains on Rich medium (Lysak et al., 2003),
according to the method described in (Manucharova et al.,
2021). Sequences of primers used to identify hydrocarbon-
oxidizing bacteria strains with the functional gene al/kB were
as follows: F(TGGCCGGCTACTCCGATGATCGGAATCT
GG); R(CGCGTGGTGATCCGAGTGCCGCTGAAGGTG)
(Whyte et al., 2002).
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Activity of alkanmonooxygenase alkB gene
in strains of bacteria isolated from petroleum products

Table 2. Sequences of primers used for the detection of alkB, Alk1, Alk2, Alk3 and Cyp153 genes encoding alkanmonooxygenases

Gene Sequence, 5'—3’

Cyp153 F-GATCCGCTCGCGTGTC
R-GGGAGTGAGGCGAACCA

alkB F-AGAACSCRCCSGAYGAGG
R-ATRTCRCCGYCRTAGTGC

Alk1 F-CATAATAAAGGGCATCACCGT
R-GATTTCATTCTCGAAACTCCAAAC

Alk2 F-GAGACAAATCGTCTAAAACGTAA
R-TTGTTATTATTCCAACTATGCTC

Alk3 F-TCGAGCACATCCGCGGCCACCA

R-CCGTAGTGCTGACGTAGTT

The amount of DNA under study was expressed in absolute
or relative units. Quantitative determination of the DN A matrix
was carried out in the presence of three standards and negative
control (a sample without a DNA matrix).

Results and discussion

Previously, strains of hydrocarbon-oxidizing bacteria were
isolated from contaminated samples of petroleum products
(TS-1 jet fuel and AI-95 gasoline), identified and characte-
rized (Shapiro etal., 2021). 9 strains of hydrocarbon-oxidizing
bacteria were isolated, described and identified from TS-1 fuel,
and 4 strains were isolated from AI-95 gasoline.

Allisolated strains of hydrocarbon-oxidizing bacteria were
analyzed for the presence of genes encoding alkanmonooxy-
genases: alkB, Cypl53, Alkl, Alk2 and Alk3 (Table 3). The
Alkl gene encodes alkanmonooxygenase AlkB, which cata-
lyzes the reactions of terminal oxidation of n-alkanes with a
chain length of C—C |, in representatives of the Pseudomonas
genus. The A/k2 gene encodes alkanmonooxygenase AlkB in
representatives of the Acinetobacter genus, which catalyzes
the reactions of terminal oxidation of n-alkanes with a chain
length > C,, using monooxygenases or dioxygenases. The
Alk3 gene encodes alkanmonooxygenase AlkB, which has
substrate specificity to n-alkanes and oxidase systems (Kohno
et al., 2002).

It was found that the alkanmonooxygenase Alk2 gene, typi-
cal mainly for Acinetobacter bacteria (Kohno et al., 2002), is
absent in all bacterial strains studied. Among the strains iso-
lated from TS-1 jet fuel, the strain Deinococcus sp. Bi7 did not
contain the studied alkanmonooxygenase genes. All the other
strains isolated from TS-1 fuel had at least one of the studied
n-alkane degradation genes. Five strains (Sphingobacterium
multivorum Bi2, Alcaligenes faecalis Bi3, Rhodococcus sp.
Bi4, Sphingobacterium sp. Bi5, Rhodococcus erythropolis
Bi6) had the alkB gene. In the strains of hydrocarbon-oxidizing
bacteria isolated from gasoline AI-95, this alkanmonooxy-
genase gene was not detected (Fig. 1, see Table 3).

All the studied alkanmonooxygenase genes —alkB, Cyp153,
Alkl and Alk3 were identified in the strains 4. faecalis Bi3,
Rhodococcus sp. Bi4 and R. erythropolis Bi6. It is interesting
that different isoforms of the a/kB gene and the Cyp153 gene
were simultaneously present in these bacteria, and genes alkB,
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Length of the PCR fragment, bp Reference
. 8 70 ....................................................... |V anova eta| 20 14 .....................
...... 9 60
...... 185K0hnoeta|2002
...... 2 71
...... 3 30

Cyp153 —in the strains of Sphingobacterium multivorum Bi2
and S. mizutaii B19. According to the resent data, the enzyme
Cypl153 is a type of alkanmonooxygenase involved in the
degradation of short-chain and medium-chain n-alkanes in
hydrocarbon-oxidizing bacteria that do not have alkB alkan-
monooxygenases (Van Beilen, Funhoff, 2007).

n-alkanes account for up to 88 % of the volume in natu-
ral oil and petroleum products and can serve as an energy
source for microorganisms capable of decomposing them
(Van Beilen et al., 2003; Dedov et al., 2017). The detection of
alkanmonooxygenase group genes was previously carried out
for bacterial communities isolated from petroleum products,
and the activity of strains against the degradation of various
hydrocarbons, including n-alkanes, was shown (Likhoshvay
et al., 2014; Lomakina et al., 2014).

alkB family genes are usually present in the genomes of
both gram-positive and gram-negative bacteria in several
variants (Van Beilen et al., 2003). This is consistent with the
data obtained by us on the presence of several al/kB family
genes in isolated strains of gram-negative bacteria of the
Sphingobacterium genus and gram-positive bacteria of the
Rhodococcus genus.

The ability to degrade n-alkanes in strains for which this has
not been described in the literature before may be evidence
of the gene localization in the plasmid and its horizontal
transfer between community members, which was shown in
the works of T.P. Turova et al. (2008), where bacteria of the
Geobacillus genus could acquire alkB genes from bacteria of
the Rhodococcus genus.

Among the strains of hydrocarbon-oxidizing bacteria iso-
lated from AI-95 gasoline, only the Cyp153 gene was detected
in P. agaridevorans Bill.

The data on the presence of alkB family genes in the studied
bacterial strains only partially agreed with the data on their
ability to grow on liquid and solid media in the presence of
1 % n-alkanes with different carbon chains length (Shapiro
et al., 2021). Thus, strains Sphingobacterium mizutaii Bi9,
Bacillus pumilus Bil2; Bacillus safensis Bil3; Bacillus sp.
Bil4; Paenibacillus agaridevorans Bill grew on a model
mixture of hydrocarbons containing alkanes with different
chain lengths, TS-1 fuel and oil (Fig. 2 and 3). Also, in some
cases, the ability to grow and the high activity of the isolated
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Table 3. The presence of the studied alkanmonooxygenase genes for the oxidation of hydrocarbons

alkB, Cyp153, Alk1, Alk2 and Alk3 in strains of hydrocarbon-oxidizing bacteria isolated from petroleum products

Strain/gene Bi2* Bi3 Bi4 Bi5 Bi6 Bi7 Bi8 Bi9 Bi10 Bi11 Bi12 Bi13 Bi14

a,k3+++_+__+_____ .............
Cyp153+++++_++++___ .............
A/k,_++_+________ .............
A/k3_++_+________ .............

* Full names of the strains are given in Table 1.

961 bp

Fig. 1. Electrophoresis in agarose gel of the PCR product of the alkB gene.

1 - Sphingobacterium multivorum Bi2; 2 - Alcaligenes faecalis Bi3; 3 - Rhodococcus sp. Bi4; 4 — Sphingobacterium sp. Bi5; 5 - Rhodococcus
erythropolis Bi6; 6 — Deinococcus sp. Bi7; 7 - Sphingobacterium sp. Bi8; 8 — Sphingobacterium mizutaii; 9 — Rhodococcus sp. Bi10; 10 - Bacil-
lus pumilus Bi12; 11 - Bacillus safensis Bi13; 12 — Bacillus sp. Bi14; 13 — Paenibacillus agaridevorans Bi11. DNA length marker (100 + bp DNA
Ladder). ¥ — is the expected length of the target PCR product.

strains in degrading n-alkanes of the model hydrocarbon mix-
ture in the absence of this gene were established (see Fig. 3).

Growth evaluation of hydrocarbon-oxidizing bacteria pure
cultures on a solid EM medium with a model mixture of
hydrocarbons (see Fig. 3) allowed us to divide the strains by
growth rate into three groups. This division was proposed by
us and is based on the following: group 1 (active cultures) —
the value of the optical density of the cell suspension after
cultivation for 7 days from 3 units and above; group 2 (medium
activity) — from 2 to 3 units; group 3 (low activity) — the value
of the optical density of the cell suspension less than 2 units.

It was found that the most active group of strains capable
of using a model mixture of hydrocarbons included strains
R. erythropolis Bi6, Rhodococcus sp. Bil0. The average
growth rate is typical for strains Deinococcus sp. Bi7, Sphin-
gobacterium sp. Bi5, S. multivorum Bi2 and Sphingobacte-
rium sp. Bi8. At the same time, the tested alkanmonooxyge-
nase genes were not detected in the strain Deinococcus sp. Bi7.
The strains Rhodococcus sp. Bi4, S. mizutaii Bi9, Ochrobac-
trum sp. Bil and 4. faecalis Bi3 and all strains isolated from
gasoline had the slowest growth in the presence of a model
mixture of hydrocarbons. At the same time, bacterial strains
isolated from gasoline AI-95 — Bacillus safensis Bil3; Bacil-
lus sp. Bil4, in which the alkB gene was not detected, used
pentadecane, octadecane and hexadecane of a model mixture
by more than 80 % (Shapiro et al., 2021). In this regard, a
quantitative analysis of the number of DNA copies contain-

Fig. 2. Growth of the several studied cultures on the Evans mineral me-
dium in the presence of TS-1 jet fuel (a) and oil (b).

(a) T - Sphingobacterium multivorum Bi2; 2 - Sphingobacterium sp. Bi5; 3 - Rho-
dococcus sp. Bi4; 4 — Alcaligenes faecalis Bi3; (b) 1 - Rhodococcus sp. Bi4; 2 -
Sphingobacterium mizutaii Bi9; 3 - Sphingobacterium sp. Bi8; 4 — Deinococcus
sp. Bi7; 5 - Rhodococcus erythropolis Bi6.

ing the functional alkanmonooxygenase gene in all isolated
strains of hydrocarbon-oxidizing bacteria was carried out.
Based on the results of real-time PCR, it was found that the
alkB gene is present and active in all bacterial strains isolated
from petroleum products.

According to the number of copies of the gene, all bacterial
strains were divided into two groups: the first group with the
highest activity of the al/kB gene, for which the concentration
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Fig. 3. Growth of isolated bacterial strains from Al-95 gasoline (blue columns) and TS-1 jet fuel (pink columns) on a solid medium

with a mixture of hydrocarbons No. 1 for seven days.

values ranged from 1290 to 8060 DNA copies/ml, and the
second group, where the concentration values were from 10.4
to 786 DNA copies/ml:

1 group II group

Alcaligenes faecalis Bi3 Rhodococcus sp. Bi4

Sphingobacterium multivorum Bi2  Rhodococcus erythropolis Bi6
Rhodococcus sp. Bil0
Sphingobacterium sp. Bi8
Deinococcus sp. Bi7

Bacillus pumilus Bil12
Bacillus safensis Bil3

Bacillus sp. Bil4

Sphingobacterium mizutaii Bi9
Sphingobacterium sp. Bi5
Paenibacillus agaridevorans Bil 1

It was found that all strains of hydrocarbon-oxidizing
bacteria isolated from gasoline AI-95 showed the activity of
the alkB gene, and the strain Paenibacillus agaridevorans
Bill was assigned to the first group of strains with a high
level of its activity (1290 DNA copies/ml). The results ob-
tained were consistent with the data on the ability of strains
isolated from petroleum products to grow (see Fig. 3) and use
hydrocarbons of a model mixture of hydrocarbons (Shapiro
et al., 2021). There were also coincidences of the results on
the distribution of strains of hydrocarbon-oxidizing bacteria
in groups based on the activity of the a/kB gene (see Table 2)
and groups formed on the basis of their growth ability and
the use of a model mixture of hydrocarbons and petroleum
products (Shapiro et al., 2021).

In bacteria growing on petroleum products, including both
short-chain and long-chain n-alkanes, their oxidation system
includes several isoenzymes of the key protein alkanmono-
oxygenase. The strains of bacteria isolated from TS-1 jet
fuel and AI-95 gasoline are capable of using a wide range of
substrates, which suggests that they have a complex alkan-
monooxygenase system. It has been established that repre-
sentatives of different groups of hydrocarbon destructor
microorganisms may have several evolutionary variants of
alkanmonooxygenase enzymes, which requires the selection
of primer sets for different hydrocarbon-oxidizing bacteria
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that allow the identification of all variants of hydrocarbon
oxygenase genes. In such cases, it is proposed to apply several
variants of primers to different groups of isoenzymes (Kohno
et al., 2002; Heiss-Blanquet et al., 2005). In our work, two
types of primers were used to detect the presence and activity
of the alkB gene. The detection of the alkB gene with primers
proposed in the article by A.E. Ivanova and co-authors (2014)
showed the presence of this gene in five bacterial strains, and
with primers by L.G. Whyte and co-authors (2002) — in all
studied strains of petroleum products destructors. This may
indicate the greater versatility of the primers proposed by
L.G. Whyte and co-author (2002), on the one hand, or the
presence of a specific isoform of the enzyme, on the other.

Conclusion

Thus, real-time PCR revealed the activity of the alkB gene
in all strains of hydrocarbon-oxidizing bacteria isolated from
TS-1 jet fuel and AI-95 gasoline. A significant quantitative
difference in the activity of this gene in the isolated strains
was shown. For strains isolated from gasoline, the activity data
correspond to physiological and biochemical data on bacterial
growth in the presence of a model mixture of hydrocarbons
and the efficiency of their degradation (Shapiro et al., 2021).
The results obtained indicate the need to use a set of methods
(a polyphase approach) for a comprehensive assessment of the
ability of hydrocarbon-oxidizing bacteria strains to degrade
petroleum hydrocarbons, including the usage of molecular
(in particular, PCR) and physiological methods to analyze
the distribution and homology of the specific studied gene
in bacteria.
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A characteristic of the species composition of pathogenic fungi
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Abstract. Corn is one of the main crops of modern world agriculture. It ranks first in terms of gross grain harvests and
second in terms of acreage, ceding only to the main grain crop of the globe, wheat. The problem of increasing the
production of grain and green mass of corn remains one of the urgent tasks of agricultural production. High potential
yields very often remain untapped due to diseases, direct losses from which are estimated at 20-50 %. The purpose of
this work was to study the species composition of micromycetes on corn collected in different phases of vegetation
in May-July 2020 in the Voronezh region, to identify phytopathogenic genus Fusarium fungi, to study pathogenic and
phytotoxic strains of the fungi to replenish the collection of the All-Russian Scientific Research Institute of a Phytopa-
thology. Preservation of infectious material of fungi from the genus Fusarium is of no small importance for phytopatho-
logical, immunological, breeding, genetic and toxicological studies. As a result of the mycological studies carried out, a
lot of fungi isolates from the genera Fusarium, Aspergillus, Cladosporium, Curvularia, Penicillium, Rhizopus, Periconia, Py-
thium, Trichothecium, etc., isolated from the affected roots, stems and ears of corn in the Voronezh region in 2020 were
identified. Fungi isolates from seven taxonomic groups: Fusarium fujikuroi Nirenberg (F. moniliforme, F. verticillioides),
Fusarium oxysporum Schltdl., Fusarium culmorum (Wm.G. Sm.) Sacc., Fusarium graminearum Schwabe, Fusarium hetero-
sporum Nees & T. Nees (F. lolii), Fusarium roseum Link (F. sambucinum), Fusarium sporotrichioides Sherb. were tested
for pathogenicity and phytotoxicity on seedlings of plant-testers. It has been shown that pathogenic and phytotoxic
activity in fungi varies significantly between Fusarium species and within the same species. The greatest danger to corn
is represented by the species F. sporotrichioides, F. graminearum, F. culmorum, F. fujikuroi, F. oxysporum, F. heterosporum,
which have a high intensity of phytotoxic activity associated with the fact that they contribute to the synthesis and ac-
cumulation of dangerous toxins in plant tissues. As a result of the conducted studies, 55 strains of fungi from the genus
Fusarium belonging to seven species were selected. The isolates, stable in morphological and cultural characteristics
and studied for pathogenicity and toxicity, were placed for long-term storage in the Russian State Collection of Plant
Pathogenic Microorganisms and Cultivars for Identification of Phytopathogenic Microbial Strains at the All-Russian
Scientific Research Institute of a Phytopathology.

Key words: collections of microorganism; micromycetes; genetic diversity; corn; plant pathogens; Fusarium.
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OCo6eHHOCTV BUJOBOI'O COCTaBa MaTOTe€HHbIX I'P1OOB
pona Fusarium B 611011eHO3aX KYKYPY3bl BOpoHeKCKOoii 06/1acT

T.M. Koaomuers ®, MU Kuceaesa, H.C. JKemuyxuna, A.O. ITankparosa, C.A. Eauzaposa

Bcepoccninckuii HayuHo-UccnefoBaTeNibCKUn UHCTUTYT drTonaTonoruu, p.n. bonblne Basembl, OanHLOBCKMIA paiioH, MockoBckas obnacTb, Poccus
® lomil@yandex.ru

AHHoOTauuA. KyKypy3a OTHOCUTCA K OCHOBHbIM KyNbTypam COBPEMEHHOro M1MpoBoro 3emnegenua. OHa cTouT Ha nep-
BOM MecTe M0 BanoBbliM c6bopam 3epHa 1 Ha BTOPOM — MO NOCEBHbIM MIOLWAAAM, YCTyMasa b OCHOBHON Xe6HOM
KyNbType 3eMHOro wapa — fweHuye. OfHa 13 akTyanbHbIX 3aay arpapHoro Npor3BoAcCTBa — Npobrema yBennyeHms
BafoBOro cbopa 3epHa 1 3efeHON Macchbl KyKypy3bl. BbicOKaa noTeHUManbHan ypoxKaiHOCTb OYEHb YacTo OCTaeTCA
Hepeanv3oBaHHON BC/IEACTBUE Pa3BUTUA OONE3HEN, NPsAMble NOTEPY OT KOTOPbIX oLeHrBatoTcA B 20-50 %. Llenb Ha-
cToALen paboTbl — N3yYeHre BUJOBOrO COCTaBa MUKPOMULIETOB Ha PacTeHUAX KyKypy3bl, COOpaHHbIX B pa3Hble ¢asbl
BereTaumu B Mae-utone 2020 r. B BopoHexckoi obnactu, naeHTndukauma uronatoreHHbIX rpnboBs 13 poga Fusarium,
BblAABNEHME NaTOreHHbIX 1 GUTOTOKCUYHbIX LUTaMMOB rpnboB pofa Fusarium gna nononHeHus Konnekuum Bcepoccnin-
CKOFO Hay4YHO-MUCCNnefoBaTeNbCKOro MHCTUTYTa duTonatonormn. CoxpaHeHre MHGEKLMOHHOrO MaTeprana rpubos 13
poga Fusarium vmeeT HeEManoBaXXHOe 3HaueHue ana GUTONATONOMMUYECKNX, UMMYHONOTMYECKMX, CENEKLMOHHDBIX, re-
HeTNYECKUX 1 TOKCMKOMOrMYEeCKX NCCIeAOBaHNI. B pe3ynbTaTe npoBefeHHOrO MMKOIOTMYECKOro aHanmsa obHapy-
»KEeHo 6onblloe KONMYecTBO M30MATOB rprboB 13 popos Fusarium, Aspergillus, Cladosporium, Curvularia, Penicillium,
Rhizopus, Periconia, Pythium, Trichothecium v gp., BblAeNeHHbIX U3 MOPaXKeHHbIX KOPHEN, CTebnein 1 NoYaTkoB KyKypy3bl
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A characteristic of the species composition of pathogenic fungi
of the genus Fusarium in corn biocenoses of the Voronezh region

B BopoHexckoi obnactu B 2020 1. 30nsTbl rpribOB 13 cemMy TaKCOHOMUYECKUX rpynn: Fusarium fujikuroi Nirenberg
(F. moniliforme, F. verticillioides), Fusarium oxysporum Schltdl., Fusarium culmorum (Wm.G. Sm.) Sacc., Fusarium gra-
minearum Schwabe, Fusarium heterosporum Nees & T. Nees (F. lolii), Fusarium roseum Link (F. sambucinum), Fusarium
sporotrichioides Sherb., 6bin1 NpoBepeHbl NO NATOFEHHOCTU U GUTOTOKCUMYHOCTIN Ha BCXOAAX PacTeHUiA-Tectepos. Mo-
Ka3aHo, uTo naToreHHas U GUTOTOKCUYHAA aKTUBHOCTb Y rP1OOB Kak MeXay Buaamu Fusarium, Tak 1 B npegenax oa-
HOro BMAa CyLeCcTBEHHO pasnmyaeTca. HanbosbLuyo onacHOCTb Ans KyKypy3bl NpeAcTaBasioT BUAbl F. sporotrichioides,
F. graminearum, F. culmorum, F. fujikuroi, F. oxysporum, F. heterosporum, obnagaiowyue BbICOKOV MHTEHCUBHOCTbIO NPO-
ABNEHNA GUTOTOKCMYECKOWN aKTUBHOCTM, CBA3AHHOW C TeM, YTO OHMW CMOCOBCTBYIOT CUHTE3Y U HAKOMJIEHUIO OMaCHbIX
TOKCUHOB B TKaHAX pacTeHuid. B pesynbtate npoBeAeHHbIX NCCNefoBaHUn oTobpaHo 55 wrammoB rpruboB 13 popaa
Fusarium, oTHocAWmMXCA K cemy Bugam. CtabunbHble No MOpdONoro-KynbTypanbHbIM MPU3HaKaM 1 M3yUYeHHbIe Mo na-
TOFEHHOCTU U GUTOTOKCUYHOCTI U30MATbI MOMELLEHbI Ha AIMTeNbHOE XpaHeHue B [oCcyfapcTBEHHYO Konnekuuo du-
TOMATOreHHbIX MUKPOOPraHN3MOB 1 COPTOB PaCcTEHUN-NAEHTUPNKATOPOB NATOTEHHbIX LITAMMOB MUKPOOPraHN3MOB,
co3[aHHyo Ha 6a3e Bcepoccminickoro HayYHO-1CCneoBaTeNbCKOrO UHCTUTYTa GUTONATONOMMN.

KnioueBble cfioBa: KoNNeKUmny MMKPOOPraH13MOB; MUKPOMULETbI; FeHeTMYecKoe pasHoobpasue; KyKypysa; dutonato-

reHbl; Fusarium.

Introduction

Along with the fact that sugar corn (lat. Zéa mdays L. ssp. mays)
is the only cultural representative of the genus Corn (Zea)
of the Cereal family (Poaceae) and the oldest bread plant in
the world, it remains one of the most popular in the realities
of modern agriculture (Sotchenko, 2005). Corn ranks first in
terms of gross grain harvests and second in terms of acreage,
second only to the main grain crop of the globe — wheat. The
USA (about half of the world harvest), China, Brazil, Mexico,
France, Argentina, India, Indonesia, Italy and Romania are the
largest producers of corn (Babich, 1986; Berezkin, Malko,
1998; Elmore, Abendroth, 2008). Corn is cultivated mainly
in the southern regions of Russia (Suprunov, 2009).

Due to the high yield and useful qualities of corn, its im-
portance for versatile human use can hardly be overestimated.
More than 20 % of corn grain is used for food purposes in
the countries of the world, 1520 % — for technical pur-
poses, and about two thirds — for livestock feed (Sotchenko,
2009).

As a food crop, corn ranks third in the world in terms of
acreage giving way only to wheat and rice. And in terms of
grain yield, it has a leading position. Corn grain contains
65—70 % carbohydrates, 9-12 % protein, 4-8 % vegetable oil
(up to 40 % in the embryo) and only about 2 % fiber. Corn
grain contains vitamins A, B1, B2, B6, E, C, D, F, essential
amino acids, mineral salts and trace elements. Corn grain is
used for food and medical purposes (Sotchenko, 2002).

In the modern world, fodder corn yields large harvests and
highly nutritious feed which makes it crucial in the develop-
ment of husbandry. Corn plays the main role in the feed ba-
lance because of its caloric characteristics and the possibility
of using both corn grains and its green mass — silage (https//
universityagro.ru/pacTeHHeBOACTBO/KyKypy3a/; [vashchenko,
Sotchenko, 2006; Sotchenko, Gorbacheva, 2011).

Corn is also of great importance for industry. Corn oil is
a raw material for the production of expensive paints, soaps
and rubber substitutes. Corn starch is used for dressing fabrics
and leather, increasing the density and smoothness of paper,
in the production of viscose fiber, explosives, dextrin glue.
Construction and packaging materials, paper, soil improv-
ing additives, explosives are obtained from stems and other
vegetative parts of plants. Furfural, a raw material for the
production of plastics, nylon and other synthetic substances,

is isolated from the stalks of corn cobs (https//universityagro.
I'u/pacTeHUEBOJICTBO/KYKYpY3a/).

The problem of increasing corn grain production remains
one of the urgent tasks of agricultural production (Sotchenko,
2005). In Russia, high potential yield of corn often remains
unrealized due to the development of diseases, among which
the main role belongs to micromycetes from the genera Fu-
sarium, Bipolaris, Alternaria, etc. Direct grain losses from
Fusarium root and ear rot in Corn at 20-50 % (Ivashchenko,
2007, 2012).

Fusarium root and ear rot are widespread corn diseases,
especially in areas with high humidity. Up to 50-60 % of
corn crops are affected. A large group of maize diseases are
fungi from the genus Fusarium: Fusarium acuminatum Ellis
& Everh, F. culmorum (W.G. Sm.) Sacc., F. equiseti (Cor-
da) Sacc., F. gibbosum Appel. et Wollenw., F. graminearum
Schwabe, F. heterosporum Nees & T. Nees, F. oxysporum
f. conglutinans (Wollenw.) W.C. Snyder & H.N. Hansen,
F. oxysporum f. cucumerinum Berk. & Broome, F. poae
(Peck) Wollenw., F. roseum Link, F. solani (Mart.) Sacc.,
F sporotrichioides Sherb. and others (Ali et al., 2005; Eller
et al., 2008).

Fusarium ear rot in Corn caused by the hemibiotrophic fun-
gus Fusarium verticillioides (Sacc.) Nirenberg (syn. Fusarium
moniliforme J. Sheld., marsupial stage — Gibberella fujikuroi)
leads to a decrease in yield and deterioration of its quality
(Miller et al., 2007; Murillo-Williams, Munkvold, 2008;
Mesterhasy, Lemmens, Reid, 2012). The fungus produces
fumonisins when storing cobs in conditions of high humidity
and insufficient aeration. These toxins are carcinogenic to
humans and animals (Clements, White, 2004; Robertson-Hoyt
et al., 2007).

As for the species that cause root rot, low temperature
during seed germination, increased humidity and soil acidity
increase the development of the disease (Suprunov, 2009). At
the same time, a weak pink or white fungus bloom forms on
the surface of the germinating grain. Soon after the corn plants
come to the surface, the sprout turns brown and dies. If the
sprout survives, then it has a poorly developed root system,
plants are delayed in growth, leaves dry up, often lic down
(Ivashchenko et al., 2006).

Since the pathogens of Fusarium root and ear rot reside
in the soil and grain, the question of studying the range of

584 BaBunoBcKuii XXypHan reHeTukm u cenekuyum / Vavilov Journal of Genetics and Breeding - 2022+ 26 - 6



T.M. Konomueu, M.U. Kncenesa, H.C. XKemuymnHa
J1.0. MaHkpatoBsa, C.A. Ennsaposa

the most pathogenic micromycetes, including those from the
genus Fusarium, is relevant for the development of environ-
mentally friendly methods of combating them, including the
creation of disease-resistant varieties and hybrids of corn
(Hooker, 1967; Ivashchenko, 2009a; Ivashchenko, Matveeva,
2010). Particular attention is paid to the creation of infec-
tious backgrounds, where measures are carried out to assess
and select resistant forms (Ivashchenko, 2007, 2009b). The
preparations of compositions of infectious backgrounds, which
includes the study of the species composition of corn micro-
mycetes, the identification of the most pathogenic isolates of
fungi of the genus Fusarium and the creation of conditions for
their long-term storage without loss of pathogenic properties,
are also of importance.

Mycological analysis of maize samples and analysis of the
scientific literature related to the issue under development
indicates that monitoring the species composition of fungi on
the cultivated crop is currently very relevant both for taking
urgent preventive and health measures and for developing a
strategy to prevent negative consequences from the develop-
ment of diseases. Researches aimed at studying the species
composition of micromycetes that cause Fusarium root and
ear rot ultimately determine the possibility of obtaining en-
vironmentally friendly and stable corn crops.

Preservation of infectious material of fungi from the genus
Fusarium is important for phytopathological, immunological,
breeding, genetic and toxicological studies (Dubovoy et al.,
2016; Kolomiets et al., 2018; Kolomiets, Zhemchuzhina,
2018). The State Collection of Phytopathogenic Microorga-
nisms and Plant Varieties, identifiers of pathogenic strains
of microorganisms of the All-Russian Scientific Research
Institute of Phytopathology (GKFM VNIIF), was created to
solve the tasks set in accordance with Federal Law No. 7-F3
of 10.01.02 (ed. of 24.11.2014, with amendments dated
29.12.2014) “On Environmental Protection”, Decree of the
Government of the Russian Federation No. 725-47 dated
24.06.1996 “On Measures for the Conservation and Rational
Use of Collections of Microorganisms, Cultivated Cells of
Higher Plants, Transplanted Somatic Cells of Vertebrates”, as
well as taking into account the provisions of the Convention
on Biological Diversity (1992) and the recommendations of
the European Organization for Economic and Social Deve-
lopment (GENERAL GUIDELINES FOR ALL BRCS, 2006;
GUIDANCE FOR THE OPERATION OF BIOLOGICAL
RESOURCE CENTERS (Part 2: Micro-Organization Do-
main), 2006; OECD Best Practice Guidelines for BRCs 2007).
It is a State Depository of phytopathogenic microorganisms.

As for the creation of a collection of fungi from the genus
Fusarium, its main tasks were not only to preserve the viabi-
lity and genetic stability of strains of these fungi according to
morphological and cultural characteristics for a long time, but
also to replenish the fund with new species with a different
spectrum of pathogenicity and phytotoxicity properties, as well
as to expand the range of geographical areas for collecting
affected maize samples (Gagkaeva, Levitin, 2005; Gagkaeva
et al., 2008). To fulfill these tasks, samples of infected plants
received annually from various regions of the country are
subjected to mycological studies, and based on the data of the
analysis of the material, the most pathogenic and phytotoxic
samples are selected for the collection.

2022
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The purpose of this work was to study the species compo-
sition of micromycetes on corn plants collected in different
phases of vegetation in May—July 2020 in the Voronezh region,
to identify pathogenic and phytotoxic strains of fungi of the
genus Fusarium to replenish the collection of the ARSRIP.

Materials and methods

Maize plants with various signs of fungal infections on leaves,
stems and roots served as the material for research. Samples
of zoned varieties of corn (Ajaks, Donskaya visokoroslaya,
Zernogradsky) were collected in different phases of vege-
tation: the formation of 5-6 leaves — f.2, according to the
classification of phenological development according to the
system of BBCH, tubing, or the formation of 8-10 leaves —
.32, filling — milk ripeness — f.75 (Large, 1954; Lancashire
etal., 1991). Research was carried out using the equipment of
the Collective Use Center of the Russian State Collection of
Plant Pathogenic Microorganisms and Cultivars for Identifica-
tion of Phytopathogenic Microbial Strains at the All-Russian
Scientific Research Institute of a Phytopathology (http:/www.
vniif.ru/vniif/page/ckp-gkm{/1373).

The phytosanitary condition of the samples was assessed
according to methods generally accepted in phytopathology
(Gerlach, Nirenberg, 1982; Leslie, Summerell, 2006; Dictio-
nary..., 2008; Watanabe, 2010). Fungal species were deter-
mined by the morphology of spores under a microscope x400
(Bilai, 1977, Bilai, Ellanskaya, 1982; Gagkaeva et al., 2008).

The isolation of hemibiotrophic and saprophytic micro-
mycetes from the affected plants was carried out using po-
tato-glucose and potato-carrot agar-agars. Fungi from plant
samples were isolated according to the standard method (Bilai,
1977; Bilai, Ellanskaya, 1982). The diseased plants of each
sample were washed with tap water and then were cut into
fragments 5-10 mm in size, sterilized in 50 % alcohol for
20-30 seconds and, under aseptic conditions, were laid out
on the surface of 2 % potato-glucose agar-agar in Petri dishes
(4-6 fragments in each). Each sample was represented by at
least 150-200 fragments of the affected tissue. Petri dishes
were placed in a thermostat with a temperature of 22-24 °C.
The development of fungi was monitored daily. As the colonies
of fungi grew, a piece of mycelium was sifted onto the nutrient
medium in the center of the Petri dish. Cultures of fungi were
viewed under a microscope. Fungal species were identified by
the main morphological features of colonies and spores: by
growth rate, mycelium color and structure, pigmentation; by
shape, size of apical and basal cells of macroconidia, by the
presence of microconidia. An average microscopy index of
300 conidia was taken to estimate the size of macroconidia.

Determinants were used as reference literature when deter-
mining the species of the fungus (Gerlach, Nirenberg, 1982;
Bilai, Kurbatskaya, 1990; Leslie, Summerell, 2006; Diction-
ary..., 2008; Watanabe, 2010). The current taxonomic status
of the selected Fusarium species was clarified at http:/www.
indexfungorum.org.

The frequency of occurrence of original Fusarium species
in samples of affected plants as a percentage was determined
by the formula

P=(100xn)/N,
where P is the frequency of occurrence of the species in the
population (in %); N is the total number of isolates of fungi of

FEHETUYECKWUE KOJUTEKU MW / GENETIC COLLECTIONS 585



T.M. Kolomiets, M.I. Kiseleva, N.S. Zhemchuzhina
L.F. Pankratova, S.A. Elizarova

the genus Fusarium in the sample; 7 is the number of isolates
of a certain type of Fusarium in the sample.

Isolates of fungi isolated from the affected corn samples
were placed for storage in the laboratory of the Russian State
Collection of Plant Pathogenic Microorganisms and Cultivars
for Identification of Phytopathogenic Microbial Strains at the
All-Russian Scientific Research Institute of a Phytopathology.
Isolates have been stored in refrigerators at a temperature of
7-10 °Cin biological test tubes on slants of nutrient medium —
potato-glucose agar-agar (Bilai, Ellanskaya, 1982).

Pathogenic and toxic properties of strains were studied
using the method of bioassay on seeds. The pathogenicity
of spore suspensions and phytotoxicity of filtrates of culture
fluids (FCF) of fungi were tested on wheat seeds (cv. Mironov-
skaya 808). The degree of pathogenicity and toxicity of strains
was judged by the effect of suspensions of conidia and FCF on
seed germination, the development of germ and primary roots
of wheat, but the main indicator was the length of the roots.

The degree of pathogenicity and toxicity was determined
on the 5th day from the beginning of seed germination. If the
length of seedlings and roots (in mm) in the experimental
version was 0-30 % of the length of the control, then this
indicated a strong pathogenic (P) and strong toxic (T) activity
of the fungus; 31-50 % — moderate pathogenicity (MP) and
moderate toxicity (MT); 51-70 % — weak pathogenicity (WP)
and weak toxicity (WT); 71-100 % — non-pathogenic (NP)
and non-toxic (NT) properties of isolates. The length of the
sprouts and primary roots of seeds germinated in water was
considered as a control and was taken as 100 % (Parfenova,
Alekseeva, 1995).

Results and discussion

Mycological studies of the analyzed maize plants collected in
different phases of vegetation (formation of 5-6 leaves, tube
formation, milk ripeness) showed the presence of micromyce-
tes on them, related to both phytopathogens and saprotrophs.
In total, more than 30 species of micromycetes were isolated
and identified from corn samples.

Saprotrophic species of fungi from the genera Aspergillus,
Cladosporium, Curvularia, Penicillium, Rhizopus, Periconia,
Pythium, Trichothecium, etc. prevailed on the tissues of the
roots and basal areas of corn stalks (Table 1). Heterotrophic
species of fungi were more often found on the leaves of
the samples. Almost half (1600 units) of the fungi isolates
identified from the leaves and roots belonged to the genera
Alternaria, Bipolaris, Exserohilum and Fusarium. It should
be noted that the frequency of occurrence of fungi Alterna-
ria spp. depended on the phenological phase of corn plants.
So, in the phase of formation of 56 leaves, fungi of this genus
were significantly more often isolated from the tissues of corn
roots, in the phase of milk ripeness — from the leaves.

Symptomatic analysis of maize samples revealed signs of
infection with the pathogen Exserohilum turcicum (Pass.)
K.J. Leonard & E.G. Suggs (=Setosphaeria turcica). On the
leaves of the corn of the lower tier, large spots were noted,
gray in the center and with darker edges with a sooty coat-
ing. Samples with such signs were found in the phase of tube
formation and milk ripeness, the intensity of their lesion was
low and ranged from 1 to 20 % of the leaf area of the lower tier.
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Isolates of Bipolaris sorokiniana Shoemaker (Cochliobolus
sativus) were mainly found on the roots and basal part of corn
stalks during the 5-6 leaf formation phase. The fungus was
not identified on the leaves during this and later phenophases.

The manifestation of diseases caused by fungi from the
genus Fusarium had similar symptoms. As a rule, brown or
yellow areas were noted on the leaves, stems, basal neck and
roots of corn, often with signs of maceration or rottenness.
The study of samples of the affected tissues of maize plants
in culture allowed to isolate more than 900 isolates of the
genus Fusarium into a culture and identify by morphologi-
cal characteristics (colony growth rate, mycelium color and
structure), the presence, shape and size of macroconidia and
microconidia (if present) the following 11 species of this
genus: F. culmorum, F. gibbosum, F. graminearum, F. hetero-
sporum, F. fujikuroi, F. incarnatum, F. oxysporum, F. poae,
FE roseum, F. sporotrichioides, F. solani (Table 2). In some
cases, more than one or two micromycetes from the genus
Fusarium were isolated from one sample of affected corn
tissue. This was especially often noted when F. oxysporum
was isolated into culture, which, as a rule, was accompanied
by the species F. roseum, F. poae, F. solani, etc.

The frequency of occurrence of fungi from the genus Fu-
sarium was ambiguous and varied markedly depending on the
phase of the growing season of corn and possibly the prevail-
ing weather conditions of the season. The species F. heterospo-
rum and F. oxysporum were most often found in the complex
of micromycetes from the genus Fusarium on corn crops in
the Voronezh region. The total share of these two species
was half of all identified isolates belonging to other species
of this genus. Nevertheless, fluctuations in the frequency of
occurrence of these types of fungi were observed in all phe-
nological phases of corn development. When assessing the
frequency of occurrence of species from the genus Fusarium
in the phase of milk ripeness, it was noticed that the propor-
tion of F. heterosporum and F. oxysporum isolates decreased
by 1.5-2 times (see Table 2). It should also be pointed out
that F. heterosporum isolates were more often isolated from
affected corn roots, and F. oxysporum, from stems.

In mycological studies of corn tissues, isolates of . fujikuroi
were found in all variants of the experiment. The frequency of
occurrence of the fungus gradually changed from low (6.5 %)
in the phase of formation of 5-6 leaves to high (19.4 %) in
the phase of milk ripeness. Probably, over time, more favor-
able conditions for the accumulation of F. fujikuroi in the soil
and on maize plants had been created. A similar pattern was
observed for the species F. poae and F. sporotrichioides, the
frequency of occurrence of which varied significantly from the
phase of formation of 5—6 leaves to the phase of milk ripeness,
respectively, from low (0 and 5.6 %) to high (11.7 and 15.1 %).

As for F culmorum, there were no significant fluctuations in
the frequency of occurrence of the fungus on maize samples in
different phenological phases. This indicates a sufficiently high
viability of the micromycete, which occupies a certain niche
in the Fusarium spp. pathocomplex. As a rule, macroconidia
of the fungus were detected on the affected samples from the
roots and leaves of the lower tier.

Species of F. roseum, F. solani, F. graminearum, F. gibbo-
sum, F. incarnatum in the pathogenic complex of the Fusarium
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Table 1. Micromycetes found on corn crops in the Voronezh region in 2020

Species Phenological phases of development
Formation Tube formation Milk ripeness
of 5-6 leaves

Note.”+" - from 1 to 10 fungus isolates; "++" - from 11 to 20 fungus isolates; "+++" — above 20 fungus isolates.
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Table 2. Frequency of occurrence of Fusarium species detected on the affected maize samples from the Voronezh region in 2020

Species Phenological phases of development Frequency
oot st ravatomaton ikrpens " ofocamence
Umts% ............................. Umts% ................. U mts%umts% ................

F . C u/ m omm ...................................... 2 8 ................... 1 30 ......................... 2 2 ................... 6 9 .............. 3 ] .................... 82 ................ 8 ] .................. 8 9 ............

,:g,bbosum ........................................ 7 ..................... 33 ............................ 0 ................... O ................. 1 2 ................... 32 ................ 19 ................. 21 .............

Fgmmmeamm .................................. 5 ..................... 2 3 .......................... 12 ................... 38 ................ 5 ................... 13 ................ 2 2 .................. 24 ............

,: h etemsporum ............................... 6 6 ................... 3 07 ....................... 108 ................. 3 37 .............. 6 8 ................. 186 2 42 2 65 .............

,: fuﬂkuml ......................................... 14 ..................... 6 5 .......................... 3 2 ................. 100 .............. 7 3 ................. 199 .............. 1 1 9 ............... 1 30 .............

chamatum ..................................... 0 ..................... 0 .............................. 0 ................... 0 ................... 7 ................... 1 8 .................. 7 ................. 0 8 .............

Foxysporum .................................... 8 1 .................... 3 77 ......................... 7 6 ................. 2 38 .............. 5 1 .................. 135208228 .............

Fpoae ................................................ 0 ..................... 0 .............................. 7 ................... 2 244 ................. ”7 ................ 5 1 .................. 56 ............

Fmseum ............................................ 2 ..................... 0 9 ......................... 2 5 ................... 78 .............. 12 ................... 32 ................ 3 943 .............

Fso/an, ............................................... 0 ..................... 0 ............................ 2 0 ................... 6 2 .............. 17 ................... 4 5 ................ 3 740 ............

,: Spommd” 0, des ............................ 12 ..................... 5 6 ......................... 18 ................... 5 6 .............. 5 7 ................. 151 ................. 8 7 ................. 9 6 ............

Num beroflso |ates ....................... 2 15 ................... 1 00 ........................ 3 20 ................. 100 ............. 3 77 ................. 100 9 1 2 ................ 1 00 .............
fungi on corn were quite rare. Basically, isolates of these  Conclusion

micromycetes were determined on the affected roots and the
root zone of the stems. It is possible that either these types of
fungi do not play a significant role in the pathogenesis of corn,
or there were no conditions for their development.

As aresult of mycological studies, biological material was
obtained represented by a large number of fungal isolates:
11 species from the genus Fusarium. Of them, 55 isolates of
fungi from 7 taxonomic groups (F. fujikuroi, F. oxysporum,
F. culmorum, F. graminearum, F. heterosporum, F. roseum,
F sporotrichioides) were tested for pathogenicity and phyto-
toxicity on seedlings of testers.

Table 3 shows the results of assessing the effect of me-
tabolites of spore suspensions and filtrates of culture fluids
of fungal isolates of the most pathogenic and phytotoxic
species of the genus Fusarium on the development of wheat
seedlings of cv. Mironovskaya 808 (seed germination, length
of the sprout and roots). It was shown that isolates of fungi
from the genus Fusarium represented by different species had
a wide intraspecific diversity in the studied characteristics.
Within the same species, there were strains of the fungus
belonging to different categories — from pathogenic/toxic to
non-pathogenic/non-toxic (see the Figure).

The species F. sporotrichioides and F. graminearum showed
high phytotoxic and pathogenic properties. Culture fluid fil-
trates and spore suspensions of the isolates of these species
almost completely suppressed the development of seedlings
of plants of the tester variety.

The species of fungi F. culmorum, F. fujikuroi, F. oxyspo-
rum, F. heterosporum had stronger phytotoxic properties than
pathogenic, showing a moderately toxic and toxic reaction
to the seedlings of the tester variety. The species F. roseum
was characterized by weak pathogenicity and weak phyto-
toxicity.
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As a result of mycological analysis of the composition of
micromycetes on affected maize plants in different pheno-
logical phases of plant development, more than 30 species of
micromycetes were identified. Saprotrophic species of fungi
from the genera Aspergillus, Cladosporium, Curvularia, Peni-
cillium, Rhizopus, Periconia, Pythium, Trichothecium, etc.
prevailed on the roots and root zone of corn. Heterotrophic
species of fungi belonging to the genera Alternaria, Bipolaris,
Exserohilum and Fusarium were found more often on the
leaves. It should be noted that the frequency of occurrence of
fungi Alternaria spp. depended on the phenological phase of
corn plants. The pathogen Exserohilum turcicum was identified
on the leaves of corn of the lower tier. The causative agent
Bipolaris sorokiniana mainly infected the roots and the basal
part of the corn stalk during the formation phase of 5—6 leaves.

During ontogenesis, 11 species of fungi from the genus
Fusarium were found on corn crops in the Voronezh region:
F. culmorum, F. gibbosum, F. graminearum, F. heterosporum,
F fujikuroi, F. incarnatum, F. oxysporum, F. poae, F. roseum,
F sporotrichioides, F. solani. Among them, two species, F. he-
terosporum and F. oxysporum, were noted with high frequency.
Similar types of pathogens on corn have been identified by
foreign scientists (Ali et al., 2005; Eller et al., 2008). During
many years of research, V.G. Ivashchenko and colleagues
identified 15 species of fungi of fusarium etiology on corn
crops in Russia (Ivashchenko, 2012).

It has been shown that pathogenic and phytotoxic activi-
ty in fungi varies significantly between Fusarium species
and within the same species. The greatest danger to corn
is represented by fusarium fungi of the following species:
F sporotrichioides, F. graminearum, F. culmorum, F. fujikuroli,
F oxysporum, F. heterosporum, which have a high intensity of
phytotoxic activity associated with the ability to synthesize and
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Table 3. Characteristics of strains of fungi of seven species from the genus Fusarium by pathogenicity of spore suspensions
and phytotoxicity of culture fluid on wheat seedlings of cv. Mironovskaya 808 (in % of control)

Code of strain Pathogenicity (spore suspension) Toxicity (culture fluid)
Seed Sprout length, Rootlength, Degree Seed Sprout length, Rootlength, Degree
germination, % % % of influence germination,% % % of influence
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L.F. Pankratova, S.A. Elizarova of the genus Fusarium in corn biocenoses of the Voronezh region
Table 3 (end)
Code of strain Pathogenicity (spore suspension) Toxicity (culture fluid)
Seed Sprout length, Root length, Degree Seed Sprout length, Root length, Degree
germination, % % % of influence germination, % % % of influence

Note.NP/NT is non-pathogenic/non-toxic; WP/WT — weakly pathogenic/weakly toxic; MP/MT — moderately pathogenic/moderately toxic; P/T — pathogenic/toxic.
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F. moniliforme F. oxysporum F. culmorum F. graminearum F. lolii F.sambucinum  F. sporotrichioides

Distribution of fungal species from the genus Fusarium by pathogenicity (a) and phytotoxicity (b), %.
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accumulate dangerous toxins in plant tissues. The results of
similar studies were previously obtained by us when detecting
pathogenic and phytotoxic activity of fungi from the genus
Fusarium isolated from affected wheat plants. Isolates of
F culmorum, F. graminearum, F. heterosporum, F. oxysporum
isolated from wheat had a wide intraspecific diversity accord-
ing to these characteristics. Among them, as well as on corn,
isolates of pathogens with different levels of pathogenic and
phytotoxic activity were found (Zhemchuzhina et al., 2021).

The nature of the effect of FCF strains of fungi F gra-
minearum, F. heterosporum, F. fujikuroi, F. solani and F. redo-
lens on barley seedlings is characterized by high phytotoxicity,
and F. avenaceum, F. poae, by weak phytotoxicity. Of all the
listed species, F. sporotrichioides and F. sambucinum isolates
turned out to be the most pathogenic and phytotoxic on barley.
In F culmorum and F. oxysporum species, in contrast to those
isolated from corn, the frequency distribution of all categories
of pathogenicity and phytotoxicity was approximately the
same (Kolomiets et al., 2018).

Thus, as a result of mycological studies conducted on af-
fected maize samples from the Voronezh region, the State
Collection of phytopathogenic microorganisms of ARRIP was
replenished with 55 strains of fungi belonging to seven types
of pathogens from the genus Fusarium. The selected strains
of phytopathogens, stable in morphological and cultural cha-
racteristics, characterized by pathogenicity and phytotoxicity,
have been stored for long-term storage using lyophilization
and cryopreservation methods.
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