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The application of Vavilov’s approaches to the phylogeny
and evolution of cultivated species of the genus Avena L.

L.G. Loskutov’ 2@, A.A. Gnutikovl, E.V. Blinoval, A.V. Rodionov? 3

T Federal Research Center the N.I. Vavilov All-Russian Institute of Plant Genetic Resources (VIR), St. Petersburg, Russia
2 Saint Petersburg State University, St. Petersburg, Russia

3 Komarov Botanical Institute of the Russian Academy of Sciences, St. Petersburg, Russia
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Abstract. The central problem that Vavilov was investigating was the overall concept of global plant genetic re-
sources. The theoretical basis of this concept consisted of the law of homologous series in variation, research on
the problem of species as a system, botanical and geographical bases of plant breeding, and the key theory of the
centers of origin of cultivated plants. The VIR global collection of plant genetic resources collected by Vavilov and his
associates from all over the world reflects the fullness of botanical, morphological and genetic diversity, and can be
used for historical, evolutionary, phylogenetic and applied breeding research aimed at unlocking the potential of all
the collection material. The whole diversity of cultivated oats, as was proved by Vavilov, had originated from segetal
weeds. This process can be clearly traced in Spain on the example of the cultivated diploid species A. strigosa, A. abys-
sinica in Ethiopia, A. byzantina in Turkey and Iran, and on segetal forms of A. sativa. The studies of the morphological
features as a whole do not yield a complete picture of the evolutionary and systematic status of some oat species
and forms. The methods and approaches that use DNA markers and genomic technologies, and are promising for
the study of oat polymorphism and phylogeny have been actively researched recently. A number of works devoted
to the molecular aspects of the evolution and phylogeny of the genus Avena have recently appeared. The research
uses various markers of genes, gene regions, intergenic spacers (internal and external), both nuclear and chloroplast
and mitochondrial, genomic approaches and other modern methods. On the basis of a comprehensive study of the
complete intraspecific diversity from different zones of the distribution range of cultivated oat species as well as on
the basis of an analysis of data on the geography of forms and species distribution ranges, it was established that the
process of hexaploid species formation also took place in the western part of the Mediterranean, and subsequently,
when moving eastward, these forms started occupying all the vast spaces in the region of the Southwest Asian center,
forming a large intraspecific diversity of wild forms and weedy ones in transit to cultivated hexaploid oat species. An
analysis of the intraspecific diversity of landraces has specified the centers of morphogenesis of all cultivated oat spe-
cies. The phylogenetic analysis of the representative intraspecific diversity of cultivated and wild Avena species car-
ried out using next generation sequencing (NGS) showed that diploid species with A-genome variants are in fact not
primary diploids, but a peculiar Mediterranean introgressive hybridization complex of species that sporadically enter
into interspecific hybridization. It was established that the tetraploid cultivated species A. abyssinica had most likely
originated from the wild A. vaviloviana. An analysis of the ways of A. sativa and A. byzantina domestication showed
that the most widespread ribotype of the A. sativa hexaploid was inherited from A. ludoviciana, and the second most
widespread one, from A. magna, while A. byzantina has two unique ribotype families, most likely inherited from an
extinct oat species or a still undiscovered cryptospecies.

Key words: Avena species; center of origin; itraspecific diversity; law of homologous series; NGS methods; sequences;
VIR global collection.

For citation: Loskutov 1.G., Gnutikov A.A., Blinova E.V., Rodionov A.V. The application of Vavilov’s approaches to the
phylogeny and evolution of cultivated species of the genus Avena L. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov
Journal of Genetics and Breeding. 2023;27(8):921-932. DOI 10.18699/VJGB-23-107
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The application of Vavilov's approaches to the phylogeny
and evolution of cultivated species of the genus Avena L.
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MN3MEHUYMBOCTY, pa3paboTka Npobnembl BuAa Kak CUCTeMbI, 6OTaHUKO-reorpadryeckme 0OCHOBbI CENEeKLUMMN 11 TEOPUS LieH-
TPOB NPOVCXOXAEHNA KYNbTYPHbIX pacTeHuid. CobpaHHasa H./. BaBMnoBbIM 1 ero copaTHMKaMn CO BCEX YFONIKOB MMpa
KOMNeKUUA reHeTNYeCKrX pecypcoB pacteHnii BUP, npepctasnatowan BCto NofaHOTY 60TaHNYeCKoro, Mophonornyeckoro u
reHeTnYecKoro pa3Hoobpasus, No3BONAET MPOBOAUTL UCTOPUYECKIE, SBOIOLMOHHbIE, unoreHeTuYecKne 1 NpuknagHble
ceneKkuMOHHbIe NCClieAoBaHNA, HanpaB/ieHHbIe Ha PAcKpbITUe NOTeHLMana BCero KoNNeKLMoHHOro matepuana. lfonoxe-
HuA H./. BaBnnoBa no KOMMIEKCHOMY aHanu3y BCEro BUAOBOrO U BHYTPMBUAOBOrO PasHOOOpasuna KynbTyPHbIX U BUKNX
BVAOB AaloT BO3MOXHOCTb CleNaTb BEPHble BbIBOAbI MPU U3YUYEHUM COXHBIX SKONOormyeckn anddepeHumnpoBaHHbIX BU-
[IOBbIX CUCTEM, CBA3aHHbIX B CBOeM GOPMMPOBAHNN C ONpefeneHHo cpefion 1 Bo3aencTBuemM otbopa. Bce pasHoobpasue
BMAOB Ky/NbTYPHOIO OBCa, Kak Obifo aokasaHo H./. BaBnnoBbIM, UMeeT COPHO-NONEBOE NPONCXOXKAEHME. ITOT npoLecc
MOXHO HarnAagHo nNpocneanTtb B VicnaHum — Ha NpumMepe KynbTypHOro gunnouaHoro suga Avena strigosa, B duonmm —
A. abyssinica, B Typuun n Upaxe - A. byzantina n Ha copHo-noneBbix opmax A. sativa. VizyueHne komnnekca mopdonorunye-
CKUX MPW3HAKOB He AaeT MNOSIHOro NpefcTaBieHna 06 3BOIIOLMOHHOM M CUCTEMATUUYECKOM MOSIOXKEHNM HEKOTOPbIX BUAOB
1 dopm oBca. [1na nccnegoBaHus nonumopdrama, GrnoreHnn 1 3BoIOLNK OBCA NEPCNEKTUBHbI akTUBHO pa3pabaTbiBae-
Mble B HacTosLLee BpeMsl MeTOAbI U NoAXoabl C ncnonb3oBaHnem [JHK-mapKkepoB 1 reHOMHbIX TexHonorui. lNossunca pag
paboT, 3aTparvBaloLLMX MONeKyNsApHble acNeKTbl 3BonoLnn 1 dunoreHumn poga Avenad. B nccnefoBaHUAX NCNOMb3YIOT pas-
NNYHbIE MapKepbl FreHOB, YHaCTKOB FreHOB, MEXIeHHbIX CreicepoB (BHYTPEHHMX U BHELLIHUX), KaK AAEPHbIX, Tak 1 XJ10pO-
NAACTHbIX U MUTOXOHAPWAJIbHBIX, FEHOMHbIE NOAXOAbI U ApYyrme COBpemMeHHble MeToAbl. Ha ocHoBe KOMMMEeKCHOro n3y-
YeHUA MOJNTHOTO BHYTPVBMOBOIO pasHOO6pasysa U3 pasHbIX 30H apeana KyNbTYPHbIX BYAOB OBCA U aHanv3a AaHHbIX Mo
reorpaduryeckomy pacnpegeneHuto apeanos ¢opm 1 BULOB YCTaHOBNEHO, YTO NpoLecc GOpMUPOBaHNA reKcanaongHbIX
BMAOB LUeN TakXKe B 3anagHoi yactn Cpefn3eMHOMOPbS, U 3aTeM Mpu MPOABMKEHUM Ha BOCTOK 3T GpOpMbI CTanu 3a-
HMMaTb 3HauUWTEeNbHbIe MPOCTPAHCTBA B panoHe tOro-3anagHoro A3naTckoro LeHTpa, obpasya 6onbluoe BHYTPMBMAOBOE
pa3Hoobpasme AUKMX U NepexofHbIX COPHbIX GOPM K KyNbTYPHbIM BUAAM FreKkcannongHoro oeca. B pesynbrate aHanusa
BHYTPUBULOBOrO pasHoobpasna CTapOMECTHbIX COPTOB Obli YTOUHEHbI LieHTpbl GOpMO0Opa3oBaHNA BCeX KyNbTYPHbIX
BMAOB oBca. OCyLLeCcTBIEHHbIN C MOMOLLbIO MeTOAa CEKBEHMPOBaHWA criepytowero nokonenuna (NGS) ¢unoreHetnyecknin
aHanM3 NpefCcTaBUTENIbHOTO BHYTPUBMAOBOIO Pa3HOOOPasmns KynbTypHbIX Y QUKUX BUGOB pofa Avena nokasasn, uyTo au-
nnounaHble BMAbl C BapraHTamMu reHoma A B AeCTBUTENbHOCTM ABAAIOTCA HE MEPBUYHBIMU VUMNIOMAAMY, @ CBOEOOPa3HbIM
Cpean3eMHOMOPCKUM UHTPOTrPECCUBHO-TMOPUAN3ALMOHHBIM KOMMIEKCOM BUAOB, CNOPaANYeCcKy BCTYMAOLWMX B MEXBU-
[0Bble CKpeLLnBaHMA. YCTaHOBIIEHO, UTO TETPANIOULHbIA KynbTypHbIA BUA A. abyssinica, BepoAaTHee Bcero, NPOVNCXOANT
oT ankoro Buaa A. vaviloviana. AHann3 nyTei ogoMallHMUBaHNA KyNbTYPHbIX BUAOB OBca A. sativa n A. byzantina nokasan,
yTO Hambornee MaccoBbIl pmboTn rekcannonga A. sativa yHacnepgoBaH oT A. ludoviciana, a BTOpoi Mo MaccoBoCTU — OT
A. magna, B T0 xe Bpems A. byzantina obnafaeT ByMsl YHUKaNbHbIMM CEMeNCTBaMK prOOTUMNOB, CKOPee BCEro, yHacneo-
BaHHbIMM OT BbIMEPLUEro BrAa OBCA WY KPUNTOBWAA, A0 CEFOAHALIHENO AHA HE OOHAPYKEHHOTO.

KnioueBble cfioBa: BMAbI OBCA; LEHTPbI MPOUCXOXKAEHWS; BHYTPVBMAOBOE Pa3sHOObpasye; 3aKOH FOMOIOrMYeCKnxX pAaaos;
NGS cekBeHnpoBaHue; MupoBas Konnekuusa BUP.

Introduction

When considering the scientific heritage of Nikolai Iva-
novich Vavilov, it is notable how his studies as a plant
grower, breeder, botanist and ethnographer are intertwined
and complement each other. It is impossible to draw
boundaries between his works on breeding, plant grow-
ing and genetics. This feature of his scientific style is of
great importance, as it marks a turn in theory and research
methods. He always took new paths and regarded the world
of plants he was studying from a new, still unknown point
of view.

The central problem N.I. Vavilov was investigating was
the overall concept of the global diversity of plant genetic
resources. It included a number of his major theoretical
generalizations, which determined new paths in the theory
of introduction and applied botany, brought world fame to
Vavilov and played a prominent role in the development
of genetics and agricultural crop breeding throughout the
world. The theoretical basis of this concept was the law
of homologous series in variation, developments of the
problem of species as a system, botanical and geographical
foundations of breeding, and the theory of the centers of
origin of cultivated plants (Loskutov, 1999, 2009).

922

The main ideas that were dominant in N.I. Vavilov’s
works were the idea of plant world evolution, and the idea
of botanical geography and the sequence of variability
stages in space and time, characteristic of cultivated and
wild plant species (Vavilov, 1997).

The sources of N.I. Vavilov’s special approach to the
study of vast plant material are found in the creative work
of his great predecessors, namely Alphonse De Candolle
and Charles Darwin. It is noteworthy that Vavilov’s book
“Studies on the Origin of Cultivated Plants” (1926) began
with the words “Dedicated to the memory of Alphonse de
Candolle, author of “Géographie botanique raisonnée”,
1855, “La phytographie ou I’art de décrire les végétaux
considérés sous différents points de vue”, 1880, “Origine
des plantes cultivées”, 1882”.

In his article “The theory of the origin of cultivated plants
after Darwin” (1940), N.I. Vavilov noted that in his ap-
proach to the variability and evolution of cultivated plants,
Darwin relied primarily on the works of A. De Candolle,
but unlike him, Darwin was interested in the evolution of
species, in hereditary changes that a species introduced
into cultivation had undergone, while De Candolle was in-
terested in establishing the homeland of cultivated plants.
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Unlike De Candolle, Vavilov, like Darwin, paid great atten-
tion to both the main areas of the species origin and the
evolutionary stages the species were passing during their
spreading influenced by cultivation, environmental condi-
tions, and natural and artificial selection. Based on the main
provisions of the theories of Darwin and De Candolle,
N.I. Vavilov formulated tasks for research designed for a
long period of time. N.I. Vavilov conceived a systematic
study of the genetic diversity and origin of the most im-
portant crops, encompassing all the evolutionary stages,
from the primary areas where connections with wild forms
can still be traced and where phylogenetic relationships
between various wild species and cultivated forms can be
established, tracing further historical distribution of species,
up to the final aspects of modern breeding (Vavilov, 1992).

Nikolai I. Vavilov noted that evolution proceeded in
space and time; which means that only by closely ap-
proaching the geographical centers of morphogenesis,
having discovered all the links connecting the species, one
can search for ways to master the synthesis of Linnaean
species, with the understanding of the latter as systems of
forms that have a huge intraspecific diversity of alleles.
The problem of speciation itself was considered by Vavilov
not as a problem of the formation of separate races, which,
according to Darwin, were separating into specific spe-
cies, but as a process of the origin of complex, genetically
and phenotypically diverse populations, representing true
Linnaean species, for each of which and for each related
group of which its own spectrum of morphological and
physiological variability is characteristic (Vavilov, 1992).

The discovery of the centers of origin of cultivated plants
by Vavilov in 1926 is so significant, as it opens a possibi-
lity of finding in these areas valuable genetic diversity of
plant forms that are most adaptive to various environmental
conditions and are represented by heterogeneous popula-
tions (Vavilov, 1992).

In the primary centers, diverse and sometimes opposite
genetic processes can take place simultaneously and inde-
pendently of each other, leading to a mismatch between
the centers of plant origin and the centers of the greatest
intraspecific genetic diversity. These are the centers where
the majority of dominant alleles of genes are concentrated.
The zones of recessive forms concentration are the areas
of intense mutational morphogenesis, which are located on
the periphery of the centers of origin. An analysis of domi-
nant and recessive forms ratio within species in a certain
geographical area can reveal the level of morphogenesis,
the rate and stage of species evolution (Vavilov, 1992).

Summing up his fruitful work on speciation, N.I. Vavilov
published the work entitled “The Linnean species as a sys-
tem”, the main provisions of which were reported in 1930
at the 5th International Botanical Congress in Cambridge
(Great Britain) (Vavilov, 1931). Here, the concept of the
Linnean species as a regular system of forms, pheno-
typically, physiologically and genetically variable within
certain limits, is very significant both for the practical
purposes of studying cultivated plants and for studying the
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main issues of the evolutionary process. It was possible to
come close to studying this process only with the under-
standing of the Linnaean species in its diversity, and not
as a monotypic species described from a few specimens,
in the way it was customary to describe species. The main
problems of evolution could not be resolved without tak-
ing into account the species as a complex system of forms
(genotypes). The genetics of individual species gives an
idea of the hereditary nature of a species only when it is
based not on a few random specimens or crop varieties,
but on the definitely and carefully chosen, though it may
be selective, material (Vavilov, 1992).

The global collection of plant genetic resources collected
by N.I. Vavilov and his associates from all over the world
reflects the fullness of botanical, morphological and genetic
diversity. It has been preserved by the VIR staff in the most
difficult periods of history, and now it makes it possible to
conduct historical, evolutionary, phylogenetic and applied
breeding research aimed at unlocking the potential of all
the material in the collection (Loskutov, 2009).

According to Nikolai I. Vavilov, a species is a complex,
mobile, isolated morpho-physiological system associated
in its genesis with a certain environment and distribution
range, subject to the law of homologous series in variation
(Vavilov, 1992). To determine the system of a species, it
is necessary to study the complete intraspecific diversity
from different parts of the distribution area and establish the
range of variability of characters in different environmental
conditions. These provisions constitute a theoretical basis
that makes it possible to predict the discovery of various
plant forms and explains how the system of hereditary
forms of a species evolves according to growing condi-
tions. The law of homologous series helps to establish solid
foundations for the taxonomy of cultivated plants, gives an
idea of the place of each systematic unit in the vast wealth
of the plant world. Therefore, a real intraspecific classifi-
cation should be based on an integrated approach to the
concept of the rank of a botanical variety as an objective
unit of complex polymorphic species systems. N.I. Vavi-
lov emphasized the complexity of the species system as a
whole, consisting of connected and mutually penetrating
parts, forms and genotypes, in which he points to the facts
associated with the genus Avena L. (Vavilov, 1951).

N.l. Vavilov about evolution and phylogeny

of the genus Avena

In his works, Vavilov paid great attention to the evolution
and phylogeny of the entire genus Avena L. In 1927, he defi-
nitely spoke of four main genetic groups of cultivated oats
related by origin: 4. sativa L. — A. fatua L.; A. byzantina
K. Koch — A. sterilis L.; A. strigosa Schreb. — A. barbata
Pott; and A. abyssinica Hochst. Particularly intricate was
the first, extremely polymorphic group of 4. sativa, the ori-
gin of which is associated with Asia (Vavilov, 1992). This
point of view began to dominate in all studies, in contrast
to the opinion about the European origin of cultivated oats
(Ladizinsky, 1989).
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From the genetic point of view, oats (4vena L.) have not
been sufficiently studied compared to other cereal crops.
A systematic study of varietal diversity and individual
species of the genus provides general information on the
localization of the centers of their morphogenesis, evolu-
tion, and domestication (Loskutov, 2007). Avena species are
characterized by great morphological and eco-geographical
diversity, and landraces are highly adaptable. Since the
early 20th century, the world literature has accumulated
a significant amount of data on numerous forms and spe-
cies of the entire genus, and on the centers of their greatest
diversity and origin (Malzew, 1930; Baum, 1977; Vavilov,
1992; Rodionova et al., 1994; Loskutov, Rines, 2011;
Ladizinsky, 2012).

Landraces, including Mediterranean ones, collected
during the expeditions of N.I. Vavilov and his associates,
were researched in the 1930-1950s and have not been
studied in detail by now (Mordvinkina, 1960). Nowadays,
many problems remain completely unresolved; there is no
consensus on the origin, systematic status, relationships and
ways of cultivation of oat species. Comparative studies of
(landraces and segetal) varieties and wild species of oats
from the evolutionary, taxonomic and breeding points of
view are caused by the great interest of breeders in their
practical use.

The determination of the areas of origin and morpho-
genesis in oat species employs the differential botanical-
geographical method investigated and widely used by
N.I. Vavilov. The essence of this method is in the determi-
nation of a wide intraspecific diversity when analyzing the
differentiation of some plant species into botanical varieties
and genetic groups, in elucidating the nature of the distribu-
tion of the hereditary diversity of forms of a given species
within the distribution range, with the establishment of
geographical centers of accumulation of this diversity and
geographical localization of the morphogenetic process
(Vavilov, 1992). The analysis of collection accessions
showed that all the considered forms of oats belonging to
individual species were characterized by morphological
features and certain distribution ranges.

According to N.I. Vavilov, it is impossible to reduce the
origin of cultivated oat species to a single geographical
center. Cultivated oat species (diploid and polyploid) are
undoubtedly of polyphyletic origin. Some species, in all
likelihood, entered cultivation independently. In any case, it
would be erroneous to consider cultivated oats definitely as-
sociated only with Europe. The presence of endemic hulled
and naked groups of 4. sativa in China, wide distribution
of wild and weedy A. fatua and A. ludoviciana Durieu in
Turkestan, Bukhara, Afghanistan, Persia, the Transcauca-
sus, and Armenia, the presence of many original groups
of cultivated and wild oats there testify to the participation
of Asia in the formation of the A. fatua—A. ludoviciana—
A. sativa group of hulled and naked forms (Vavilov, 1992).

The whole diversity of cultivated oats, as shown by Va-
vilov (Vavilov, 1992), had originated from segetal weeds.
With the spread of the species northward or to the high-
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lands, to more harsh and humid growing conditions, oats
eventually replaced the main crops (among which it had
originally been only a weed plant), and itself became a
proper cultivated plant. This process can be clearly traced
in Spain on the example of the cultivated diploid species
A. strigosa, on A. abyssinica in Ethiopia, A. byzantina in
Turkey and Iran, and on segetal forms of A. sativa convar.
asiatica (Vavilov) Rodionova et Soldatov and A. sativa
convar. volgensis (Vavilov) Rodionova et Soldatov (Los-
kutov, 2007).

Intraspecific diversity of cultivated oats species
According to the classification of N.A. Rodionova et al.
(1994), the cultivated diploid 4. strigosa is divided into
three subspecies, i. e. A. strigosa (Schreb.) subsp. strigosa,
A. strigosa subsp. brevis (Roth) Husn., and A. strigosa
subsp. nudibrevis (Vavilov) Kobyl. et Rodionova, which are
clearly geographically differentiated. Of the 15 identified
botanical varieties in the entire 4. strigosa species, 8 were
found among native specimens from Spain and 11 among
specimens from Portugal. In total, 13 botanical varieties are
found on the Iberian Peninsula, most of which are endemic
to this region. The greater part of diverse forms of this spe-
cies was distributed in Spain, Portugal, Germany and Great
Britain; besides, individual forms originated from a number
of other European countries. Thus, the center of origin
and diversity of the diploid cultivated species 4. strigosa
is the Iberian Peninsula, where both its wild relatives and
probable progenitors, the diploid species 4. hirtula Lag.
and A. wiestii Steud., are widespread (Loskutov, Rines,
2011). According to archaeological data collected by
AL Malzew (1930), 4. strigosa was the first oat species
that was cultivated in Europe already in the Neolithic era,
i. e. about 1500 BC.

The tetraploid cultivated species A. abyssinica that in-
fests barley and wheat fields is currently cultivated to a
limited extent, although it has a cultural type of caryopses
articulation that prevents their shattering when ripe. In
addition to this endemic species, only tetraploid species
A. vaviloviana (Malzew) Mordv. and A. barbata of the
wild ones grow in Ethiopia. 4. abyssinica shares many
features with A. vaviloviana and is considered to be its
cultural counterpart.

All of the small intraspecific diversity of six forms in the
rank of botanical varieties of A. abyssinica is found only in
the present-day Ethiopia (Rodionova et al., 1994). Accord-
ing to A.l. Malzew (Malzew, 1930), the Ethiopian center
of diversity of tetraploid oat species is a secondary one,
and the forms distributed in it had links with the Mediter-
ranean center of origin in the early historical epoch. The
secondary status of this center is also proved by the fact
that two related species, A. vaviloviana and A. abyssinica,
have a purely spring type of growing, which is secondary
to the winter type of growing. Apparently, these two spe-
cies, having found the most favorable climatic and soil
conditions in Ethiopia, south of the Mediterranean center,
spread there and could not advance further due to more
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harsh arid climatic conditions in the countries adjacent to
Ethiopia (Loskutov, Rines, 2011).

The hexaploid cultivated species A. byzantina, accord-
ing to N.A. Rodionova et al. (1994), numbers 15 botanical
varieties, 9 of which were found among landraces from
Algeria, 8 from Morocco and Turkey each, 7 from Greece,
6 from Israel, and 5 from Spain and Italy each; the rest of
the countries where this species was distributed had from
one to three botanical varieties. It was noted by N.I. Vavilov
that the main area of diversity of this species is concen-
trated on the Mediterranean coast of North Africa (Vavilov,
1992). Therefore, the primary center of morphogenesis in
A. byzantina is the territory of Algeria and Morocco, where
its greatest local botanical diversity is concentrated, while
the presence of a large number of intermediate forms in
Turkey indicates that this region is a secondary center of
diversity for this species (Loskutov, 2007).

A study of the intraspecific diversity of the collection
of the hulled forms of the hexaploid cultivated species
A. sativa L. showed that segetal forms of this group of bo-
tanical varieties, numbering about 130 landraces in the
N.I. Vavilov All-Russian Institute of Plant Genetic Re-
sources (VIR) collection, are localized on the territory
of Iran, Georgia and the Russian Federation (Dagestan,
Tatarstan, Bashkortostan and Chuvashia). This group of
forms weeding crops was characterized by primitive or
transitional features and had a clear confinement to certain
distribution ranges. An analysis of the data on the compo-
sition of botanical variety of landraces in the collection
showed that the forms of 4. sativa subsp. sativa convar.
asiatica (Rodionova et al., 1994) demonstrated the greatest
diversity only in Iran and Georgia, where all three botanical
varieties characterizing this group were identified, while
in the Russian Federation (Dagestan), only one botanical
variety from this group was identified.

In addition, a form belonging to a botanical variety from
the group A. sativa subsp. sativa convar. volgensis (Rodio-
nova et al., 1994) and representing a link between the two
groups of varieties was found here. The group of 4. sativa
subsp. sativa convar. volgensis itself has four botanical
varieties, the greatest diversity of which is confined to the
Russian Federation. All four botanical varieties were found
in Tatarstan, three were found in Bashkortostan, Chuvashia
and Ulyanovsk province, two in Udmurtia, and only one in
Kirov and Saratov provinces, and Mordovia each. In other
regions of distribution of hulled oats, these forms are not
found. Apparently, it was from the South-Western Asiatic
center via [ran and further through Georgia into the Russian
Federation (Dagestan, Saratov and Ulyanovsk provinces,
Tatarstan, Chuvashia, and Bashkortostan) that the hulled
forms of A. sativa subsp. sativa started first weeding crops,
then entering cultivation and spreading in all directions
(Loskutov, 2007).

Another subspecies, A. sativa subsp. nudisativa (Husn.)
Rodionova et Soldatov, or naked forms of hexaploid oats
(Rodionova et al., 1994), originated from China, as stated
by Vavilov (Vavilov, 1992). It is known from the literary
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sources that naked oats were widespread in China already
in the 5th century AD (Zukovskij, 1962). Eastward from the
main center of diversity, the growing conditions changed,
resulting in the appearance of naked mutations of 4. sativa,
which settled in new habitats. Thus, a cycle of transition
of forms of the wild, cultivated hulled and naked types is
observed here for both 4. sativa and A. strigosa. The last
type, being a recessive mutation, appears at a distance from
the territory of the main diversity of the closely related
hulled forms.

An analysis of data on intraspecific diversity of landraces
of naked cultivated hexaploid species 4. sativa, number-
ing over 40 accessions, showed that out of four botanical
varieties identified in the VIR collection (Rodionova et
al., 1994), all four were identified among accessions from
Mongolia, three among those from China and two among
those from the adjacent Krasnoyarsk Territory in the Rus-
sian Federation (Loskutov, 1999). Two most common
botanical varieties 4. sativa subsp. nudisativa var. iner-
mis Koern. and A. sativa subsp. nudisativa var. chinensis
Doell. are characteristic of accessions from other regions.
Consequently, the center of diversity of naked hexaploid
oat forms is a region in Mongolia and northwestern China.

DNA markers and genomic technologies

in evolution studies of Avena species

Studies of a complex of morphological features do not
yield a complete picture of the evolutionary and systematic
status of some species and forms of oats. The methods and
approaches that use DNA markers and genomic technolo-
gies and are currently undergoing active development are
promising for the study of polymorphism and phylogeny
of oats.

Recently, there has been a number of works dealing with
the molecular aspects of the evolution and phylogeny of the
genus Avena (Fu, 2018; Peng et al., 2018, 2022; Latta et
al.,2019; Ahmad et al., 2020; Liu et al., 2020; Fominaya et
al.,2021; Jiang et al., 2021; Yan et al., 2021). These studies
use various markers, such as the ITS1-5.8S rRNA-ITS2
sequences (Rodionov et al., 2005; Nikoloudakis et al.,
2008; Nikoloudakis, Katsiotis, 2008; Tyupa et al., 2009),
and external transcribed spacers (Rodrigues et al., 2017).
These works have clarified a number of relationships be-
tween Avena species with different genomes (see the Table).

When studying the relationships of hexaploid 4. sativa,
A. sterilis and diploid A. strigosa, retrotransposons and ITS
sequences were used. An analysis of the ITS sequences
showed very high homology in all three species, but FISH
(fluorescent in situ hybridization) revealed differences in
the position of nucleolar organizers (containing rDNA).
According to the pattern of retrotransposon polymorphism,
the hexaploid 4. sativa turned out to be closer to A. sterilis
than to the diploid A4. strigosa (Tomas et al., 2016). Diploid
wild species with their greatest diversity of forms in the
western Mediterranean, presumably gave rise to the culti-
vated species A. strigosa, which is most widely distributed
in the Iberian Peninsula. The wild species 4. hirtula and
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Speciation in the genus Avena L. (Loskutov, 2007)

The application of Vavilov's approaches to the phylogeny
and evolution of cultivated species of the genus Avena L.

Section Species Genome  2n
W,|d ......................................................................................................................... Cu|tlvated ......................
floretdisarticulation spikelet disarticulation

Anstu/ame(Ma|ZeW) ..... AdaudaDuneu ...................................... Ap,IOSGMB ................................................................................ Cp ................ 14 .......

R Bl
A. longiglumis Durieu Al
AdamascenaRajhathy&BRBaum ............................................................................................................ Ad ...........................
A p,ost,a taLadlZ .......................................................................................................................................... Ap ...........................
AW,est”Steud ....................................... Aaﬂan“mBRBaum&Fedak .................................................... AS ............................
A h”,tu,a Lag ......................................................................................................... A Smgosa SChrEb .. ..........................................
AbarbamPOtteXLmk .................................................................................................................................. AB ................ 28 .......
. A Vav,low a n a (Ma |Zew) Mord V ............................................................................ A abyss m ,Ca HOCh St .....................................

Avenae ............................................................................................ AvenmcosaBalansa .................................................................... CV ................. 14 .......
................................................................... AerhnSIanaGruner
................................................................... Acana,,enS,sBRBaumAc

Rajhathy & D.R. Sampson
................................................................... Aagad,,,anaBRBaum&FedakAst
................................................................... AmagnaHCMurphy&Terre”Ac
................................................................... Amu,phy,Ladlz
................................................................... A,nsu/a,,sLadleU
AfatuaL ................................................. Aste”hSL ............................................. AbyzammaKKOCh ...... ACD ............. 42 .......

A. wiestii most likely gave rise to the autotetraploid species
A. barbata (Holden, 1979; Thomas, 1995).

Studies of the origin of polyploid oat species by the com-
parative analysis of the characteristics of the genome and
DNA markers do not make it possible to draw unambiguous
conclusions. For instance, C. Li et al. (2000) examined the
occurrence of the species-specific satellite DNA ASS49
in 40 microsatellites and 4 minisatellites in diploids and
polyploids in order to determine the species that was the
diploid and tetraploid ancestor of the hexaploid oat. This
comparison showed that the Ac genome of the diploid
A. canariensis B.R. Baum, Rajhathy & D.R. Sampson is
a more probable ancestral genome for A subgenomes of
hexaploids rather than A. strigosa, which is usually re-
garded as such.

However, studies of other polymorphic markers give
different results. For instance, the AFLP patterns of di-
ploid, tetraploid, and hexaploid oat species show that it is
not A. canariensis, but A. wiestii that is a more probable
donor of A genomes for hexaploids with an ACD genomic
constitution (Fu, Williams, 2008).

DNA samples were used to study the order of nucleo-
tide sequences in species with different chromosome sets.
The pAs102 probe obtained from A. strigosa (As) during
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in situ hybridization showed that sequences complemen-
tary to this probe are found in diploids with the A and
C genomes, in tetraploids with the AC genome, and in
hexaploids with the ACD genome. On the other hand,
homologous sequences of the pAs102 probe were found
in A. strigosa, A. longiglumis Durieu and 4. sativa. A not
very precise sequence is present in A. murphyi Ladiz. and
is completely absent in other diploid species with the A and
C genome variants (Linares et al., 1996, 1998).

It is assumed that the tetraploid wild species 4. vavilo-
viana (A. abyssinica being its cultivated analog) is similar in
some morphological features to the hexaploid wild species
A. occidentalis Durieu originally found in Algeria. It has
been established that, according to some morphological
features, A. vaviloviana and A. abyssinica may be relics
of the ancient African flora (Baum, 1971). In addition,
B. Baum (1972) notes that morphological similarity was
found between three species, namely 4. vaviloviana, A. oc-
cidentalis and questionable from our point of view species
A. septentrionalis, which A.l. Malzew (1930) attributed
to the subspecies 4. fatua growing in Siberia. These spe-
cies are currently distributed on the territory in the form
of broken (disjunctive) relict distribution ranges, and thus
confirm the point of view, according to which the species
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ofthe genus Avena occupied entire (rather than fragmented)
and diverse distribution ranges in the recent geological past,
in comparison with the ranges of modern species (Baum,
1971; Rajhathy, 1971).

The genetic unity and interfertility of 4. barbata and
A. vaviloviana with A. abyssinica was confirmed by a
genetic study of hybrids. It is assumed that the weedy spe-
cies A. barbata, brought to Ethiopia together with barley
grain, gave rise to the cultivated species 4. abyssinica,
which infests barley crops to this day (Thomas, 1995).
On the basis of the material for the study and analysis of
interspecific crossings, chromosome structure, morphologi-
cal, biochemical characters and geographical distribution
of species, it was concluded that diploid species with the
As genome (hirtula-wiestii) were the ancestors of the
group of tetraploid species with the AB genome (barbata-
vaviloviana-abyssinica), or AA'. In turn, the last group,
evolutionarily unrelated to any other group of oat species,
is a lateral branch of the genus Avena (Rajhathy, Thomas,
1974).

According to F.A. Coffman (1977), the ancestor of the
diversity of cultivated hexaploid forms is 4. sterilis, origi-
nating from the Asian continent. Apparently, the cultivated
species A. byzantina originated from this species, and then
A. fatua, a malicious weed that infests cultivated crops, ap-
peared. The further consideration of the hexaploid species
evolution showed that when studying translocations in oat
chromosomes and the ratio of the geographical distribu-
tion of different forms using data cluster analysis, a high
degree of genetic relationship was noted between 4. by-
zantina accessions and forms of A. sterilis from northern
Mesopotamia, on the one hand, and A4. sativa accessions
and forms of 4. sterilis from eastern Anatolia, on the other
hand (Zhou et al., 1999).

Further studies of all hexaploid species showed that
translocations (97 %) were characteristic of 4. sativa, in
contrast to 4. byzantina (11 %). As aresult, it was suggested
that two cultivated species, A. sativa and A. byzantina,
were independently introduced into cultivation. A study
of A. fatua and A. occidentalis showed that most forms of
these species have the same translocations as A. sativa and,
therefore, are regarded as side branches of oat evolution
(Jellen, Beard, 2000).

Differences in genome size between species with differ-
ent ploidy levels were significant and depended on geno-
mic duplication, while differences in genome size within a
certain ploidy level were mainly due to different genomic
composition. The flow cytometry method made it pos-
sible to diagnose individual species and, in some cases, to
establish intergenomic relationships between them (Yan
etal., 2016).

By using 12 primer pairs of microsatellite markers of
the chloroplast genome, 70 accessions of 25 Avena spe-
cies from the VIR collection were analyzed. From 2 to
9 alleles were identified, and the average value of genetic
diversity (H) amounted to 0.479. The differences in the
length of alleles allowed the identification of 45 haplotypes.
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The most polymorphic were the diploid species A. erian-
tha Durieu (A. pilosa M. B.) and A. ventricosa Balansa
with the C genome, one of the diploid species with the As
genome (4. atlantica B.R. Baum & Fedak) and tetraploid
species A. insularis Ladiz. (AC genome) and 4. agadiriana
B.R. Baum & Fedak (AaBa genome). 4. insularis, which is
often regarded as the species closest to the hexaploid ones,
is probably the most primitive among the tetraploid species
with the AC genome, and cannot be the direct ancestor of
the hexaploid species. This study identified new informa-
tive markers for the analysis of the chloroplast genome
of the genus Avena and refined data on the phylogenetic
relationships of oat species (Yan et al., 2016).

Based on the sequenced and annotated reference oat ge-
nome, quantitative trait loci (QTLs), economically valuable
traits and those associated with grain quality in populations
of cultivated 4. sativa have been found and characterized.
Strong and significant associations have been found be-
tween the positions of candidate genes and QTLs that affect
heading date, as well as those that influence the concentra-
tions of oil and B-glucan in the grain (Tinker et al., 2022).

In 2022, the genomes of three species of the genus
Avena L. were completely sequenced; these were an allo-
hexaploid cultivated oat species (Avena sativa, AACCDD,
2n=6x=42) and two of its close wild relatives: diploid
A. longiglumis (AA, 2n=14) and tetraploid A. insularis
(CCDD, 2n=4x=28).

The publication of the results of the whole genome se-
quencing (Kamal et al., 2022) showed that the reference
genome of cultivated oats 4. sativa has a mosaic structure
that differs sharply from the genomes of other members
of the Poaceae family. This study showed that during the
formation of a hexaploid oat species, at least 226 Mb of
gene-rich regions from the C subgenome were translocated
into subgenomes A and D, which is associated not with
the loss of individual genes, but with a large number of
translocations in the latter. In contrast to hexaploid common
wheat, crosses between species with different ploidy and
alien introgressions were extremely complex in the genus
Avena, suggesting the presence of an incompatible genome
architecture, which is an additional barrier preventing ge-
netic improvement in 4. sativa. Average expression values
across transcriptome samples from six tissues showed that
C subgenome genes were slightly less expressed (32.32 %)
than those in the D (33.53 %) and A (33.76 %) subgenomes.
Anetwork approach revealed that genes from the C subge-
nome were found in divergent expression modules more
frequently than their A and D subgenome homoeologues
(Kamal et al., 2022).

Based on the sequenced and annotated reference oat ge-
nome, genome-wide recombination profiles were examined
to confirm the presence of a large unbalanced translocation
from chromosome 1C to chromosome 1A and a possible
inversion on chromosome 7D, which are typical for oats
(Tinker et al., 2022).

Subsequently, the time of divergence of three oat
subgenomes was calculated. The divergence time of the
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A subgenome was ~47.3 thousand years ago, the C sub-
genome, ~47.0 thousand years ago, and the D subgenome,
~53.3 thousand years ago (Nan et al., 2023).

A comprehensive evaluation

of the diversity of species of the genus Avena

using next generation sequencing (NGS) methods
A comprehensive study of a representative set of acces-
sions from the collection of the VIR, demonstrating a wide
ecological and geographical diversity of all four cultivated
and 21 wild species of the genus Avena L. with different
ploidy levels, showed that the diploid species 4. bruhnsiana
Gruner has a hybrid origin, i.e. is a notospecies, one of
the ancestors of which was A. ventricosa, and the second,
apparently, 4. clauda. The karyotype of 4. bruhnsiana is
diploid (2n = 14) (Loskutov, Abramova, 2006), therefore
it can be assumed that this is a homoploid hybrid. Judging
by the diversity of rDNA sequences, A. clauda itself is
probably also a homoploid hybrid: one of its main ribotypes
is identical to that of 4. pilosa, while the other is isolated
(Gnutikov et al., 2022b).

Therefore, out of the four studied diploid oat species
with the C genome, two are homoploid hybrids. It has
also been found that species with two nucleolar organi-
zers in the genome on different chromosomes often have
at least two ribotypes, while 4. ventricosa, which has one
nucleolar organizer (NOR), has only one ribotype. This
may indicate that rDNA homogenization proceeds within
one NOR more effectively than that at loci located on dif-
ferent chromosomes. Perhaps this is due to the fact that one
of the mechanisms of rDNA homogenization is associated
with the conjugation of homologous chromosomes and,
therefore, proceeds more effectively within one NOR than
between NORs located on different chromosomes (Eick-
bush T.H., Eickbush D.G., 2007; Sochorova et al., 2018).

Among the studied C genome species of oats, there is
one autotetraploid (2n = 28), perennial, cross-pollinated,
narrowly endemic species from Algeria, 4. macrostachya
Balansa & Durieu. This species is considered the most
ancient species of the genus Avena (Nikoloudakis, Katsio-
tis, 2008; Peng et al., 2008, 2010). Morphologically, this
perennial species is a primitive representative of the genus
Avena (Malzew, 1930). Some researchers even assigned it
to the genus Helictotrichon Besser (Holub, 1958). Avena
macrostachya differs from diploid oat species with the
C genome by a symmetrical karyotype with the predomi-
nance of equal-armed chromosomes, an absence of diffuse
heterochromatin, a predominantly pericentromeric location
of C-positive bands, as well as the size and morphology of
satellite chromosomes (Badaeva et al., 2010). As it turned
out, a symmetrical karyotype is not characteristic of diploid
species with the C genome. At the same time, large blocks
of C-heterochromatin in the pericentromeric regions of
chromosomes of this species indicate its relationship with
the C genome species. This confirms that the C genome of
A. macrostachya is of a special type, hence its designation
CmCm (Rodionov et al., 2005). It was also believed that
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A. macrostachya could have a previously undescribed EE
genome (Loskutov, 2007). Our analysis of NGS data for
18S-ITS1-5.8S rDNA sequences showed that 4. macro-
stachya ribotypes are comparatively far from other existing
C genome oats.

An analysis of the intragenomic rDNA polymorphism of
diploid oat species with different variants of the A genome
showed significant differences in the number of ribotypes,
haplotypes, nucleotide diversity indices, genetic distance,
and genetic differentiation (Rodionov et al., 2005).

The evaluation employed accessions with a high ecologi-
cal and geographical diversity, which represented all va-
riants of the A genome, 1. e. the As (4. atlantica, A. hirtula,
A. wiestii), Ac genome (4. canariensis), Ad (4. damascena
Rajhathy & B.R. Baum), Al (4. longiglumis), and Ar
(A. prostrata Ladiz.). Also, one species with the C genome,
A. clauda, was taken into analysis. Sequences of 169 acces-
sions revealed 156 haplotypes, of which seven haplotypes
are common for two to five species. Sixteen ribotypes were
identified, which consisted of a unique sequence with a
characteristic set of single nucleotide polymorphisms and
deletions. The number of ribotypes per species varied
from one in A. longiglumis to four in 4. wiestii. Although
most of the ribotypes were species-specific, two ribotypes
were found to be common for three species (one for
A. damascena, A. hirtula, and A. wiestii, and the other one
for A. longiglumis, A. atlantica, and A. wiestii), while a
third ribotype was common for 4. atlantica and A. wiestii.
A characteristic feature of the ribotype of A. clauda, a
species with the diploid C genome, is that two different
ribotype families were found in this species. Some of these
ribotypes are characteristic of species with the Cp genome,
while others are closely related to ribotypes of the As ge-
nome. [t means that A. clauda may be a hybrid of oats with
the As and C genomes.

Despite the fact that the studied species of the genus
Avena were diploids, it turned out that most of them con-
tained several different rDNA families. A comparative
study of rDNA patterns in individual species showed that
an rDNA pattern, as a rule, is mosaic and species-specific in
all cases. At the same time, oat species with the A genome
can reflect hybridization events that took place in their
evolutionary past as a way of their speciation (Loskutov
et al., 2021; Gnutikov et al., 2022a).

A large set of landraces with unique, so-called segetal
botanical varieties of cultivated oats was subjected to study.
These forms are specialized weeds of emmer wheat and
barley, which spread together with the grain of cultivated
plants and weed crops. All these botanical varieties form
a separate clade with a good level of support, while their
differences are small (p-distance from 0.003 to 0.02). All
of them are hexaploids with the ACD genome (Loskutov,
Rines, 2011), however, it should be remembered that
Sanger sequencing reveals only the most massive subge-
nome variant in the polyploid genomic set.

The NGS results revealed two ribotype families most
represented in terms of the number of sequences in the
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polyploid genomic set, which are common for almost all
studied botanical varieties related to A. fatua and A4. sativa.
These two ribotype families correspond to the sequences of
the A genome and the D (A") genome, which was previously
assumed to be a variant of the A genome (Loskutov, 2007).
At the same time, most of the ribotypes in these genomes
were common for all the studied accessions.

It is also of great interest that the C genome sequences
were not found in the general pool of hexaploid sequences;
they were located separately as a very small fraction,
probably strongly altered by the processes of post-hy-
bridization transformation. Similar data are confirmed by
cytogenetic studies. The FISH method showed that the
C subgenomes of polyploid oat species have lost most of
the rDNA, and only very weak 35S rDNA-positive signals
can be detected on them (Badaeva et al., 2010).

Using sequence-tagged DNA sequencing on the Ro-
che 454 platform, intragenomic polymorphism of one of
the 35S rRNA regions (18S rDNA fragment-ITS1-frag-
ment of 5.8S rDNA) in three hexaploid Avena species with
karyotypes AACCDD and the tetraploid species 4. insu-
laris (AACC or CCDD) has been studied (Rodionov et
al., 2020). Instead of the expected 50 % of C-variant ITS1
in 4. insularis and 33 % of C-variant ITS1 in hexaploids
A. fatua, A. ludoviciana, and A. sterilis, the actual rate of
C subgenome specific ITSs comprised around 3.3 % of
rDNA in 4. insularis and 1.4-2.4 % of rDNA in hexaploid
genomes. The 18S rDNA, ITS1 and 5.8S rDNA of the
C subgenome origin were 10 times more variable than the
same sequences from the A genome. Some of the C subge-
nome sequences contained deletions, including deletions
in the 18S rRNA coding region.

The results of FISH hybridization with pTa71 and
pTa794 confirm the fact that polyploids lost a significant
part of the 35S rDNA and 5S rDNA obtained from a diploid
ancestor with the CC karyotype. The sequences of the ITS1
C subgenomes of polyploid species are diverse, but among
them it is possible to single out the main (core) variant
approximately equidistant from the ITS diploids carrying
the Cv and Cp genomes. The results show that the loss of
35S rDNA C subgenomes occurs against the background
of'the accumulation of many single nucleotide substitutions
(SNPs) and deletions accumulation in these sequences. In
the “repressed” 35S rRNA loci of C subgenomes, multiple
mutations were apparently not accompanied by homogeni-
zation of rDNA. Hence, there is a reason to believe that
the processes of TDNA isogenization and the process of
transcription/silencing are related phenomena (Rodionov
et al., 2020).

Obtaining results using the method of locus-specific
next generation sequencing (NGS) on the Illumina plat-
form allowed for a phylogenetic analysis of representative
intraspecific diversity of cultivated and wild species of the
genus Avena. It has been established that diploid species
with the A genome (variants of Al, Ap and As genomes)
are in fact not primary diploids, but a kind of Mediter-
ranean introgressive hybridization complex of species
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that sporadically enter into interspecific hybridization.
It has been determined that the contribution of 4. ca-
nariensis (considered to be a donor of the A genome for
hexaploids) to the genomic constitution of hexaploids
(ACD) is insignificant, and according to our data, it is of
hybrid origin, as two ancestral species with close, but not
identical ribotypes, took part in its formation. It has been
established that the tetraploid cultivated species A. abys-
sinica most likely originated from the wild 4. vaviloviana.
At the same time, A. agadiriana, previously considered
as an ancestor to 4. abyssinica and its group of relatives,
forms separate unique subgenomes (ribotype families). An
analysis of the ways of domestication of three oat species
A. abyssinica, A. sativa, and A. byzantina showed that
the most widespread ribotype of the 4. sativa hexaploid
was inherited from A. ludoviciana, and the second most
widespread, from 4. magna H.C. Murphy & Terrell. The
cultivated species A. byzantina has two unique ribotype
families, most likely inherited from an extinct oat species
or cryptospecies, which has not been discovered until now
(Gnutikov et al., 2021, 2022¢).

On a representative set of oat species (Avena L.), the
origin of wild polyploid species was analyzed. The 18S—
ITS1-5.8S rDNA region was used for NGS analysis. In
polyploid oats, 15 major ribotypes were found (more than
1000 reads per rDNA pool). Pools of marker sequences
of polyploid oat species were compared with sequences
of putative diploid ancestors: 4. atlantica (As genome),
A. hirtula (As), A. canariensis (Ac), A. ventricosa (Cv), and
A. clauda (paleopolyploid with the Cp genome and rDNA
sequences related to the A genome). The results confirmed
some earlier hypotheses about the origin of the polyploid
species of the genus Avena. Tetraploid oats, which were
previously identified as species with the AC genome, do
have this genomic constitution. The data obtained do not
support the hypothesis of CD genome recruitment in the
tetraploid species A. magna, A. murphyi, and A. insularis.
At the same time, D genome sequences were not found in
tetraploid oats with the AC genome related to oats with
the ACD genome.

The sequences associated with the A genome may have
been inherited from the As genomic species A. atlantica,
while the sequences associated with the D genome were
already formed in the hexaploid oat or were taken from
an unknown ancestor related to A. clauda. 1t was found
that AB tetraploid oats may have inherited their A genome
ribotypes from A. atlantica (Asl ribotype), whereas their
B genome ribotype is specific and may be derived from the
A genome family. The A genome sequences in the ACD ge-
nome species of the genus Avena were probably inherited
from A. murphyi (AC). The sequences associated with the
C genome could be derived from the diploid species 4. ven-
tricosa. All hexaploid species show a different ribotype
pattern from tetraploids; the main ribotypes of A. fatua,
A. ludoviciana, and A. sterilis probably belong to the
D group and are also common with one of the main ribotypes
of the diploid species A. clauda (Gnutikov et al., 2023).
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Conclusion
Thus, on the basis of a comprehensive study of the complete
intraspecific diversity of cultivated oat species from diffe-
rent zones of the distribution range and analysis of data on
the geographical location of distribution ranges of forms
and species, it was confirmed that the place of the greatest
distribution and species morphogenesis in the genus Avena
is located in the western part of the Mediterranean center
of origin of cultivated plants, namely, on the territory of
the northwestern part of the African continent and partly
on the southwestern tip of Europe. It has been established
that the process of hexaploid species formation also pro-
ceeded in the western part of the Mediterranean, and then,
moving eastward, these forms began to occupy more and
more areas in the South-West Asian center, forming a large
intraspecific diversity of wild and weedy forms in transit
to cultivated hexaploid oat species. Based on the analysis
of the intraspecific diversity of landraces, the centers of
morphogenesis of all cultivated oat species were specified.
The phylogenetic analysis of the representative intraspe-
cific diversity of cultivated and wild Avena species, car-
ried out using NGS methods, showed that diploid species
with A genome variants are in fact not primary diploids,
but a peculiar Mediterranean introgressive hybridization
complex of species that sporadically enter into interspe-
cific hybridization. It was established that the tetraploid
cultivated species A. abyssinica had most likely originated
from the wild 4. vaviloviana. An analysis of the ways of
A. sativa and A. byzantina domestication showed that the
most widespread ribotype of the 4. sativa hexaploid was
inherited from A. ludoviciana, and the second most wide-
spread one — from A. magna, while A. byzantina has two
unique ribotype families, most likely inherited from an
extinct oat species or a still undiscovered cryptospecies.
Hexaploid wild species show a different pattern of ribotypes
than tetraploids; the main ribotypes of 4. fatua, A. ludovi-
ciana, and A. sterilis probably belong to the D group and
are also common with one of the main ribotypes of the
diploid species 4. clauda.
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Abstract. Wheat is one of three main food crops around the world, which has the largest distribution area due to its
adaptation to the different environments. This review considers polymorphisms and allelic variation of the vernaliza-
tion response genes Vrn controlling the major adaptation traits in wheats (the genus Triticum L.): growth habit (spring
vs. winter) and length of vegetative period (earliness). The review summarizes available information on the allelic
diversity of the Vrn genes and discusses molecular-level relationships between Vrn polymorphisms and their effect
on growth habit (spring vs. winter) and earliness (length vegetative period in spring plants) in di-, tetra- and hexa-
ploid wheat species. A unique attempt has been made to relate information on mutations (polymorphisms) in domi-
nant Vrn alleles to the values of the commercially most important trait “length of plant vegetative period (earliness)".
The effects of mutations (polymorphisms) in the recessive vrn genes on vernalization requirement in winter wheats
are considered, and this trait was formalized. The evolution of the winter/spring growth habit in the genus Triticum
species is discussed. A scheme of phylogenetic interactions between Vrn alleles was constructed on the basis of these
polymorphisms; the paper considers the possibilities to enhance the diversity of polymorphisms for the dominant
Vrn genes and their alleles using wheat related species and rarely used alleles and discusses the prospects of breeding
for improved earliness for concrete agroecological zones.
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AnnenbHOe pa3HoOOpasue reHoB Vin
11 KOHTPOJIb TUIA VI CKOPOCTY Pa3sBUTHS Y ITIIIEHNI]
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AHHoTauuA. MNweHULa, ABNAACL OJHOMN N3 TPEX OCHOBHBIX MPOJOBO/bCTBEHHbIX KYbTYP MUPa, 3aHNMAEeT Camblii LWu-
pOKWit apean 3a cYeT afanTYBHOCTY K pa3HO06PasHbIM YCOBUAM BO3AeNblBaHusA. B 0630pe paccmaTpriBatoTcs nou-
Mop®13M 1 annenbHas 13MeHUMBOCTb reHoB Vrn (0T aHr. response to vernalization), KOHTPONNPYIOLLMX BaXKHelLIne
afjanTaLyOHHbIe MPU3HAKM MLWEHUL, — TN (APOBOCTb VS. 03MOCTb) 11 CKOPOCTb PA3BUTUA Y AUKUX U BO3AENbIBAEMbIX
BUAOB nweHu (pog Triticum L.). CymmupyeTcsa undopmaumsa o6 annenbHoM pasHoobpasmm reHoB Vn n obcyxpaeTca
CBA3b HOﬂVIMOpd)VBMOB 3TUX reHOB Ha MOJTIEKYTAPHOM YPOBHE C UX BIMAHNEM HE TOJIbKO Ha MNPU3HaK «TUM pa3BuTnA
(APOBOCTb VS. 03UMOCTb)», HO 1 Ha MPU3HAK «CKOPOCMENoCTb (ANMHA BEreTauyioHHOTO Neprofa APOBbIX PACTEHN,
[BM)» y au-, TeTpa- U rekcannouaHbix BuAoB. MNpesnprHATa NonbiTKa CBA3aTb MOyYeHHyYIo HbOopMaLmio 0 MyTa-
umAx (nonvmopdusmax) AOMVHAHTHBIX ansenei reHoB Vin ¢ BbIPaXKEHHOCTbIO Hanbonee BaXKHOTO C XO3ANCTBEHHO
TOUKM 3pEHUA NPU3HaKa <MPOfOMKMUTENbHOCTL [IBI (CKopocnenocTb)», KoTopas paHee B 0630pax He NpeanpuHu-
Manacb. PaccmaTpumBaeTca BAUAHVE MyTauui (MonMopdr3mMoB) B NOCIEA0BATENbHOCTAX PELLECCUBHBIX FEHOB VIn
Ha NpU3HaK «NoTPeBHOCTb B APOBU3aLMM» Y 03MMbIX GOPM pacTEHWUI MILEHUL, 1 BbINOHEHa ero dopmanun3auuns.
O6cyxaaeTca 3BONOLMA 03MMOCTU/APOBOCTY B poAe Triticum. Ha 0cHOBe BbISIBIEHHbIX MOANMOPGU3MOB NOCTPOEHA
cxema GUNOreHeTUYECKINX B3aVMOAENCTBII annenei reHoB Vin 1 paccMaTprBatoTCA BO3MOXKHOCTY PACLUMPEHNs Mo-
nmmopduU3mMa No AOMUHAHTHBIM reHam Vrn v 1x annensam 3a cYeT BUAOB-COPOANYEN 1 PEfKO NCMOSb3yeMblX anenein n
nepcneKTVBbI CeNnekunn Ha n3meHeHwe 1Bl (CKopocnenocT) Ansa KOHKPETHbIX 30H BO3AeSbIBaHUA.
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Introduction

Many of the cultivated and wild herbaceous plant species
growing in temperate climates have developed the spring
growth habit (cryophobic plants) or the winter growth habit
(cryophilic plants) as adaptations to natural environments
(Gupalo, Skripchinsky, 1971). The spring plants complete
their entire development cycle during a single vegetation
season, while the winter ones do not proceed to reproduc-
tion unless they have been exposed to low temperatures.

In wild and cultivated wheat species, delays in transition
from vegetative to reproductive development are controlled
by the vernalization response genes Vrn regulating growth
habit (spring vs. winter) and earliness, the vernalization
requirement duration genes Vrd controlling duration of
vernalization treatment in winter wheats, and the photo-
period sensitivity/insensitivity gene Ppd for response to
photoperiod. Any of the dominant genes Vin: Vin-1 (Yan
et al., 2003), Vrn-3 (Yan et al., 2006) and Vrn-D4 (Kippes
et al., 2016), controls spring growth habit and is epistatic
over the recessive alleles of these genes. An exception is
the dominant gene Vrn2 described in Triticum monococ-
cum L. (Yan et al., 2004a) and controlling winter growth
habit: this gene expression are destroyed in polyploid
wheat species.

An any dominant allele of the gene Vrn, except Vin2,
is enough for a plant to become a spring (Pugsley, 1971;
Yan et al., 2004b; Fu et al., 2005; Knippes et al., 2018).
Winter hexaploid wheat varieties are homozygous for
the recessive alleles of all the three Vrn-1 genes at once
(Stelmakh, 1987); while winter tetraploids, for two genes,
Vim-Al and Vin-Bl, because the dominant genes Vrn-3
and Vrn-D4 have no recessive alleles, and so all winter
varieties carry their null-alleles. No interaction between
Vrd and Vin has been described. A number of investigations
have proposed schemes for the interaction between the Vin
with Ppd (Chen A. et al., 2014). However, the mechanisms
underlying the interactions between these genes are not
yet fully understood (Goncharov, 2012; Kiseleva, Salina,
2018). The Vrn genes are estimated to account for about
75 % of the control of variability of the trait duration of the
vegetative period (DVP), and the Ppd genes, for about 20 %
(Stelmakh, 1981). The third group of loci, EPS (earliness
per se), controlling earliness per se, is under polygenic
control (van Beem et al., 2005; Royo et al., 2020) and ex-
plains only about 5 % of DVP variation (Stelmakh, 1981).

The Vrn-1 controlling the adaptability of wheat to en-
vironments (the traits spring/winter growth habit and ear-
liness) are transcription factor genes (Trevaskis et al., 2003;
Yan et al., 2003) that determine the expression of many
genes involved in response to environmental stresses.
Mutations in such genes not only disrupt their function, but
also cause remarkable phenotypic changes. In wheat, DVP
(earliness) is one of the important traits allowing the wild
and cultivated species to take full advantage of the spring-
summer season. At the same time, the V7n genes have direct
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effects on plant productivity, yield and resistance to stresses,
such as drought, low temperatures, pests and diseases, to
mention a few (Zotova et al., 2019).

This paper considers the results of the modern molecular
and genetic studies concerning spring/winter growth habit
control and the effect of the allelic diversity of the Vrn genes
on DVP in spring plants.

How many VRN loci does wheat have?

To date, six dominant Vrn genes (three Vin-1: Vin-Al,
Vin-B1, and Vrn-D1) (Yan et al., 2003), two Vin-3 (Vin-A3,
and Vrn-B3) (Nishimura et al., 2018), one Vrn-D4 (Kippes
et al., 2016)) and one recessive gene, vrn-2 (Yan et al.,
2004a) have been described as the ones controlling spring
growth habit. Let us consider their main features.

VRN-1 locus. In di-, tetra- and hexaploid wheats, the
spring growth habit is most commonly controlled by the
Vrn-1 genes (Genotypes..., 1985; Catalogue..., 1987;
Goncharov, 1998; Lysenko et al., 2014; among others).
These genes are located in distal part of long arms of the
homeologous group 5 chromosomes: Vin-A1 on SAL (Law
et al., 1976; Galiba et al., 1995; Dubcovsky et al., 1998),
Vrn-B1 on 5BL (Barrett et al., 2002; Iwaki et al., 2002) and
Vrn-D1 on 5DL (Law et al., 1976). It has been shown that
the Vrn-1 genes are orthologous to the Arabidopsis tha-
liana (L.) Heynh. closely related CAULIFLOWER (CAL),
APETALAI (API)and FURITFULL (FUL) meristem iden-
tity genes controlling the reproductive/flowering meristem
transition (Ferrandiz et al., 2000; Yan et al., 2003; Preston,
Kellogg, 2006; Dhillon et al., 2010). As was found, in Ara-
bidopsis, FUL controls not only the development of carpels
and fruits, but also flowering time (Ferrandiz et al., 2000).
Later, another gene, WAP1 (Wheat APETALAI) were cha-
racterized as AP1-like MADS-box gene in common wheat),
was found and characterized as an activator of the transi-
tion from vegetative to reproductive development (Yan et
al., 2003). It was shown that WAPI in wheat corresponds
to Vrn-1 (Trevaskis et al., 2003). WAP1 expression begins
before the transition to reproductive phases and continues
until maturity (Murai et al., 2003).

The dominant Vrn-A1 alleles have insertions and/or de-
letions in the promoter regions as well insertions and/or
deletions and single nucleotide polymorphisms (SNPs) in
the first intron, which the native recessive gene vrn-A1
does not (Supplementary Material)!. Deletions in the first
intron is what differentiates most of the dominant Vrn-B1
alleles differ from the recessive vin-B1 allele. Additionally,
deletions or insertions within the first intron are features of
the dominant Vrn-D1 alleles.

Although molecular biological methods allowed a large
number of alleles of the dominant Vrn genes to be described
(Yanetal., 2004a, b; Fu et al., 2005; Liu et al., 2012; Milec
et al., 2023), the effects of these alleles on the duration of

T Supplementary Material is available
https://vavilov.elpub.ru/jour/manager/files/Suppl_Smolen_Engl_27_8.pdf
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vernalization treatment and flowering time were not always
identified (see Supplementary Material).

VRN-2 locus. The Vrn2 gene (Vrn-A™2) has been re-
vealed only in the diploidic wheat T monococcum (Dub-
covsky et al., 1998). This gene was mapped to the distal
part of the long arm of chromosome SA™ within the seg-
ment translocated from 4A™S (Dubcovsky et al., 2000).
The VRN-2 locus includes two completely linked zinc
finger-CCT domain genes ZCCT! and ZCCT?2 that act
as flowering repressors down-regulated by vernalization
(Yan et al., 2004a). However, it was established that the
main determinant for Vrn-2 expression in diploid wheat
T. monococcum and T. boeoticum Boiss. and barley Hor-
deum vulgare L is day length (Dubcovsky et al., 2006;
Trevaskis et al., 2006).

The sequence of the Vrn-2 genes was revealed in the
winter common wheat Jagger and 2174. No allelic variants
of Vrn-A2 in the A genome or Vrn-D2 in the D genome
were found (Chen Y. et al., 2009). Two duplicated copies
of Vrn-B2 were found in 2174. The Vin-B2 allele was not
found in Jagger, suggesting this variety carries a null allele
of this gene. The null-allele had no effect on flowering time
in a segregated population. Mapping of Vin-B2 showed
that both of'its copies in 2174 were closely associated with
a SNP on chromosome 4BL, suggesting that the Vin-B2
duplicates were located in a tandem-like manner at the
same locus. Identical Vrn-B2 sequences have been found
in contig sequences of chromosomes 4BS, 2BS and 5DL
in Chinese Spring (CS) (International Wheat Genome Se-
quencing Consortium..., 2018). In Aegilops squarrosa L.
(=syn. Ae. tauschii Coss.), the sequence of the gene Vin-D2
was not found (Chepurnov et al., 2023). Thus, the gene
Vrn-2 in tetra- and hexaploid wheats is inactivated (Tan,
Yan, 2016).

VRN-3 locus. The dominant gene Vrn-B3 (formerly
Vin 5 or Vin-B4) was mapped to the short arm of chromo-
some 7B using 82 recombinants obtained from crosses
between CS and the substitution line CS/Hope 7B (Yan et
al., 2006). The gene is activated by vernalization and long
day; it has been identified as an orthologue of the gene
FLOWERING LOCUS T (FT) in Arabidopsis (Yan et al.,
2006; Cockram et al., 2007). It is not easy to understand
the role of 7aFT in flowering regulation, because both
common wheat and barley each possesses a 78 % identical
paralogous copy of FT2 (TaFT2 and HvFT2, respectively)
(Yan et al., 2006; Faure et al., 2007). As the TaFT/TaFT2
duplication event took place after these cereals and Ara-
bidopsis split off, this event is unrelated to the duplication
of FT/TSF, the twin sister of F'T found in Arabidopsis (Li,
Dubcovsky, 2008).

The dominant gene Vrn-43 (homologous to Vrn-B3) has
only been revealed in tetraploid wheats and mapped on the
short arm of chromosome 7A (Nishimura et al., 2018). It
is unlikely that it has homologs in common wheat, and it
must be inactive as is vrn-2 in I, monococcum.
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VRN-4 locus. The dominant gene Vrn-D4 was dis-
covered in the line Gabo-2 (Knott, 1959; Pugsley, 1972;
Goncharov, 2003) selected from the Australian commercial
common wheat cv. Gabo. This gene was localized on chro-
mosome 5D (Kato, 1993) and mapped to the centromeric
region of the same chromosome (Kippes et al., 2015). The
most current hypothesis is that the dominant gene Vrn-D4
can have emerged in polyploid wheats due to a translocation
of'a~290 kb-fragment of the long arm of chromosomes 5A
to the proximal part of the short arm of chromosome 5D
(Kippes et al., 2015). The translocated segment includes
a Vrn-Al copy that carries mutations in the coding and
regulatory regions (Kippes et al., 2015).

The gene is expressed at earlier stages of spring plants?,
and its sequence does not contain any of mutations that
were previously described for the dominant gene Vin-A41
and that endow common wheat with spring growth habit
(Yan et al., 2003, 2004b). The dominant gene Vrn-D4 has
instead three SNPs in the first intron, where the binding site
for the TaGRP2 protein described as a negative regulator
for Vrn-AI is located (Fu et al., 2005).

At present, no B-genome genes homologous to Vin-4
are known. As the dominant gene Vrn-D4 has not been
found in Ae. fauschii, the D-genome donor to hexaploid
wheat (Chepurnov et al., 2023), it can be concluded that
this mutation occurred in polyploids.

Thus, spring wheat carry mutations in the promoter or
the first intron of the Vrn genes (Yan et al., 2004b; Fu et
al., 2005). At the same time, most of the dominant alleles
of the Vrn-1 genes described to date (Vin-Ala, Vim-A"1a,
Vim-Alb, Vim-Ald, Vin-Ale, Vin-A"1g, Vin-Alh and Vin-
Ali) carry mutations in the promoter regions, within the
VRN box, including SNPs, indels or its full elimination
(Shcherban, Salina, 2017). The mutations found in the Vrn
genes are presented in Supplementary Material. Chromo-
somal locations of the Vrn genes are detailed in Table 1.
They were confirmed by molecular biological studies (Ki-
seleva, Salina, 2018).

The fact that the dominant alleles of the Vrn-1 genes carry
insertions and deletions that the recessive (intact) alleles
do not may be an indication that they are evolutionarily
younger (Milec et al., 2023). This allows their phylogenetic
relationships to be inferred (see the Figure).

Vernalization of winter and spring wheats

and its molecular and genetic network
Vernalization is the need of winter plants adapted to tem-
perate climates for exposure to low temperatures, ensuring
the transition of them from vegetative to reproductive de-
velopment. A requirement for vernalization is an adaptive
trait that helps prevent flowering before winter and permits
flowering in the favorable conditions of spring. Winter
plants are assumed to carry recessive (native) alleles of the

2 See scales for growth and development in cereals (Efremova, Chumanova,
2023).
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Table 1. Designation and localization in chromosomes of genes for growth habit in spring and winter wheat

(after Goncharov (2012) with addition)

Phenotype Haploid genotype Allelism and chromosomal Reference
localization
Te”aandhexapldeheats .................................................................................................
according to hypothesis and data of K. Tsunewaki, B.S. Jenkins (1961) and K. Tsunewaki (1962)
Sprmg ....................... 591592593* ............................................................ 597_5916_591( 5 D) ...................................... Tsunewaklje n kms . 1 9 6 1 .............
sg1sg2sg3 Tsunewaki, 1962
Sg1sg25g3*
sg 1 ngzcs g 3* .......................................................... ng_sgzc_sgz ( 5 A) .....................................
Sg1°5g25g3* Sg3-5g3 (2B)
Sg1°5g25g3*
5g1sg2sg35g5* Sg5-sg5 (5B) Singh, 1967
Wmter ....................... Sg 15925 g 3 .................................................................................................................................... Tsunewak|1962 ............................
'''''''''''''''''''''''''''''''''''''''' According to AT, Pugsley (1972) hypothesis and toa number of author data
Sprmg ....................... mev mBuvm D1 ............................................. me _ v mA1(5 A L) ................................... Laweta| 1976 ..............................
Vm A , V,,,B,va D7 ............................................. VmB,_wn B;(SB L) .................................... Barreu et a| 2 O 02 .........................
Vm A 1 vm B,ZVm D; ............................................. VmDI_va 7(5D|_) .................................. Laweta| 1976 ..............................
valvauvawrnB .................................. VmB3(7BS)** ............................................. Yaneta|2006 ...............................
Vm A , vm Buvm D 1 VmA3 ................................. VmA3 (7 AS)** ............................................ leh Imura e t a| 2 O 18 ...................
Vm A 1 vm B,va D 1 VmD4 ................................. VmD4 (SDS ) e KI p pes et a| . 2 0 14 .........................
andananycombmatlonOfdommantgenes ..................................................................................................................................
Wmter ....................... VmAlva 1 Vm D 1 .................................................................................................................... Pug S| ey1972 .................................
....................................................................................... D |p|o|d-,—boeo“cumand-,-monococcum
according to J. Dubcovsky et al. (1998) hypothesis and to a number of author data
Spnng ....................... VmAN mAZ .......................................................... VmA, va] (SAL) .................................... Dchov Skyeta| 1998 ..................
Vm A 1 Vm A2 .......................................................... V,,,AZ_ v mA2 (4 A |_) ................................... Yanet a | 2004b ............................
Wmter ....................... VmAlvaz ............................................................................................................................... Dchov Skyeta| 1998 ..................

* Spring growth habit is observed for any allelic state of the gene Sg3.
**The gene does not have recessive alleles.

vrn genes, with mutations in any of them leading to partial
or complete inhibition of response to vernalization (Fu et
al., 2005; Milec et al., 2023) and to a conversion of winter
growth habit to spring ones. Spring plants form ears with-
out vernalization, even though late-ripening spring forms,
including the facultative growth ones?, may respond to
vernalization by promoting earliness and a reducing DVP.
Vernalization in the late-ripening spring plants is poorly
studied. In southern latitudes, vernalization is believed to
provide autumn-sown late-ripening spring plants protection
against damage from early-autumn light frosts.

3 Facultative growth habit is an agrotechnological characteristic. Faculta-
tive growth habit plants can be both autumn-sowing and spring-sowing as
reserve crops. At present, the State Register of RF includes three facultative
growth habit cultivars produced in the Lukyanenko National Grain Center
(Krasnodar, Russia) (State Regjister..., 2023).
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A major obstacle to the study of the transition from vege-
tative to reproductive development is misidentification of
the functions performed by the alleles of the Vi genes. The
misidentification arose from a terminological confusion
started by Australian scientists A.T. Pugsley (1968) and
R.A. MclIntosh (1973), who were unfortunate to replace
“spring growth” (Tsunewaki, 1962) with “response to
vernalization” (Pugsley, 1971) (see Table 1). This term re-
placement were certain reasons (Pugsley, 1968); however,
they were rather speculative. Years went by, but even so
J. Dubcovsky, a molecular biologist, overlooked the issue
and allowed this terminological mess to become part of
the subsequent editions of “Catalogue of Gene Symbols
for Wheat” (Mclntosh et al., 2013). Note that the gene
symbol Sg (spring growth) has immediate relevance to the
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Ancestor of genus Triticum

T

T. boeoticum:
recessive vrnl,
Vrn-A1h, Vrn-Alg

T. urartu:

recessive vrni, vrn-Alu
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Common ancestor

=

\

Ancestor of genus Aegilops

—

X Ae. speltoides Ae. tauschii

Y — |

T. monococcum:
recessive vrnl,
Vrnif,Viig, Vin-Alg

Y Y

T. sinskajae:
recessive vrnl

T. araraticum:

T. timopheevii:
Vrn-A1f

Vrn-Ab, Vrn-A1f

T. dicoccoides:
Vrn-Ab, Vrn-Ald,
Vrn-Aldic, Vrn-Af, vrn-Au

Tetraploid wheat >

: L
T. carthlicum: Vrn-Ale
T. durum: Vrn-A1b, Vrn-Ale, vrn-Alu
T. polonicum: Vrn-A1b
T. turanicum: Vrn-A1b, Vrn-A1f, vrn-Alu
T. turgidum: Vrn-Ab, Vrn-Ald, vrn-Alu
T. aethiopicum: vrn-Au

!

T. aestivum:
Vrn-Aa, Vrn-A1b,
Vrn-A1f, vrn-Alu

T. dicoccum:
Vrn-Ala, Vr-A1b,
Vir-Ale, vin-Au

Scheme of Triticum and Aegilops genera evolution (according to Goncharov, 2011, with additions).

Different alleles of Vrn-A7 gene among wheat species are presented in appropriate boxes next to the species names. Section Timopheeevii
is presented in grey boxes, while section Monococcon, Dicoccoides and Triticum are in white ones (after Konopatskaia et al., 2016, with

additions).

trait spring growth habit vs. winter growth habit and allows
this trait to be explicitly formalized (Goncharov, 2004). In
this case, the classification of the trait is genotype-based,
not phenotype-based (Steinfort et al., 2017).

Need to pay attention that genotyping and phenotyp-
ing data may be inconsistent (see Table 2 in M. Makhoul
(2022)). This relates to autumn-sown spring cultivars in
the southern regions of the Eastern Hemisphere (Makhoul
etal., 2022). Unfortunately, it is becoming more and more
popular to state (postulated) the phenotypes depending on
the sowing season (Steinfort et al., 2017). While, the phe-
notyping has to base solely on growth habit of plant (spring
vs. winter). A.T. Pugsley (1983) begins his terminology-
related considerations with “winter growth habit”, that
is, the physiological condition of a wheat plant requiring
treatment to low temperatures (vernalization) and, conse-
quently, having “response to vernalization” before it can
come to reproductive phase.

And only the next step (question) is about phenotyping
based on growth habit (spring vs. winter). The trait has to
phenotyped as a qualitative morphological one (Goncharov,
2004). Plant phenotypes differ in that some plants switch
to reproductive growth within a single spring-summer
season and some do not. Wheat varieties are phenotyped
with respect to this trait in the summer, at high positive

temperatures, during ontogenesis after planting in the field
or a greenhouse.

Response to vernalization is a quantitative trait, and so
the accessions should be phenotyped using low tempera-
tures (vernalization). In this case, the ultimate question is
one about the duration of vernalization treatment (Dol-
gushin, 1935). Spring plants, even late-ripening ones, do
not require vernalization to proceed to reproductive growth.
Producing a unified approach for phenotyping spring/winter
will make it possible to correctly compare all available
research results.

In the database Wheat Trait Ontology, the traits plant
growth habit (vernalization) and earliness are in the same
subclass Development of class Trai and are associated with
plant phenotype (Nédellec et al., 2020). The trait response
to vernalization is not there, it is in the subclass Response
to environmental conditions, meaning are the response of
plants to the influence of the external environment (to a
stress factor).

An important part of a unified approach to defining and
phenotyping a trait is not only the terminology, but also
the symbols of wheat genes. After the power to decide
was shifted from one group of researchers (Ausemus et
al., 1946) to another (Mclntosh et al., 1973), the mislead-
ing terms “response to vernalization” became “legalized”.
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Table 2. Polymorphism of recessive alleles of the Vrn genes in winter wheat

Gene/locus Allele Mutation Accession Reference
Diploid wheat (2n = 2x=14)
Vrn-Al vrn-Alu Identical to sequences T.urartu Thum. ex Gandil. IG 44829  Golovnina et al., 2010
of polyploid wheats
VRN-2 (ZCCT1) vrn2 Point mutation at position 35 T. monococcum DV92 Yan et al.,, 2004a
in the coding region of the CCT domain
vrn2 Complete deletion of ZCCT1 T. monococcum
vrn2 Data not present T. monococcum TRI 17025 Shcherban et al.,
2015b
Tetraploid wheat (2n = 4x = 28)
Vrn-A1 vrn-A1b.3 Deletion of the “T" upstream and the 20 bp T. turgidum P1223173, Muterko et al., 2016
deletion downstream of the VRN-box T.durum Pl 655432
vrn-A1b.4 » T. dicoccoides Pl 466941
Hexaploid wheat (2n = 6x=42)
Vrn-A1 vrn-1a/vrn-A1b  SNP in exon 4 Jagger (P1593688)/2174 (P1 602595) Chen. et al., 2009
vrn-A1b.3 Deletion of the “T" upstream and the 20 bp T. spelta L. Pl 168680 Muterko et al., 2016
deletion downstream of the VRN-box T. vavilovii Jakubz. Pl 428342
Vrn-B1 vrn-B1 5'UTR 1-bp deletion + 8 bp start Yan et al,, 2004b
of a 2nd deletion
Vrn-D1 vrn-D1 5'UTR 1-bp deletion + 15 bp start i: Triple Dirk C
of a 2nd deletion
Vrn-D1 vrn-D1r SNP polymorphism CArG-boxes Strejckova et al., 2021;
of the vrn-AT promoter Makhoul et al., 2022
Vrn-B3 Null-allele cv.Yanzhan 4110 ChenF.etal., 2013

Note. Mutations in the recessive alleles of the gene vrn-AT in hexaploid wheat (Chen Y. et al., 2009) and the gene Vrn-2 in diploidic wheat (Yan et al., 2004b)

are in the coding regions.

That is why, although Vi is a legal abbreviation and late-
ripening spring and facultative (intermediate) growth habit
varieties have response to vernalization, we will be using
a more relevant term “growth habit (spring vs. winter)”
throughout. We suggest the term “vernalization response”
be left only for winter wheat (Fayt et al., 2018). Whether
or not the recessive genes vrn really control vernalization
response in winter varieties is still a question. Let us have
a closer look at the matter.

Polymorphism of the recessive alleles of Vrn genes

in winter wheat

All dominant Vrn genes known to date that control the
qualitative difference between spring and winter wheats
have been cloned. Two mutually exclusive hypotheses have
been proposed: one stating that the duration of vernaliza-
tion treatment in winter plants depends on the variability
of the recessive alleles vrn-41 for winter growth habit
(Pugsley, 1971; Chen Y. et al., 2009, 2010) and the other
stating that it depends on a system of genes independent of
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them (Gotoh, 1979; Bulavka, 1984; Fayt, 2003, 2006a, b;
Stelmakh et al., 2005) and unrelated to the expression of
the recessive vrn genes.

This process has been poorly studied genetically and not
studied at all at the molecular and biological level. Now it
is obvious that the polymorphisms for the recessive genes
vrn in winter wheat varieties do not explain differences
in the duration of vernalization treatment between these
varieties (Table 2). Not a single exception invalidating this
genetic model has been reported in the studies, in which a
large number of cultivars/germplasms from wheat species
with different ploidy levels were screened using molecular
markers for the recessive alleles of the each of Vin-1 genes
(Yan et al., 2003, 2004a, b; Fu et al., 2005; Bonnin et al.,
2008; Zhang X K. et al., 2008; Santra et al., 2009; Chen Y.
etal., 2010). The polymorphism for the Vrn-3B and Vin-4D
genes, in which the recessive allele is represented only by
only as a null allele, makes an exception.

The alleles that have SNPs in exon 4 of the recessive
gene vrn-A1 are associated with the regulation of the de-
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velopment of winter plants and are designated vin-417a in
Jagger (P1 593688) and vin-41b in 2174 (P1 602595). In a
field assessment of a population of 96 recombinant inbred
lines from crosses between Jagger and 2174, Y. Chen et
al. (2009) showed that the vin-Ala plants had an earlier
onset of shooting. At the same time, the effects of the alleles
on the duration of vernalization treatment have not been
checked experimentally.

Plants with the 3_SNPs haplotype showed higher tran-
scription levels of the gene Vin-41 than 1_SNP plants (Kip-
pes et al., 2018). An assumption was made that the single
nucleotide polymorphism in the regulatory region of the
first intron should probably be associated with differences in
the duration of vernalization treatment in the winter wheat.
However, the attempt made by N. Kippes et al. (2018) to
associate the SNPs in the recessive gene vrn-A41 with the
duration of vernalization treatment cannot be recognized
successful: the authors used the winter near-isogenic line
Triple Dirk C, a derivative of the spring cv. Triple Dirk,
and in our experiments, Triple Dirk C plants, in the field,
progressed into shooting (and some came to ear) within four
months without vernalization (Goncharov, 2012).

It can be concluded that none of the known changes
(point mutations) in the sequences of the recessive genes
vrn has any effect on the duration of vernalization treatment
in the winter wheat accessions (see Table 2).

Note that isogenic lines for the Vrd genes controlling
variation in the duration of vernalization treatment in
winter common wheat have long since been created (Fayt,
2006b) and can now be used in molecular and biological
experiments. These genes reside on the winter common
wheat’s chromosomes: Vrd[ on 4A and Vrd2 on 5D (Fayt
et al., 2007).

Allelic variability at the VRN locus and winter growth
habit. Mutations in the regulatory regions of the Vrn-1 gene
are associated with prevalent spring growth habit, while
the point mutations of a gene (or genes) at the VRN-2
locus (the vrn-2a allele) or the deletion of an entire gene
(the vrn-2b allele) are also associated with spring growth
as a recessive trait in diploid wheat 7. monococcum and
barley H. vulgare (Yan et al., 2004b; Dubcovsky et al.,
2005). No multiple allelism of the dominant gene Vrn-2
controlling winter growth habit has been revealed. This
offers indirect evidence that this gene is not associated
with the duration of vernalization treatment in the diploid
T. monococcum or T. boeoticum. What genes control it at
barley is not known either.

Variability of dominant alleles

of the Vrn genes in spring accessions of di-,

tetra- and hexaploid wheats and their effect

on duration of the vegetative period

The number of works analyzing the distribution of the
dominant genes Frn and their alleles in the main wheat
cultivation areas is impressive (Catalogue..., 1987; Gon-
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charov, 1998; Fu et al., 2005; Zhang X.K. et al., 2008; Ly-
senko et al., 2014; Smolenskaya et al., 2022; and others).
Differences of the regions by alleles is shown (Geno-
types..., 1987; Stelmakh, 1990; Goncharov, 1998). As far
as modern spring common wheat are concerned, Vin-Ala
is prevalent in cold-winter areas where spring wheat are
sown only in the spring. By contrast, the dominant alleles
of the homologous genes Vin-Bla and Vin-D1a are highly
frequent in the varieties cultivated in the Mediterranean
climate, where spring wheats are sown in the autumn
(Stelmakh, 1990; Zhang X.K. et al., 2008; Shcherban, et
al., 2015a). Noteworthy, Vrn-Dla emerged in Southern
Europe in the 1930s together with photoperiod-insensitivity
and reduced height genes coming from Japanese common
wheat (Goncharov, 2012). The question as to whether the
dominant gene Vrn-B3 can be widely used outside China
(Bonnin et al., 2008) requires special close consideration.
This gene has not been found in Russia’s cultivars (Lysenko
et al., 2014), nor has it been found in the progeny of the
variety Hope (Goncharov, Gaidalenok, 2005), the gene
Vrn-B3 donor for the isogenic line CS/Hope 7B.

Facultative growth habit plants. In English-language
literature, facultative growth plants are known as “inter-
mediate” (Flood, Halloran, 1986). According to B.V. Rigin
and the colleagues, the spring growth habit in them should
be determined by the dominant Vrn-A1 gene (Genotypes...,
1985), while in A.F. Stelmakh’ opinion, exclusively by the
dominant gene Vrn-B1 (Stelmakh, 1981). In Chinese wheat,
the facultative growth habit plants possess the dominant
allele Vrn-D1b (Zhang X .K. et al., 2008).

Because facultative growth habit plants (sometimes
called semi-spring) play an important role in wheat pro-
duction in some areas (Fayt et al., 2018), 689 Chinese
varieties were studied for the frequency and distribution
of the allele Vrn-D1b in them. The results showed that al-
lele Vin-Dla, Vin-D1b and vin-D1 were present in 27.3,
20.6 and 52.1 % of the specimens, respectively. Pedigree
analysis indicates that Vrn-D1b originated from Chinese
landraces (Guo et al., 2015).

A study of F, hybrid segregating for Virn-D1b and Vin-
D1a in greenhouse long-day conditions without vernaliza-
tion showed that the Vin-D1b homozygote plants would
heading 32 days later than Vrn-D1a homozygotes. Because
Vrn-D1b has the same deletion in the first intron as does
Vrn-D1a and a single nucleotide mutation in the promoter
region and is associated with facultative growth habit, the
authors proposed that the mutation in the promoter can
change the basal activity level of gene Vin-D1, which is
already active due to the deletion in the first intron (Zhang J.
etal., 2012).

Copy number of the Vrn genes. Change in the copy
number (CNV) of the Vrn-1 genes is one of the sources
of genetic variability in hexaploid wheat (Diaz et al.,
2012; Wiirschum et al., 2015). In most cases, CNV is as-
sociated with changes in gene Vin expression (Muterko,
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2023); however, data on their effect on the DVP are incon-
sistent.

Hexaploid wheat species (2n = 6x = 42)

The most economically important point in the study of
allelism of the dominant genes Vrn is the search for their
functional association with the DVP. Data on DVP (earli-
ness) in spring wheat are quite inconsistent. According to
K.A. Flaksberger (1938), it is in a range between 76 and
140 or more days. Other authors report variations from
70-80 to 120—130 days (Kumakov, 1980). Opinions differ
as to how to classify commercial common wheat varieties
by maturity (Goncharov N.P., Goncharov P.L., 2018), as
this classification has a clear-cut region-specific flavor. At
the same time, earliness can be associated with different
combinations of the dominant alleles of the V7n genes (see
Supplementary Material).

VRN-AL1 allele. The distribution of spring common
wheat into ripeness groups revealed that this trait is influ-
enced by a combinations of certain dominant genes Vrn
and their alleles (Stelmakh, 1993; Likhenko et al., 2014;
Smolenskaya et al., 2022). Spring varieties with the domi-
nant gene Vrn-AlI are usually more early-ripening than the
varieties with dominant genes Vin-BI and Vin-D1 (Stel-
makh, 1993). It has been demonstrated the main contributor
to the reduction in duration between emergence of plant
seedlings and heading is the dominant allele Vin-A4/a, while
Vrn-A1b, in contrast, accounts for later heading (Efremova
et al., 2016). Additionally, the varieties with the dominant
allele Vrn-A1b is rare in Siberia, 8 % (Smolenskaya et al.,
2022). The Vrn-Ala has an insertion in promoter region
and Vrn-A1b, in contrast, a deletion (Yan et al., 2004b).

B.V. Rigin and the colleagues (2021) stated that the ul-
tra-ripening lines Rico (K-65588) and Rimax (K-67257)
had the shortest time from emergence plant shootings to
heading among all spring common wheat accessions in the
VIR collection. Their genotypes revealed dominant alleles
for three Vrn genes at once, Vrn-Al, Vrn-BI (respectively
Vin-Bla or Vin-Blc), and Vin-D1.

Any of the dominant alleles, Vrn-Ala or Vin-A1b, dis-
ables response to vernalization, while any of the dominant
alleles of the Vrn-BI or Vin-D1 genes induces a residual
response and leads to later flowering (Stelmakh, 1993).
These data were confirmed by studies showing that the
dominant alleles Vn-A1a and Vin-A1b in combination with
the dominant gene Vrn-B1 can provide optimum flowering
time and potentially high yield in the Pacific Northwest
region of the USA, while spring wheat varieties with the
dominant gene Vrn-DI may have advantage in Idaho and
Oregon, where the vegetation periods are longer (Santra
et al., 2009).

VRN-B1 allele. A novel allele, Vrn-Blc, probably asso-
ciated with earlier ripening in late-ripening spring varieties
was revealed using near-isogenic lines with different alleles
ofthe Vrn-B1 gene (Shcherban et al., 2012a). Its prevalence
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among common wheat varieties in Western Siberia and the
North Kazakhstan, when spring growth habit being under
monogenic control, was demonstrated (Shcherban et al.,
2012b). In the absence of epistatic effects of the dominant
Vrn-Al gene, this allele causes earlier heading than does
Vin-Bla (Shcherban et al., 2013). The effect of Vrn-Bifon
heading time is similar to that of }Vrn-BIc, but the mecha-
nism of its regulation most likely appears to be different
(Strejckova et al., 2021).

VRN-D1 allele. The dominant gene Vrn-DI occurs
only in hexaploid wheat cultivars in the Asian region and
some Italian varieties (Stelmakh, 1993; Goncharov, 1998).
K. Iwaki and the colleagues (2000, 2001) found the domi-
nant allele V7n-D4 in a large number of common wheat
cultivars from different regions worldwide (55 cultivars
out of 272 studied). The highest frequency of occurrence
was observed in accessions from India and the bordering
countries (Iwaki et al., 2000, 2001). This dominant gene
had previously been found in most accessions of the In-
dian hexaploid endemic species 7. sphaerococcum Perciv.
(Goncharov, Shitova, 1999).

The dominant allele Vrn-D*'I with a 5.4-kb deletion in the
first intron was found in spring plants of Ae. tauschii from
the Middle East (Takumi et al., 2011). One more dominant
allele was described later (Chepurnov et al., 2023). This
allele has effect on heading time.

All the variants identified in three Vrn-I homeologs in
wheat were designated as separate alleles, but not all of
them were experimentally confirmed to have any effect on
DVP (earliness) (see Supplementary Material).

VRN-B3 allele. The nucleotide substitutions or inser-
tions/deletions in the copies of the FT gene (Vrn-B3) in
the A and D genomes in 239 local, old local and modern
commercial cultivars from different regions cause DVP
polymorphisms (Bonnin et al., 2008). In contrast to Vin-1,
the homeologous copies of the /T gene showed no evi-
dence of epistatic interactions (Bonnin et al., 2008). TaF'T
overexpression in transgenic 7. aestivum plants consider-
ably accelerated flowering compared to the non-transgenic
control (Yan et al., 2000).

The absence of isogenic lines does not allow its different
alleles to be compared for the strength of their phenotypic
manifestation. Note that, line 620 with Vrn-B3 had much
later heading (Goncharov, 2012). Later heading was also
observed in cultivars carrying various Vrn-B3 alleles, Vin-
B3a and Vrn-B3b (Chen F. et al., 2013), and Vin-B3d and
Vrn-B3e (Berezhnaya et al., 2021).

Two hundred and seventy eight Chinese spring com-
mon wheat cultivars were characterized using molecular
markers of the Vin-Al, Vin-Bl, Vin-D1 and Vin-B3 genes.
The varieties possessing from three to four dominant Vrn
genes, including the rare dominant gene Vrn-B3, were the
earliest (30-31 days to heading on average), and one-, two-,
or three-gene combinations, including the dominant gene
Vrn-A1, but not Vrn-B3, followed (38 days to heading on
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average). On the basis of these data, the dominant Vrn-1
genes were ranked according to the amount of their influ-
ence on DVP reduction in the Chinese cultivars: Vrn-41 >
Vrn-B1 > Vrn-D1 (Zhang X K. et al., 2008). This ranking
is not the same as those reported elsewhere (Gotoh, 1979;
Goncharov, 2003).

VRN-D4 allele. The dominant gene Vrn-D4 has a weaker
effect on DVP than have the Vin-A1, Vin-DI or Vin-B3
genes (Kippes et al., 2014), but stronger than Vrn-B1 (Go-
toh, 1979; Goncharov, 1998).

Tetraploid wheat species (2n = 4x = 28)

Based on the analysis of Vin-A3 expression using sister
lines, earlier flowering in accession TN26 of . dicoccum
Schrank ex Schuebl. than in accession TN28 of 7. pyrami-
dale Perciv. is due to a 7-bp insert in the promoter region
of the gene which, this insert including a cis-element of the
GATA box (Nishimura et al., 2018). The analysis revealed
the presence of the early-flowering alleles of Vin-A43 in spelt
wheat from Ethiopia and India and their absence in the
accessions of 7. durum Desf. and common wheats. These
results led the authors to the conclusion that the Vrn-43a-h1
and Vrn-A3a-h2 alleles should be useful in breeding for
earliness in durum and common wheat (Nishimura et al.,
2021).

T. carthlicum Nevski and T. dicoccum accessions pos-
sessing the Vin-Blc allele with a retrotransposon insertion
passed to flower without vernalization. Transcripts in the
winter DH-lines possessing the recessive vrn-Bl allele
were observed no sooner than after vernalization (Chu et
al., 2011).

Two spring accessions, PI1 208912 (Iraq) of 7. turgidum
and PI 74830 (China) of 7 durum and one winter accession
P1221422 (Serbia) of T. turgidum started to flower without
vernalization. However, they did so substantially later than
plants with the dominant Vrn-A1 or Vrn-BI genes. Interest-
ingly, winter accession P1 221422 started to flower 25 days
later than did spring accessions PI 208912 and PI 74830.
All of them have recessive vrn-B1 alleles and null alleles
vrn-B3. It is proposed that their late flowering is due to the
Vin-Ali allele (Muterko et al., 2016).

The combination of the dominant Vrn-417 and Vin-Bls
alleles was associated with early flowering the tetraploid
species T. dicoccum and T. dicoccoides (Korn. ex Asch. et
Graebn.) Schweinf. (Muterko et al., 2016). Vin-A1 allelism
is a possibility in 7. dicoccum (Rigin et al., 1994).

The gene’s allelic variant coming from 7. militinae Zhir.
et Migusch. was designated Vrn-AIf-like. QTL analysis
showed that it caused a 1.9-18.6-day delay in the flowering
time of Tdhti and Mooni, depending on cultivation condi-
tions (Ivani¢ova et al., 2016).

In all T. timopheevii (Zhuk.) Zhuk. accessions studied,
the spring growth habit was associated with the dominant
Vin-Alf-ins and Vin-Alf-del/ins alleles (Golovnina et al.,
2010; Shcherban et al., 2016). The same allele was found
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in wild 7 araraticum Jakubz. (Golovnina et al., 2010).
Noteworthy, this species has an extremely limited number
of spring forms (Goncharov, 1998).

Diploid wheat species (2n = 2x = 14)

It is possible that the pattern of inheritance in diploid
wheats is more sophisticated than it used to be thought
before, as spring growth habit in the wild 7. boeoticum
has recently been shown to be under digenic control (Fu
Hao, Boguslavskyi, 2023). Similar results obtained for the
T. monococcum by L. Smith (1939) have remained un-
noticed. Spring accessions of T. urartu, the A¥-genome
donor for polyploid wheat species, were found to have
a Vrn-A1 mutation typical for the section Triticum spe-
cies (Golovnina et al., 2009). However, as few as four
T’ urartu accessions from among 400 studied were spring
(Goncharov, 1998), of which two were “odd” in that they
were 1. urartu phenotypically (with velvety pubescence of
leaves), but T. boeoticum karyotypically (Adonina et al.,
2015) and, therefore, Vrn-A41 polymorphism is most likely
to have emerged no sooner than in polyploid wheats.

In field conditions, 7. monococcum with various dele-
tions in the promoter region of the Vrn-Alf and Vin-Alg
alleles showed 59-60 days to heading on average and did
not differ significantly from each other in terms of this
measure (p = 0.842) (Chepurnov, Blinov, 2022).

Enhancing the diversity of polymorphisms

in the Vrn genes and prospects in breeding

for reduced duration of the vegetative period

The polymorphism in dominant Vrn genes controlling
spring growth habit in varieties of Siberia and the Euro-
pean part of Russian Federation is extremely low (Lysenko
etal., 2014; Smolenskaya et al., 2022). In 75 % of the cul-
tivars in Siberia, this trait is under digenic control exerted
by the dominant Vrn-A1 and Vrn-BI genes; in 25 %, under
monogenic control exerted by dominant genes (among
24 cultivars, 19 are controlled by a single dominant gene
Vrn-A1 and 5, by a single dominant gene Vrn-B1). Trigenic
control was discovered for one cultivar, Tulun 15, (Li-
khenko et al., 2014). The conclusion made by E.A. Moi-
seeva and N.P. Goncharov (2007) that spring growth habit
in the of Western and Eastern Siberian wheat cultivars is
controlled by two dominant }7n genes has been confirmed.
An increased prevalence of the allele Vrn-Blc in West Si-
berian cultivars and of the allele Vin-Bla in East Siberian
cultivars has been observed, suggesting their selectivity to
environments of these regions (Smolenskaya et al., 2022).
Other regions of the Russian Federation have not yet been
considered with this amount of scrutiny (Lysenko et al.,
2014).

Our assumption is that, the level of DVP-related poly-
morphism in spring wheat cultivars in Siberia in particular
and Russia in general can be enhanced by introgression
of the dominant alleles of the Vrn genes from their wild
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ancestor (Goncharov, Chikida, 1995; Goncharov, 1998)
or by using rare alleles that are present in their gene pool
(Stelmakh, Avsenin, 1996; Koval, Goncharov, 1998) but
have not been studied by a molecular genetic methods and
are rarely used in the breeding. Note that 7 urartu Thum. ex
Gandil. — the donor of the A" genome of polyploid wheats
does not carry any mutation that could be new to spring
common wheat (Golovnina et al., 2010). The use of the
diploid species 7. monococcum carrying the A genome
(Goncharov et al., 2007; Nishiura et al., 2018) appears to
be impracticable either, due to its evolutionary unrelated-
ness to cultivated wheat. Consequently, the model based on
T. monococcum is not successful, as it leads modern plant
cultivation nowhere.

The aim of the future efforts is to develop a simple model
predicting wheat phenology, with effects of vernalization
and photoperiods taken into account. New facts about the
expression of the Vrn genes, their allelic composition, and
interaction with other genes will allow us to learn more
about the associations known to date (Distelfeld et al.,
2009; Jin, Wei, 2016; Krasileva et al., 2017; Kiseleva,
Salina, 2018; Milec et al., 2023). This knowledge will
undoubtedly contribute to increasing the efficiency of next
generation breeding.
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Abstract. Satellite repeats are a significant component of the genome of Triticeae and play a crucial role in the spe-
ciation. They are a valuable tool for studying these processes. Pseudoroegneria species play a special role among
grasses, as they are considered putative donors of the St-genome in many polyploid species. The aim of this study
was to compare the copy number of satellite repeats in the genomes of Triticeae species. Quantitative real-time PCR
was applied to determine the copy numbers of 22 newly discovered satellite repeats revealed in the whole-genome
sequences of Pseudoroegneria species and one additional repeat previously identified in the genome of Aegilops
crassa. The study focused on seven species of Pseudoroegneria, three species of Thinopyrum, Elymus pendulinus,
Ae. tauschii, Secale cereale, and Triticum aestivum. Based on the copy number level and coefficients of variation, we
identified three groups of repeats: those with low variability between species (medium-copy CL82), those with me-
dium variability (low- and medium-copy CL67, CL3, CL185, CL119, CL192, CL89, CL115, CL95, CL168), and those with
high coefficients of variation (CL190, CL184, CL300, CL128, CL207, CL69, CL220, CL101, CL262, CL186, CL134, CL251,
CL244). CL69 exhibited a specific high copy number in all Pseudoroegneria species, while CL101 was found in both
Pseudoroegneria and Th. junceum, CL244 in Th. bessarabicum, CL184 in P. cognata and S. cereale. CL95, CL128, CL168,
CL186, CL207, and CL300 exhibited higher copy numbers in P. cognata compared to other species; CL3, CL95, CL115,
CL119, CL190, CL220, CL207, and CL300 in P. kosaninii; CL89 in P. libanotica; CL134 in P. geniculata. Our assessment of
the copy number of new satellite repeats in the St-genome and the analysis of their amplification specificity between
species can contribute to the molecular-genetic and chromosome markers used for evolutionary, phylogenetic, and
population studies of Triticeae species.
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CpaBHUTe/NbHAas OlLleHKAa KOIMUITHOCTU
caTe/JJINTHBIX IIOBTOPOB B reHOMe Buao0B Triticeae
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AHHoTauusa. CaTenNITHble NMOBTOPbI COCTaBNAT 3HAUMTENbHYIO YacTb reHoMma [eHnLEeBbIX, Urpas BaXkHYIO PoJib
B BMA000Opa3oBaHUN, YTO AeNaeT KX LIeHHbIM MHCTPYMEHTOM AN1A 13yyeHnsa 3Tux npoueccoB. Ocoboe mecto cpeam
3/1aKOB 3aHVMaloT BUfbl Pseudoroegneria — Hanbonee BeposATHblE JOHOPbI St-reHOMa Yy MHOTVX nonunaonaos. Lenb
HaCTOALEro UCCNeAoBaHUA COCTOANA B CPABHUTENbHOWM OLEHKe KOMUIHOCTU CaTesSIMTHbIX NMOBTOPOB B reHOMax
Triticeae. C noMOLLbIO KOIMYECTBEHHOW MOIMMEPA3HOW LieMHOW peakuuy B peasibHOM BPeMEeHU Obina yCTaHOBNEHA
KOMWUINHOCTb 22 caTeN/IUTHbIX MOBTOPOB, BbIABMEHHbIX B MOIHOFEHOMHbIX HYKNEOTULHbIX NMOCNEe[0BaTENIbHOCTAX BU-
noB Pseudoroegneria, v ogHOro paHee ony6sMKoBaHHOIO NMOBTOPa, 06HapyXeHHoro B reHome Aegilops crassa. O6b-
eKTaMun aHanm3a cTanu ceMb BMAoB Pseudoroegneria, Tpy Buaa Thinopyrum, Elymus pendulinus, Ae. tauschii, Secale
cereale v Triticum aestivum. [0 ypOBHIO KONMMNHOCTW 1 KO3$PrLMeHTaM BapraLm Hamu BbifeneHo Tpy rpynbl no-
BTOPOB: C HA3KMM YPOBHEM BapmnaTUBHOCTU MeXIY Buaamu (cpeaHekonuiiHbin CL82), cpeHMM ypOBHEM BapuaTuB-
HOCTU (HM3KO- 1 cpegHekonuiiHble CL67, CL3, CL185, CL119, CL192, CL89, CL115, CL95, CL168) 1 C BbICOKMMMU 3Ha-
YeHuamn KoadpodurumeHnTa Bapuaumm (CL190, CL184, CL300, CL128, CL207, CL69, CL220, CL101, CL262, CL186, CL134,
CL251, CL244). Nostop CL69 nokasan cneunduyeckyto BbICOKYIO KOMUAHOCTb ANA BCeX BUAOB Pseudoroegneria,
CL101 -y Pseudoroegneria v Th. junceum, CL244 —y Th. bessarabicum, CL184 -y P. cognata v S. cereale. Y P. cognata
6onee BbICOKYIO KOMUIAHOCTb, MO CPAaBHEHWMIO C OCTabHbIMU BuZamu, npossunn nostopbl CL95, CL128, CL168,
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CL186, CL207, CL300; y P. kosaninii — CL3, CL95, CL115, CL119, CL190, CL220, CL207 n CL300; y P. libanotica — CL89;
y P. geniculata - CL134. lpoBefeHHble HaMU OLieHKa KOMUIHOCTI CaTeININTHLIX MOBTOPOB, HAMAEHHbIX B St-reHoMe, 1
aHanms3 CI'IeLl,I/l(bVIl-lHOCTVI nx amnnmd)vmaumm MeXxay Bugamum MoryT NnonoJSIHNTb apceHast MONEKYNAPHO-TreHETUYECKNX
N LUTOrEHETUYECKNX MaPKEPOB, NCMOMb3YeMbIX /1A SBOMOLNOHHbIX, PUAOreHETUYECKUX 1 MONYAALUMOHHBIX NCCie-

[0BaHWI NpegcTaBuTenei Tpubbl MNuweHnLeBbIX.

KnioueBble crioBa: Triticeae; catennutHble noBTopbl; qPCR; noNHOreHoMHoe ceKBeHUpOBaHue.

Introduction

Triticeae is an economically important tribe of the Poaceae
family, comprising approximately 500 species of annual and
perennial herbaceous plants (NCBI database: https://www.
ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi). Wheat,
rye, barley, and fodder grasses are among the species of this
tribe that play a significant role in providing food for humanity
and have also become an integral part of animal diets (Hod-
kinson, 2018).

The interest in studying phylogenetic relationships within
the Triticeae tribe is largely driven by the potential of wild
wheat species to serve as valuable sources of economically
important genes for the improvement of cultivated cereals. For
example, Thinopyrum and Dasypyrum serve as gene donors
for resistance to various diseases (Yang et al., 2005; Luo P.G.
et al., 2009; Salina et al., 2015; Wang S. et al., 2019; Li L.F.
et al., 2022; Guo et al., 2023). By crossing wheat and Agro-
pyron, it is possible to increase head productivity (Zhang J. et
al., 2016). Representatives of Pseudoroegneria are drought-
resistant and are used as pasture grasses (Wu et al., 2023b).

The Triticeae tribe consists of approximately 100 annual
and 400 perennial species, which carry one (in diploids) or
several (in polyploids) of 13 genomes (Wang, Lu, 2014). Re-
presentatives of Pseudoroegneria carry the St-genome, and
it is believed that this genus was the donor of the St-genome
for Elymus and some Thinopyrum species (Mahelka et al.,
2011; Dobryakova, 2017; Linc et al., 2017; Lei et al., 2018;
Chen N. et al., 2020; Agafonov et al., 2021). Plants of the
genus Agropyron, at all ploidy levels (2n = 2x/4x/6x), are
distinguished by the presence of a P-genome (Zhang Y. et al.,
2015). Genome J (=E) is mainly composed of diploids 7#i-
nopyrum bessarabicum (genome J = J°) and Th. elongatum
(genome E = J¢). The J-genome is evolutionarily close to the
D-subgenome of common wheat, and the most likely donor of
the D-subgenome is Aegilops tauschii (Baker et al., 2020). This
may explain why the chromosomes of the D-subgenome in the
introgressive lines of common wheat, developed with the aim
of improving it through hybridization with Thinopyrum, show
the highest frequency of introgressions from the J-genome
(Chen Q. et al., 2001; Liu Z. et al., 2007; Cui et al., 2018).

At present, the origin, relationships, and proximity of ge-
nomes within the Triticeae tribe remain controversial and
uncertain. The challenges associated with studying Triticeae
genomes are primarily due to the significant differences be-
tween the polyploid subgenome and the ancestral genome of
the diploid parent organism. These differences arise from the
modifications that occur during evolution. Additionally, the
diploid ancestor of the donor organism may have become
extinct or has not yet been found (Jakob, Blattner, 2010;
Liu Q.-L. et al., 2020; Sha et al., 2022). Perennial polyploid
species, for example, Th. intermedium and Th. ponticum, may
have an unbalanced genome or chromosomal translocations
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(Kruppa, Molnar-Lang, 2016; Liu Y. et al., 2023). This could
be associated with the transition to vegetative reproduction,
which does not involve sexual processes for seed formation
and therefore does not require stable meiosis (Comai et al.,
2005; Husband et al., 2013). The same species are characte-
rized by recombinant subgenomes, the origin of which is still
unclear (Wang R.R.C. etal.,2015; Liu Y. et al., 2023). Discus-
sions continue regarding potential donors of the Y-subgenomes
in Elymus and Roegneria (Yan et al., 2011; Liu Q.-L. et al.,
2020; Wu et al., 2021), as well as the maternal form in the
occurrence of Thinopyrum, Roegneria, Elymus, Kengyilia, and
other polyploids (Mahelka et al., 2011; Luo X. et al., 2012;
Zeng et al., 2012; Lei et al., 2018; Chen N. et al., 2020).

In addition, there is a problem of correlation between the
species identification of a particular specimen based on botani-
cal traits (often influenced by the environment) and that based
on molecular genetic and cytogenetic characteristics (Wang,
Lu, 2014; Al-Saghir, 2016; Rodionov, 2022). For example,
this issue arises in Elymus, as demonstrated by studies con-
ducted by A.V. Rodionov et al. (2019), V. Lucia et al. (2019),
and L. Tan et al. (2021). Another example is the relationship
between Th. elongatum and Th. bessarabicum that bear fairly
similar genomes, but differ in botanical characteristics (Gre-
wal et al., 2018; Dai et al., 2021; Chen C. et al., 2023). The
problem is compounded by the fact that natural spontaneous
hybrids are often found (Chen C. et al., 2022; Luo Y.C. et al.,
2022; Wu et al., 2023a). The study of phylogenetic relation-
ships deepens our understanding of evolutionary processes in
plants and speciation, and helps to improve biosystematics.
The acquired knowledge will enhance the efficiency of uti-
lizing genetic resources from wild species by improving the
understanding of their proximity to the genomes of cultivated
crops and the potential for obtaining valuable introgressions.

The genome of Triticeae grasses is characterized by a large
size, which complicates whole-genome deep sequencing and
makes assembly difficult (Rabanus-Wallace, Stein, 2019).
A significant portion of the Triticeae genome is composed
of repetitive DNA, known as repeats. The repeatome include
mobile elements, gene clusters (specifically the 5S and 45S
rRNA genes), and satellite repeats (Dvorak, 2009; Shcherban
et al., 2015; Gao et al., 2023; Vershinin et al., 2023).

Satellite repeats are tandem repeating non-coding sequences
that exist as arrays of varying lengths in genetically silent
heterochromatin regions (Badaeva, Salina, 2013). Satellite
repeats are considered to be the most variable and rapidly
evolving components. They can be species-specific or com-
mon to closely related species (Belyayev et al., 2019; Garrido-
Ramos, 2021; Thakur et al., 2021). Comparative analysis of
copy number, nucleotide sequences, and localization on the
chromosomes serves as a tool for basic phylogenetic and
evolutionary studies of plants, including Triticeae species
(Anamthawat-Jonsson, Heslop-Harrison, 1993; Vershinin et
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al., 1994; Kishii et al., 1999; Anamthawat-Jonsson et al., 2009;
Han et al., 2017; Linc et al., 2017; Ruban, Badaeva, 2018;
Said et al., 2018; Salina, Adonina, 2019; Dai et al., 2021; Wu
etal., 2021; Chen C. et al., 2022; Kroupin et al., 2023; Shi et
al., 2023). Satellite repeats have found practical use as PCR
markers and chromosomal markers for identifying introgres-
sions of alien genetic material containing valuable economic
traits in the genomes of cultivated cereals (Li G. et al., 2016;
Han et al., 2017; Liu L. et al., 2018; Chen J. et al., 2019).

Tangible progress has been made in the study of Triticeae
genomes, owing to the invention of whole-genome sequencing
methods and bioinformatic algorithms for analyzing the data
obtained (Rabanus-Wallace, Stein, 2019; Gao et al., 2023).
The rapid growth in the volume of information on genome-
wide sequences of Triticeae has significantly accelerated and
simplified the search for repetitive DNA that can be used as
chromosomal markers (Du etal., 2017; Said et al., 2018; Tang
etal., 2018; Chen J. et al., 2019; Kroupin et al., 2019a, 2022;
Lang et al., 2019a; Liu Q.-L. et al., 2020; Wu et al., 2021,
2022). Due to the significant presence of repetitive DNA in
the Triticeae genomes, information about satellite repeats
can be obtained even through sequencing with low coverage.
This greatly simplifies the process of searching for repeated
sequences (Navajas-Perez, Paterson, 2009; Kroupin et al.,
2019b; Satovic-Vuksic, Plohl, 2023).

A well-established method for quantifying the number
of copies of repetitive DNA, including satellite repeats, is
quantitative real-time PCR (qPCR) (Harpke, Peterson, 2007;
Navajas-Pérez et al., 2009; Baruch, Kashkush, 2012; Feliciello
etal., 2015; Divashuk et al., 2016, 2019, 2022; Pereiera et al.,
2018; Shams, Raskina, 2018). Compared to Southern blot or
dot-blot hybridization on a membrane, or fluorescent in situ
hybridization on chromosomes, qPCR has proven to be an
easier-to-use, accurate, and effective method for assessing
the copy number of the target sequence. This method allows
researchers to identify the number of copies of satellite repeats
in the genome and the variability between genomes (Kalendar
etal., 2020; Pos et al., 2021).

In this study, the whole-genome sequencing of Pseudoroeg-
neria spicata, P. libanotica, P. tauri, P. geniculata, P. cognata,
and P. kosaninii revealed the presence of 22 satellite repeats.
In order to comprehend the potential of using them as tools for
evolutionary and phylogenetic studies of wild representatives
of the Triticeae tribe, as well as for studying wide hybrids
using molecular biology and cytogenetics methods, it is crucial
to first determine the copy number of satellite repeats in the
genomes of St-genome carriers. Therefore, we have chosen
Pseudoroegneria species with different ploidy levels as our
research subject.

To assess the specificity of satellite repeats for the St-ge-
nome, we included Thinopyrum species in the experiment,
which contain the J-genome that is common among Triticeae.
We also selected Th. intermedium with the J'JVsSt-genomic
formula, serving as a carrier of the St-subgenome and St-
specific repeats in the recombinant J'S-genome. To explore
the potential of utilizing the identified satellite repeats for the
characterization of distant wheat and rye hybrids, Triticum
aestivum and Secale cereale accessions were included in the
study. In addition, due to the evolutionary proximity of the
J- and D-genomes, we included the Ae. fauschii accession.
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E. pendulinus was also used, carrying both the St-subgenome
targeted by our work and the Y-subgenome of unknown origin,
which is common among Elymus sensu lato species. The ex-
periment also included a satellite repeat of CL244, which we
obtained as a result of analyzing the whole-genome nucleotide
sequence of Ae. crassa (D'X°), a carrier of the D-genome
variant (Kroupin et al., 2022). Despite this, CL244 was not
found in Ae. tauschii, showed a small number of hybridiza-
tion sites on the chromosomes of 7. aestivum and Ae. crassa,
while on the chromosomes of the JP-genome in Th. bessara-
bicum, bright signals were observed indicating a high level
of its abundance.

Materials and methods
The Triticeae species with various genomic compositions, as
listed in the Table, served as the material for our study.

The young leaves of the plants were frozen in liquid nitro-
gen. Genomic DNA was then isolated using the CTAB pro-
tocol (Rogers, Bendich, 1985). This DNA was used for sub-
sequent sequencing and quantitative PCR (qPCR). The con-
centration and purity of the isolated DNA were tested using
Qubit 4 (Thermo Fisher Scientific, USA) and electrophoresis
in a 0.8 % agarose gel.

Shotgun sequencing libraries were synthesized using the
Swift 2S Turbo DNA Library Kit (Swift Bioscience, USA)
in accordance with the manufacturer’s protocol. To assess
the quality of the libraries, a test run was conducted on the
MiSeq device (Illumina, Inc., USA). The libraries were then
converted and sequenced using DNBSEQ-G400 on one track.
The initial amount of DNA was 25 ng. The fragments were
approximately 350 bp long and were indexed at both ends
using the Swift 2S Turbo Unique Dual Indexing Kit (Swift
Bioscience). Sequencing was performed on Illumina Next-
Seq (Illumina, Inc.), using the NextSeq 500/550 Mid Output
Kit v.2.5 (TIllumina, Inc.).

Bioinformatic analysis was conducted on the processing and
assembly of the reads of nucleotide sequences that involved
a sequence of satellite tandem repeats. The uniqueness of
these sequences was evaluated in comparison to previously
published methods described in P.Y. Kroupin et al. (2022).
The primer sequences for the identified monomers of satellite
repeats are provided in Supplementary Material 1'.

Quantitative real-time PCR was conducted using DNA from
the accessions listed in the Table as a template, with three
replicates. The amplification was carried out using a CFX real-
time amplifier system (Bio-Rad Laboratories, Inc., USA) and
areaction mixture of Real-Time PCR Mix containing the Eva
Green fluorophore (Synthol Ltd., Russia) in accordance with
the manufacturer’s protocol. A single-copy gene, VRN, was
used as the reference gene. Primer concentration in mixtures
consisted of 10 ng/pl, while DNA concentration was 0.4 ng/pl.
Amplification was performed according to the following pro-
gram: preincubation — 10 min at 95 °C; followed by 40 cycles:
denaturation— 10 s at 95 °C; primer annealing — 30 s at 60 °C.

Statistical analysis, including the calculation of the ave-
rage values of Cq, standard deviation, and the corresponding
number of copies relative to the reference gene VRN, was per-
formed using Bio-Rad CFX and Manager 3.1 software. To

T Supplementary Materials 1 and 2 are available
https://vavilov.elpub.ru/jour/manager/files/Suppl_Kroupin_Engl_27_8.xIsx
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Plant material

Comparative assessment of the copy number of satellite
repeats in the genome of Triticeae species

Species Accessions Source

. Psplcam ................... P|5 7885 5 ............................ GR|N1 ...............................
Psp,cata ................... P|23667 1 ............................ GR|N .................................
Phbanonca ............... P|228389 ............................ GR|N .................................
. p,,bano t,ca ............... p|33069 0 ............................ GR|N .................................
Pmu ” ....................... p|380652 ............................ GR|N .................................
. Pgemcumm .............. p|67043 7 ............................ GRIN .................................
Pcognam ................. P|670361 ............................ GR|N .................................
. Pkosanm” ................ P|23763 6 ............................ GR|N .................................
Th , n te,med, um ........ p|401 . 2 0 0 ............................ GR|N .................................
-,-h bessamb,cum ...... p|531 . 7 1 1 ............................ GR|N .................................
-,-hju nceum .............. P|”9604 ............................ GRIN .................................
. Epe ndUImus ............. P|63980 4 ............................ GR|N .................................
Ae musc h, , ................ K6 0 8 ................................... V| R S
. 5 Cerea,e ................... cv B eregl n y a ...................... NGC3 ................................
Taesnvum ................ CV Chmese Spr mg ............. _ .......................................

2n Genome Target of use
formula (sequencing, qPCR)
14 .............................. Stst ............................ SequencmngCR ..................
28 .............................. Stststst ...................... SequencmngCR ..................
14 .............................. Stst ............................ qPCR ........................................
14 .............................. Stst ............................ Sequencmg .............................
14 .............................. Stst ............................ SequencmngCR ..................
28 .............................. Stststst ...................... SequencmngCR ..................
28 .............................. Stststst ...................... SequencmngCR ..................
s SIStSStSISStSt  Sequencing,gPCR
. 42 .............................. vavaJrJrStS t ............... quR ........................................
1 4 .............................. Jbe ............................. quR ........................................
. 42 .............................. JbeJbeJeJe ................. quR ........................................
28 .............................. Sts tYY ........................ qPCR ........................................
14 .............................. DD .............................. qPCR ........................................
14 .............................. RR ............................... quR ........................................
. 42 .............................. BB AADD .................... quR ........................................

T GRIN - germplasm resources information network of the Agricultural Research Service of the US Department of Agriculture (USDA-ARS Germplasm Resources

Information Network).
2VIR = N.I. Vavilov All-Russian Institute of Plant Genetic Resources.
3 NGC - PP. Lukyanenko National Grain Center.

assess the similarity of copy numbers among repeats, we have
introduced the concept of “repeat copy number pattern”, a set
of copy number values for a specific repeat within the set of
species being studied. To assess the similarity of copy number
among the species under investigation, we have introduced
the concept of “species copy number pattern”, a set of values
of the copy number of the satellite repeats being studied for
a particular species.

Pearson’s correlation coefficients () were calculated using
Statistica 12 software (StatSoft, USA) to determine the re-
lationship between repeat copy number patterns and spe-
cies copy number patterns. The significance level was set
at p < 0.05. Diagrams were constructed using the principal
component analysis method for satellite repeats and the studied
species. The diagrams were based on the data obtained from
Statistica 12 software, which included information on the copy
number of satellite repeats. The coefficient of variation of the
satellite repeatability values between species was calculated
using Microsoft Excel (USA).

Results

Characteristics of identified satellite repeats

In the framework of the present study, a total of 22 satellite
repeats were found in separate genome sequence assemblies.
As aresult of analyzing the nucleotide sequence of the diploid
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accession of the P. spicata (2n = 14) genome, 10 repeats were
identified. These repeats include CL69, CL82, CL101, CL119,
CL128, CL168, CL184, CL207, CL251, and CL262. Addi-
tionally, four repeats were found in the nucleotide sequence
of the P. tauri genome (CL67, CL89, CL185, and CL192),
as well as in the P. kosaninii genome (CL3, CL115, CL220,
and CL300). Furthermore, one repeat was found in each of
the genomes of P. libanotica (CL95), P. geniculata (CL134),
P. cognata (CL186), and a tetraploid P. spicata (CL190).

The characteristics of the identified satellite including its
length and the most similar sequences in the NCBI database
are presented in Supplementary Material 1. After comparing
the nucleotide sequences of the 22 repeats with those previ-
ously published in the NCBI, we did not find any matches for
nine of them (CL69, CL89, CL95, CL168, CL185, CL207,
CL251, CL262, CL300). For the remaining 13, the level of
identity among similar published sequences ranged from 70
to 98 %. This indicates that they are different from previously
published sequences (see Supplementary Material 1).

Two satellite repeats showed similarities to repeats found
in common wheat: CL119 was similar to the pTa-465 clone
(77 % identity), and CL101 was similar to the Speltl-like
subtelomeric repeat (80 % identity). Three repeats showed
similarities to the following known satellites: CL220 to
CL219, which was detected in the Ae. crassa genome (82 %),
CL134 to CL97 from the Th. bessarabicum genome (71 %)
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Relative copy number of the satellite repeats in the studied species of the Triticeae tribe expressed as a decimal logarithm.

and CL186 to ACRI TR CLS80 from the A. cristatum ge-
nome (70 %). The other three repeats show similarities to
microsatellites: CL128 has similaritiy to L15 identified in the
P, stipifolia genome (84 %), CL190 shows similarity to P523
from the genome of Ae. tauschii (81 %), and CL82, to pTa-451
from common wheat (88 %). Four repeats we found showed
similarity to the following mobile elements: CL184, which
has a 98 % similarity to the Cassandra retrotransposon from
the rye genome, CL67 and CL115, which have a 91 and 78 %
similarity to retrotransposons from the barley genome Cereba
and Sandra5, respectively, and CL192, which has a similarity
to transposon XJ from the Ae. tauschii genome (70 %). The
CL3 repeat was most similar to the E-gene-specific marker
Th. elongatum 51-6 (79 %).

Assessment of the copy number

of satellite repeats using qPCR

The data obtained on the relative copy numbers of 23 satellite
repeats in 14 species, calculated in relation to the reference
single-copy VRN gene, are shown in Supplementary Mate-
rial 2.1. All of the repeats we studied differed in terms of copy
numbers and the coefficient of variation between the species.
Since the order of the obtained copy numbers varied signifi-
cantly, the results were presented in the form of a decimal
logarithm for the convenience of comparing their abundance
(see the Figure and Supplementary Material 2.2). Hereafter,
we will simply refer to the decimal logarithm of relative copy
number as “copy number”. Since the copy number rate varied
from O to 5, the repetitions were classified into the following
groups based on their copy number: low (< 2), medium (> 2,
<4), and high (> 4). Since the coefficient of variation ranged
from 0 to 0.6, we assumed that the variability was low when
its value was less than 0.1, medium when it fell between 0.1
and 0.25, and high when it exceeded 0.25.

CL82 turned out to be the least variable repeat: its abun-
dance was medium-closer to high and ranged from 2.9 to 3.8.

The medium coefficient of variation for the copy number of
satellite repeats in all studied accessions (from 0.16 to 0.25)
was observed in nine specific repeats, namely CL67, CL3,
CL185, CL119, CL192, CL89, CL115, CL95, and CL168
(listed in ascending order based on their coefficient of varia-
tion). The average copy number values in Pseudoroegneria
species were 2—11 % higher compared to the entire studied
collection. However, CL67 had the highest copy number
in the rye genome (3.2). CL89 showed the highest value in
P, libanotica (2.8), CL3, CL119, and CL115 had the highest
values in P. kosaninii (2.7, 3.1, and 2.7, respectively), CL95
had the highest value in both P. cognata and P. kosaninii (2.1),
and CL168 had the highest value in P. cognata (2.9). The re-
maining repeats of this group were generally characterized by
a low-to-medium level of copy number across all accessions.
The minimum copy number was observed in CL192, ranging
from 1.2 to 2.5, while the maximum copy number was found
in CL185, ranging from 1.8 to 3.2.

A high level of variability was observed in the following
13 repeats: CL190, CL184, CL300, CL128, CL207, CL69,
CL220,CL101, CL262, CL186,CL134,CL251, and CL244.
The coefficient of variation ranged from 0.27 to 0.43. In this
group, the following repeats can be distinguished: CL69 with
a high copy number in Pseudoroegneria species (4.0-5.3),
medium in Thinopyrum and E. pendulinus (2.8-3.0), and low
in the rest; CL101 with a medium copy number in Pseudo-
roegneria (2.0-3.9) and Th. junceum (2.8), low in the rest;
CL244, close-to-high in Th. bessarabicum (3.9), significantly
varies in Pseudoroegneria species (0-2.4), and is medium to
low in the others. CL184 is the highest in P. cognata (2.9) and
S. cereale (3.0) compared to the others (0.5-2.3). Individual
repeats showed the highest copy number in specific Pseudo-
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roegneria species: CL128 and CL186 in P. cognata (2.5 and
2.6, respectively), CL190 and CL220 in P, kosaninii (2.5 and
3.0, respectively), CL134 in P. geniculata (3.1), CL207 and
CL300 in P. cognata and P. kosaninii (ranging from 3.1 to
3.2). CL251 and CL262 were characterized by an overall low
copy rate, ranging between 0.3—1.7 and 0—1.4, respectively.

Correlation analysis (see Supplementary Material 2.3)
and principal component analysis (see Supplementary Ma-
terial 2.4) were used to identify the following groups with
similar repeat copy number patterns: 1) CL3, CL115, CL119,
CL190, and CL220 (> 0.77); 2) CL95, CL207, and CL300
(r>0.87);3) CL128, CL168, and CL186 (> 0.72). Correla-
tion analysis (see Supplementary Material 2.5) and principal
component analysis (see Supplementary Material 2.6) revealed
a high level of similarity in the species copy number patterns
among the following groups: 1) Pseudoroegneria accessions
(r>0.9); 2) E. pendulinus, Th. intermedium and Th. junceum
(r>0.8); 3) rye, common wheat, E. pendulinus, Th. junceum,
and Ae. tauschii (r > 0.89). The medium level of similarity
in the species copy number pattern was observed between
Th. intermedium and Pseudoroegneria (r > 0.6). The species
copy number pattern in 7h. bessarabicum, on average, showed
the least similarity with other species.

Discussion

Satellite repeats constitute a significant portion of the Triticeae
genome and play a crucial role in the formation and evolu-
tion of new species. As a consequence, they serve as valuable
tools for analyzing these processes (Shcherban, 2015; Salina,
Adonina, 2019; Vershinin et al., 2023). The search for new
satellite repeats is necessary to understand the phylogenetic
relationships and evolution of the Triticeae tribe, which is of
significant importance to humans. One of the initial steps in
determining the suitability of the identified satellite repeats as
tools for such studies is to conduct a comparative assessment
of their copy number in related species.

Some of the satellite repeats we found in the St-genome
showed a similar copy number among the studied species.
Homologs have been found in the genomes of wheat and
barley, suggesting their common origin. CL82 and CL119
showed similarity to pTa-451 and pTa-465, respectively, which
were identified in 7" aestivum (Komura et al., 2013). CL67 is
similar to the centromeric retrotransposon Cereba (Hudako-
va et al., 2001) and is conserved in Triticeae (Dvorak, 2009).
Although CL3 is 79 % identical to the E-specific repeat 51-6,
it did not show any specificity for Thinopyrum species in our
study. This suggests that we have discovered an older and less
genome-specific variant.

CL69 was distinguished by a high copy number in Pseu-
doroegneria accessions and a medium copy number in 7hi-
nopyrum and E. pendulinus species. This may indicate its
occurrence before the divergence of the St- and J-genomes.
CL101 has a medium copy number in Pseudoroegneria and
Th. junceum species and could also occur in a common ances-
tor of the St- and J-genomes. Since CL101 is 80 % identical
to the subtelomeric Speltl-like repeat, it is likely that it may
have a common origin with Spelt-1, which is common in 77iti-
cum and Aegilops. This repeat is characterized by significant
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repeats in the genome of Triticeae species

variation in copy number between species (Pestsova et al.,
1998; Ruban, Badaeva, 2018). The copy number of CL69 and
CL101 in individual accessions is relatively high, reaching
values of up to 3.9 and 5.3, respectively. This makes them
suitable candidates for use as chromosomal markers in the
FISH procedure. Further experiments using the FISH method
will show whether these repeats can serve as chromosomal
markers for identifying the St-subgenome in polyploid species,
such as E. pendulinus, studying recombinant JVS-genomes in
intermediate wheatgrass and investigating chromosomal rear-
rangements in wide wheat hybrids.

The highest copy number value in P. cognata and S. cereale
was demonstrated by CL184, which shows similarity to the
Cassandra retrotransposon found in the rye genome. Cas-
sandra is found in the genomes of many plant species and
is characterized by significant differences in copy number
between them (Kalendar et al., 2020). Since one of the mecha-
nisms by which satellite repeats are propagated throughout the
genome is through the movement of retroelements (Garrido-
Ramos, 2021; Satovié-Vuksié, Plohl, 2023), it is possible that
we have identified a repeat that has been retained as a con-
sequence of Cassandra spreading along the ancestral lineage
of the St- and R-genomes.

CL244, previously identified by us in the Ae. crassa ge-
nome, was characterized by a higher copy number in Th. bes-
sarabicum than in common wheat, Ae. crassa and Ae. tauschii
(Kroupin et al., 2022). In this study, the results were confirmed.
However, at the same time, there was a significant variation
in copy number between Pseudoreogneria species, which
could be attributed to the elimination or accumulation of
CL244 during speciation and subsequent evolution. CL244
has terminal localization on chromosome 7h. bessarabicum
(Kroupin et al., 2022), and can presumably accumulate or be
eliminated in various species, similar to the terminal repeats
of Spelt-1 and Spelt-52 in Aegilops and Triticum (Raskina et
al., 2011; Ruban, Badaeva, 2018) or pSc200 and pSc250 in
rye (Evtushenko et al., 2016).

CL220, which is specific to P. kosaninii, exhibited similari-
ties with CL219, which we had previously identified in the
Ae. crassa genome (Kroupin et al., 2022). CL186, specific
to P. cognata, showed similarity to ACRI CL80, which was
identified in 4. cristatum (P-genome) (Said et al., 2018). Both
repeats probably arose before the divergence of Triticeae ge-
nomes from a common ancestor and accumulated in separate
species at certain periods. Since CL219 and ACRI_CL80
were localized on separate chromosomes, it can be inferred
that CL220 and CL186 will also exhibit chromosome-specific
localization on the chromosomes of P. kosaninii and P. cog-
nata, respectively.

We have identified repeats that vary in copy number be-
tween Pseudoroegneria species with varying levels of ploidy.
For example, the octaploid P. kosaninii is characterized by a
high copy number of CL115, CL190, and CL220, while the
tetraploid P. geniculata has a high copy number of CL134.
The observed differences in the abundance of the repeats may
be attributed to polyploidization processes. This is because
tandem repeats in the centromeric and terminal regions have a
significant impact on chromosome recognition and divergence

BaBunosckuii XKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2023 - 27 - 8



M.10. KpynuH, A.V. IOpkuHa, A.A. Kovelwkosa
[.C. YnbaHos, ['W. Kapnos, M.I. uBaluyk

during cell division. This is particularly relevant for homeo-
logical genomes in polyploid plants (March, 2019; Aguilar,
Prieto, 2021). Such subgenome- and even chromosome-spe-
cific repetitive elements have been detected in polyploid spe-
cies such as wheat, oats, and intermedium wheatgrass. These
elements are apparently necessary for the differentiation
of subgenomes during cell division (Shrama, Raina, 2005;
Liu Z. et al., 2008; Divashuk et al., 2016; Lang et al., 2019b;
Suetal., 2019).

Comparison of the repeat copy number patterns helped
determine which of them have similar copy numbers among
the studied accessions (see Supplementary Materials 2.3 and
2.4). CL3, CL115, CL119, CL190, and CL220 were grouped
together because they exhibited the highest levels of copy
number in P. kosaninii. CL95, CL207, and CL300 are more
specific to P. cognata and P. kosaninii. In CL128, CL168,
and CL186, the maximum copy number was observed in
P, cognata. A comparison of the species copy number patterns
allowed for a general understanding of which accessions are
characterized by similar repeat copy numbers.

The overall clustering of Pseudoroegneria species (see
Supplementary Materials 2.5 and 2.6) indicates that, in ge-
neral, they exhibit similar copy numbers of repeats that are
different from those of other species. The copy number pat-
tern of E. pendulinus (2n =28, StStY'Y) differed from that of
Pseudoroegneria, suggesting that the St-specific repeats we
discovered could be valuable for analyzing the St-subgenome
of E. pendulinus and other Elymus sensu lato accessions. Thi-
nopyrum and common wheat exhibited different copy number
patterns. CL244 and CL69 can be utilized to identify wheat-
wheatgrass hybrids and detect introgressions from all three
studied wheatgrass species into the wheat genome. Similarly,
CL134 and CL251 can be used for this purpose in Th. jun-
ceum.

L. Wangetal. (2017) found a repeat of St,-80 in the genome
of P. libanotica, hybridizing along the entire length of the
St-(sub)genome chromosomes and only in the terminal regions
of the E-, H-, P-, and Y-(sub)genomes. Q.-L. Liu et al. (2020)
identified mobile elements in the genome of P. stipifolia, in-
cluding dispersed repeats S13, S158, and S21, which showed
varying intensity between the chromosomes of the St- and
Y-subgenomes. They also found S5, which had a specific
point localization and differed between the chromosomes of
the St- and Y-subgenomes. D. Wu et al. (2022) created chro-
mosomal markers STlib_96, STlib 98, and STlib_117 based
on satellite repeats of P. libanotica. However, the possibility
of using these markers for the analysis of allopolyploids with
the St-genome is not reported.

Our assessment of the copy number of satellite repeats found
in the St-genome and the determination of their amplification
specificity between species can enhance the range of molecu-
lar genetic and cytogenetic markers utilized in studying the
Triticeae tribe. The copy number of satellite repeats can vary
significantly between species, populations, and even within
them (Wang Q. et al., 2010; Belyaev, Raskina, 2013; Pollak
et al., 2018; Tao et al., 2021). The satellite repeats identified
in the present study can be useful, among other purposes, for
population studies of Pseudoroegneria and Triticeae species.
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Conclusion

Based on the data from whole-genome sequencing of Pseu-
doroegneria accessions, we identified 22 satellite repeats. In
the genomes of 14 representatives of the Triticeae tribe, we
determined their copy number, including CL244, which was
previously discovered in Ae. crassa. As a result of the evalua-
tion, the studied repeats were classified according to the level
of abundance and variability between species. The satellite
repeats identified in the present study can be used as molecular
genetic markers for evolutionary, phylogenetic, and population
studies of Triticeae. They also have the potential to serve as
cytogenetic markers for in situ hybridization.
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Abstract. Substitution lines of the cotton Gossypium hirsutum L. involving chromosomes of the tetraploid species
G. barbadense L., G. tomentosum Nutt. ex Seem., and G. mustelinum Miers ex Watt. are a valuable source for breeding, in-
creasing the genetic diversity of G. hirsutum. The substitution of certain G. hirsutum L. chromosomes with G. barbadense
chromosomes affect fibre elongation, fibre yield, fibre strength, and micronaire. To increase the efficiency of creating
lines, it is necessary to study the nature of the introgression of alien chromosomes into the G. hirsutum L. genome. As a
result of molecular genetic analysis of BC,F, hybrids obtained from crossing monosomic lines of the cotton G. hirsutum
from the cytogenetic collection of Uzbekistan with monosomic backcross hybrids BC,F; G. hirsutum x G. barbadense
on the same chromosomes, genetic differences between the hybrids in the profile of chromosome-specific microsatel-
lite SSR markers were found. The predominant introgression of chromosomes 4, 6 and 12 of the A,-subgenome and 22
of the D-subgenome of G. barbadense was revealed, while chromosomes 2 and 7 of the Ai-subgenome and 18 of the
D-subgenome of G. barbadense were characterized by elimination. Among them, chromosomes 7 of the A;-subgenome
and 18 of the D,-subgenome of G. barbadense were eliminated in the first backcross generation. In this work, two lines,
CS-B06 and CS-B07, from the American cytogenetic collection with a putative substitution involving chromosomes 6
and 7 of the Ai-subgenome were analysed. The presence of only polymorphic alleles from the species G. hirsutum and
the absence of polymorphic alleles from the species G. barbadense were revealed, which showed the absence of sub-
stitution involving these chromosomes. BC,F, hybrids with monosomy for both G. barbadense and G. hirsutum chromo-
somes were characterized by regular pairing of chromosomes and high meiotic indexes. However, many hybrids were
characterized by a decrease in pollen fertility. Two hybrids with monosomy for chromosome 7 of the Ai-subgenome
of G. hirsutum and chromosome 6 of the A;-subgenome of G. barbadense had the greatest reduction in pollen viability
(70.09+1.57 and 75.00 £ 1.66 %, respectively). Thus, this work shows a specific feature in the introgression of individual
chromosomes of the cotton species G. barbadense into the cotton G. hirsutum genome.

Key words: cotton; Gossypium hirsutum; G. barbadense; monosomic lines; chromosome-substituted hybrids; molecular
genetic analysis.
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MoOJIeKyISIPHO-TeHEeTUYEeCKIN I HUTOreHeTUYeCKI aHaIn3
MHTPOrpeccuy XpoMOCOM XJioImuaTHuKa Gossypium barbadense L.
B reHOM G. hirsutum L.y rmu6pugoB BC,F;
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AHHoTayus. JInHUM xnonuyaTHUKa Gossypium hirsutum L. C uy>kepofHbIM 3aMeLLeHMeM XPOMOCOM TETPaNIONAHbIX BU-
nos G. barbadense L., G. tomentosum Nutt. ex Seem., G. mustelinum Miers ex Watt. ABNAOTCA LeHHbIM UCTOYHUKOM A5
cenekumm, yBenmumBaloLWmMm reHeTryeckoe pasHoobpasue G. hirsutum. 3amelueHne onpeaeneHHbIX XPOMOCOM XJ10M-
yaTHuKa Buga G. hirsutum L. xpomocomamu Buga G. barbadense okasbiBaeT BNUAHVE Ha yASIMHEHWE, BbIXOA Y MPOYHOCTb
BOJIOKHA, MUKPOHeNp. na nosbiweHnaA 3¢$eKTMBHOCTU NpoLecca co3aaHnaA MMHNIA HEOOXOANMO U3yyYeHne XxapakTepa

© Sanamyan M.F,, Bobokhujayev Sh.U., Abdukarimov Sh.S., Silkova O.G., 2023
This work is licensed under a Creative Commons Attribution 4.0 License


https://vavilovj-icg.ru/

M.®. CaHambsH, LY. Boboxyxaes
L.C. Abgykapumos, O.I. Cunkosa

MHTporpeccua xpomocom xnonyatHrKka G. barbadense L.
B reHom G. hirsutum L.y ruépupos BC,F,

VNHTPOrpeccumn YyepoaHbIX XPOMOCOM B reHom G. hirsutum L. B pe3ynbtaTte MoneKynAapHO-TeHeTUYeCKoro aHannsa
rmbpraos BC,F;, nonyyeHHbIX OT CKpeLmBaHWn MOHOCOMHBIX IMHUIA XJTOMYaTHWKa G. hirsutum LUTOreHeTUYecKomn
Konnekumn Y3bekncrtaHa ¢ MOHOCOMHbIMU 6eKKpoccHbIMU tnbpuaamun BC,F; G. hirsutum x G. barbadense no oguHako-
BbIM XPOMOCOMaM, OGHAPYKEHbI reHETUYECKINE Pa3nnymA No NPOodUIII0 XPOMOCOM-CNELNOUYHbBIX MUKPOCATENTUTHBIX
SSR-MapkepoB mMexay rmbpugamu. BoiiBneHa npenumyLecTBeHHaa UHTPOrpeccmsa XPoMocom 4, 6, 12 A,-cybreHoma n
22 D-cybreHoma G. barbadense, Torga Kak xpomocombl 2, 7 A.-cybreHoma 1 18 D-cybreHoma G. barbadense xapakTe-
PU30BaNMCh SNMUMMHALMEN, CPeAN HUX XPOMOCOMbI 7 A-cybreHoma 1 18 D,-cybreHoma G. barbadense snummHnposanu
yXe B NepBoM 6EKKPOCCHOM noKosneHun. B HacTosAwel paboTe npoaHanu3npoBaHbl fBe nvHuu, CS-B06 n CS-B07, ame-
PUKaHCKOW LMTOreHeTNYeCKoN KoNeKLmn € npeanonaraemMbiM 3ameLleHnemM rno xpomocomam 6 n 7 A-cybreHoma. O6-
Hapy»eHbl NPUCYTCTBYE TONbKO NonMMopdHbIX annenet suga G. hirsutum n otcyTcTBrE NONMMOPOHbIX annenen suga
G. barbadense, uto nokasano oTCyTCTBME 3aMeLLeHNA NO 3TM Xpomocomam. mbpuabl BC,F, ¢ MOHocomuel Kak no
Xpomocomam G. barbadense, Tak 1 no xpomocomam G. hirsutum xapakTepr3oBanucb peryaapHon KoHbloraumein XpoMo-
COM 1 BbICOKMM MeOTUYeCKNM NHAeKCoM. OAHaKO MHOTVe rMbpuabl OTINYANNCh CHUXeHVEM GepTUAbHOCTY MbibLbl.
[iBa rmbpuga c MoHocommeii no xpomocome 7 Ai-cybreHoma G. hirsutum n xpomocome 6 A,-cybreHoma G. barbadense
VMENU HanbosblUyto pefyKLUMIO B XKU3HECNOCOOHOCTM NbibLbl (70.09+1.57 1 75.00+ 1.66 % COOTBETCTBEHHO). Taknum
o6pasom, B 37Ol paboTe NokazaHa OCOOEHHOCTb B UHTPOrpeccun MHAMBUAYaNbHbIX XPOMOCOM XJIONYaTHVKa BuAa
G. barbadense B reHom xnonuyaTtHuka G. hirsutum.

KnioueBble cnoBa: xnionyatHuK; Gossypium hirsutum; G. barbadense; MOHOCOMHble IMHNW; XPOMOCOMHO-3aMeLLEeHHble
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Introduction

Currently, four species of cotton are grown commercially
worldwide, of which two species, Gossypium herbaceum L.
(A -genome) and G. arboreum L. (A,-genome), are diploids,
and the other two species, G. hirsutum L. (AD,-genome) and
G. barbadense L. (AD,-genome), are tetraploids (Wendel et
al., 2009). The cotton plant G. hirsutum is a major crop that
accounts for more than 90 % of the world’s cotton crop (In-
ternational Cotton Advisory Committee-ICAC-2019).

Global cotton consumption has shown a steady increase of
80 % between 1980/1981 and 2020/2021 (International Cotton
Advisory Committee-ICAC-2021), requiring improvements
in cotton yields and fibre quality. An increase in cotton yield
was achieved through the creation of transgenic varieties, tra-
ditional selection, and intervarietal crossing. However, most of
these varieties were obtained through selection from a narrow
genotypic environment and adapted to certain soil and climatic
conditions (International Cotton Advisory Committee-ICAC-
2021). Thus, today, there is a reduction in genetic diversity in
cultivated cotton, which causes a decrease in fibre quality and
increased vulnerability to stress factors due to the close re-
latedness of high-yielding varieties.

Enrichment of the G. hirsutum genome with alleles of eco-
nomically valuable genes from other cotton species is very
important (Grover et al., 2022). For example, G. tomentosum
is characterized by heat resistance, and G. mustelinum and
G. stocksii are resistant to pests and diseases. It is known
that fine-fibre cotton of the G. barbadense species is less
productive and has less adaptability to growing conditions
but has fibre properties that are significantly superior in
quality (length, strength and fibre fineness) to the cultivated
G. hirsutum varieties, although the latter is more productive.
Given their complementary economically valuable traits,
numerous attempts have been made to hybridize these two
species through traditional breeding (Anwar et al., 2022).
However, the interspecific hybrids had poor agronomically
valuable traits, and the hybrids were characterized by limited
recombination due to genomic incompatibility caused by large

inversions on different chromosomes of the two subgenomes
of'the tetraploid species. Typically, F, hybrids of G. hirsutum x
G. barbadense are fertile, but the phenotypes of F, and sub-
sequent generations are biased towards one of their parents
due to pollen sterility, suppression of crossing over, selective
gene elimination and segregation failure (Zhang et al., 2014;
Siet al., 2017; Fang et al., 2023).

Obtaining forms with chromosome substitution (CS) in
various plant species allows for targeted introgression of
specific chromosomes or arms of individual chromosomes,
which represent a valuable source of new alleles of useful
genes. Previously, such forms were created in many crops,
which made it possible to improve some agronomic traits
(Shchapova, Kravtsova, 1982; Silkova et al., 2006, 2007;
Schneider et al., 2008; Tiwari et al., 2010; Rawat et al., 2011).

For a number of years, in cotton in the USA, research has
been carried out to obtain lines with alien chromosome sub-
stitutions involving three tetraploid species (G. barbadense,
G. tomentosum, G. mustelinum), and with the participation
of the G. barbadense species, 20 lines with substitutions of
individual chromosomes have already been obtained (Saha et
al., 2006, 2013, 2015). The obtained lines made it possible to
determine that the substitution of certain chromosomes of the
cotton species G. hirsutum L. with chromosomes of the species
G. barbadense L. (CS-B02, CS-B04, CS-B16, CS-B17, CS-
B22Lo, CS-B22sh, CS-B25) has an effect on fibre elongation,
fibre yield, fibre strength, micronaire, etc., in comparison with
the original lines TM-1 and Pima 3-79 (Saha et al., 2004). Such
lines have been shown to be an important breeding source that
increases the genetic diversity of G. hirsutum L. (Jenkins et
al., 2006, 2007).

Previously, monosomic lines of the Cytogenetic Collection
of Cotton of Uzbekistan (CCCU), created in the genotypic
environment of the highly inbred line L-458 of the species
G. hirsutum L. (Sanamyan et al., 2014), with identified mono-
somy on chromosomes 2, 4, 6, 7, 12 of the A-subgenome
and 17, 18, 21, 22 of the D;-subgenome, as well as two lines
with monosomy on telocentrics 6 and 11 of the A;-subgenome
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(Sanamyan et al., 2016a, b; Sanamyan, Bobokhujayev, 2019),
were used in crossings with the Pima 3-79 line of the G. bar-
badense species, as well as in crossings with F; hybrids, to
obtain aneuploid hybrids BCF; and subsequently to create
cotton lines with chromosome substitution. The work used
double screening of hybrids at all stages of backcrossing
using molecular genetic markers and cytogenetic analysis
(Sanamyan et al., 2022). The first stage of the study consisted
of amolecular genetic analysis of hybrid plants at the seedling
stage to quickly identify aneuploid forms with or without
chromosome substitutions or their arms. At the second stage,
a cytogenetic analysis of meiosis in hybrids at the stages of
metaphase I and telophase Il was carried out, and pollen fer-
tility when stained with acetocarmine was studied to confirm
the monosomic status of backcross hybrid plants and identify
their peculiarities in the behavior of chromosomes.

The purpose of this work was to conduct a molecular ge-
netic and cytogenetic study of BC,F; hybrids from crosses
of monosomic cotton lines of the CCCU with monosomic
backcross hybrids BC,F; and to elucidate the features of in-
trogression of individual chromosomes of the cotton species
G. barbadense into the genome of the cotton species G. hir-
sutum. In the course of this work, at the seedling stage, using
molecular genetic markers (SSR), aneuploid forms were iden-
tified among BC,F, hybrids, in which the substitution of
chromosomes 4, 6, and 12 of the A-subgenome and chromo-
some 22 of the Di-subgenome and the elimination of chro-
mosomes 2 and 7 of the A;-subgenome and 18 D;-subgenome
with G. barbadense were confirmed. In aneuploids BC,F;,
the behavior of individual chromosomes of G. Airsutum and
G. barbadense in meiosis was studied, and the meiotic index
and pollen fertility were assessed. The promise of using mo-
lecular genetic markers at the seedling stage for accelerated
selection of plants with alien substitution of individual G. hir-
sutum/G. barbadense chromosomes in the BC,F; generation
has been shown.

Materials and methods

Plant material. Monosomic and monotelosomics lines of
CCCU were created in a single genotypic environment of
the highly inbred line L-458 of G. hirsutum, obtained by
M.F. Abzalov and G.N. Fatkhullaeva as a result of long-term
self-pollination (F,) based on variety 108-F. To create the
collection, various methods were used to irradiate seeds and
pollen, as well as the progeny of plants with translocations and
desynapsis (Table 1) (Sanamyan, 2020). The Pima 3-79 line of
the G. barbadense species is not sensitive to photoperiod and
is highly homozygous, as it originates from a doubled haploid
(Endrizzi et al., 1985). This line is the genetic standard for
the species G. barbadense L. in the USA (Hulse-Kemp et al.,
2015) and has therefore been used as the donor parent of the
substituted chromosome (CS) or chromosome segments from
G. barbadense, both in the USA and in Uzbekistan.

To obtain backcross hybrids BC,F |, monosomic lines on
chromosomes 2, 4, 6, 7, and 12 of the A-subgenome and 18
and 22 of the D;-subgenome were backcrossed with monoso-
mic hybrids BC;F{(Mo X F;(Mo x Pima 3-79)), and a mono-
telosomic line lacking one of the arms of chromosome 11 was
backcrossed with the monotelosomal hybrid BCF(Telo x
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F(Telo x Pima 3-79)), in which monosomy and monotelo-
somy were on the same chromosomes as in the original an-
euploids of G. hirsutum. All plants of the original lines and
hybrids of different generations were kept year-round in the
greenhouse of the National University of Uzbekistan.

Cytological tests. The behavior of chromosomes was
studied in the pollen mother cells (PMCs) at the stage of
metaphase I (MI) and tetrads of meiosis. For this, 2-3 mm
buds in the ethyl-acetic acid mixture (7:3) were fixed. Then,
the PMCs were painted with iron-acetocarmine. At temporary
squashed slides at the MI stage, the nature of the pairing of
chromosomes was taken into account. To analyse the stage of
the tetrads, three buds were analysed from each plant, and the
percentage of normal tetrads was calculated from their total
number. To analyse the fertility of pollen, in the morning on
the day of flowering, the opened flowers were collected, and
temporary acetocarmine slides were prepared, which were laid
in Petri’s cups and left in the refrigerator for a day to better
paint the pollen grains. Then, 10 fields of vision from each
flower were analysed.

All cytological observations were carried out using micro-
scopes, AxioScopeAl, Laboval (Carl Zeiss, Germany) and
Biomed (Leica, Switzerland) with an increase in lenses of
10x, 100x, binocular nozzle of 1.6x and GF 12.5 x 120 and
a 10x eyepiece. Microphotography was performed using a
Mikroskopkamera AxioCamERcSs digital camera. During
exhibiting, the green filter 3C-11-3 was used. Statistical pro-
cessing of the received data was carried out in accordance
with B.A. Dospekhov (1985).

DNA extraction and genotyping. Genomic DNA was
distinguished from samples of young leaves of cytogeneti-
cally identified backcross aneuploid hybrids BC,F; and young
seedlings of hybrid plants (BC,F;) by CTAB (Saha et al.,
2015). Genomic DNA was checked using electrophoresis of
0.9 % agarose, and DNA was diluted in 15 pl to a working
concentration using a control solution of HindIlI-extensible
DNA A-fag (25 ng/pl). The PCR amplification was carried
out in 10 pl of the reaction mix containing 1.0 pul of 10-fold
PCR buffer (with 25 mm MgCl,), 0.2 ul BSA, 0.08 ul dNTPs
(25 mm), 0.2 pl of primers 0.1 pl Tag-polymerase, and 2 pl of
DNA template. PCR runs were conducted with an initial DNA
denaturation at 94 °C for 2 min, followed by 35 cycles of 94 °C
(step 1) for 20 s, 55 °C (step 2) for 30 s and 72 °C (step 2,
step 3) for 50 s. After 35 cycles, the extension temperature of
72 °C was held for 7 min. The PCR products were visualized
in a 3.5 % high-resolution agarose gel, stained with bromide
ethidium and photodocumented using an Alpha Imager gel
documentation system (Innotech Inc., USA).

The pairs of primers to the codominant chromosome-spe-
cific SSR markers were synthesized in accordance with genetic
mapping (Dellaporta et al., 1983; Gutiérrez et al., 2009; Saha
et al., 2015; Reddy et al., 2020), which are listed in Supple-
mentary Material 1'. For each chromosome, an average of four
loci polymorphic between L-458 (G. hirsutum) and Pima 3-79
(G. barbadense) were selected. The results of the electrophe-
rogram for the SSR were evaluated as a/b/h, where the a locus
corresponded to the recipient L-458, the b locus corresponded

1 Supplementary Materials 1-13 are available
https://vavilov.elpub.ru/jour/manager/files/Suppl_Sanamyan_Engl_27_8.pdf
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Table 1. Monosomic and monotelosomal lines of cotton G. hirsutum L. cytogenetic collection of Uzbekistan

No. Catalog Monosomy  Origin Line name Chromosome Univalent size
number symbol monosomy
1 233 Mo16 Obtained in M, after pollination Monosomic 2 Ai-subgenome Large
with gamma-irradiated pollen of line L-458 line Mo16
(dose 25 Gy)
2 255 Mo38 Obtained in M, after pollination Monosomic 4 A-subgenome Medium
with gamma-irradiated pollen of the L-458 line line Mo38
(dose 25 Gy)
3 275 Mo58 Obtained from the offspring of a desynapticin M,  Monosomic Medium
after irradiation of seeds of the L-458 line line Mo58
with thermal neutrons (dose 15 Gy)
4 276 Mo59 Obtained from the offspring of a desynapticin M,  Monosomic Medium
after irradiation of seeds of the L-458 line line Mo59
with thermal neutrons (dose 15 Gy)
5 277 Mo60 Obtained from the offspring of a desynapticin M,  Monosomic Medium
after irradiation of seeds of the L-458 line line Mo60
with thermal neutrons (dose 15 Gy)
6 292 Mo75 Obtained in M, after pollination Monosomic Medium
with gamma-irradiated pollen of the L-458 line line Mo75
(dose 20 Gy)
7 251 Mo34 Obtained in M, after pollination Monosomic 6 Ai-subgenome Large
with gamma-irradiated pollen of the L-458 line line Mo34
(dose 20 Gy)
8 309 Mo92 Obtained in M; after irradiation Monosomic Large
of seeds of the L-458 line with thermal neutrons line Mo92
(dose 27 Gy)
9 244 Mo27 Obtained in M, after pollination Monosomic 7 A-subgenome Medium
with gamma-irradiated pollen of the L-458 line line Mo27
(dose 20 Gy)
10 311 Mo94 Obtained in M; after pollination Monosomic 12 Ai-subgenome  Large
with gamma-irradiated pollen of the L-458 line line Mo9%4
(dose 20 Gy)
11 265 Mo48 Obtained in M after pollination Monosomic 18 Di-subgenome  Medium
with gamma-irradiated pollen of the L-458 line line Mo48
(dose 25 Gy)
12 234 Mo17 Obtained in M, after pollination Monosomic 22 Dy-subgenome  Medium-small
with gamma-irradiated pollen of the L-458 line line Mo17
(dose 25 Gy)
13 238 Telo21 Isolated in the progeny of a monosomy Telosome line  Telo11 Heteromorphic
obtained in M, after pollination Telo21 A¢-subgenome bivalent

with gamma-irradiated pollen of the L-458 line
(dose 15 Gy)

to the Pima 3-79 donor line, and the h genotype corresponded
to the BC;F; and BC,F,; disomic hybrid. The elimination of
the chromosomes of G. hirsutum in the monosomic hybrid of
cotton BC,F; and BC,F; was determined by the lack of marker
amplification by chromosomes of G. hirsutum (maternal)
and the presence of only allele-specific products of PCR of
G. barbadense (paternal) (Liu et al., 2000). For all types of
substitutions of individual chromosomes as controls, DNA of
chromosome-substitution lines of the American cytogenetic
collection was used, with the exception of chromosome 2.

Results

Identification of substitutions of chromosomes

G. barbadense/G. hirsutum in BC,F; hybrids

using chromosome-specific molecular genetic markers
According to the previously developed scheme (Sanamyan et
al., 2022), the molecular genetic analysis of BC,F; plants was
carried out at the seedling stage before they were transplanted
into the soil of the greenhouses to accelerate the release of
monosomics through chromosomes of donor species to sepa-
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Fig. 1. Electrophoregram of the DNA amplicons of SSR markers in hybrid seedlings of BC,F;(Mo38 x BC;F,925;,) according to

chromosome 4 of the A-subgenome: a - Gh107; b - Gh117; c - TMBO0809.

rate their molecular markers from plants with chromosomes
of the recipient species. Since most of the monosomics were
identified earlier, only two crossing variants, BC,F;(Mo16 x
BC,F(923,) and BC,F;(Mo038 x BCF(925,)), were ana-
lysed at the seedling stage.

The results of the analysis were discovered by five monoso-
mics (214, 21,, 214, 21, and 22, where the numbers indicate
sowing plant numbers) in two families (217 and 22n, where
the numbers indicate the sowing numbers of the families), and
the letter “n” for a different number of plants in the BC,F,
(Mol6 x BCF, (9235)) variant, where there was supposed
to be a substitution of chromosome 2 of the A;-subgenome.
These plants were characterized by the presence of chromo-
some-specific alleles only from the L-458 line G. hirsutum,
while the G. barbadense alleles were absent. Since earlier
the chromosome-specific SSR markers BNL834, BNL3971,
TMBO0471, and JESPR179 had been localized on chromoso-
me 2 of the A-subgenome of cotton (Gutiérrez et al., 2009;
Lacape et al., 2009) (see Supplementary Materials 1-3), the
data obtained indicated the lack of chromosome 2 substitution
in all five backcross seedlings in BC,F;(Mo16 x BCF;923,),
which was a negative result of this study, as it made it neces-
sary to obtain further new hybrid background seeds and study
the new BC,F, hybrid offspring.

One seedling (23,) with substitution of chromosome 4 was
found in the BC,F;(Mo038 x BCF{925;(). This hybrid was
characterized by the presence of alleles only from G. bar-
badense, which was revealed upon receipt of PCR products as
a result of amplification with four chromosome-specific SSR
markers: BNL2572, GH107, GH117, and TMBO0809 (Hoft-
man et al., 2007; Gutiérrez et al., 2009) (see Supplementary
Materials 1, 2; Fig. 1).

Confirmation of chromosomal substitutions in the other
10 variants was carried out in previously cytogenetically
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studied BC,F; monosomic hybrids. Analysis of monoso-
mics with a putative substitution in chromosome 4 showed
amplification of five allele-specific PCR products of SSR
markers TMB0809, Gh107, Gh117, CIR249, JESPR234 only
for G. barbadense in monosomic (530,) from the variant of
BC,F(Mo58 x BCF,115;), in two monosomics (284, and
284;) in BC,F(Mo59 x BCF;1041,), in monosomic (4945)
from BC,F;(Mo60 x BC{F;1175), and in monosomic (496,) in
BC,F;(Mo75 x BCF;298,) (see Supplementary Materials 1,
4, 5), which confirmed the substitution of the chromosomes
in them.

Analysis of monosomic (497,) in the BC,F;(Mo34 x BC,F,;
(2935)) variant and monosomic (499,) in the BC,F;(M092 x
BC,F,(1040,)) variant with a putative substitution of chromo-
some 6 revealed alleles only from G. barbadense, while alleles
of the G. hirsutum species were absent, based on the locali-
zation of 11 chromosome-specific SSR markers BNL1440,
BNL3650, BNL2884, BNL1064, BNL3359, TMB1277,
TMBO0154, TMBO0853, TMB1538, Gh039, and Gh082 (Gu-
tiérrez et al., 2009) ((see Supplementary Materials 1, 5; Fig. 2),
substitution of these chromosomes was confirmed.

The molecular genetic analysis of two monosomics (500,
and 500;,) from BC,F;(Mo27 x BC,F,(111,)) defined only
the alleles of the L-458 G. hirsutum line, while alleles of the
G. barbadense species were absent. Before four chromosome-
specific SSR markers, BNL1694, Gh146, TMBO0180, and
TMBO0561, were localized on chromosome 7 of the A-sub-
genome (Hoffman et al., 2007; Guo et al., 2008; Gutiérrez
et al., 2009; Saha et al., 2015) (see Supplementary Mate-
rials 5, 6), the data obtained indicated the lack of substitution
of chromosome 7 in these two monosomics.

It must be emphasized that the substituted CS-B06 and
CS-B07 lines of the American cytogenetic collection that
served as control in our study were characterized by the lack
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Fig. 2. Electrophoregram of SSR-marker DNA amplicons in hybrid monosomic plants BC,F;(Mo34 x BC;F,(293;)) and BC,F;(M092 x
F,BC,(1040,)) according to chromosome 6 of the A-subgenome of cotton: a - TMB0853; b - TMB1538; c - Gh082.

of substitution of chromosomes 6 and 7 of cotton, since only
those from the species of G. hirsutum were present, while those
from the species G. barbadense were absent, as can be clearly
seen in Fig. 2 and Supplementary Material 6, respectively.
However, all other controls corresponded to the substitutions
of the chromosomes by which the study was conducted.

In two monosomics (505, and 506,) from the BC,F; va-
riant (M094 x BCF,299,), only chromosome 12 of the A;-sub
genome of G. barbadense was identified according to the PCR
of the amplification of chromosome-specific SSR markers-
BNL3261 and BNL3835 (Gutiérrez et al., 2009) (see Supple-
mentary Materials 5, 7).

Analysis of monosomic (286,4) from the combination of
BC,F;(Mo48 x BCF;114,,) showed only alleles of chromo-
some 18 from G. hirsutum, while alleles of the species G. bar-
badense were absent. Since eight previously reported chro-
mosome-specific SSR markers, namely, BNL193, BNL2544,
BNL3280, BNL3479, CIR216, Gh142, TMBO0114, and
TMB1603, were localized on chromosome 18 of the D;-sub-
genome (Reddy et al., 2020) (see Supplementary Materials 5,
8), the data indicated the lack of substitution of this chromo-
some.

The molecular-genetic SSR analysis of monosomic (288)
from BC,F(Mol17 x BC;F;110,) showed the presence of
only the allele from G. barbadense, while the allele of the
G. hirsutum species was not found based on the localization
of the chromosome-specific SSR marker BNL673. Since this
marker was previously localized on chromosome 22 of the
D;-subgenome (Gutiérrez et al., 2009), the substitution of
chromosome 22 was confirmed in the studied monosomic
(see Supplementary Materials 5, 9).

The molecular genetic analysis of two telocentrics (790, and
791,) from BC,F,(Telo21 x BCF(292,)) showed conflicting

data, possibly due to the localization of markers on different
arms of chromosome 11. Therefore, the study of these mono-
telocentrics will be continued with the help of labelled primers
since they show their more accurate localization.

Study of meiosis in BC;F, hybrids

with identified univalents

Analysis of the pairing of chromosomes at the MI meiosis
stage revealed aneuploid plants in 12 variants of hybrid
offspring obtained from the crosses of monosomic lines of
the G. hirsutum species of the CCCU with monosomics of
BC,F,. Therefore, two monosomics were isolated in each of
the three backcrosses (with the participation of lines Mo059,
Mo27 and M094), and one monosomic was allocated in each
of the remaining nine backcross variants (with the participa-
tion of Mol6, Mo38, Mo58, Mo60, Mo75, Mo34, M092,
Mo48 and Mol7) (Supplementary Material 10). Unfortu-
nately, we were not able to continue research with four lines
(Mo31, Mo56, Mo42 and Telo12), which were studied in
the first backcross generation, due to the lack of setting of
hybrid bolls.

Analysis of metaphase I meiosis in 15 BC,F; monosomics,
where four monosomics (21, 500,; and 500,,, 286,,4) of three
crossing variants with univalent chromosomes of G. hirsutum
(2,7 and 18) and 11 other monosomics of eight other variants
with univalent chromosomes of G. barbadense (4, 6 and 12)
found that the plants were characterized by a modal for mono-
somics of cotton pairing of chromosomes with 25 bivalents
and one univalent (Table 2). One monosomic variant (288,)
from F{BC,(Mo17 x F|BC,110,) with the substitution of chro-
mosome of 22 of the D;-subgenome was distinguished by the
presence of additional univalents (1.94 + 0.19 per cell), which
could lead to the appearance of nullisomic gametes.
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Table 2. Pairing of chromosomes at the stage of metaphase | meiosis in BC,F;, hybrids obtained from crossing recurrent parents
with interspecific aneuploid hybrids of BC,F,(Mo x F;Mo x Pima 3-79) or BC,F,(Telo x F,Telo x Pima 3-79)

Chromosome Crossing variant Hybrid PMCs studied Univalent size Average per cell
number  e————————————————
univalents bivalents
............................ L458_H_02600i000
............................ lea379_12_02600i000
............................ F1(L458><lea379)68010_026001000
2 ...................... BC2F1(M016X3C1F1(9237)) .......... 211 ..................... 5 ............................ Large100iooo ............... 25001000 ............

4 ...................... BCZF](M038X3C1F1(925”)) ......... 232 .................. 30 ............................ MEdlum100i000 ............... 25001,000 ............

BC2F1(M058X3C1F1(”51)) .......... 5301 ................. 30 ............................ Medlum100i000 ............... 2500i000 ............

BC2F1(M059X3C1F1(10414)) ........ 2841 ................. 26 ............................ Medlum100i000 ............... ZSOOiOOO ............

284” ............... 11 ............................. Medlum100i000 ............... ZSOOiOOO ............

BC2F1(M06OXBC1F1(”74)) .......... 4943 ................ 15 ............................ Medlum100iooo ............... 25001000 ............

BC2F1(M075XBQF1(2982» .......... 4961 ................. 15 ............................ Memum100i000 ............... 25001,000 ............

6 ...................... BC2F1(M034X3C1F1(2933)) .......... 4974 ................ 25 ............................ Large100iooo ............... 2500i000 ............

BC2F1(M092X3C1F1(10402)) ........ 4992 ................ 18 ............................ Large100i000 ............... 25001,000 ............

7 ...................... BC2F1(M027X3C1F1(1112)) .......... 500” ............... 15 ............................ Medlum100i000 ............... ZSOOiOOO ............

50012 ............... 13 ............................ Medlum100i000 ............... 25001000 ............

12 ...................... BC2F1(M094X3C1F1(2991)) .......... 5054 .................. 9 ............................ Large100i000 ............... 25001,000 ............

5062 ................... 6 ............................ Large100iooo ............... ZSOOiOOO ............

18 ...................... BC2F1(MO48X3C1F1(H4])) .......... 28614 ............... 14 ............................ Sma”100i000 ............... 2500i000 ............

22 ...................... BC2F1(M017XBQF1(HO])) .......... 2881 ................. 16 ............................ Medlumsma”194io19 ............... 2475i0” .............

Te|o11 ................ BC2F1(Te|021XBC1F1(2921)) ......... 7902 .................. 8 ............................ _ ................................ 0751037 ................ 25631018 ............

7911* ............... 15 ............................ _100i041 ................ 2475i063 ............

*0.25 + 0.25 quadrivalents on average per cell in monotelosomal plant 791;.

In monotelosomics (790, and 791;) in the BC,F; variant
(Telo21 x BCF(292,)), paired univalents (0.75 + 0.37 and
1.00 + 0.41 per cell, respectively), along with heteromorphic
bivalents, were found in separate PMCs. One monotelosomic
(7914) also formed one quadrivalent (0.25 + 0.25 per cell)
(see Table 2).

Analysis of the size of univalents in monosomic BC,F,
revealed a large size of chromosome 2 of G. hirsutum in
one family BC,F;(Mo16 x BCF(923,)), chromosome 6 of
G. barbadense in two families, BC,F;(Mo34 x BC,F(2935))
and BC,F;(Mo092 x BC,F;(1040,)) (see Fig. 3, d), and chro-
mosome 12 of G. barbadense in one family, BC,F;(M094 x
BC,F(299,)) (see Fig. 4, b). BC,F; monosomics in five fa-
milies with chromosome 4 of G. barbadense BC,F;(Mo038 %
BC,F(925,)), BC,F;(M058 x BCF(115,)), BC,F{(Mo059 x
BC1F1(10414)), BCzFl(MO6O X BC1F1(1174)) and BC2F1
(Mo75 x BCF(298,)) (see Fig. 3, a—c), as well as with
chromosome 7 of G. hirsutum BC,F{(Mo27 x BCF;(1115,))
(Fig. 4, a), had a medium size of univalents, which confirmed
that they belong to the A-subgenome.
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A study of the size of the univalent in the plant (288)
variant of crosses of BC,F(Mo17 x BCF(110,)) with chro-
mosome 22 of G. barbadense revealed a medium-small size
of the univalent (see Fig. 4, d); in a plant of another variant,
BC,F(Mo48 x BC,F,(114,)) with chromosome 18 of G. hir-
sutum, it was small in size, which further confirmed that the
chromosomes belong to the D-subgenome (Fig. 4, c).

Most BC,F; monosomics showed a high meiotic index,
which indicated that their univalent chromosomes underwent
regular segregation (Supplementary Material 11). However,
one monosomic variant, BC,F;(Mo34 x BC,F(2935)), witha
substitution of chromosome 6, demonstrated a decrease in the
meiotic index (83.66 + 0.62) and an increase in the number of
tetrads with micronuclei (9.23 +0.77 %) (Fig. 5). This indicated
disturbances in the divergence of chromosomes and the forma-
tion of unbalanced gametes, which could lead to “a univalent
shift” in the offspring. Five monosomics in the BC,F;(Mo60 x
BC,F,(117,4)), BC,F(M092 x BCF,(1040,)), BC,F;(M094 x
BC,F{(299,)) and BC,F;(Mol7 x BC;F;(110,)) variants
also showed a slight increase in the number of tetrads with
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Fig. 3. Chromosome configurations in metaphase | of meiosis in hybrid BC,F; plants obtained from crossing monosomic lines with interspecific mono-

somic hybrids BC,F,(25"+1').

a-BC,F1(Mo58xBC;F;(115¢)) (530;); b - BC,F1(Mo59 x BC;F(1041y)) (284,); c - BC,F1(M0o60 x BC;F;(1175)) (4943) (25"+1') with chromosome 4 of G. barbadense;
d - BC,F{(M0o34xBC,F;(2933)) (497,) with chromosome 6 of G. barbadense. Here and in Fig. 4: Arrows indicate univalents. Scale bar = 10 um.

Fig. 4. Chromosome configurations in metaphase | of meiosis in hybrid BC,F; plants obtained from crossing monosomic lines with interspecific mono-
somic hybrids BC,F,(25"+1').

a - BC,F1(Mo27 xBCqF4(111,)) (500;,) with chromosome 7 of G. hirsutum; b — BC;F;(M094xBC;F;(299,)) (5054) with chromosome 12 of G. barbadense;
c—BC,F;(Mo48x BC;F(114,0)) (2864,4) with chromosome 18 of G. hirsutum; d - BC,F;(Mo17 x BC;F;(110,)) (288,) with chromosome 22 of G. barbadense.

micronuclei (from 1.22 + 0.43 up to 1.84 + 0.37 %), which
could also lead to the same consequences (Supplementary
Material 12, see Fig. 5). Similar to chromosome pairing, the
meiotic index showed no significant differences between
backcrossed monosomics with or without single chromosome
substitutions.

Two monotelosomics from the BC,F; family (Telo21 x
BC,F(292,)) showed an increase in the percentage of tetrads
with micronuclei from 2.17 £0.30 % (791,) t0 2.32 +0.30 %
(790,), which could be a consequence of a disturbance in the
disjunction of the telocentric and the formation of unbalanced
gametes in these hybrids (see Supplementary Material 12).

Pollen viability was assessed in BC,F; monosomics using
acetocarmine staining. Most of them showed high pollen
viability (from 90.22 + 1.31 to 96.15 + 0.69 %), similar to
line L-458 (90.92 + 1.15 %) (Supplementary Material 13).
Specifically, two monosomics (500, and 499,) in two variants
of crosses, BC,F{(Mo027 x BCF;(111,)) and BC,F;(M092 x
BC,F;(1040,)) with chromosome 7 of G. hirsutum and with
chromosome 6 of G. barbadense, had the greatest reduction
in pollen viability (70.09 + 1.57 and 75.00 £ 1.66 %, respec-
tively) (Fig. 6), but four monosomics showed a slight reduc-
tion in pollen viability (from 83.20 £2.39 to 87.50 £ 1.95 %).
However, in one variant, BC,F{(Mo59 x BC;F;(1041y)),
two monosomics were characterized by differences in pollen

viability of more than 17 %, and in another variant, BC,F,
(Mo27 x BCF,(111,)), these differences were more than 20 %.

Discussion
In recent years, a comprehensive analysis of alien addition and
alien substitution lines, including morpho-biological, genetic,
cytogenetic and molecular genetic methods, has proven itself
(Schneider, 2010; Tiwari et al., 2010; Rawat et al., 2011; Garg
etal., 2016).

An integrated approach using differential C-staining, fluo-
rescence in situ hybridization (FISH) and gliadin analysis in
analyses of introgression lines of 7. aestivum x Ae. columna-
ris allowed to identify substitutions, addition chromosomes
or fragments of individual chromosomes in 15 lines, while
in five lines, the presence of alien genetic material was not
detected (Shishkina et al., 2017). In a study of introgression
lines obtained from backcrosses with bread wheat varieties
of the synthetic form RS7 (BBAAUS), using C-staining,
FISH, and DNA markers, lines with substitution of wheat
chromosomes and with chromosome rearrangements were
found; however, two lines were characterized by the absence
of alien introgressions (Davoyan et al., 2019). It has become
obvious that in studies of the genomic composition of alien
substituted forms, it is extremely necessary to use a complex
of cytological and molecular genetic methods.
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Fig. 5. Sporades in the monosomic hybrid plant BC,F,(Mo34 xBC;F;(2935)) (497,): a - monad with micronuclei; b - triads and tetrads; c - monad with
micronuclei and tetrads; d—f - tetrads with micronuclei; g - pentad with micronuclei; h - pentad.

Fig. 6. Fertile (colored) and sterile (uncolored) pollen in monosomic hybrids BC,F; obtained from crossing monosomic lines with monosomic hybrids
BC,F;(Mo x F;Mo x Pima 3-79): a, b - BC;F;(Mo75 x BC;F;298,) (496)); ¢, d - F1BC,;(Mo34 x F{BC;293;) (497,).

In cotton, studies using SSR markers and genomic in situ
hybridization (GISH) have also been initiated, which allowed
the isolation of five monosomic alien addition lines (MAALs)
in the backcross progeny of a pentaploid obtained from crosses
of'the species G. hirsutum with the Australian diploid species
G. australe F. Muell. (Sarr et al., 2011). The use of BAC-FISH
probes in five diploid cotton species allowed to successfully
identify individual chromosomes and map 45S and 5S rDNA
to specific chromosomes of five species (Gan et al., 2012).
Comparison of the cytogenetic map of chromosome 1 of the
species G. herbaceum L., constructed using BAC-FISH, with
the genetic maps of chromosome 1 of the species G. hirsutum,
G. arboreum, and G. raimondii showed that most of the iden-
tified BAC clones are located in the same order on different
maps, with the exception of three markers indicating chromo-
some rearrangements (Cui et al., 2015). Unfortunately, such
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complex analysis methods have not yet been used to study
chromosome substitution lines.

Modern genotypes of cultivated cotton are characterized by
restriction of alleles for beneficial traits due to monophyletic
origin and the formation of a “genetic bottleneck” that arose
during domestication from a common ancestor and crosses
between the same genotypes of elite forms (Saha et al., 2018).
This has stimulated the search for genetic diversity among
different cotton species.

The creation of 17 substituted cotton lines (CS-B), where
each homologous pair of chromosomes or chromosomal arms
of the species G. hirsutum (TM-1) was substituted by a ho-
mologous chromosome or arm of the species G. barbadense
(Pima 3-79) (Stelly et al., 2005), made it possible to associate
the most important traits of fibre quality with a single chromo-
some or its arm (Saha et al., 2004; Jenkins et al., 2006), to
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begin the introgression of favorable genes for the improvement
of cultivated cotton (Jenkins et al., 2006, 2007) and to study
chromosomal effects on agronomic traits (fibre yield, boll
weight, raw cotton yield) and data processing using a genetic
model (ADAA) (Saha et al., 2010).

Later, some of these cotton lines did not receive molecular-
genetic confirmation (Gutiérrez et al., 2009; Saha et al., 2015;
Ulloa et al., 2016). In recent work, chromosome-specific
markers (SSRs) were used in a MAGIC population created
by crossing 18 CS-B lines with three Upland cotton cultivars.
Ultimately, the same five lines (CS-B05sh, CS-B06, CS-B07,
CS-B12sh and CS-B15sh) that were listed in previous articles
contained “little or no introgression of the whole chromosome
or chromosome region” (Fang et al., 2023). Only 13 CS-B lines
contained “significant introgression” from the G. barbadense
species, and the reasons for the lack of molecular-genetic
confirmation in some chromosome substitution cotton lines
remain unclear.

When creating cotton lines with G. barbadense/G. hirsutum
chromosome substitution, the selection of plants with the
needed genotype was accelerated thanks to molecular-genetic
testing of backcross plants at the seedling stage (Sanamyan
et al., 2022). This also contributed to the continuation of
backcrossing of only those hybrid forms that had the desired
genotype. This rapid selection of plants with the desired geno-
type underscored the advantages of using molecular markers
(SSRs) in such studies.

In this work, using chromosome-specific SSR markers in
the BC,F;(Mo16 x BCF(923,)) variant in six seedlings with
monosomy, the elimination of chromosome 2 of the G. bar-
badense A,-subgenome and the presence of chromosome 2 of
the G. hirsutum A.-subgenome were detected, while in one
seedling of another family BC,F;(Mo38 x BC;F(925;)))
chromosome 4 of the A-subgenome of G. barbadense was
revealed, which indicates chromosome substitution in this
plant. Confirmation of chromosome substitutions carried
out by molecular genetic analysis in previously cytogeneti-
cally identified monosomic BC,F; hybrids was established
only on chromosomes 4, 6, and 12 of the A-subgenome and
chromosome 22 of the D,-subgenome of cotton in eight vari-
ants, while in two variants, BC,F;(Mo27 x BCF;(111,)) and
BC,F;(Mo48 x BCF;(114,)), the absence of substitution of
chromosome 7 of the A;-subgenome and 18 of the D,-subge-
nome was revealed. Consequently, the lack of elimination of
chromosome 4 of the A;-subgenome of G. barbadense in the
five studied backcross variants (involving lines Mo38, Mo58,
Mo59, Mo60 and Mo75) indirectly indicates its preferential
transmission through gametes, while the elimination of chro-
mosomes 7 of the A-subgenome and 18 of the D,-subgenome
of G. barbadense already in the first backcross generation
indicates their non-competitiveness in comparison with ho-
meologues of G. hirsutum.

It must be emphasized that the presence of PCR products
obtained as a result of amplification only with chromosome-
specific SSR markers for chromosomes 6 and 7 of the A-sub-
genome of G. hirsutum in two lines (CS-B06 and CS-B07) of
the American cytogenetic collection, which served as controls
in our study, was a new confirmation of the incorrect deter-
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mination of the substitution of chromosomes 6 and 7 of the
A-subgenome, which had previously been emphasized by
other researchers (Gutiérrez et al., 2009; Ulloa et al., 2016).
In this regard, elucidating the reasons for the lack of intro-
gression of donor chromosome 2 of the A;-subgenome of
G. barbadense during the backcrossing of hybrids is of great
interest for future research.

To date, the reasons for the elimination of donor chromo-
somes in backcross hybrids remain unclear; however, it is
known that in wheat-rye lines, the frequency of introgression
of an alien chromosome depends both on the genotype of the
line and on the genotype of the variety used in the crossing
(Krasilova et al., 2011). Analysis of introgression lines of
hybrid wheat with degilops columnaris Zhuk. showed that
introgression processes depend on the parental wheat genotype
and the level of divergence of homeologous chromosomes
of the parent species (Badaeva et al., 2018). The chromo-
somes of those species that are taxonomically diverged from
bread wheat to a greater extent are characterized by a low
compensatory ability, which could be caused by structural
rearrangements. Since no studies have yet been carried out
in cotton to elucidate the factors influencing the frequency of
introgression of an alien chromosome, studies of introgressive
lines of wheat can contribute to the understanding of similar
processes in other plant species.

All of the above can further clarify the processes causing
the elimination of the donor chromosome of G. barbadense
to occur during backcrossing in some types of crosses, but
today it is known that the chromosomes of the D,-subgenome
of cotton have fewer small inversions than the chromosomes
of the A-subgenome (Chen et al., 2020). In addition, tetra-
ploid cotton has two reciprocal translocations, Chr.4/Chr.5
and Chr.2/Chr.3, which arose after polyploidization, and
were confirmed by the presence of homologous loci (Wang
et al., 2016). Additionally, inversions were found on many
chromosomes, excluding chromosomes Chr.1, Chr.6, Chr.10,
Chr.11, Chr.14, Chr.16, Chr.21, Chr.22 and Chr.24. All of the
above structural changes in the chromosomes of tetraploid
cotton could contribute to the difficulties that arose during
the introgression of homeologous chromosomes.

A comparative analysis of chromosome pairing in back-
cross monosomics of different crossing variants revealed only
single monosomics with additional univalents BC,F;(Mo17 %
BC,F(110,)), which theoretically could lead to a “univalent
shift” in the offspring. However, as the study showed, the
elimination of the G. barbadense chromosome during the
process of backcrossing was observed in the offspring of other
backcrossing hybrids with modal pairing of chromosomes,
which indicated the existence of a mechanism for eliminating
an alien chromosome, independent of the pairing of chromo-
somes and their subsequent disjunction.

However, it was expected that in one variant of crosses
BC,F(Mo34 x BC,F(2933)) in hybrid monosomic (497,)
with modal chromosome pairing, any disturbances in the
genotype of the offspring could occur due to the formation of
partially unbalanced gametes due to a reduced meiotic index
(83.66 £ 0.62) and an increased percentage of tetrads with
micronuclei (up to 9.23 + 0.77 %). Therefore, the discovery
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in the next backcross generation BC;F;(Mo34 x BC,F497,)
of five seedlings without substitution of chromosome 6 of the
A-subgenome of cotton was predictable and indicated the
exclusivity of the predicted event (Sanamyan, unpublished).

Assessment of pollen fertility after staining with acetocar-
mine in aneuploid backcross cotton plants revealed a decrease
in different variants, which indicated the abortion of nullisomal
gametes. Often, in the same crossings, monosomic hybrids
were characterized by differences in the number of viable pol-
len. On the other hand, it is not possible to explain differences
in the genotypes of monosomic hybrids only by differences in
pollen fertility. It was previously shown that the assessment of
pollen fertility after staining with acetocarmine in the progeny
of monosomic cotton plants is not entirely convincing as a
method for separating monosomic and disomic plants due
to the abortion of unbalanced microspores in early develop-
ment (Brown, Endrizzi, 1964). This assessment indicates the
structural variability of genomes of interspecific monosomic
hybrids with and without alien chromosome substitution.
This variability at the level of chromosome behavior in the
first division of meiosis is not detected using routine staining
methods, but at the level of pollen viability, it is clearly visible.

Conclusion

This work shows a peculiarity in the introgression of indi-
vidual chromosomes of the cotton plant G. barbadense into
the genome of the cotton plant G. hirsutum. Chromosomes 4,
6, and 12 of the A-subgenome and 22 of the D-subgenome
of G. barbadense showed predominant introgression; BC,F,
hybrids with monosomic G. barbadense/G. hirsutum sub-
stitution were obtained on these chromosomes. Chromoso-
mes 2, 7 of the A;-subgenome and 18 of the D;-subgenome
of G. barbadense were characterized by elimination; among
them, chromosomes 7 of the Ai-subgenome and 18 of the
D-subgenome of G. barbadense were eliminated in the first
backcross generation.

References

Anwar M., Igbal M.Z., AbroA.A., Memon S., Bhutto L.A., Memon S.A.,
Peng Y. Inter-specific hybridization in cotton (Gossypium hirsutum)
for crop improvement. Agronomy. 2022;12(12):3158. DOI 10.3390/
agronomy12123158

Badaeva E.D., Ruban A.S., Shishkina A.A., Sibikeev S.N., Dru-
zhin A E., Surzhikov S.A., Dragovich A.Yu. Genetic classification of
Aegilops columnaris Zhuk. (2n = 4x = 28, U°U°XX®) chromosomes
based on FISH analysis and substitution patterns in common wheat x
Ae. columnaris introgressive lines. Genome. 2018;61(2):131-143.
DOI 10.1139/gen-2017-0186

Brown M.S., Endrizzi J.E. The origin, fertility and transmission of
monosomics in Gossypium. Am. J. Bot. 1964;51(1):108-115. DOI
10.2307/2440070

Chen Z.J., Sreedasyam A., Ando A., Song Q., De Santiago L.M., Hulse-
Kemp A.M., Ding M., Ye W., Kirkbride R.C., Jenkins J., Plott Ch.,
Lovell J., Lin Yu-M., Vaughn R., Liu B., Simpson Sh., Schef-
fler B.E., Wen L., Saski Ch.A., Grover C.E., Hu G., Conover J.L.,
Carlson J.W., Shu Sh., Boston L.B., Williams M., Peterson D.G.,
McGee K., Jones D.C., Wendel J.F., Stelly D.M., Grimwood J.,
Schmutz J. Genomic diversifications of five Gossypium allopoly-
ploid species and their impact on cotton improvement. Nat. Genet.
2020;52(5):525-533. DOI 10.1038/s41588-020-0614-5

968

Chromosome introgression of cotton from G. barbadense L.
into the genome of G. hirsutum L. in BC,F; hybrids

Cui X., Liu F., Liu Yu., Zhou Zh., Zhao Y., Wang C.H., Wang X.,
Cai X., Wang Y., Meng F., Peng R., Wang K. Construction of cytoge-
netic map of Gossypium herbaceum chromosome 1 and its integra-
tion with genetic maps. Mol. Cytogenet. 2015;8(1):2. DOI 10.1186/
$13039-015-0106-y

Gan Y., Liu F., Peng R., Wang Ch., Li Sh., Zhang X., Wang Yu.,
Wang K. Individual chromosome identification, chromosomal col-
linearity and genetic-physical integrated map in Gossypium darwinii
and four D genome cotton species revealed by BAC-FISH. Genes
Genet. Syst. 2012;87(4):233-241. DOI 10.1266/ggs.87.233

Davoyan R.O., Bebyakina 1.V., Davoyan E.R., Mikov D.S., Zubano-
va Yu.S., Boldakov D.M., Badaeva E.D., Adonina I.G., Salina E.A.,
Zinchenko A.N. The development and study of common wheat in-
trogression lines derived from the synthetic form RS7. Vavilovskii
Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breed-
ing. 2019;23(7):827-835. DOI 10.18699/VJ19.556 (in Russian)

Dellaporta S.J., Wood J., Hicks J.B. A plant DNA mini preparation:
version II. Plant Mol. Biol. Rep. 1983;1(4):19-21. DOI 10.1007/
BF02712670

Dospekhov B.A. Methodology of Field Experience (with the Basics
of Statistical Processing of Research Results). Moscow: Agroprom-
izdat Publ., 1985 (in Russian)

Endrizzi J.E., Turcotte E.L., Kohel R.J. Genetics, cytology and evo-
lution of Gossypium. Adv. Genet. 1985;23:271-375. DOI 10.1016/
S0065-2660(08)60515-5

Fang D.D., Thyssen G.N., Wang M., Jenkins J.N., McCarty J.C.,
Jones D.C. Genomic confirmation of Gossypium barbadense in-
trogression into G. hirsutum and a subsequent MAGIC population.
Mol. Genet. Genomics. 2023;298(1):143-152. DOI 10.1007/s00438-
022-01974-3

Garg M., Tsujimoto H., Gupta R.K., Kumar A., Kaur N., Kumar R.
Chromosome specific substitution lines of Aegilops geniculate al-
ter parameters of bread making quality of wheat. PLoS One. 2016;
11(10):e0162350. DOI 10.1371/journal.pone.0162350

Guo Yu., Saha S., Yu J.Z., Jenkins J.N., Kohel R.J., Scheffler B.E.,
Stelly D.M. BAC-derived SSR markers chromosome locations in
cotton. Euphytica. 2008;161:361-370. DOI 10.1007/s10681-007-
9585-1

Gutiérrez O.A., Stelly D.M., Saha S., Jenkins J.N., McCarty J.C., Ras-
ka D.A., Scheffler B.E. Integrative placement and orientation of non-
redundant SSR loci in cotton linkage groups by deficiency analysis.
Mol. Breeding. 2009;23:693-707. DOI 10.1007/s11032-009-9266-y

Grover C.E., Arick M.A., Thrash A., Sharbrough J., Hu G., Yuan D.,
Snodgrass S., Miller E.R., Ramaraj T., Peterson D.G., Udall J.A.,
Wendel J.F. Dual domestication, diversity, and differential introgres-
sion in Old World cotton diploids. Genome Biol. Evol. 2022;14(12):
evacl70. DOI 10.1093/gbe/evac170

Hoffman S.M., Yu J.Z., Grum D.S., Xiao J., Kohel R.J., Pepper A.E.
Identification of 700 new microsatellite loci from cotton (G. hirsu-
tum L.). J. Cotton Sci. 2007;11:208-241

Hulse-Kemp A.M., Lemm J., Plieske J., Ashrafi H., Buyyarapu R.,
Fang D.D., Frelichowski J., Giband M., Hague S., Hinze L.L.,
Kochan K.J., Riggs P.K., Scheffler J.A., Udall J.A., Ulloa M.,
Wang S.S., Zhu Q.H., Bag S.K., Bhardwaj A., Burke J.J., Byers R.L.,
Claverie M., Gore M.A., Harker D.B., Islam M.S., Jenkins J.N.,
Jones D.C., Lacape J.M., Llewellyn D.J., Percy R.G., Pepper A.E.,
Poland J.A., Mohan Rai K., Sawant S.V., Singh S.K., Spriggs A.,
Taylor J.M., Wang F., Yourstone S.M., Zheng X., Lawley C.T., Ga-
nal M.W., Van Deynze A., Wilson I.W., Stelly D.M. Development of
a 63K SNP array for cotton and high-density mapping of intraspe-
cific and interspecific populations of Gossypium spp. G3. 2015;5(6):
1187-1209. DOI 10.1534/g3.115.018416

International Cotton Advisory Committee-ICAC-2019. https://www.
researchgate.net/publication/228581277 International Cotton
Advisory Committee

BaBunosckuii XKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2023 - 27 - 8


https://doi.org/10.1038/s41588-020-0614-5
https://doi.org/10.1007/s00438-022-01974-3
https://doi.org/10.1007/s00438-022-01974-3
https://www.researchgate.net/publication/228581277_International_Cotton_Advisory_Committee
https://www.researchgate.net/publication/228581277_International_Cotton_Advisory_Committee
https://www.researchgate.net/publication/228581277_International_Cotton_Advisory_Committee

M.®. CaHambsH, LY. Boboxyxaes
L.C. Abgykapumos, O.I. Cunkosa

International Cotton Advisory Committee-ICAC-2021. https://www.
icac.org

Jenkins J.N., Wu J., McCarty J.C., Saha S., Gutiérrez O., Hayes R.,
Stelly D.M. Genetic effects of thirteen Gossypium barbadense L.
chromosome substitution lines in top crosses with upland cotton
cultivars: 1. Yield and yield components. Crop Sci. 2006;46(3):
1169-1178. DOI 10.2135/cropsci2005.08-0269

Jenkins J.N., McCarty J.C., Wu J., Saha S., Gutierrez O., Hayes R.,
Stelly D.M. Genetic effects of thirteen Gossypium barbadense L.
chromosome substitution lines in top crosses with upland cotton cul-
tivars: II. Fiber quality traits. Crop Sci. 2007;47(2):561-570. DOI
10.2135/cropsci2006.06.0396

Krasilova N.M., Adonina 1.G., Silkova O.G., Shumny V.K. Transmis-
sion of rye chromosome 2R in backcrosses of wheat-rye 2R(2D)
substitution lines to various common wheat varieties. Vavilovskii
Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and
Breeding. 2011;15(3):554-562 (in Russian)

Lacape J.M., Jacobs J., Arioli T., Derijcker R., Forestier C.N., Llewel-
lyn D., Jean J., Thomas E., Viot C. A new interspecific, Gossypium
hirsutum % G. barbadense, RIL population: towards a unified con-
sensus linkage map of tetraploid cotton. Theor. Appl. Genet. 2009,
119(2):281-292. DOI 10.1007/s00122-009-1037-y

Liu S., Saha S., Stelly D.M., Burr B., Cantrell R.G. Chromosomal
assignment of microsatellite loci in cotton. J. Hered. 2000;91(4):
326-332. DOI 10.1093/jhered/91.4.326

Rawat N., Neelam K., Tiwari V.K., Randhawa G.S., Friebe B.,
Gill B.S., Dhaliwal H.S. Development and molecular characteriza-
tion of wheat — Aegilops kotschyi addition and substitution lines with
high grain protein, iron, and zinc. Genome. 2011;54(11):943-953.
DOI 10.1139/G11-059

Reddy K.R., Bheemanahalli R., Saha S., Singh K., Lokhande S.B.,
Gajanayake B., Read J.J., Jenkins J.N., Raska D.A., Santiago L.M.,
Hulse-Kemp A.M., Vaughn R.N., Stelly D.M. High-temperature and
drought-resilience traits among interspecific chromosome substitu-
tion lines for genetic improvement of upland cotton. Plants. 2020;
9(12):1747. DOI 10.3390/plants9121747

Saha S., Wu J., Jenkins J.N., McCarty J.C. Jr., Gutierrez O.A., Stel-
ly D.M., Percy R.G., Raska D.A. Effect of chromosome substitu-
tions from Gossypium barbadense L. 3-79 into G. hirsutum L. TM-1
on agronomic and fiber traits. J. Cotton Sci. 2004;8(3):162-169

Saha S., Raska D.A., Stelly D.M. Upland cotton (Gossypium hirsu-
tum L.) x Hawaiian cotton (G. tomentosum Nutt. ex Seem.) F, hy-
brid hypoaneuploid chromosome substitution series. J. Cotton Sci.
2006;10(4):263-272

Saha S., Wu J., Jenkins J.N., McCarty J.C., Hayes R., Stelly D.M. Ge-
netic dissection of chromosome substitution lines of cotton to dis-
cover novel Gossypium barbadense L. alleles for improvement of
agronomic traits. Theor. Appl. Genet. 2010;120(6):1193-1205. DOI
10.1007/s00122-009-1247-3

Saha S., Raska D.A., Stelly D.M., Manchali Sh., Gutierrez O.A. Hy-
poaneuploid chromosome substitution F; hybrids of Gossypium hir-
sutum L. x G. mustelinum Miers ex Watt. J. Cotton Sci. 2013;17(2):
102-114

Saha S., Stelly D.M., Makamov A.K., Ayubov M.S., Raska D., Gutiér-
rez O.A., Shivapriya M., Jenkins J.N., Dewayne D., Abdurakhmo-
nov LY. Molecular confirmation of Gossypium hirsutum chro-
mosome substitution lines. Euphytica. 2015;205:459-473. DOI
10.1007/s10681-015-1407-2

Saha S., Jenkins J.N., McCarty J.C., Hayes R.W., Stelly D.M., Camp-
bell B.T. Registration of two CS-B17-derived Upland cotton recom-
binant inbred lines with improved fiber micronaire. J. Plant Regist.
2018;12(1):97-100. DOI 10.3198/jpr2015.09.0061crg

Saha S., Bellaloui N., Jenkins J.N., McCarty J.C., Stelly D.M. Ef-
fect of chromosome substitutions from Gossypium barbadense L.,
G. tomentosum Nutt. ex Seem and G. mustelinum Watt into G. hirsu-

2023
278

MHTporpeccua xpomocom xnonyatHrKka G. barbadense L.
B reHom G. hirsutum L.y ruépupos BC,F,

tum L. on cotton seed protein and oil content. Euphytica. 2020;216:
118. DOI 10.1007/510681-020-02644-4

Sanamyan M.F. Cytogenetics of Mutations, Translocations, Monoso-
my and Interspecific Hybridization in Cotton. Tashkent: University
Publ., 2020 (in Russian)

Sanamyan M.F., Bobokhujayev Sh.U. Identification of univalent chro-
mosomes in monosomic lines of cotton (Gossypium hirsutum L.) by
means of cytogenetic markers. Vavilovskii Zhurnal Genetiki i Selek-
tsii = Vavilov Journal of Genetics and Breeding. 2019;23(7):836-
845. DOI 10.18699/VJ19.557 (in Russian)

Sanamyan M.F., Petlyakova J., Rakhmatullina E.M., Sharipova E. Cy-
togenetic collection of Uzbekistan. In: Abdurakhmonov LY. (Ed.).
World Cotton Germplasm Resources. InTech, 2014;247-287. DOI
10.5772/58589

Sanamyan M.F., Bobokhujaev Sh.U., Makamov A.X., Achilov S.G.,
Abdurakhmonov LY. The creation of new aneuploid lines of the cot-
ton (Gossypium hirsutum L.) with identification of chromosomes
by translocation and SSR markers. Vavilovskii Zhurnal Genetiki i
Selektsii = Vavilov Journal of Genetics and Breeding. 2016a;20(5):
643-652. DOI 10.18699/VJ16.186 (in Russian)

Sanamyan M.F., Makamov A.K., Bobokhujaev Sh.U., Usmonov D.E.,
Buriev Z.T., Saha S., Stelly D.M. The Utilization of translocation
lines and microsatellite markers for the identification of unknown
cotton monosomic lines. In: Abdurakhmonov LY. (Ed.). Cotton Re-
search. InTech, 2016b;167-183. DOI 10.5772/64558

Sanamyan M.F., Bobokhujaev Sh.U., Abdukarimov Sh.S., Maka-
mov Kh.A., Silkova O.G. Features of chromosome introgression
from Gossypium barbadense L. into G. hirsutum L. during the de-
velopment of alien substitution lines. Plants. 2022;11(4):542. DOI
10.3390/plants11040542

Sarr D., Lacape J.-M., Rodier-Goud M., Jacquemi N.J.-M., Benbou-
za H., Toussaint A., Palm R., Ahoton L., Baudoin J.-P., Mergeai G.
Isolation of five new monosomic alien addition lines of Gossypium
australe F. Muellin G. hirsutum L. by SSR and GISH analyses. Plant
Breed. 2011;130(1):60-66. DOI 10.1111/j.1439-0523.2010.01819.x

Schneider A., Molnar 1., Molnar-Lang M. Utilisation of Aegilops (goat-
grass) species to widen the genetic diversity of cultivated wheat.
Euphytica. 2008;163(1):1-19. DOI 10.1007/s10681-007-9624-y

Schneider A., Molnar 1., Molnar-Lang M. Selection of U and M ge-
nome-specific wheat SSR markers using wheat—Aegilops biuncialis
and wheat—Ae. geniculate addition lines. Euphytica. 2010;175:357-
364. DOI 10.1007/s10681-010-0180-5

Shchapova A., Kravtsova L. The production of wheat-rye substitution
lines by using the Giemsa staining technique. Cereal Res. Commun.
1982;10(1-2):33-39

Shishkina A.A., Dragovich A.Yu., Rouban A.S., Sibikeev S.N., Dru-
zhin A.E., Badaeva E.D. Development of the genetic classification
of Aegilops columnaris Zhuk. chromosomes based on the analysis of
introgression lines Triticum aestivum x Ae. columnaris. Vavilovskii
Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and
Breeding. 2017;21(2):241-249. DOI 10.18699/VJ17.243 (in Rus-
sian)

SiZ.,Chen H., Zhu X., Cao Z., Zhang T. Genetic dissection of lint yield
and fiber quality traits of G. hirsutum in G. barbadense background.
Mol. Breed. 2017;37:9. DOI 10.1007/s11032-016-0607-3

Silkova O.G., Dobrovolskaya O.B., Adonina 1.G., Kravtsova L.A.,
Salina E.A., Shchapova A.l., Shumny V.K., Dubovets N.I., Roe-
der M.S. Production of wheat-rye substitution lines and identifica-
tion of chromosome composition of karyotypes using C-banding,
GISH, and SSR markers. Russ. J. Genet. 2006;42(6):645-653. DOIL
10.1134/S1022795406060093

Silkova O.G., Dobrovolskaya O.B., Dubovets N.I., Adonina LG.,
Kravtsova L.A., Shchapova A.I., Shumny V.K. Production of wheat-
rye substitution lines based on winter rye cultivars with karyotype
identification by means of C-banding, GISH, and SSR markers.

FEHETUKA PACTEHUI / PLANT GENETICS 969


https://doi.org/10.1007/s10681-020-02644-4
https://doi.org/10.3390/plants11040542
https://doi.org/10.3390/plants11040542
http://dx.doi.org/10.18699/VJ17.243
https://www.elibrary.ru/item.asp?id=13511676
https://www.elibrary.ru/item.asp?id=13511676
https://www.elibrary.ru/item.asp?id=13511676
https://www.elibrary.ru/item.asp?id=13511676
https://www.elibrary.ru/item.asp?id=13511676
https://www.elibrary.ru/contents.asp?id=33320374
https://www.elibrary.ru/contents.asp?id=33320374&selid=13511676

M.F. Sanamyan, Sh.U. Bobokhujayev
Sh.S. Abdukarimov, O.G. Silkova

Russ. J. Genet. 2007;(43)8:957-960. DOI 10.1134/S10227954070
80200

Stelly D.M., Saha S., Raska D.A., Jenkins J.N., McCarty J.C. Jr., Gu-
tiérrez O.A. Registration of 17 upland (Gossypium hirsutum) cot-
ton germplasm lines disomic for different G. barbadense chromo-
some or arm substitutions. Crop Sci. 2005;45(6):2663-2665. DOI
10.2135/cropsci2004.0642

Tiwari V.K., Rawat N., Neelam K., Kumar S., Randhawa G.S., Har-
charan S.D. Substitutions of 2S and 7U chromosomes of Aegi-
lops kotschyi in wheat enhance grain iron and zinc concentration.
Theor. Appl. Genet. 2010;121(2):259-269. DOI 10.1007/s00122-
010-1307-8

Ulloa M., Wang C., Saha S., Hutmacher R.B., Stelly D.M., Jenkins J.N.,
Burke J., Roberts P.A. Analysis of root-knot nematode and fusarium
wilt disease resistance in cotton (Gossypium spp.) using chromo-

ORCID
O.G. Silkova orcid.org/0000-0003-3299-2975

Chromosome introgression of cotton from G. barbadense L.
into the genome of G. hirsutum L. in BC,F; hybrids

some substitution lines from two alien species. Genetica. 2016;
144(2):167-179. DOI 10.1007/s10709-016-9887-0

Wang B., Liu L., Zhang D., Zhuang Zh., Guo Hui., Qiao Xin., Wei L.,
Rong J.O., May L., Paterson A.H., Chee P.W. A genetic map be-
tween Gossypium hirsutum and the Brazilian endemic G. musteli-
num and its application to QTL mapping. G3. 2016;6(6):1673-1685.
DOI 10.1534/g3.116.029116

Wendel J.F., Brubaker C.L., Alvarez I., Cronn R., Stewart J.M. Evolu-
tion and natural history of the cotton genus. In: Paterson A.H. (Ed.).
Genetics and Genomics of Cotton, Plant Genetics and Genomics:
Crops and Models. Vol. 3. New York: Springer, 2009;3-22. DOI
10.1007/978-0-387-70810-2_1

Zhang J., Percy R.G., McCarty J.C. Introgression genetics and breed-
ing between Upland and Pima cotton: a review. Euphytica. 2014;98:
1-12. DOI 10.1007/s10681-014-1094-4

Acknowledgements. The study was financially supported by the Ministry of Higher Education, Science and Innovation of the Republic of Uzbekistan

within the framework of the F-OT-2021-155 project.
Conflict of interest. The authors declare no conflict of interest.

Received January 27, 2023. Revised September 29, 2023. Accepted September 29, 2023.

970

BaBunosckuii XKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2023 - 27 - 8


https://www.elibrary.ru/contents.asp?id=33320374

GENETIC ENGINEERING OF PLANTS BaBrnoBcKUi XXypHan reHeTUKM 1 cenekumm. 2023;27(8):971-979

Original article DOI 10.18699/VJGB-23-112

Original Russian text https://vavilovj-icg.ru/

Inactivation of the TIM complex components leads to a decrease
in the level of DNA import into Arabidopsis mitochondria
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Abstract. The phenomenon of DNA import into mitochondria has been shown for all major groups of eukaryotes.
In plants and animals, DNA import seems to occur in different ways. It has been known that nucleic acids enter plant
organelles through alternative channels, depending on the size of the imported molecules. Mitochondrial import of
small DNA (up to 300 bp) partially overlaps with the mechanism of tRNA import, at least at the level of the outer mem-
brane. It is noteworthy that, in plants, tRNA import involves components of the protein import apparatus, whose role
in DNA transport has not yet been studied. In this work, we studied the role of individual components of the TIM inner
membrane translocase in the process of DNA import into isolated Arabidopsis mitochondria and their possible asso-
ciation with the porin VDACT. Using knockout mutants for the genes encoding Tim17 or Tim23 protein isoforms, we
demonstrated for the first time the involvement of these proteins in the import of DNA fragments of different lengths.
In addition, inhibition of transport channels with specific antibodies to VDACT led to a decrease in the level of DNA
import into wild-type mitochondria, which made it possible to establish the specific involvement of this porin isoform
in DNA import. In the tim17-1 knockout mutant, there was an additional decrease in the efficiency of DNA import in
the presence of antibodies to VDAC1 compared to the wild type line. The results obtained indicate the involvement of
the Tim17-1 and Tim23-2 proteins in the mechanism of DNA import into plant mitochondria. At the same time, Tim23-2
may be part of the channel formed with the participation of VDAC1, while Tim17-1, apparently, is involved in an alterna-
tive DNA import pathway independent of VDAC1. The identification of membrane carrier proteins involved in various
DNA import pathways will make it possible to use the natural ability of mitochondria to import DNA as a convenient
biotechnological tool for transforming the mitochondrial genome.

Key words: mitochondria; DNA import; Tim17; Tim23; VDAC1; transport channel; knock-out mutant; Arabidopsis thaliana.
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VHaKTuUBaII KOMIIOHEHTOB KOMILIeKca TIM nmpuBoguUT
K CHIVDKeHUIO YPoBHS uMnoprta JHK B MUTOXOHApUIM apadbugorcuca

T.A. Tapacenxo!, K.A. Eausosal, B.. Tapacenxo! @, M.B. Kyaunuenkol 2, F0.M. Koncranrunos!

! CNOUPCKNIA MHCTUTYT GU3nonornm n bruoxmummn pacteHnin Cnbrpckoro otaeneHna Poccuinckoi akagemun Hayk, MpkyTck, Poccua
2 KasaHcKuii VNHCTUTYT Groxumnn 1 6nodursmnkm KasaHckoro HayuyHoro LieHTpa Poccuiickoii akagemun Hayk, KasaHb, Poccus
® vslav@inbox.ru

AnHoTayua. OeHomeH nmnopta [JHK B MUTOXOHAPMYM NOKa3aH 1A BCEX OCHOBHbIX rPymnmn 3yKapuoT. B pacteHunax n
KNBOTHbIX UMNOpPT [HK, No-Bngmmomy, NponcxoanT pasinyHbiMK NyTAMU. I3BeCTHO, UTO B pacTUTeNbHble OpraHenibl
HYKNIeMHOBbIe KNUC/IOTbl NOMAAAloT Mo anbTepHATMBHbLIM KaHanaM B 3aBMCUMOCTY OT pa3mepa UMMNopPTUPYyEMbIX Mone-
kyn. Mimnopt AHK Hebonbloro pasmepa (Ao 300 n. H.) YaCTUYHO NepeKpbiBaeTcA ¢ MexaHn3mMom nmnopTa TPHK, no
KpaliHeli Mepe, Ha ypOBHe BHelHeln MembpaHbl. [prmeyaTenbHo, 4To y pacteHuii B umnopt TPHK BoBneyeHbl komno-
HeHTbl annapata nmnopTa 6enko., YbA ponb B TpaHcnopTe [1HK go HacToALlero BpeMeHy ocTaBanacb Hen3y4yeHHoM!.
B HacTosALWeit paboTe Mbl MPOBENM NCCIefoBaHNE POV OTAESIbHbIX KOMMOHEHTOB TPAHC/IOKa3bl BHYTPEHHEN MeMbpa-
Hbl TIM B npouecce nmnopta AHK B 130n1poBaHHbIE MUTOXOHAPUN apabugoncmca n nx BO3MOXHOIN CBA3W C NOpu-
Hom VDACT. C ncnonb3oBaHMeM HOKayT-MyTaHTOB MO reHam, Kogupyowmnm nsopopmsl 6enkos Tim17 unum Tim23, mbl
BrepBble NoKasanun yyactue 3tnx 6enkos B umnopte dparmeHToB [HK pasHow anvHbl. Kpome Toro, nHrmbuposaHme
TPaHCNOPTHbIX KaHanoB crneynduyeckumm aHtutenamm kK VDACT NprBOANIO K CHUXeHWIO ypoBHA umnopTa AIHK B Mu-
TOXOHAPWM AUKOTO TUMA, YTO MO3BOJIMIIO YCTAaHOBUTbL creumnduyeckoe yyactme 3To n3opopmbl MOPUHA B MMMoOpTe
[HK. B HokayT-myTaHTe tim17-1 NpONCXOANN0 AOMONHUTENbHOE CHUXeHne 3pdeKTBHOCTN nmnopTa [HK B npucyT-
ctBumn aHTuTen K VDACT B CpaBHEHUN C IMHWEN ANKOTO TUMa. [oflyuyeHHble pe3ynbTaTbl YKa3blBaloT Ha yyacTvie 6enKoB
Tim17-1 n Tim23-2 B annapate umnopta JHK B pactutenbHble mutoxoHapuu. Mpu 31om Tim23-2 MoXeT 6bITb YacTbio
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kaHana, popmumpyemoro npwu yyactum VDACT, B To Bpems Kak Tim17-1, No-BUAMMOMY, BOBJIEYEH B aNbTEPHATUBHbIN,
He3aBucumbli ot VDACT, nyTb umnopTa JHK. BoisiBneHve membpaHHbIX 6EM1KOB-MEPEHOCUNKOB, YYAaCTBYIOLMX B pas-
NUYHbIX NyTAX nMnopTa JHK, no3sonut ncnonb3oBath NPUPOAHYI0 CMOCOBHOCTb MUTOXOHAPWI K nornoweHunio JHK B
KauecTBe yfo6HOro 60TEXHOMOrMYECKOro MHCTPYMEHTa AnA TpaHCchopMaL i MUTOXOHAPUANbHOIO reHoMa.

KnioueBble cnosa: mutoxoHapuu; umnopt AHK; Tim17; Tim23; VDACT; TpaHCMOPTHbBIN KaHan; HoKayT-MyTaHT; Arabidop-

sis thaliana.

Introduction

Mitochondria are double-membrane organelles of aerobic
eukaryotes that are responsible for providing energy to the
cell and have their own genetic system. Mitochondrial DNA
(mtDNA), a legacy of the endosymbiotic event (Martin et
al., 2015), encodes rRNA, tRNA, ribosomal proteins, and
oxidative phosphorylation proteins (Morley, Nielsen, 2017).
The ability to modify the mitochondrial genome can become
a convenient tool for making targeted changes in mtDNA in
order to obtain plants with valuable agricultural characteris-
tics and solve issues of gene therapy treatment of human
mitochondrial diseases.

The methodology for transforming mitochondria with exo-
genous DNA is at the initial stages of'its development (Larosa,
Remacle, 2013), since effective methods for manipulating
the mitochondrial genome using targeted delivery of nucleic
acid molecules have not yet been established. One promising
approach to transforming the mitochondrial genome could be
manipulation of the DNA import process — the natural ability
of mitochondria to uptake DNA from the cytoplasm.

The phenomenon of DNA import was initially demon-
strated for plants (Koulintchenko et al., 2003; Konstantinov
etal., 2016), but was subsequently described for mammalian
mitochondria (Koulintchenko et al., 2006) and yeast (Weber-
Lotfi et al., 2009). It should be noted that currently there is no
complete understanding of how the transmembrane transfer of
DNA into the mitochondrial matrix occurs. Apparently, DNA
import involves different pathways in plants and mammals
(Koulintchenko et al., 2006). Moreover, in plant mitochondria,
DNA transfer can occur through several alternative mecha-
nisms involving a variety of protein complexes (Weber-Lotfi
et al., 2015; Tarasenko et al., 2021).

DNA import into plant mitochondria throughout the outer
membrane occurs with the participation of porin (VDAC, vol-
tage-dependent anion channel) (Koulintchenko et al., 2003).
The role of VDAC has also been shown in tRNA import (Sa-
linas-Giegé et al., 2015), a cellular process that ensures the
functioning of the genetic system of these organelles (Morley,
Nielsen, 2017). Several VDAC isoforms are present in plant
cells (Tateda et al., 2011); in particular, there are four func-
tional isoforms in Arabidopsis thaliana (Tateda et al., 2011)
that perform different roles. VDACI is more important for
plant growth and disease resistance (Tateda et al., 2011), while
VDACS3 appears to be involved in the stress response (Hemono
et al., 2020). Based on the tRNA binding intensity of four
VDAC isoforms, it was suggested that VDAC4 is involved in
the import of tRNA into mitochondria (Hemono et al., 2020).

Differential interaction of mitochondrial porins with tRNA
is also characteristic of other plants. Thus, only VDAC34 ap-
pears to be involved in tRNA import in potato, since this iso-
form shows strong binding to the tRNA molecule (Salinas et
al., 2014). Arabidopsis VDAC isoforms could potentially also
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specialize in DNA transport depending on the length of the
imported molecules (Tarasenko et al., 2021). In Arabidopsis
knockout lines lacking VDACI1, VDAC2, or VDACA4, there
was an increase in DNA import accompanied by induction of
VDACS3 expression, which could be part of a cellular mecha-
nism aimed at compensating for the absence of a porin iso-
form.

Import of small DNA (up to 300 bp) through the inner mi-
tochondrial membrane may occur with the participation of
adenine nucleotide transporters (ADNT1), ATP-Mg/Pi (APC)
(Tarasenko et al., 2021) and/or phosphate transporter MPT
(Weber-Lotfi et al., 2015). The import of medium-sized DNA
(400-7000 bp) involves the AAC adenine nucleotide trans-
porter (ADP/ATP carrier) (Koulintchenko et al., 2003). The
involvement of CuBP, a subunit of respiratory complex I, in
the transport of medium- and large-sized DNA (Weber-Lotfi
et al., 2015) appears to be related to the stabilization of the
channel through which larger molecules are transported.

The competitive inhibition method has been used to de-
monstrate the possible interplay of the import pathways of
tRNA and small DNA (Weber-Lotfi et al., 2015), which is not
surprising given the involvement of VDAC in the import of
both tRNA (Salinas et al., 2006) and DNA (Koulintchenko et
al., 2003; Tarasenko et al., 2021). It is noteworthy that compo-
nents of the protein import apparatus are also involved in the
process of tRNA import in plants (Verechshagina et al., 2018).
This fact indicates the multifunctionality of some membrane
transporters in plant mitochondria. Based on these data, it is
logical to assume that the components of protein complexes
involved in the processes of tRNA and/or protein translocation
occurring in plant mitochondria may also be involved in the
DNA import mechanism.

The most obvious candidate for the role of a multifunctional
transporter appears to be the TIM complex, also known as
TIM17:23, which is responsible for the transport of proteins
into the mitochondrial matrix. This membrane complex is
directly linked into a single channel with the translocase of
outer mitochondrial membrane proteins TOM (translocase
of the outer membrane), individual components of which
are involved in tRNA import in plants (Salinas et al., 2006).

The inner membrane translocase TIM17:23, one of the
largest mitochondrial protein complexes, consists of two main
subunits — Tim17 and Tim23. This protein is anchored in the
inner membrane by four transmembrane helices, forming a
translocation channel (Ryan et al., 1998; Truscott at al., 2001).
It is known that the Tim23 subunit is responsible for the forma-
tion of the pore, and Tim17 is responsible for the stabilization
and regulation of this pore (Verechshagina et al., 2018). Each
of these subunits has three isoforms in Arabidopsis plants
(Murcha et al., 2007), but the degree of their participation in
protein import appears to be different, indicating their potential
role in other cellular processes.
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It is known that the TIM17:23 complex is dominated by the
Tim23-2 subunit, which is characterized by the highest level
of expression in all tissues (Murcha et al., 2003). Considering
the high degree of homology of Tim23 isoforms, indicating
their potentially interchangeable properties, it cannot be ex-
cluded that the predominant Tim23-2 isoform may have a
multifunctional role in cellular processes, similar to what was
established for the main components of the TOM complex
(Salinas-Giegé et al., 2015). Notably, the Tim23-2 subunit
is present in respiratory complex I in addition to TIM17:23
(Murcha et al., 2005; Wang et al., 2012). The Tim23-3 sub-
unit, in contrast, has a low level of expression and is the most
divergent in sequence from the other two isoforms (Murcha
et al., 2007), which may indicate that this protein performs
additional functions.

The most common Tim17 isoform in Arabidopsis is the
Tim17-2 protein, which is characterized by a consistently high
level of expression throughout development. The Tim17-1
isoform has a fairly high (75 %) degree of similarity to
Tim17-2 (Wang et al., 2014). It should be noted that to date
there are no unambiguous data on the role of Tim17-1 in plants
(Wang et al., 2014). Unlike Tim17-2, the Tim17-1 isoform is
characterized by changes in expression levels depending on
the developmental stage, with the most pronounced increase
at the seed development stage, but a gradual decrease with
development (Wang et al., 2014). Obviously, protein import is
ensured by the predominant isoforms in an adult plant, while
the minor Tim17-1 could potentially specialize in performing
functions not related to mitochondrial biogenesis.

In our work, we showed that the Tim23-2 and Tim17-1
proteins are involved in the transmembrane transfer of DNA
into the mitochondrial matrix, while Tim23-2 appears to be
responsible for the import of exclusively short fragments. In
addition, the VDACI porin isoform appears to be directly
involved in the process of DNA import and is likely part of a
channel formed with the participation of the Tim23-2 protein.
The data obtained open up prospects for further studies of the
role of TIM components in the import of nucleic acids into
mitochondria.

Materials and methods

Plant material and growing conditions. We used wild-type
Arabidopsis thaliana (L.) Heynh. ecotype Columbia (Col-0)
plants and GABI 689Cl11 (tim23-2, At1g72750 gene), SALK
129386 (tim23-3, At3g04800 gene) and SALK 092885
(tim17-1, At1g20350 gene) knockout lines. Seeds of these
lines were provided by Monika Murcha (ARC Center of Ex-
cellence in Plant Energy Biology, Perth, Australia). Seeds were
subjected to stratification for 3 days at 4 °C, and then grown
at22 °C in a KBW720 growth chamber (Binder, Germany) in
pots filled with a compost/vermiculite mixture in a ratio of 2:1
at a photosynthetic photon flux density of 150 pymol m2-s!
and 16-hour photoperiod.

Preparation of DNA import substrates. For DNA ampli-
fication, Taq polymerase (Thermo Scientific, USA) was used
in accordance with the manufacturer’s recommendations.
The genetic construct pCK/GFP/PRmt (Koulintchenko et
al., 2003), containing the GF'P gene sequence, was used as a
PCR template.

FEHETUYECKAA UHXEHEPUA PACTEHUI / GENETIC ENGINEERING OF PLANTS

MHakTnBauma KoMnoHeHTOB Komnekca TIM npusognt 2023
K CHIKeHWIo ypoBHsA umnopta [IHK B MuToxoHapun apabugoncnca 27.8

Amplification of DNA fragments of 2732 bp (Forward:
5'-CCAACCACCACATACCGAAA-3"; Reverse: 5'-ACGCT
CTGTAGGATTTGAACC-3") and 265 bp (Forward: 5'-AT
GAGTAAAGGAGAAGAACTTTTCACT-3'; Reverse:
5'-CGGGGCATGGCACTCTTGA-3") containing the GFP
gene sequence was carried out using specific primer pairs at
an annealing temperature of 60 °C. DNA was purified using
GeneJET™PCR Purification Kit columns (Thermo Scientific)
according to the manufacturer’s instructions. The quality of
PCR products was assessed electrophoretically using the Gel
Doc XR System (Bio-Rad, USA), the amount of DNA was
determined using a NanoPhotometer NP80 spectrophotometer
(IMPLEN, Germany).

Isolation of mitochondria. A crude mitochondrial extract
was prepared from 3-week-old 4. thaliana plants according
to a previously described protocol (Sweetlove et al., 2007) by
differential centrifugation. The purified mitochondrial fraction
was obtained by separating the crude mitochondrial fraction in
a stepwise Percoll density gradient (50-28-20 %) for 40 min
at 40,000 g. A suspension of mitochondria was collected at
the boundary of layers with 50 and 28 % Percoll concentra-
tions.

Import of DNA substrates into Arabidopsis mitochon-
dria in organello. DNA import was performed as described
previously (Tarasenko et al., 2019). 200 pg of purified mito-
chondria were added to 200 ul of import buffer (0.4 M sucrose,
40 mM potassium phosphate, pH 7.0) containing 500 ng of
DNA, then incubated at 25 °C for 30 min. Mitochondria
were treated with DNase I (1 unit/ul) (Thermo Scientific) in
100 pl of import buffer in the presence of 10 mM MgCl, for
20 min at 25 °C. Samples were then washed in wash medium
containing additional 10 mM EDTA and 10 mM EGTA, and
mtDNA was extracted for further analysis of DNA import ef-
ficiency. As a control for the efficiency of DNase treatment,
a sample without the addition of mitochondria was used. The
level of the background signal obtained from such a sample
was always at least two orders of magnitude lower than the
level of the signal from import samples.

Preparation of protoplasts, transfection with DNA mo-
lecules and isolation of mitochondria. Protoplasts were
obtained from A. thaliana leaves according to a previously
described protocol (Wu et al., 2009) with modifications (Ta-
rasenko et al., 2019). A DNA substrate (5 pug) was added to
the suspension of isolated protoplasts, after which 300 ul
of a solution containing 20 % PEG-2000, 0.2 M mannitol,
100 mM CaCl, was added to the samples. The protoplasts
were incubated for 5 min, then the protoplast suspension
was subjected to three cycles of centrifugation in 1.5 ml of
washing medium for 1 min at 100 g and 20 °C. Further in-
cubation of the protoplasts was carried out in W5 medium
(154 mM NaCl, 125 mM CaCl,, 5 mM KCIl, 5 mM glucose,
2 mM MES, pH 5.7) at 22 °C and low light for 20 hours. The
protoplast suspension was centrifuged for 1 min at 100 g and
20 °C and mitochondria were isolated as described previously
(Tarasenko et al., 2019).

DNA import assay. The amount of DNA imported into
mitochondria was determined by quantitative PCR (qPCR)
using the gqPCRmix-HS SYBR kit (Evrogen, Russia) accord-
ing to the manufacturer’s instructions. Data were analyzed
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Fig. 1. DNA substrates used for import into Arabidopsis mitochondria.

a - scheme of the pCK/GFP/PRmt genetic construct (Koulintchenko et al., 2003), which served as a template for the synthesis of DNA
import substrates. 2.3 kb - 2.3 kb plasmid sequence from the mitochondrial genome of Zea mays; TIR - terminal inverted repeats
of the 11.6 kb plasmid from the mt-genome of Brassica rapa; b — electrophoretic analysis of DNA import substrates (200 ng each)
prepared from pCK/GFP/PRmt. T — 2732 bp; 2 - 265 bp; 3 - DNA molecular weight marker.

using CFX Manager software (Bio-Rad). We used primer
pairs specific for the GFP gene sequence (Forward: 5'-GAT
GTGGAAAACAAGACAGGGGTTT-3"; Reverse: 5'-TGG
TGAACCGGGCGTACTATTT-3') and the NAD4 gene se-
quence from the Arabidopsis mitochondrial genome (For-
ward: 5'-GCATTTCAGTGGGTTGGTCTGGT-3'; Reverse:
5'-AGGGATTGGCACGCTTTCGG-3'). The ratio of the
content of imported DNA to mtDNA was calculated based on
the ratio of the absolute values of the signal from the imported
DNA and from the NAD4 gene, taking into account the dif-
ference between the sizes of the imported fragments (265 bp
and 2.7 kb) and the mt genome (367 kb) with the assumption
that the mt genome is represented exclusively by the master
chromosome.

Statistical analysis. Experiments were carried out in at least
three biological replicates. The diagrams were constructed
using the Microsoft Excel software package. The degree of
significance of differences was assessed using Student’s test.

Results

It is known that DNA import into mitochondria occurs through
various transport pathways, the efficiency of which depends on
the size of the imported molecules (Weber-Lotfi et al., 2015;
Tarasenko et al., 2021). Based on this, the role of individual
protein components of the mitochondrial membrane in the
import of DNA molecules of small (265 bp) and medium
(2732 bp) lengths was studied (Fig. 1).

DNA fragments 265 bp and 2.7 kb in size obtained by
PCR (see Fig. 1, b) were imported into mitochondria isolated
from Arabidopsis plants (in organello), wild-type (Col-0) and
knockout mutants for Tim23-2 (tim23-2), Tim23-3 (tim23-3)
and Tim17-1 (tim17-1), which are isoforms of key proteins
of the Tim17:23 complex. For mitochondria of the tim23-2
mutant, a significant decrease in the import level of a small-
length fragment was shown in comparison with the wild type
(Fig. 2, a), while the import level of a medium-sized fragment
did not differ significantly. In mitochondria of the #im23-3 mu-
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tant, no dependence of both DNA fragments import efficiency
on the absence of functional Tim23-3 was found (see Fig. 2, b).
Thus, it is obvious that the Tim23-2 protein isoform is part of
the DNA import apparatus, performing a specific role in the
transfer of DNA molecules, predominantly of short length.

When studying the import into #im{7-1 mutant mitochon-
dria, we observed a decrease in the DNA transport efficiency,
approximately similar for fragments of both short and medium
length (see Fig. 2, c¢). These results suggest that the Tim17-1
protein may also be an important participant in the DNA
translocation machinery into mitochondria.

In order to verify the data on the import of a DNA frag-
ment of medium length (2.7 kb) into mitochondria isolated
from the Tim17 and Tim23 knockout lines (see Fig. 2, a, ¢),
we carried out experiments using Arabidopsis protoplasts
obtained from these lines (in vivo) (Fig. 3, a). Protoplasts
maintained their integrity for 20 hours (see Fig. 3, b). It was
found that the import level of exogenous DNA from the cyto-
plasm of tim17-1 knockout protoplasts into the mitochondria
was indeed reduced, but to a lesser extent than that observed
in organello. It can be concluded that the deficiency of mito-
chondrial Tim17-1 is apparently partially compensated in vivo
by certain cellular factors. Compared to tim17-1, the level of
mitochondrial import of #tim23-2 did not differ from the wild
type, similar to what was shown in the isolated organelles (see
Fig. 3, a). Taken together, the results obtained in organello
using mutant lines lacking the Tim23-2 or Tim17-1 proteins
reflect the patterns of DNA transfer in vivo into the mitochon-
dria of protoplasts of these lines.

The next task was to investigate the possible relationship
of the outer mitochondrial membrane protein VDAC with
Tim17-1 and Tim23-2 in the import of short DNA molecules.
The use of antibodies to VDACI potentially makes it possible
to exclude this isoform from participation in the formation of
a channel for DNA transfer. It has been shown (Koulintchenko
etal., 2003) that the binding of antibodies specific to a certain
protein of the outer mitochondrial membrane should inhibit
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Fig. 2. Analysis of exogenous DNA import into isolated Arabidopsis mitochondria.

DNA fragments 265 bp and 2.7 kb in size were imported into mitochondria of wild-type and mutant Arabidopsis lines: (a) tim23-2, (b) tim23-3, and (c) tim17-1.
Mitochondrial DNA extracted from mitochondria after import (d) was used for gPCR analysis. The amount of the GFP gene fragment (imported DNA) normalized
to the content of the NAD4 gene fragment (mtDNA) is shown. The import level in Col-0 is taken as an arbitrary unit. The mean values are shown with standard
deviations. * and ** statistically significant differences at p < 0.05 and p < 0.01, respectively. d - mitochondrial nucleic acid preparation used for analysis: 7 - DNA

molecular weight marker; 2, 3 - mtDNA from tim23-2; 4, 5 — mtDNA from tim23-3; 6, 7 - mtDNA from tim17-1.

its transport activity. We applied this approach to analyze the efficiency of
265 bp DNA fragments import into isolated wild-type and tim17-1 or tim23-2
mutant mitochondria (Fig. 4).

At first, in order to exclude nonspecific inhibition, we assessed the effect of
antibodies that specifically bind mitochondrial apocytochrome » (Cob). This
inner membrane protein is the central catalytic subunit of ubiquinol-cytochrome
c oxidoreductase (Islas-Osuna et al., 2006). The outer membrane of mitochon-
dria is impermeable to antibodies, so inhibition of transport processes should
not occur when using antibodies to Cob. Import level of the 265 bp fragment
in wild-type mitochondria after their treatment with antibodies to Cob did not
differ from the control sample (see Fig. 4, @). Based on this, experiments were
carried out in which DNA fragments 265 bp in size were imported into isolated
mitochondria of tim17-1 or tim23-2 mutant lines, pretreated with antibodies
to the outer membrane protein VDACI (see Fig. 4, b).

According to the data obtained, the level of import of short-length DNA
into wild-type mitochondria in the presence of antibodies to VDACI was
significantly reduced (see Fig. 4, b). It is obvious that this porin isoform is
directly involved in the transport of DNA of this length into Arabidopsis mi-
tochondria. Analysis of import into mitochondria lacking functional Tim23-2
showed that in the presence of antibodies to VDACI, the efficiency of this
process did not differ from that in the wild type under the same conditions
(see Fig. 4, b). Considering the role of Tim23-2 in the import of short-length
DNA (see Fig. 2, a), these results indicate that VDACI presumably forms one
transport channel with Tim23-2, since inhibition of either component results
in an approximately equal decrease in import level. Moreover, the degree of
import reduction does not change with simultaneous inactivation of these two
transporter proteins located in different mitochondrial membranes (see Fig. 4,
b). At the same time, in mitochondria of the #im7-1 line treated with antibodies
to VDACI, we observed an additional decrease in the level of import of the
265 bp fragment (see Fig. 4, b), which indicates the participation of Tim17-1
in the formation of a DNA import channel independent of VDACI.

It can be suggested that VDAC] is a companion of Tim23-2, but not Tim17-1,
in the process of translocation of short fragments across the double mito-
chondrial membrane. At the same time, the Tim17-1 protein, unlike Tim23-2,
is involved in the process of import of fragments of both short and medium
length, which serves as an additional argument in favor of the independence
of Tim17-1 from the channel formed by Tim23-2 and VDACI.

In order to estimate the actual efficiency of import of two DNA fragments
into mitochondria of different lines, we calculated the content of imported DNA
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Fig. 3. Level of DNA import into mitochondria of
protoplasts obtained from Arabidopsis leaves using
qPCR.

a - 2.7 kb DNA fragment was imported into mito-
chondria of protoplasts of wild-type and tim17-1 and
tim23-2 knockout lines. After transfection of proto-
plasts, mitochondria were isolated, followed by mtDNA
extraction. The amount of the detected GFP gene frag-
ment normalized to the content of the NAD4 gene
fragment is shown. The import level in Col-0 is taken as
an arbitrary unit. The mean values are shown with stan-
dard deviations. * Statistically significant differences at
p < 0.05; b - light microscopy of protoplast integrity
after transformation with a DNA fragment and incuba-
tion for 20 hours.
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Fig. 4. Efficiency of short-length DNA import into isolated Arabidopsis mi-
tochondria in the presence of antibodies to membrane proteins.

a - determination of possible nonspecific inhibition of transport channels in-
volved in DNA import by antibodies to Cob; b - DNA import efficiency into mi-
tochondria of Col-0 and tim17-1 and tim23-2 knockout lines in the presence of
specific antibodies to VDAC1 (antiVDAC1). The amount of the GFP gene frag-
ment normalized to the content of the NAD4 gene fragment is shown. Import
level of the 265 bp fragment in Arabidopsis mitochondria without pretreat-
ment with antibodies (control) is taken as an arbitrary unit. The mean values
are shown with standard deviations. ** (¢+¢) and *** — statistically significant
differences at p < 0.01 and p < 0.001, respectively; * - differences from control;
+ - differences from the level of import into Col-0 mitochondria pre-treated
with antiVDAC1 (b).

in mitochondria in relation to the content of mitochondrial
DNA (see the Table). It was shown that the import efficiency
of a short fragment is extremely high and amounts to up to
5 % of the amount of mtDNA. Import of the 2.7 kb fragment
was much less effective; the amount of DNA penetrated into
the organelles was 30 times less than the amount of the im-
ported 265 bp fragment. The data obtained correlate well with
known data on the efficiency of import (Koulintchenko et al.,
2003), and also provide an additional argument in favor of
the existence of separate import pathways for fragments of
short and medium length, differing in the intensity of DNA
transport through the membrane.

Discussion

The role of the Tim23 and Tim17 subunits in protein import
into mitochondria has been extensively studied (Murcha et
al., 2003, 2014; Lister et al., 2004). However, studies of the
potential involvement of the TIM17:23 complex or its indi-
vidual subunits in the DNA import into mitochondria have
not been carried out until now. It was previously shown that
different isoforms of the Tim17 and Tim23 proteins (Murcha
et al., 2007) differ in their ability to complement knockout
mutants of orthologous subunits in yeast, suggesting some
functional specialization of different isoforms (Murcha et al.,
2003). This study focused on the major isoform Tim23-2 and
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the minor isoform Tim17-1, the role of which in plant mito-
chondria remains poorly understood. To import foreign DNA
fragments of different lengths, we used mitochondria isolated
from Arabidopsis Tim23-2 and Tim17-1 knockout lines.

In the in organello system, we showed that both of these
proteins are involved in DNA import, with Tim23-2 being
more specific with respect to the size of the transferred mole-
cule (see Fig. 2, a). These data were confirmed in the system
of DNA import into mitochondria of protoplasts obtained from
Arabidopsis knockout lines (Wu et al., 2009). Previously,
we developed an effective method for studying the import
of DNA fragments into mitochondria following transfection
of Arabidopsis protoplasts with these molecules, i.e. under
conditions of maintaining the native cellular environment of
mitochondria (Tarasenko et al., 2019). This work established
a number of regularities, the main one being that the results
obtained in protoplasts are consistent with data from studies
of DNA import into isolated mitochondria.

The results obtained using protoplasts allow us to conclude
that the observed decrease in DNA import into mitochondria
lacking Tim17-1 occurs in vivo. Likewise, using protoplasts, it
was confirmed that Tim23-2 does not play a role in the import
of medium-length DNA. This protein, however, according to
in organello experiments, exhibits activity specific for the
transfer of short DNA fragments. This property of Tim23-2
is another argument in favor of the existence of several path-
ways for DNA transfer through the inner membrane, specific
to a certain extent with respect to the size of the imported
molecules.

Another protein studied, the minor isoform Tim17-1, turned
out to be involved in the import of DNA fragments of both
short and medium length. The Tim17-1 isoform is characte-
rized by a high level of expression during seed germination;
therefore, it is assumed that Tim17-1 may be involved in
mitochondrial biogenesis at this stage of development (Wang
et al., 2014). The role of this isoform in protein import in the
adult Arabidopsis plant is not obvious due to its low level of
expression, given an increase in the expression of the other
two isoforms throughout plant development. The gradual
decrease in the expression level of the Tim17-1 subunit after
germination (Wang et al., 2014) may indicate the potential
specialization of this isoform in alternative and less important
processes.

In addition to the use of knockout mutants, another ap-
proach to study the role of mitochondrial membrane proteins
in mitochondrial transport processes is the use of specific an-
tibodies to these proteins (Koulintchenko et al., 2003; Murcha
et al., 2005). Studies of the VDAC role in DNA import into
isolated potato and rat mitochondria were previously carried

Content of imported DNA fragments in mitochondria relative to mtDNA content

Arabidopsis
line

265 bp, % of mtDNA content
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Fig. 5. Putative effect of inactivation of mitochondrial membrane proteins on the level of DNA import into mitochondria.

Inactivation of the transport process was ensured by (g, ¢, e) using Arabidopsis knockout mutants lacking functional Tim17-1 or Tim23-2 protein,
and/or (b, d, f) inhibition of the VDAC1 protein with specific antibodies. In the case of simultaneous exclusion of VDAC1 and Tim23-2 from the trans-
port process (d), there was a decrease in the level of import, comparable in intensity to that observed under conditions of inactivation of only one
transporter (b or ¢). With the simultaneous exclusion of VDACT and Tim17-1 from the transport process (f), an additional decrease in efficiency was
observed in comparison with the inactivation of one protein (b or e), indicating that these proteins belong to two different channels.

1-6 — pathways for transfer of DNA molecules into the matrix; arrows - direction of DNA transfer; dashed arrows crossed out with a red cross - block-
ing of the transport route; crossed out circle — absence of a functional protein in the mitochondrial membrane as a result of gene knockout. MT is a
complex formed with the participation of mitochondrial transporters.

out using antibodies that recognize the conserved domain of
VDAC proteins (Koulintchenko et al., 2003, 2006). However,
for any group of organisms, there are no data so far on the
role of a specific mitochondrial porin isoform in this process.
Previously, we attempted to study the participation of one
or another VDAC isoform in DNA import using knockout
mutants; however, a decrease in the level of import was not

FEHETUYECKAA UHXEHEPUA PACTEHUI / GENETIC ENGINEERING OF PLANTS

detected in any of these lines, apparently due to compensation
for the lack of the protein by other isoforms/transport mecha-
nisms throughout plant development (Tarasenko et al., 2021).

It is known that the four isoforms of Arabidopsis VDAC,
despite a high degree of homology (from 68 to 50 %), ap-
parently have functional specialization (Tateda et al., 2011;
Hemono et al., 2020). When assessing protein levels in Ara-
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bidopsis mitochondria, the most abundant porin isoform
was found to be VDACI, which has approximately 44,400
copies per mitochondrion (Fuchs et al., 2020). In our work,
we used isoform-specific antibodies to Arabidopsis VDACI1
(AT3G01280), which interact with the N-terminus of this
protein. It was shown that inhibition of VDACI activity by
antibodies leads to a decrease in DNA import intensity. This
fact suggests that the use of specific antibodies to suppress
porin activity has proven to be a more productive approach
to studying the role of VDAC isoforms in DNA import than
the use of knockout mutants. Thus, we have demonstrated
for the first time the involvement of a specific porin isoform,
VDACI, in DNA transfer into mitochondria (Fig. 5, a, b).
While a specific function of the VDAC4 isoform has been
suggested in the mechanism of tRNA import into Arabidopsis
mitochondria (Hemono et al., 2020), this work demonstrates
the involvement of the VDACI isoform in DNA import. Thus,
functional specialization of different VDAC isoforms with
respect to the type of nucleic acids (DNA/RNA) and their
size cannot be excluded.

We also investigated the possibility of VDACI interacting
with Tim17-1 or Tim23-2 during DNA translocation. Due to
the fact that both Tim17-1 and Tim23-2 are involved in the
import of the short 265 bp fragment, we used a DNA substrate
of this size. As a result, it was established for the first time that
VDACI apparently forms a common transport channel with
Tim23-2. We observed an equal decrease in the level of short-
length DNA import upon inhibition of one of these proteins
and the absence of an additional import decrease upon their
simultaneous inactivation (see Fig. 5, ¢, d).

An additional DNA import decrease observed in the tim17-1
knockout mitochondria upon inhibition of the VDACI pro-
tein with antibodies allows us to conclude that the Tim17-1
and VDACI proteins apparently belong to two independent
transport channels (see Fig. 5, e, /). We hypothesize that the
outer membrane companion protein for Tim17-1 might be one
of the other porin isoforms (see Fig. 5, a, e). The absence of
complete inhibition of DNA import into Arabidopsis mito-
chondria upon inactivation of any of the studied membrane
proteins is consistent with the hypothesis that these organelles
have multiple DNA transfer pathways (Weber-Lotfi et al.,
2015; Tarasenko et al., 2021).

The extent to which other VDAC isoforms and Tim17:23
components participate in DNA import, whether there is speci-
ficity for them in terms of the size of the transferred molecule,
and the nature of the relationship between the VDAC isoforms
and the Tim17-2, Tim17-3, Tim23-1, Tim23-3 proteins re-
mains to be determined in further studies.

Conclusion

The study of the role of the TIM17:23 complex proteins
of the inner mitochondrial membrane in the DNA import
mechanism made it possible to establish their participation in
this process, as well as to reveal the possibility of their joint
functioning with VDACI. Given that the specificity of DNA
import with respect to the size of the transferred molecule is
likely determined at the level of the inner membrane, our data
have deepened our understanding of the import mechanism
and expanded the possibilities for developing a system for
transforming the mitochondrial genome.

978

Inactivation of the TIM complex components leads to a decrease
in the level of DNA import into Arabidopsis mitochondria

References

Fuchs P., Rugen N., Carrie C., Elsasser M., Finkemeier 1., Giese J.,
Hildebrandt T.M., Kuhn K., Maurino V.G., Ruberti C., Schallen-
berg-Riidinger M., Steinbeck J., Braun H.P., Eubel H., Meyer E.H.,
Miiller-Schiissele S.J., Schwarzldnder M. Single organelle function
and organization as estimated from Arabidopsis mitochondrial pro-
teomics. Plant J. 2020;101(2):420-441. DOI 10.1111/tpj.14534

Hemono M., Ubrig E., Azeredo K., Salinas-Giegé T., Drouard L.,
Duchéne A.-M. Arabidopsis voltage-dependent anion channels
(VDAC:s): overlapping and specific functions in mitochondria.
Cells. 2020; 9(4):1023. DOI 10.3390/cells9041023

Islas-Osuna M.A., Silva-Moreno B., Caceres-Carrizosa N., Garcia-
Robles J.M., Sotelo-Mundo R.R., Yepiz-Plascencia G.M. Editing
of the grapevine mitochondrial cytochrome » mRNA and molecu-
lar modeling of the protein. Biochimie. 2006;88(5):431-435. DOI
10.1016/j.biochi.2005.10.003

Konstantinov Y.M., Dietrich A., Weber-Lotfi F., Ibrahim N., Klimen-
ko E.S., Tarasenko V.I., Bolotova T.A., Koulintchenko M.V. DNA
import into mitochondria. Biochemistry (Mosc.). 2016;81(10):1044-
1056. DOI 10.1134/S0006297916100035

Koulintchenko M., Konstantinov Y., Dietrich A. Plant mitochondria
actively import DNA via the permeability transition pore complex.
EMBO J.2003;22(6):1245-1254. DOI 10.1093/emboj/cdg128

Koulintchenko M., Temperley R.J., Mason P.A., Dietrich A., Lightow-
lers R.N. Natural competence of mammalian mitochondria allows
the molecular investigation of mitochondrial gene expression. Hum.
Mol. Genet. 2006;15(1):143-154. DOI 10.1093/hmg/ddi435

Larosa V., Remacle C. Transformation of the mitochondrial genome.
Int. J. Dev. Biol. 2013;57(6-8):659-665. DOI 10.1387/ijdb.130230cr

Lister R., Chew O., Lee M.N., Heazlewood J.L., Clifton R., Par-
ker K.L., Millar A.H., Whelan J. A transcriptomic and proteomic
characterization of the Arabidopsis mitochondrial protein import ap-
paratus and its response to mitochondrial dysfunction. Plant Physiol.
2004;134(2):777-789. DOI 10.1104/pp.103.033910

Martin W.F., Garg S., Zimorski V. Endosymbiotic theories for eukaryo-
te origin. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2015;370(1678):
20140330. DOI 10.1098/rstb.2014.0330

Morley S.A., Nielsen B.L. Plant mitochondrial DNA. Front. Biosci.
2017;22(6):1023-1032. DOI 10.2741/4531

Murcha M.W., Lister R., Ho A.Y., Whelan J. Identification, expres-
sion, and import of components 17 and 23 of the inner mitochon-
drial membrane translocase from Arabidopsis. Plant Physiol. 2003,
131(4):1737-1747. DOI 10.1104/pp.102.016808

Murcha M.W., Elhafez D., Millar A.H., Whelan J. The C-terminal re-
gion of TIM17 links the outer and inner mitochondrial membranes
in Arabidopsis and is essential for protein import. J. Biol. Chem.
2005;280(16):16476-16483. DOI 10.1074/jbc.M413299200

Murcha M.W., Elhafez D., Lister R., Tonti-Filippini J., Baumgart-
ner M., Philippar K., Carrie C., Mokranjac D., Soll J., Whelan J.
Characterization of the preprotein and amino acid transporter gene
family in Arabidopsis. Plant Physiol. 2007;143(1):199-212. DOI
10.1104/pp.106.090688

Murcha M.W., Wang Y., Narsai R., Whelan J. The plant mitochon-
drial protein import apparatus: the differences make it interesting.
Biochim. Biophys. Acta. 2014;1840(4):1233-1245. DOI 10.1016/
j.bbagen.2013.09.026

Ryan K.R., Leung R.S., Jensen R.E. Characterization of the mitochon-
drial inner membrane translocase complex: the Tim23p hydrophobic
domain interacts with Tim17p but not with other Tim23p molecules.
Mol. Cell. Biol. 1998;18(1):178-187. DOI 10.1128/MCB.18.1.178

Salinas T., El Farouk-Ameqrane S., Ubrig E., Sauter C., Duchene A.M.,
Marechal-Drouard L. Molecular basis for the differential interaction
of plant mitochondrial VDAC proteins with tRNAs. Nucleic Acids
Res. 2014;42(15):9937-9948. DOI 10.1093/nar/gku728

Salinas-Giegé T., Giegé R., Giegé P. tRNA biology in mitochondria.
Int. J. Mol. Sci. 2015;16(3):4518-4559. DOI 10.3390/ijms16034518

Sweetlove L.J., Taylor N.L., Leaver C.J. Isolation of intact, functional
mitochondria from the model plant Arabidopsis thaliana. In: Lei-

BaBunosckuii XKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2023 - 27 - 8



T.A. TapaceHko, K.[I. Enn3oBa, B.W. TapaceHko
M.B. KynunHyeHko, 0.M. KoHcTaHTMHOB

ster D., Herrmann J.M. (Eds.). Mitochondria. Methods in Molecular
Biology™. Vol. 372. Humana Press, 2007;125-136. DOI 10.1007/
978-1-59745-365-3 9

Tarasenko T.A., Tarasenko V.I., Koulintchenko M.V., Klimenko E.S.,
Konstantinov Y.M. DNA import into plant mitochondria: complex
approach for in organello and in vivo studies. Biochemistry (Mosc.).
2019;84(7):817-828. DOI 10.1134/S0006297919070113

Tarasenko T.A., Klimenko E.S., Tarasenko V.I., Koulintchenko M.V.,
Dietrich A., Weber-Lotfi F., Konstantinov Y.M. Plant mitochondria
import DNA via alternative membrane complexes involving vari-
ous VDAC isoforms. Mitochondrion. 2021;60:43-58. DOI 10.1016/
j.mit0.2021.07.006

Tateda C., Watanabe K., Kusano T., Takahashi Y. Molecular and genetic
characterization of the gene family encoding the voltage-dependent
anion channel in Arabidopsis. J. Exp. Bot. 2011;62(14):4773-4785.
DOI 10.1093/jxb/err113

Truscott K.N., Kovermann P., Geissler A., Merlin A., Meijer M., Dries-
sen A.J., Rassow J., Pfanner N., Wagner R. A presequence- and volt-
age-sensitive channel of the mitochondrial preprotein translocase
formed by Tim23. Nat. Struct. Biol. 2001;8(12):1074-1082. DOI
10.1038/nsb726

Verechshagina N.A., Konstantinov Y.M., Kamenski P.A., Mazunin 1.O.
Import of proteins and nucleic acids into mitochondria. Biochemistry
(Mosc.). 2018;83(6):643-661. DOI 10.1134/S0006297918060032

ORCID

T.A. Tarasenko orcid.org/0000-0002-2830-4175
V.I. Tarasenko orcid.org/0000-0001-8208-6941

MHakTnBauma KoMnoHeHTOB Komnekca TIM npusognt 2023
K CHUXeHWIo ypoBHsA umnopta [JHK B MutoxoHApUM apabugoncica 27.8

Wang Y., Carrie C., Giraud E., Elhafez D., Narsai R., Duncan O., Whe-
lan J., Murcha M.W. Dual location of the mitochondrial preprotein
transporters B14.7 and Tim23-2 in complex I and the TIM17:23
complex in Arabidopsis links mitochondrial activity and biogenesis.
Plant Cell. 2012;24(6):2675-2695. DOI 10.1105/tpc.112.098731

Wang Y., Law S.R., Ivanova A., van Aken O., Kubiszewski-Jaku-
biak S., Uggalla V., van der Merwe M., Duncan O., Narsai R., Whe-
lan J., Murcha M.W. The mitochondrial protein import component,
TRANSLOCASE OF THE INNER MEMBRANE!7-1, plays a role
in defining the timing of germination in Arabidopsis. Plant Physiol.
2014;166(3):1420-1435. DOI 10.1104/pp.114.245928

Weber-Lotfi F., Ibrahim N., Boesch P., Cosset A., Konstantinov Y.,
Lightowlers R.N., Dietrich A. Developing a genetic approach to in-
vestigate the mechanism of mitochondrial competence for DNA im-
port. Biochim. Biophys. Acta. 2009;1787(5):320-327. DOI 10.1016/
j.bbabio.2008.11.001

Weber-Lotfi F., Koulintchenko M.V., Ibrahim N., Hammann P., Mile-
shina D.V., Konstantinov Y.M., Dietrich A. Nucleic acid import
into mitochondria: New insights into the translocation pathways.
Biochim. Biophys. Acta. 2015;1853(12):3165-3181. DOI 10.1016/
j-bbamcr.2015.09.011

Wu F.-H., Shen S.-C., Lee L.-Y., Chan M.-T., Lin C.-S. Tape-Arabidop-
sis sandwich — a simpler Arabidopsis protoplast isolation method.
Plant Methods. 2009;5:16. DOI 10.1186/1746-4811-5-16

M.V. Koulintchenko orcid.org/0000-0003-0931-2863
Yu.M. Konstantinov orcid.org/0000-0002-0601-2788

Acknowledgements. The study was supported by the Russian Science Foundation grant No. 22-74-00114, https://rscf.ru/project/22-74-00114/.
The equipment of the Bioanalytika Center for Collective Use, Siberian Institute of Plant Physiology and Biochemistry of the Siberian Branch of the Russian

Academy of Sciences (Irkutsk), was used in the work.
Conflict of interest. The authors declare no conflict of interest.

Received July 31, 2023. Revised September 14, 2023. Accepted October 2, 2023.

FEHETUYECKAA UHXEHEPUA PACTEHUI / GENETIC ENGINEERING OF PLANTS

979



DEVELOPMENTAL BIOLOGY OF PLANTS BaBrnoBcKui XXypHan reHeTUKM 1 cenekumm. 2023;27(8):980-987

Original article DOI 10.18699/VJGB-23-113

Original Russian text https://vavilovj-icg.ru/

Photochemical activity in developing pea (Pisum sativum L.)
cotyledons depends on the light transmittance of covering tissues
and the spectral composition of light
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Abstract. Many crops require not only leaf photosynthesis for their seed development but also the photochemical re-
actions that occur in the seeds. The purpose of this work was a comparative analysis of light transmittance and pho-
tochemical activity in the leaves of Pisum sativum L. and its pericarp, seed coat, and cotyledons at the early, middle,
and late maturation stages. The spectral composition of light was measured using a spectroradiometer in the range of
390-760 nm. We assessed the light transmittance of plant tissues by placing the plant tissue between the light source
and the spectroradiometer’s sensor. PAM fluorometry was used to quantify the photochemical activity in plant tissues:
this technique is handy for evaluating the efficiency of converting light energy into chemical energy through the analysis
of the kinetics of chlorophyll fluorescence excitation and quenching. On average, a photochemically active green leaf
of pea transmitted 15 % of solar radiation in the 390-760 nm, blue light was delayed entirely, and the transmitted red
light never exceeded 5 %. Photochemically active radiation passing through the pericarp and coat and reaching the
cotyledons at the early and middle seed maturation stages manifested a high proportion of green and far-red light; there
was no blue light, and the percentage of red light was about 2 %. However, the cotyledons were photochemically active
regardless of low irradiance and spectral ranges untypical of leaf photosynthesis. At the early and middle maturation
stages, the maximum quantum yield of photosystem Il (Fv/Fm) averaged 0.5 at the periphery of cotyledons and 0.3 at
their center. Since the intensity of embryonic photochemical reactions significantly affects the efficiency of reserve nutri-
ent accumulation, this parameter is a promising marker in pea breeding for seeds with improved nutritional qualities.
Key words: Pisum sativum L.; seed maturation; light transmittance of tissues; illumination intensity; photochemically
active radiation; photochemical activity; PAM fluorometry.
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doToxXuMMUecKasi akKTUBHOCTb (POPMUPVIOUINXCS CeMSII0Iell
ropoxa (Pisum sativum L.) 3aBUCUT OT CBETOIIPOITYCKAHNSI
TIOKPOBHBIX TKAHEl 1 CIIeKTPaJIbHOI'O COCTaBa CBeTa

I.H. Cmoauxosal’ 2 @, H.B. Crenanosal’ 2, A.M. Kamumonckas?, C.C. MeABeAEBl

T CaHkT-MeTepbyprckuit rocyapcTaeHHbIi yHuBepcnTet, CaHkT-MeTepbypr, Poccns
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AHHOTaLMA. Y MHOTUX CENbCKOXO3ANCTBEHHbIX PacTeHNi ANia GOPMMPOBaHMA CEMAH HEOOXOAMMbI He TOSIbKO GOTOCUH-
Te3 JINCTbEB, HO TakXKe POTOXMMUYECKME peaKLn, MPoncxoaaLLmne B cemeHax. Lienb Halwern paboTbl 3aknoyanach B CpaB-
HUTENIbHOM aHanu3e CBETONMPONycKaHnA 1 GOTOXMMUYECKON aKTUBHOCTM JINCTbEB, NEPUKAPMMA, KOXKYpPbl U cemagonei
Pisum sativum L. Ha paHHeln, cpefHen 1 No3gHeln CTaguax co3peBaHna cemaH. CnekTpanbHbIA COCTaB CBETa M3MepAnn
npwv NoMoLLM crieKTpopagnomeTpa B obnact 390-760 HM. CBeTONpPOMyCKaHMe pacTUTENbHbIX TKaHe oLeHMBanu, pas-
MeCTUB PacTUTENbHYIO TKaHb MeXAY NUCTOUHMKOM OCBELLEHUA 1 AaTYMKOM cnekTpopagmomeTpa. GDoTOXUMMYECKYIO ak-
TUBHOCTb PacTUTENIbHbIX TKaHe onpefenanu metogom PAM-¢nyoprmeTpun, No3BonAoWwmM oLeHnTb 3GdeKTUBHOCTb
npeobpa3oBaHnA CBETOBOW SHEPTUM B XMMUYECKYIO MyTEM aHanmn3a KMHETUKN BO30YXAeHVA U ralueHus dnyopecueH-
uun xnopodunno. oTOXMMUYECKM aKTUBHBIN 3eNeHbIN JINCT ropoxa Nponyckan B cpegHem 15 % conHeuyHow pagma-
L1 B Arana3oHe 390-760 HM; NpX 3TOM CUHUI CBET 3aiePXKMBasCA NOMHOCTbIO, @ KOIMYECTBO NPOXOAALLEro KPacHOro
CBeTa COCTaBAMNo He 6onee 5 %. DOTOXMMUYECKM aKTVBHAA paanaLma, NPOXOAALLAsa CKBO3b NepUKapnunii N KOXypy v
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DoToxrMmnyeckan akTMBHOCTb GOPMUPYIOLLUXCA cemAfzoNeNn
ropoxa 3aBUCUT OT CBETOMNPOMYCKaHNA NOKPOBHbIX TKaHe

focTuratoLas ceMaaone Ha paHHel 1 cpefiHel CTafuAX CO3PeBaHNA CEMAH, XapaKTepr30oBanach BbICOKON Aorei 3ene-
HOrO 1 JanibHEro KpacHOro CBeTa, NPV 3TOM CUHWI CBET OTCYTCTBOBAJI, @ KOIMYECTBO KPaCcHOro CBeTa COCTaBIASIO OKONO
2 %. OfHaKko, HECMOTPA Ha HU3KYIO SHEPreTUYECKYH0 OCBELLEHHOCTb U CNeKTpasbHble AMana3oHbl, He XapakTepHble AnA
boTocuHTe3a NIMCTa, CeMAR0NN ObINN GOTOXUMMYECKN aKTUBHBIMU. Ha paHHel 1 cpefHei CTagnax co3peBaHna Makcu-
MasibHbI KBaHTOBbIN Bbixog dpoTocucTemsl |l (Fv/Fm) B cpegHem cocTtaBnan 0.5 Ha nepudepun cemagoneii n 0.3 B LeHTpe
cemagoneit. MocKoNbKy MHTEHCUBHOCTb SMOPUOHaNbHbIX POTOXMMUYECKMX peakLnid B 3HaUYUTENIbHOWN CTeNeHN BAnAeT
Ha 3P PeKTVBHOCTb HAKOMIEHUA 3aMacHbIX NUTaTENbHbIX BELLECTB, STOT NapaMeTp ABNIAETCA NepPCneKTUBHbIM MapKepoMm
ANA cCeneKkumy CeMAH ropoxa C ynyyLleHHbIMY MULLEBbIMY KayecTBaMu.

KnioueBble cnosa: Pisum sativum L.; co3peBaHue ceMsiH; CBETOMPOMNYCKaHNe TKaHelW; UHTEHCUBHOCTb OCBeLeHUs; GoTo-
XVIMUYECKM aKTUBHaA pagunauns; poToxmmmnyeckan akTuBHoCTb; PAM-dnyopumeTpus.

Introduction

Seed-based products represent nearly three-quarters of human
food, making high-quality seed production the foundation of
food security (Mattana et al., 2022). An essential factor in
plant seed productivity is photosynthesis, which occurs in
leaves and provides developing seeds with the necessary as-
similates (Simkin et al., 2019a, 2010; Walter, Kromdijk, 2021).
Therefore, most studies aimed at developing approaches that
could increase crop productivity have focused on analyzing
leaf photosynthetic processes. Meanwhile, other plant organs
(petioles, stems, inner bark, and fruits) can also synthesize
chlorophylls and develop actively functioning chloroplasts,
where the so-called non-foliar photosynthesis occurs (Aschan,
Pfanz, 2003; Tikhonov et al., 2017; Hu L. et al., 2019; Henry
et al., 2020; Simkin et al., 2020; Yanykin et al., 2020).

The presence of green pigments in the embryos, as well as
in the pericarp and seed coat of angiosperms, has been known
since the middle of the 19th century (Hofmeister, 1859; Fla-
hault, 1879; Monteverde, Lyubimenko, 1909). According to
the analysis of the pigments in the maturing seeds of rape,
they contained chlorophyll a, chlorophyll b, pheophytin a,
pheophytin b, and, in minor amounts, pheophorbide a, methyl
pheophorbide @, and pyropheophorbide (Ward et al., 1994).
At the same time, the total chlorophyll content per unit of
wet weight and the ratio of chlorophylls a/b were lower in
green embryos than in leaves (Bulda et al., 2008; Smolikova
etal.,2011,2018,2020). Comparison of the chlorophylls and
carotenoids content in the leaves of shade-adapted plants and
in the green embryos of developing oilseeds revealed it to be
approximately equal (Ruuska et al., 2004).

Non-foliar green tissues of C; plants can reassimilate CO,
released during respiration, providing up to 1548 % of the
total carbon dioxide assimilated during photosynthesis (Hu L.
etal., 2019). However, the contribution of these tissues to the
total amount of assimilates synthesized in the light is often
ignored. Non-foliar photosynthesis can also occur in the de-
veloping seeds of many plant species (Borisjuk et al., 2003;
Allorent et al., 2015; Smolikova, Medvedev, 2016; Smoli-
kova et al., 2017, 2018, 2020; Brazel, O’Maoiléidigh, 2019;
Hu L. et al.,, 2019; Grulichova et al., 2022; Shackira et al.,
2022).

Embryologists from the Komarov Botanical Institute of
the Russian Academy of Sciences (St. Petersburg) were the
first in the world to study the genesis and structure of plastids
in the embryos of more than 1,000 plant species (Yakovlev,
Zhukova, 1973, 1980). They identified 428 plant species, the
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embryos of which contained chlorophylls and plastids with
well-developed thylakoid membranes. These species became
known as chloroembryophytes. Later, it has been shown that
the function of the photosynthetic apparatus in the develop-
ing seeds is directed to the synthesis of storage compounds
(mainly fatty acids) rather than the monosaccharides as in
leaves (Neuhaus, Emes, 2000; Ruuska et al., 2004; Weber et
al., 2005; Allen et al., 2009; Hu Y. et al., 2018).

Expression of nuclear genes responsible for the process
of photosynthesis was observed in Arabidopsis and rapeseed
embryos starting from the globular stage of embryogenesis
(Spencer et al., 2007; Le et al., 2010; Belmonte et al., 2013;
Kremnev, Strand, 2014). The priority function of seed chlo-
roplasts is the rapid synthesis of NADPH and ATP, which
are used to convert sucrose supplied from the mother plant
into acetyl-CoA and fatty acids and further into triglycerides
(Ruuska et al., 2004; Allen et al., 2009; Puthur et al., 2013;
Wu et al., 2014; Allorent et al., 2015; Shackira et al., 2022).
It means that reserve nutrient accumulation in seeds depends
on the efficiency of embryo photochemical reactions. For
example, rape (Brassica napus L.) pods shielded from light
during their development had significantly decreased seed
weight and proteins and fatty acids content (Wang et al., 2023).

Seed embryos are typically covered with seed and pod coats,
hindering the exchange of carbon dioxide and oxygen and
shielding from sunlight. A crucial aspect of photo-dependent
synthetic reactions in seed embryos involves using sucrose
supplied from the mother plant and CO, released through
respiration, rather than atmospheric CO,, as a carbon source
(Ruuska et al., 2004). At the same time, the O, released dur-
ing photooxidation of water prevents hypoxia and supports
mitochondrial respiration in developing seeds (Borisjuk et
al., 2003; Weber et al., 2005; Borisjuk, Rolletschek, 2009;
Tschiersch et al., 2011; Shackira et al., 2022). Recently, it has
been shown in soybean (Glycine max) plants that non-foliar
photosynthesis occurring in the pericarps and coats contri-
butes up to 9 % of the total daily carbon assimilation and can
compensate for up to 81 % of the carbon loss by respiration
of these tissues (Cho et al., 2023). Nevertheless, in-depth
studies are needed to investigate the mechanisms of photo-
dependent synthetic reactions related to the accumulation of
reserve nutrients.

Therefore, it remains unclear how developing seeds receive
sufficient light to generate the energy for photochemical reac-
tions. No detailed research has been conducted to determine
the spectral characteristics of the light inside the seed embryos.
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This study aimed to conduct a comparative analysis of
light transmittance and photochemical activity between the
leaves and tissues of developing pea seeds (pericarps, coats,
cotyledons).

Materials and methods

Common pea (Pisum sativum L.) plants of the vegetable cv.
Prima were used as the material in this study. This cultivar
was approved for cultivation in the Central and North Cau-
casus and was added to the State Register (National List)
in 2015. Seeds are wrinkled, large-sized, with green cotyle-
dons (Besedin, 2015). Plants were grown in outdoor plots at
St. Petersburg State University during the summer of 2022
under natural lighting conditions. We examined seeds at the
early, middle, and late maturation stages, as shown in Fig. 1.
The early maturation stage is marked by the end of embryo
development and the start of reserve nutrient accumulation in
the cotyledons (Smolikova et al., 2018, 2020). At the middle
maturation stage, reserve nutrients are synthesized actively,
causing the cotyledons to expand and fill the inner space of the
seed. Finally, the seeds lose their moisture at late maturation,
develop desiccation tolerance, and enter dormancy.

The spectral composition of light was measured using
the spectroradiometer TKA “Spectr” (St. Petersburg, Rus-
sia). The device detects light spectral characteristics in the
spectrum’s visible range from 390 to 760 nm. The recorded
irradiance spectral density was expressed in energy units
per m?> (mW/m?).

We evaluated the light transmittance of plant tissues
by placing the plant tissue between the light source and the
sensor of the spectroradiometer. Natural solar radiation served
as the source of light.

The photochemical activity of plant tissues was quanti-
fied by pulse amplitude modulation (PAM)-based fluorometry
using a Walz MINI-PAM-II/B (Heinz Walz GmbH, Germany)
according to the manufacturer’s protocol (MINI-PAM-II:
Manual for Standalone Use, 2018). The device is equipped
with measuring and actinic light sources with an emission
maximum of 470 nm and fluorescence detection at wave-
lengths > 630 nm. The measuring and active light intensities
were 0.05 and 190 pM photons/(m?-s), respectively. The
saturating pulse intensity was 5000 uM photons/(m?- s) with
a duration of 0.6 s. Plant tissues (leaves, pericarps, coats, and
cotyledons) were isolated from the mother plant, placed on
moist filter paper (to prevent drying), and kept in light-proof
boxes for 20 min for dark adaptation. Leaf clip 2030-B was
used to hold the tissues. The following fluorescence ratio
parameters were evaluated:

Fv/Fm, i.e., the maximum photochemical quantum yield
of photosystem II (PSII) when all electron carriers in the
electron transport chain (ETC) of chloroplasts are oxidized.
It is detected immediately after dark adaptation of the tissue.
Fv/Fm is calculated as the ratio of the light quantum used for
the charge separation to the total amount absorbed by light-
harvesting complexes (LHC):

FviFm = (Fm—Fo)/Fm,
where Fo is the minimum level of fluorescence under measur-
ing light that does not excite the transfer of electrons from
donors to acceptors; Fm is the maximum level of fluorescence
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elicited by a saturation pulse that saturates all reaction centers
(RC) of PS with electrons; Fv is the variable fluorescence,
calculated by subtracting Fo from Fm.

Y(I), i.e., the effective quantum yield of photochemical
quenching, measured in the light-adapted samples:

YUI) = (Fm'—Fo)/Fm'.

NPQ, i.e., the non-photochemical quenching of fluores-
cence. It is calculated using the Stern—Volmer equation, ac-
cording to which fluorescence quenching is proportional to
the number of quenching centers in the LHC:

NPQ = Fm/Fm'- 1.

Statistical data processing and software. Three biological
replicates were performed for each measurement. Quantitative
chlorophyll fluorescence parameters and corresponding design
ratios were obtained using the WinControl-3 program (Heinz
Walz GmbH, Germany). Statistical processing was done in the
Microsoft Excel 2023 software using a standard data analysis
package. The graphs and tables present arithmetic means and
standard deviations. All data were expressed as an arithmetic
mean + standard deviation and processed using Excel for
Microsoft 365 with embedded statistical data analysis tools.
A two-way analysis of variance (ANOVA) with replications
was performed. Differences were considered statistically
significant at a confidence level of p < 0.05.

Results

We studied the dynamics of light transmission in the pericarp,
seed coat, and cotyledon tissues during the seed development
of pea plants. The images of pods, seeds, and embryos are
shown in Fig. 1.

Light transmittance was assessed by placing the plant
tissue between the sunlight and the spectroradiometer’s sen-
sor. Solar radiation served as a control reference, taken as
100 %. We compared photosynthetically active green leaves,
senescent yellow leaves, the pericarps, coats, and the summed
combination of the pericarps and coats. The spectrum of solar
radiation reaching the pod tissue is shown in Supplementary
Material (a)!. Photosynthetically active green leaves of pea
plants completely blocked blue and red light in the ranges
corresponding to the chlorophyll and carotenoid absorption
maxima, transmitted part of green and yellow light, and fully
transmitted far-red light (see Supplementary Material, ). With
leaf senescence, chlorophylls degraded, and the amount of
transmitted blue and red light increased (see Supplementary
Material, c).

Green tissues of the pericarps and coats at the middle ma-
turation stage transmitted blue and red light (see Supplemen-
tary Material, d, ). However, together, they delayed it; as a
result, the cotyledons received mainly light in the range of
500-650 and 700—770 nm and a small amount of light in the
range of 600-700 nm (see Supplementary Material, e). The
high light transmittance (“transparency”) of the pericarp is
illustrated in Fig. 1, a.

We then assessed the dynamics of light transmittance
(Fig. 2) and the associated photochemical activity (Fig. 3)
during pea seed maturation at the early and middle stages
and the beginning of the late stage. The spectral radiance

T Supplementary Material is available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Smolikova_Engl_27_8
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Fig. 1. The images of pea pods and seeds at the early, middle, and late maturation stages (EM, MM, and LM, respectively).

a - the photo demonstrates high light transmittance of the pericarp; b - pods with seeds; ¢ - seeds in longitudinal section; P - pericarp;
C - coat; Ct - cotyledon; Axis — embryonic axis including the root, hypocotyl, epicotyl, and plumule.

mW/m?2
140

Leaf Pericarp (Pr)

‘G Y‘EM MM LM

M 390-500nm M500-600 nm M600-700nm M 700-760 nm

EM MM LM EM MM LM EM MM LM
Coat (Ct) Pr+Ct Cotyledon

Fig. 2. Light transmittance in the tissues of P. sativum at the early (EM), middle (MM), and late (LM) maturation stages.

Blue, green, red, and brown bars show the spectral radiance density (mW/m2) in the ranges of 390-500, 500-600, 600-700, and 700-760 nm,
respectively. SR - solar radiation. Data are presented as the means + standard deviation obtained in three biological replicates.

density (SRD) of solar radiation reaching the surface of the
leaves and the pericarp averaged 136 mW/m? (see Fig. 2).
The proportions of blue and red light were 32 and 39 mW/m?
(1:1), respectively. We took these values as 100 % and then
calculated the percent of the “transmitted” light.

The photochemical activity in green leaves was high
(Fv/IFm=0.71 £0.01, and Y(I) = 0.65 = 0.01) (see Fig. 3).
A green leaf transmitted about 20 mW/m?2 (15 %) (see Fig. 2).
No blue light was transmitted, and the transmitted red light
intensity was about 2 mW/m?2 (5 %). As the leaf senesced,
chlorophylls degraded, and photochemical activity decreased
(Fv/Fm =0.33 £0.03, and Y({]) = 0.18 = 0.03). As a result,
69 mW/m? (51 %) passed through the senesced yellow
leaf, with the proportion of blue and red light increasing to
1.7mW/m? (5 %) and 12.7 mW/m? (32 %), respectively. Leaf
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senescence was accompanied by an increase in the NPQ (non-
photochemical fluorescence quenching) from 0.07 + 0.01 up
t0 0.12+0.01.

Pericarp. At the early stage of seed maturation, the pericarp
transmitted 18 mW/m? (13 %), which is close to the values
manifested by the green photosynthetic leaf (see Fig. 2).
However, the proportions of blue and red light transmitted by
the pericarp were higher, amounting to 0.5 mW/m? (1.5 %)
and 3.5 mW/m? (8.9 %), respectively. The photochemical
activity was increased (equivalent to that of the green leaf). It
amounted to 0.69 =+ 0.02 for Fv/Fm and 0.68 £ 0.01 for Y(II)
(see Fig. 3). At the middle stage of seed maturation, the amount
of light transmitted by the pericarp increased to 26 mW/m?
(19 %), with the blue and red light reaching 1.8 mW/m?
(5.6 %) and 6.4 mW/m? (16.4 %), respectively. Meanwhile, the

983



G.N. Smolikova, N.V. Stepanova
A.M. Kamionskaya, S.S. Medvedev

Rel. units
© o o o o o o
N w S wv (o)} ~N [e.]

o

I = I z

Leaf Pericarp Coat

G Y EM MM LM EM MM LM

Photochemical activity in cotyledons of developing pea seeds
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Fig. 3. Photochemical activity in the tissues of P. sativum at the early (EM), middle (MM), and late (LM) maturation stages.

Fv/Fm and Y(ll) are the maximum and effective quantum yields of the PSII photochemical efficiency, respectively. NPQ is the non-pho-
tochemical quenching of chlorophyll fluorescence. Data are presented as the mean + standard deviation obtained in three biological
replicates. A two-way analysis of variance (ANOVA) with replications showed significant changes in the principal factor “photochemical
activity” (F(2) = 1282, p < 0.001), the principal factor “plant tissues” (F(13) = 63, p < 0.001), and the interaction between the two factors

(F(26.84) =19, p < 0.001).

photochemical activity declined slightly (Fv/Fm=0.65+0.01;
Y(II) = 0.64 + 0.01). A more significant decrease in Fv/Fm
occurred during the transition to late maturation (Fv/Fm =
= 0.61 = 0.04; Y(II) = 0.60 = 0.04). At the same time, the
pericarp tissue turned even more translucent: the transmitted
light increased to 81 mW/m?2 (60 %), with 12.6 mW/m?2 (39 %)
for blue light and 23.1 mW/m? (59 %) for red light.

In the seed coat, Fv/Fm and Y(/I) did not change signi-
ficantly from the early to late stage of maturation but were
slightly lower than in the pericarp (see Fig. 3). The total
transmitted light amount increased from 24 to 83 mW/m? (18
to 61 %), the amount of blue light, from 1.5 to 9.4 mW/m?
(4.6 to 24.1 %), and red light, from 5.7 to 21.4 mW/m? (17.8
to 54.8 %) (see Fig. 2).

Cotyledons. “Pericarp + coat” (P + C) characterizes the
amount and spectral composition of the light transmitted
through the pericarp and coat and reaching the cotyledons (see
Fig. 2). At the photochemically active early and middle stages
of seed maturation, the amount of transmitted light never
exceeded 8 mW/m? (6 %), with no blue light, and less than
1 mW/m? (less than 2 %) of red light (see Fig. 2). Surprisingly,
photochemical processes took place in the cotyledons even
at such low levels of light energy, albeit with low efficiency.
The photochemical activity of the cotyledons was assessed
externally (at the periphery) and internally (by longitudinal
sectioning). At early maturation, Fv/Fm was 0.55 £ 0.03 at the
periphery of the cotyledons and 0.33 + 0.05 inside them (see
Fig. 3). At late maturation, Fv/Fm decreased to 0.43 +0.03 at
the periphery of the cotyledons and 0.13 = 0.04 in their center.
Y(II') showed similar dynamics but was lower than Fv/Fm. At
this stage, we also observed an increase in the NPQ index,
characterizing the non-photochemical fluorescence quenching
(from 0.02 + 0.01 to 0.08 + 0.01).

It was interesting to note that the cotyledons were also
transparent to sunlight. At early maturation, they transmitted
25 mW/m? (18 %), which was about the same as for the peri-
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carp and coat (see Fig. 2). At the same time, they transmitted
more blue light (2.2 mW/m?, 6.9 %) and red light (6.4 mW/m?2,
16.4 %). Later, however, as reserve nutrients accumulated,
the level of transmitted light decreased to 10-15 mW/m?2
(8-10 %).

Discussion

Seeds produce a wide variety of storage compounds that
directly (as food) or indirectly (as animal feed) provide up
to 70 % of the calories required by humans (Sreenivasulu,
Wobus, 2013; Ingram et al., 2018; Mattana et al., 2022). The
synthesis of storage compounds, limited by the low oxygen
diffusion through seed tissues, is complex without significant
energy and assimilates provided by photosynthesis (Walter,
Kromdijk, 2021). Furthermore, seed development in many
plant species (the so-called chloroembryophytes) requires not
only the photosynthesis in the leaves of the mother plant but
also photochemical processes of ATP and NADPH™ synthe-
sis in the embryos (Borisjuk et al., 2005; Weber et al., 2005;
Puthur et al., 2013; Smolikova, Medvedev, 2016; Smolikova
et al., 2018, 2020; Sela et al., 2020; Shackira et al., 2022;
Cho et al., 2023).

We have previously shown that in the P. sativum embryos,
the synthesis of chlorophylls and the appearance of chloro-
plasts with a well-developed granum structure occur at the
earliest stages of embryogenesis (Smolikova et al., 2018,
2020). In other words, even though developing pea seeds
have covering tissues (pericarps and coats) shielding them
from sunlight, they receive sufficient light for synthesizing
chlorophylls and transforming plastids into chloroplasts.
However, the question remained about the spectral range of
light that reaches green embryos and the intensity at which
their photochemical activity occurs.

In this study, we examined pea seeds at the early, middle,
and late stages of maturation (see Fig. 1). We carried out a
comparative analysis of light transmission (see Fig. 2) and
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photochemical activity (see Fig. 3) in leaves, pericarps, coats,
and cotyledons of developing seeds using the spectroradio-
meter and the PAM fluorometer.

The 400-700 nm range is known to be the one in which
green leaves absorb about 85 %, reflect about 10 %, and
transmit about 5 % of light (Atwell et al., 1999). However,
these values vary considerably depending on the plant species
and growing conditions. In our experiments, photochemically
active green pea leaves transmitted an average of 15 % of
solar radiation (in the 390-760 nm) with no blue light and no
more than 5 % red light.

The photochemically active pericarp tissue at the early and
middle stages of pea seed maturation allowed 13 to 19 % of
solar radiation to pass to the seed coat; in this case, the share
of blue light ranged from 1.5 to 6 %, and that of red light,
from 9 to 16 %. The periphery of developing cotyledons
received light in 500-650 nm and 700-770 nm (6 % of solar
radiation); blue light was utterly absent, and the amount of
red light (620—700 nm) was about 2 %. With the senescence
of covering tissues at the late stage of seed maturation, chlo-
rophylls decomposed, and the transmitted red light amount
that reached the cotyledons increased.

Interestingly, low light energy failed to stop photochemical
processes from occurring even in the center of the cotyledons,
although their efficiency was low. The photochemical activity
of cotyledons was recorded in the almost complete absence
of blue light, at a low level of red light, and a relatively high
level of yellow and green light. At the early stage of seed
maturation, the 7v/Fm index was 0.55 £ 0.03 at the periphery
of the cotyledons and 0.33 + 0.05 inside them (see Fig. 3).

How can we explain the photochemical activity in coty-
ledons at low light radiance densities and spectral ranges
untypical for leaf photosynthesis? We hypothesize that green
light may partially compensate for the lack of blue light in the
cotyledons of developing seeds and thus increase the amount
of light energy. Such compensation is likely to occur in the
range of 500-550 nm, and the carotenoids present in embryos
can absorb this light energy (Smolikova, Medvedev, 2015).

Light in the range of 500-600 nm was believed to be of
minor importance in plant biology for a long time. Indeed,
plant leaves do not absorb photons uniformly across the entire
range of photosynthetically active radiation (PAR), and the
spectral absorption of green light by chloroplast photosystems
is much lower than in the case of blue and red light (Kume,
2017). However, evidence has emerged in recent years that
green light is not only absorbed by plant tissues but is in-
volved in the regulation of many physiological reactions
(Golovatskaya, Karnachuk, 2015; Smith et al., 2017). Some
authors assumed that the blue and red spectra are predomi-
nantly absorbed by the surface cells of the leaf’s columnar
mesophyll, while green light can penetrate deeper layers of
the leaf tissue, promoting the excitation of photosystems in
spongy mesophyll cells (Nishio, 2000; Terashima et al., 2009;
Brodersen, Vogelmann, 2010).

J. Liu and M.W. van lersel (Liu, van lersel, 2021) assessed
the quantum yield of assimilated CO, (QY) in lettuce leaves
grown under different spectral ranges of illumination (blue,
green, and red) and at different photosynthetic photon radiance
densities (PPFD) (30-1300 mmol photons/m?/s). It turned
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out that the QY was higher at a high PPFD under green light
illumination than under blue or red-light illumination. The
authors speculated that it was because, under intense illumi-
nation, green light is more evenly distributed within the leaf.
Experiments with sunflower leaves also showed that adding
green light under moderate to intense white-light illumination
is more effective in stimulating photosynthesis than red light
addition (Terashima et al., 2009).

Acrecently published study (Lv et al., 2022) on Zingiber of-
ficinale Roscoe plants demonstrated that the addition of green
light to the white spectrum not only induced an increase in
the Fv/Fm and Y(II') photochemical parameters but also led to
an increase in the number of starch grains and leaf thickness.
Intense green light, on the one hand, led to an increased rate
of electron flow along the electron transport chain of PS II
and, on the other hand, failed to trigger the accumulation
of reactive oxygen species (ROS), usually occurring under
light stress caused by red light. The authors attributed this
phenomenon to more efficient thermal dissipation of excess
green light energy.

Our experiments established that PAR reaches the periphery
of developing cotyledons, which includes the green part of the
spectrum and a small amount of red light. It is possible that
green light penetrating through covering tissues to the embryo
can affect carbon assimilation efficiency and serve as a good
argument in favor of using green wavelengths in crop cultiva-
tion. However, this hypothesis requires additional research.

Conclusion

The data obtained make it possible to better understand the
mechanisms of photochemical processes in seed embryos
under low light intensity. We believe that the intensity of
embryonic photochemical reactions significantly affects the
efficiency of reserve nutrient accumulation and, therefore, can
be considered a marker for plant breeders seeking to produce
seeds with improved nutritional qualities. Research efforts to
optimize the production of high-quality seeds by enhancing
photochemical activity in their embryos through varying light
parameters are also promising.
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Abstract. The relationship between a variety’s genotype, environmental conditions and phytopathogenic load are
the key factors contributing to high yields that should be taken into account in selecting donors for resistance and
high manifestation of valuable traits. The study of leaf rust resistance in 49 common wheat varieties was carried out
in the field against the natural pathogen background and under laboratory conditions using single-pustule isolates
with virulence to Lr9 and Lr24.1t has been shown that the varieties carrying alien genes Lr6Agi2 (Tulaikovskaya 10) and
Lr6Agi1 (Voevoda) were resistant to leaf rust infection both in the field and in the laboratory. Varieties KWS Buran, KWS
Akvilon, KW 240-3-13, and Etyud producing crop yields from 417 to 514 g/m2 comparable to the best standard variety
Sibirskaya 17 can be reasonably used as Lr24 resistance gene donors under West Siberian conditions. Omskaya 44 va-
riety showing crop yield of 440g/m2 can be used as a donor for Lr19 and partially effective Lr26. Varieties Tuleevskaya
and Altayskaya 110 with Lr9 in their genomes are recommended for the development of resistance gene-pyramided
genotypes. The highest protein and gluten contents were observed in the CS2A/2M sample, while KWS Buran, Altay-
skaya 110, Volgouralskaya, and KWS Akvilon showed the lowest values. Varieties CS2A/2M, Tulaikovskaya 10, Pavon,
and Tuleevskaya were ranked the highest in micro- (Cu, Mn, Zn, Fe) and macronutrient (Ca, Mg, K) contents among
the common wheat samples from the collection, while the lowest values for most elements were observed in KWS
Buran, Novosibirskaya 15, and Volgouralskaya. Winter varieties demonstrating leaf rust resistance against the infec-
tious background typically carry adult plant resistance genes (Lr34, Lr12, and Lr13), particularly combined with the
juvenile Lr26 gene. The presence of Lr41 in a winter type line (KS 93 U 62) allowed it to maintain resistance against a
leaf rust pathogen clone kLr24, despite the presence of Lr24 in the genotype. Varieties Doka and Cheshskaya 17 may
act as donors of resistance genes Lr26+Lr34 and Lr9+Lr12+Lr13+Lr34, as well as sources of dwarfing without losses
in winter hardiness and yield under West Siberian conditions.

Key words: common wheat; leaf rust; population; isolate; virulence; resistance gene; yield; microelement; macroele-
ment; protein; gluten.
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YcTONUYMBOCTb K Bypoit prkaBUMHE, YPOXKaHOCTb 1 KauecTBO 3epHa
06pasL{oB MArKoW MiueHnLbl B ycnosuax Hoocnbupckoi obnactn

AHHoOTauusA. K ocHOBHbIM daKTOopam, BAMAIOWMM Ha GOPMMpPOBaHMEe BbICOKOTO YpO»XKas, OTHOCATCA CBA3b reHoTUna
copTa C yCnoBrsAMM Npomu3pacTaHna u utonatoreHHas Harpyska, 4to Heo6X0AUMO YUNTbIBaTL B CENeKL MM ANA NMomcKa
LLOHOPOB YCTONUYMBOCTY 1 BbICOKOW BbIPa>KeHHOCTU LIEHHbIX MPU3HAKOB. M3yyeHue ycToiiunBocT 49 06pasLioB MArKon
MNLWEHMLbI K MOpaKeHnto 6Ypoit pXKaBYMHON NPOBEEHO B NONEBbIX YC/IOBUAX €CTECTBEHHOTO MHGEKLMOHHOIO $doHa 1
B 1abOPaTOPHbIX YCNOBUAX K MOHOMYCTYNbHbIM M30/1ATaM C BUPYNIEHTHOCTbIO K reHam Lr9 u Lr24. TokasaHo, uTo copTa,
Hecylme yyxepogaHble reHbl Lr6Agi2 (Tynankosckas 10) n Lr6Agil (BoeBoga), ycTonumBbl K MOpaxeHuto Oypoin pxas-
UYMHOI KaK B NOJIEBbIX YCIIOBUAX, TaK 1 NpwY 3apakeHnn B nabopatopun. Copta KWS Buran, KWS Akvilon, KW 240-3-13
1 JTiod, KoTopble GOPMMPOBAIN YPOXKANHOCTb OT 417 [0 514 r/mM2 — Ha ypoOBHe nyudllero ctaHgapTa Cubnpckon 17,
LienecoobpasHo 1cnonb3oBaTb B ycsioBuAx 3anagHoi Cnbmpn B KayecTBe JOHOPOB reHa yCTonumBocTu Lr24. [loHo-
|POM FreHOB YCTOMYMBOCTU Lr19 1 YacTnuHO 3G dEKTUBHOTO Lr26 MOXKET CiynTb copT OMCKan 44, xapakTepusyoLwnincs
ypoxainHocTbto 440 r/m2. Copta TyneeBckas n Antanckas 110, B reHOMe KOTOPbIX COAEPXKUTCA reH Lr9, pekomeHayeTca
MCMob30BaTh NPU CO3AaHUN FEHOTUMOB C NMPAaMULO FreHOB YCTOMUYMBOCTM. Hanbonee BbicOKMe NokasaTenu coaep-
XKaHuA 6enka 1 KNnenkoBWHbI BblfABNeHbl y obpasua CS2A/2M, HanmeHblume — y copToobpasuos KWS Buran, Antan-
ckas 110, Bonroypanbckas n KWS Akvilon. CpaBHeHMe Konnekummn o6pasLioB MArKor nieHuubl no Mukpo- (Cu, Mn,
Zn, Fe) n makpoanemeHnTtam (Ca, Mg, K) npoaemoHcTprpoBano Hanbonee BbICOKME NMOKasaTenu y rpynmbl, COCTOALLEN
n3 obpasuos CS2A/2M, Tynaikosckasa 10, Pavon u TyneeBckan. HavmeHbluvie nokasateny 60/bLINHCTBA 1€MEHTOB
onpegeneHbl y coptoB KWS Buran, HoBocnbupckas 15 n Bonroypanbckas. O3umble copTa, XapakTepusytowmecs yCTou-
UYMBOCTbBIO K MOpPaKeHWo Oypoii pXKaBUMHOW B YCNOBUAX MHPEKLMOHHOTO GOHa, Kak MPaBmio, HECYT BO3PaCTHbIE FeHbl
yctonumoctu (Lr34, Lr12 v Lr13), B TOM Yncne B COYETaHUUN C IOBEHWIbHBIM FreHOM Lr26. Y NUHUM C 03UMbIM TUMOM
passuTuA (KS 93 U 62) BbisiBNieH reH Lr41, 6narogaps 4emy NMHMA COXpaHAna YCTOMYMBOCTb K MOPaXKEHNIO KIIOHOM
natoreHa 6ypoii p>kaBurHbl KLr24, HECMOTPA Ha Hannune B ee reHoTune reHa Lr24. Copta [Joka n Yewwckas 17 moryT
6bITb JOHOPAMU FEHOB YCTOMYMBOCTU Lr26+Lr34 v Lr9+Lr12+Lr13+Lr34 n UCTOYHMKaMN KOPOTKOCTEGENbHOCTH 6e3
CHVXKEHUA 3IMOCTONKOCTY 1 YPOXKaNHOCTU B ycioBuAx 3anagHoi Cnbrpum.

KnioueBble cfioBa: niieHnLa mMarkas; 6ypaa paBuvHa; Nonynauuns; N30NAT; BUPYNEHTHOCTb; FeH YCTOMYNBOCTY; YPO-
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»KaHOCTb; MUKPO3/1EMEHT; MaKPO3JIEMEHT,; 6en0okK; KnenkoBuHa.

Introduction

Common wheat (Triticum aestivum L.) is recognized as
the primary food crop around the world. It is characterized
by balanced composition of protein, starch, fiber, fat, and
mineral elements, while also including vitamins C, B, A,
E, D, K, beta carotene etc. (Roshan et al., 2016) and de-
monstrating high adaptability to growing conditions (Prya-
nishnikov, 2018). According to the data for 2022 (Ros-
stat), the area under crops for spring wheat varieties in
the Novosibirsk region was 222,808 ha with crop yield
of 21 centner/ha. The area for winter varieties was about
34,000 ha with crop yield of 28 centner/ha. The key factors
contributing to high crop yields are the relationship between
a variety’s genotype, its growing conditions (Malchikov,
Myasnikova, 2012) and phytopathogenic background.
Developing a high-yielding variety requires taking these
factors into account while selecting donors for resistance
and high intensity of valuable agronomic traits (Volkova
etal., 2016).

Wheat leaf rust is among the most common diseases
found in bread wheat in West Siberia, as it affects both
winter and spring varieties and reduces crop yields by
15-40 % in epiphytotic years (Kolmer et al., 2015). There
is a set of requirements applying to developing and handling
resistance gene donors, since the use of identical genes in
spring and winter varieties may lead to an epiphytotic out-
break, if the pathogen overcomes the defenses ensured by
the gene (Volkova et al., 2016; Pozherukova et al., 2019).
Thus, winter and spring varieties require different effec-
tive resistance genes and their combinations for protection

against the infection, which implies continuous research
efforts to find new resistance genes.

Over 80 Lr genes have been identified around the world,
with about 50 % classified as alien ones!. The list of genes
used in commercial common wheat varieties includes
Lr9, Lri9, Lr21, Lr23, Lr24, Lr26, Lr28, Lr37, Lr39
(Aktar-Uz-Zaman et al., 2017; Leonova, 2018), Lr6Agil,
Lr6Agi2 (Sibikeev etal., 2017), and L»Sp2 (Adonina et al.,
2018). In Russia, breeding value is assigned to the samples
carrying partially effective genes Lr9, Lrl19, Lr24, Lr25,
Lr26, Lr6Agil, Lr6Agi2 and highly effective protective
genes Lr28, Lr29, Lr39, Lr42, Lr45, Lr47, Lr50, Lr51,
Lr66, LrSp2 (Gultyaeva, Shaydayuk, 2021; Sochalova et
al., 2022).

The use of wheat varieties carrying resistance genes from
relative species (Aegilops, Agropyron, Secale cereale, etc.)
for hybridization makes it possible to extend the diversity of
resistance genes, although the latter are often linked to the
factors reducing crop yields or quality (Markelova, 2007;
Krupin et al., 2019). It was found that the presence of a
fragment carrying Lr9 (transferred from Aegilops umbel-
lulata) reduced crop yield in the United States (Friebe et
al., 1996), while commercial varieties carrying this gene
are available in Russia (Gultyaeva, Shaydayuk, 2021). The
presence of alien material (gene Y determining an increase
in yellow pigment synthesis in endosperm) linked to gene
Lr19 (transferred from Agropyron elongatum) reduced the

T Komugi - wheat genetic resources database. Available: https://shigen.nig.ac.
jp/wheat/komugi/genes/symbolClassListAction.do?geneClassificationld=89
(accessed on March 9, 2023).
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value of the first donors carrying this gene (Knott, 1968).
Later, the locus carrying Lr19/5r25 was successfully sepa-
rated from gene Y using ph1b deletion lines (Marais, 1992;
Zhang et al., 2005). A chromosome segment carrying Lr/9
was shown to have a positive effect on crop yield (Singh
et al., 1998), and a number of varieties with this gene are
currently in production in Russia (Gultyaeva, Shaydayuk,
2021). The presence of a fragment carrying Lr38 (trans-
ferred from Thinopyrum intermedium) in the wheat genome
causes a significant reduction in crop yield (Mebrate et al.,
2008) similarly to the presence of a chromosome segment
including Lr47 (transferred from Aegilops speltoides),
which on top of that has a negative effect on quality (Bre-
vis et al., 2008). Introduction of a wheat-rye transloca-
tion 1B.1R carrying genes Lr26, Pm8, Sr31 leads to dete-
riorating quality of flour and bread (Kumlay et al., 2003).
The use of currently available common wheat lines and
varieties with alien translocations makes breeding efforts
significantly easier, as it does not require obtaining new
breeding material with the primary transfer from relative
species (Timonova et al., 2012). Direct hybridization are
not always successful, and translocations may be partially
lost in the offspring upon further reproduction (Davoyan
etal., 2015).

Among other things, selection of pairs for crosses is
guided by environmental and geographic differences, which
is explained by the high diversity of the genotypes obtained
as a result of transgressions in segregating generations in
crosses between varieties intended for and adapted to dif-
ferent conditions (Vyushkov, 2004). However, the adapt-
ability of alien samples to local conditions is to be taken
into account (Davydova, Kazachenko, 2013), because the
use of environmentally distant samples with low adapt-
ability produces a significant number of low-yielding
genotypes in the offspring, which complicates the develop-
ment of commercial varieties (Souza, Sorrells, 1991). The
use of landraces as donors is complicated by the lack of
research and their heterogeneity, since they were created
as populations and have multiline nature. Thus, modern
varieties of Russian and foreign breeds appear to be the
best source for breeding, but a comprehensive investiga-
tion of their behavior under local conditions is required
beforehand.

We suppose that selection of wheat leaf rust resistance
donors is relevant in a close connection with target soil and
climatic conditions, as well as with type of development.
Therefore, the goal of the present paper was to perform a
comprehensive investigation of the collection of common
wheat varieties in the Novosibirsk region to identify donors
of effective resistance genes for Puccinia triticina Erikss.

Materials and methods

In the present paper, we studied a collection common-wheat
samples including 24 spring varieties and 25 winter variet-
ies, among which 41 samples were from the VIR global
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collection and eight new spring varieties had been recently
tested in Novosibirsk branch of the State commission of
the Russian Federation for selection achievements test and
protection (FSBI “GOSSORTCOMMISSION”).

The field resistance to local population of leaf-rust patho-
gens was studied against the natural spread of the infection
according to the VIR methodology (Merezhko et al., 1999)
and against the artificially increased infectious background
(sowing of susceptible winter wheat varieties, spraying the
seedlings early in the morning with water and urediniospore
mixture upon the emergence of the disease). Crop yield and
its components (1000 grain weight, grain weight per spike,
grain number per spike) was evaluated in the samples for
2—4 years (within the 2015-2020 evaluation of samples in
collection nurseries) according to the VIR methodology
developed for new acquisitions (Merezhko et al., 1999).
The leaf rust resistance at juvenile stage was studied under
laboratory conditions at the Siberian Research Institute of
Plant Production and Breeding (SibNIIRS, Krasnoobsk,
Novosibirsk region) in leaf fragments (Mikhailova, Kvitko,
1979). The samples were inoculated with water suspension
of urediniospores prepared from the local population of
P, triticina collected in 2020 from wheat varieties cultivated
under natural conditions in the SibNIIRS fields (virulence
for varieties and lines with genes Lrl, Lr2a, Lr2c, Lr3a,
Lr9, Lril6, Lr3ka, Lril, Lrl7, Lr30, Lr2b, Lr3bg, Lri4a,
Lri4b, Lrl5, Lril8, Lr20; avirulence to Lr24, Lr19, Lr41,
Lr45, Lrd7, Lr28, Lr6Agil, Lr6Agi2, LrSp2, and Lr26)
and two testing clones: kLr24 (virulence to Lril, Lr2a,
Lr2c, Lr3, Lr3ka, Lrll, Lr24, Lri7, Lr30, Lr2b, Lr3bg,
Lrida, Lri4b, Lrl5, Lri8, Lr20; avirulence to Lr9, Lr16,
Lr26, Lr19) and kLr9 (virulence to Lrl, Lr2a, Lr2c, Lv3,
Lr9, Lri6, Lr3ka, Lrll, Lri7, Lv30, Lr2b, Lr3bg, Lri4a,
Lri4b, Lri5, Lril8, Lr20; avirulence to Lr24, Lr26, Lr19).
A clone with virulence to p24 was isolated from variety
Novosibirskaya 15 during the study of race composition
of the population from the Kuibyshev District of the No-
vosibirsk region. A clone with virulence to p9 was isolated
from variety Chelyaba 2 (Lr9) cultivated in the collection
nursery in the settlement of Krasnoobsk. Agent (with Lr24)
and Udacha (with Lr9) were used as control varieties. Infec-
tion response type (IT) was determined on the 8—10th day
after inoculation using the scale proposed by E.B. Mains
and H.S. Jackson (1926), with 0, 1, 2 representing resistant
response; 3, 4 susceptible response, and X heterogeneous
response (Mains, Jackson, 1926). Virulence of the popula-
tion and clones was determined in isogenic Thatcher lines
and varieties carrying the known resistance genes. The
severity of the damage done to the varieties in presence of
artificial infectious background was estimated according
to the quantitative scale proposed by R.F. Peterson et al.
(1948). Novosibirskaya 15 variety was used as a susceptible
control in the field and in the laboratory.

Total DNA was isolated from 5—7-day seedlings using the
method proposed by J. Plaschke et al. (1995). Genotyping
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of wheat varieties was performed using the DNA markers
developed for wheat leaf rust resistance genes (Supplemen-
tary Material 12). Protein and gluten contents were mea-
sured using an OmegAnalyzer G near-infrared spectrometer
(Bruins Instruments, Germany). Macro- and micronutrient
contents were measured using a ContrAA 800 D atomic
absorption spectroscope (Analytik Jena, Germany).

Statistical processing of the results was performed using
Statistica 10.0 and MS Excel.

Results

Evaluation of leaf rust resistance of the tested wheat variet-
ies against the 2020 pathogen background has enabled us
to identify 20 spring and 21 winter varieties with disease
severity rates of 10 % and below (Table 1). The severity rate
in Zauralochka, Udacha, Altayskaya 110, and Tuleevskaya
varieties carrying Lr9 gene reached up to 100 % of the sus-
ceptibility standard level (Novosibirskaya 15 variety) under
field conditions. At the same time, almost all varieties were
ranked moderately resistant (score 5) against the natural
spread of the infection in the years with maximum pathogen
background (Table 2). Juvenile resistance to P. triticina
was maintained in 20 spring wheat varieties and only 10
winter varieties (Amigo, KS 93 U 50, KS 90 WGRC 10,
KS93U40,KS 93U 62, Poema, Aivina, Kollega, Pervitsa,
Vostorg), which implies the presence of adult plant resis-
tance genes in the remaining 11 winter varieties (Knyaginya
Olga, Doka, Lebed, Kuma, Batko, Grom, Lidiya, CO 07
W 245, Ritter, Cheshskaya 16, and Cheshskaya 17 (see
Table 1).

The results of molecular testing using markers developed
for resistance genes Lrl, Lr9, Lr10, Lri12,Lri3, Lrl6, Lr19,
Lr24,Lr26, Lr28, Lr34, Lr41, and Lr47 confirmed the pres-
ence of postulated Lr genes in most varieties being studied.
In addition, we found that KWS Buran and KW 240-3-13
varieties studied in collection nurseries carried Lr24
gene similarly to the other modern varieties from the EU
(KWS Akvilon and KWS Torridon). It is worth noting that
KW 240-3-13 was infected by the kLr9 clone, but resisted
the kLr24 clone (IT 2, i. e. moderately resistant), while
KWS Buran showed heterogeneous response to the kLr24
clone and resisted the kZ»9 clone.

Saratov breed varieties Tulaikovskaya 10 and Voevoda
carrying alien genes Lr6Agi2 and Lr6Agil maintained
resistance to pathogen in the field (in particular, against
the artificial pathogen background) and to the clone with
virulence to Lr24. We were unable to find any publicly
available information on wheat leaf rust resistance genes
carried by the H 15-3 variety, which demonstrated leaf rust
immunity against pathogen in field and in the laboratory
testing. Based on the genotyping results obtained using
molecular DNA markers, resistance genes Lr/2 + Lri6 +
Lr26 + Lr34 were found.

2 supplementary Materials 1 and 2 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Sochalova_Engl_27_8.pdf
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The presence of Lr41 gene detected in the genomes of
the winter lines developed at the University of Kansas
(USA) (KS 90 WGRC 10 and KS 93 U 62) allowed the
line KS 93 U 62 maintain resistance to the xLr24 clone,
despite the presence of the Lr24 gene. The KS 93 U 40
line characterized by the presence of two L genes (Lr19 +
Lr24) also maintained resistance to the kLr24 clone as the
spring varieties carrying Lr/9 (Yuliya, Volgouralskaya,
Dobrynya). At the same time, according to the literature,
the KS 93 U 50 line carrying the Lr26 and Lr24 genes was
susceptible to the kLr24 clone, but maintained resistance
to both the native population and the kZLr9 clone in the
context of increased infectious background. The Lr/9 and
Lr26 genes in the genotype of the Omskaya 44 spring va-
riety effectively protected the plants from both the native
population of wheat leaf rust pathogen and clones.

Noteworthy results were obtained for winter varieties
characterized with different combinations of resistance
genes, e.g., adult plant resistance gene Lr34 combined
with juvenile resistance gene L»26 in the Kollega, Poema,
Aivina, and Doka varieties allowed them to maintain
resistance both against natural pathogen background
and pathogen clones (see Table 1). At the same time, the
Lebed variety carrying Lri3 (adult plant resistance gene)
in addition to Lr26 and Lr24 genes was affected both by
the native population and the clones in the juvenile phase
and overcame infection in the field against the increased
infectious background. A similar response was observed in
Lidiya, Cheshskaya 16, and CO 07 W 245 varieties with
two adult plant resistance genes (Lr13 + Lr34) identified
in the genome.

Effective use of resistance donors implies their fitness
to the local conditions, which is why we analyzed the crop
yields and manifestation of quantitative traits in a number
of varieties tested in various experiments in different years.
The selected varieties and lines had been under study for
at least two years. Based on field evaluation of valuable
agronomic traits, the following high-yielding spring wheat
varieties stood out: Voevoda (509.8 g/m?), KW 240-3-13
(514.1 g/m?), and Altayskaya 110 (580.0 g/m?) (see
Table 2). On top of that, Voevoda and Altayskaya 110
produced high-yielding spikes (1.69 and 2.00 g) with high
number of grains per spike (41.4 and 48.5). The KW 240-
3-13 variety produced large grains with high 1000-grain
weight (45.1 g). Other results of note included the Vol-
gouralskaya (with high ear grain content of 39.1) and
Chelyaba 75 (with 1000 grain weight of 45.3 g) varieties.
In context of intensive crop farming practices, special atten-
tion is paid to dwarf varieties. Etyud, KWS Akvilon, KWS
Torridon, and Tulaikovskaya 10 were not only resistant
to the pathogen, but also showed crop yields comparable
to the best standard variety Sibirskaya 17 (517.1 g/m?)
while being short-stemmed (62.1-83.8 cm) and so can be
recommended as a source for developing leaf rust resistant
varieties for intensive crop farming. Etyud, KWS Akvilon,
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Table 1. Evaluation of disease infection rate in common wheat varieties with established Lr resistance genes

Variety Gene: literature data / Field severity, %  Seedling test, infection type Reference

establishedbyPCR s
kLr24  kLr9 Field population

KWS Akvilon Lr24/Lr24 0 3 1 1-2 Gultyaeva, 2018

Tuleevskaya Lr9/Lr9 70-100 0 3 3 GRIS, 2022

KS 93 U 50 Lr42 vnn Lr24+1r26/Lr24 0 3 0 0 Germplasm
....................................................................................................................................................................................................... releases. .., 2022

KS93 U 62 Lr41/Lr24+Lr41 0 0 0 0 Germplasm
releases..., 2022
Poema ........................... LrU/L,26+L,34 ..................................... 0 ............................... 000 .....................................................................
wina 110,26, L34/L10, 126,34 O 1 12 GRs202
Kollega L10,L26/Lr10,Lr26, i34 o S
KnyaginyaOlga L4+l 434/l +L34nol24 1 3 1 3
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Table 1 (end)
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Variety Gene: literature data / Field severity, %  Seedling test, infection type Reference

established by PCR e

kLr24  kLr9 Field population

perv'tsaL,26/L,26+Lr, ..................................... 03 ................ 1 ................ 1 _ZGR|52022 ......................
DOka ............................... Lr26+L,34/L,26+Lr34522X ............................
VostorgLr26+L,34/L,26+Lr345 ................................ 1 _2X ............... 1 .............................
LebedL,U/L,7+Lr,3+L,26+L,34 ................. 033 ............... 3 ......................................................................
KumaL,34/,_,34 .............................................. 1 033 ............... 3GR|52022 ......................
Batko .............................. L”0+LrU/er+L” ............................ 03)(3 .............................
Grom ............................... Lr10+Lr7+L,U/Lr7+Lr34 ................... 03)(3 .............................
lelyaLr34+Lr3+LrU/Lr34+L”3 ................. 033 ............... 3ShIShkmeta|2018 ......
C007W245(Antero)L,U/L,73+L,34 .................................... 033 ............... 3 ......................................................................
thter ............................... L,U/HeTL,2453O ............... 3 ......................................................................
CheSChSkayaw ............. L,U/Lr73+L,3453X .............. 3 ......................................................................
CheSChSkayaw ............. LrU/Lr9+L”2+L”3+Lr34 .................. 1 0 ............................. OX .............. 3 ......................................................................

Note. Resistance genes presented according to literature data are highlighted in red.
* According to the pedigree, the presence of the LrSp2 gene is assumed, a dash (-) means that the identification of the Lr gene using the PCR method was not

performed.

KW 240-3-13, Omskaya 44, and Tulaikovskaya 10 were
characterized by high resistance (scores 7-99) to powdery
mildew and septoria leaf spot during the years with high
pathogen activity, high resistance to septoria leaf spot alone
was observed in H 15-3 (score 9), Cunningham, and Pa-
von (7) varieties, while Voevoda, Tuleevskaya, and KWS
Torridon were resistant to powdery mildew (7), which is
also a significant trait for selecting pairs for crosses.

Among the leaf rust resistant winter varieties, high
crop yields were demonstrated by Doka (589.2 g/m?) and
Cheshskaya 17 (547.7 g/m?) also characterized by short
stems (66.5 and 80.0 cm respectively) and winter hardi-
ness comparable to standard variety Novosibirskaya 40
(score 4.1) (Table 3). In addition, Doka variety produced
high number of grains per spike (100.6).

Protein and gluten content varied from 13.4 to 22.95 %
and from 25.94 to 46.33 % respectively, with CS2A/2M
demonstrating significantly higher values compared to
other varieties (p <0.001) (the Figure, Supplementary Ma-
terial 2). KWS Buran, Altayskaya 110, Volgouralskaya, and
KWS Akvilon varieties were characterized by the lowest
protein contents below 14 %. The lowest gluten content
values were observed in Volgouralskaya, KWS Akvilon,
and KWS Buran varieties.

Comparison of micro- (Cu, Mn, Zn, Fe) and macronu-
trient (Ca, Mg, K) contents in the studied varieties showed
that the highest values were observed in the CS2A/2M,
Tulaikovskaya 10, Pavon, and Tuleevskaya varieties. The
lowest values for most elements were observed in the KWS
Buran, Novosibirskaya 15, and Volgouralskaya varieties.

Discussion

Despite the significant advances in biotechnology, hybridi-
zation of initial parental forms with further selection of
morphotypes of interest (Gultyaeva et al., 2020; Marchenko
et al., 2020), in particular, using marker-assisted selection
(Stasyuk et al., 2017; Gultyaeva et al., 2018), still remains
the prevalent method of developing new wheat varieties.
Leafrust is among the most dangerous diseases of wheat in
West Siberia, as it affects both winter and spring varieties.
To prevent epiphytotic outbreaks accompanied by dramatic
reductions in crop yields of spring varieties, plant breeders
have to use different effective resistance genes and their
combinations for winter and spring varieties (Krupin et al.,
2019). Another significant factor in selecting resistance do-
nors is their fitness to target conditions, because resistance
gene donors are often represented by foreign breeds (Gryaz-
nov, Pigorev, 2019; Konkova et al., 2022) or the isogenic
lines developed based on foreign cultivars (Koishybaev,
2019), and these genotypes can show reduced crop yields
under local conditions due to low adaptability to adverse
abiotic environmental stresses. In the present study, we have
performed a comprehensive evaluation of wheat leaf rust
resistant varieties. So, among the spring varieties carrying
Lr24 gene, German breed varieties (KWS Buran, KWS
Akvilon), English KWS Torridon variety, or Ukrainian
Etyud variety can be reasonably used as resistance donors
for West Siberian conditions, unlike the Australian variety
Cunningham producing much lower crop yield (242.4 g/m?)
compared to the minimum crop yield of a standard variety
0f408.7 g/m? (Novosibirskaya 15). The latter drop in crop

VMMYHUTET PACTEHUW K BONE3HAM / PLANT IMMUNITY 993



L.P. Sochalova, V.A. Aparina, N.I. Boyko ...
N.A.Vinichenko, I.N. Leonova, V.V. Piskarev

Table 2. Field study results for spring common wheat varieties

Studying a collection of common-wheat varieties for leaf rust resistance,
crop yield and grain quality in the conditions of Novosibirsk region

Variety Originator Average values over the years of study Resistance score in natural
conditions (minimum value
over the years of study)

Vegetation Yield, Plant  Grain  Grain  1000grain Powdery Leafrust Septoria
period, g/m?2 height, weight number weight,g  mildew
day sm per spike, g per spike, pc.

Novo5|blrskaya15RUSSIa700 .............. 4087 ........ 868091259348 ................ 31 .............. 3 ...............

NOVOS|b"Skaya31RUSSIa734 .............. 4448 ........ 942 ......... 1 02291350 ................ 3 ................ 3 .............. 3 ...............

Slb"skayaWRUSSIa .............. 8025171 ....... 1034 ......... 1 22324377 ................ 5 ................ 7 .............. 5 ...............

EthUkrame750 .............. 4280 ........ 600095258368 ................ 7 .............. 99 .............. 5 ...............

CSZA/ZM .................... Austra“a790 ............... 1 250 ........ 700029 ................ 1 56 ................... 1 90 ................ 9 .............. 99 .............. _ ...............

KWSAkVIIon ............... Germany775 .............. 4172 ........ 621 .......... 1 16321352 .............. 99 .............. 99 .............. 7 ...............

KW240313 .............. Germany ......... 8315141 ......... 920 ......... 1 48325 .................. 451 ................ 7 .............. 99 .............. 7 ...............

KWSBuran ................. Germany788 .............. 4733 ......... 860 ......... 1 33323 .................. 415 ................ 5 .............. 99 .............. 3 ...............

KWSTomdon ............. GreatBntam8233665 ......... 838 ......... 1 33340389 ................ 7 ................ 9 .............. 5 ...............

Cunnmgham .............. Austraha .......... 8502424 ........ 690 ......... 1 23331372 ................ 5 .............. 99 .............. 7 ...............

Zaura|ochkaRu55|a7683569 ........ 934 ......... 1 022993391 ................. 5 .............. 3 ...............

UdaChaRUSSIa .............. 8303770 ........ 673075255292 ................ 5 ................ 5 .............. _ ...............

Tu|eeVSkayaRUSSIa .............. 830 .............. 4248 ........ 667083286286 ................ 7 ................ 5 .............. _ ...............

A|talskaya110RUSS|a .............. 8405800 ...... 1000200 .............. 485 ................. 4121 ................. 3 .............. _ ...............

Ju“aRUSSIa .............. 8653916 ........ 860 ......... 1 14282392 ................ 5 ................ 9 .............. 3 ...............

V0|goura|skayaRUSSIa .............. 8303800 ........ 980 ......... 1 51391386 ................ 5 ................ 9 .............. 3 ...............

VoeVOdaRUSSIa .............. 8705098 ...... 1030 ......... 1 69 .............. 414 ................. 408 .............. 99 .............. 99 .............. 5 ...............

Che|yaba75RUSS|a .............. 810 .............. 4044 ...... 1030 ......... 1 34296 .................. 453 ............... 3 .............. 99 .............. 3 ...............

OmSkaya44RUSSIa .............. 813 .............. 4408 ........ 875 ......... 1 41379376 ................ 7 .............. 99 .............. 7 ...............

H153 ......................... Germany ......... 9202510 ........ 650 ......... 1 10357308 ................ 5 .............. 99 .............. 9 ...............

Tu|alkov5kayaRUSSIa .............. 925 .............. 4053 ......... 799 ......... 1 14319346 ................ 9 .............. 99 .............. 7 ...............

Pavon .......................... MeX|co ............. 960 ............... 1 300 ........ 600059 ................ 1 59300 ................ 3 .............. 99 .............. 7 ...............

Average ............................................... 8233904 ........ 826 ......... 1 163”360 ................ _ .............. _ ................ _ ...............

Standarddewatlon62 ............... 1 154 ........ 151037 .................. 7 460 ................ _ .............. _ ................ _ ...............

* Septoria leaf spot resistance was not evaluated in the years when the sample was studied.

yield has nothing to do with the alien translocation from
Thinopyrum elongatum (Lr24/Sr24), but is rather due to low
adaptability of the genotype as a whole, which may have
a detrimental effect on selection of high-yielding forms,
if Cunningham variety is used as a donor for Lr24 gene.
The Lr19 gene commonly used in Russian breed varieties
(Gultyaeva, Shaydayuk, 2021) still remains rather effective
in protecting wheat varieties from leaf rust infection in
West and East Siberia (Gultyaeva et al., 2018; Meshkova
et al., 2019), despite its defense being compromised in
the European part of Russia (Gultyaeva et al., 2020). The

994

Omskaya 44 variety (440.8) can act as a donor for this
resistance gene, since it is comparable to the best standard
variety Sibirskaya 17 in crop yield (517.1 g/m?). Apart
from that, this variety can also act as a donor for the Lr26
gene, which is partially effective in protecting wheats from
leaf rust in West (Gultyaeva et al., 2018) and East Siberia
(Meshkova et al., 2019).

Despite the failure to resist infection in the context of
infectious background, varieties carrying the Lr9 gene still
have breeding value, since it protects plants from severe
infection in context of natural infection spread. Varieties
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Table 3. Field study results for winter common wheat varieties

Variety Originator Average values over the years of study
Vegetation Winter Yield, Plant Grain Grain 1000 grain
period, hardiness, g/m? height, weight number weight, g
day score sm per spike, g per spike, pc.
Novosibirskaya 40, standart ~ Russia 319.5 4.1 396.5 107.0 1.66 86.5 27.3
Kollega Russia 320.5 33 274.1 67.5 2.12 85.9 26.5
Doka Russia 316.8 4.5 589.2 66.5 1.58 100.6 31.9
Cheschskaya 17 Czech Republic  321.5 3.8 547.7 80.0 1.61 724 24.8
Cheschskaya 16 Czech Republic  321.5 4.5 348.3 71.8 1.46 75.8 249
Standard deviation 1.7 0.7 80.5 13.7 0.21 10.2 4.7
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Protein (a) and gluten (b) contents in grains of spring common wheat varieties.

carrying this gene (except for Altayskaya 110) were ranked Breeding value of the donors of the Lr28 (CS2A/2M)
as moderately resistant to the pathogen during the years of  and L»47 (Pavon) resistance genes transferred from Aegi-
its maximum activity. The Lr9 gene donors may be used  lops speltoides seems questionable under West Siberian
for developing resistance gene-pyramided varieties, which  conditions, since their low fitness to the local conditions
may prolong the lifespan of the gene. drastically affects the crop yields (125.0 and 130.0 g/m?
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respectively). On top of that, the evaluation of breeding
material collected from hybrid populations F; and BC|F,
obtained earlier on the basis of two commercial variet-
ies (Sibirskaya 17 and Novosibirskaya 31) crossed with
lines Thatcher Lr28 and Thatcher Lr47 (Piskarev et al.,
2021) showed a significant increase in vegetation period
(+ 6.3 days) compared to the recipient Sibirskaya 17
(44.2 days) and in plant height (+ 11.4 cm) in recombi-
nants with the Lr28 gene. Adverse effects on crop yield,
number of grains per spike, and stem length were observed
in recombinants with Novosibirskaya 31 variety carrying
the Lr47 gene.

Despite the relatively high crop yield of the Chelyaba 75
variety (404.4 g/m?) carrying the LrSp2 gene from Aegilops
speltoides Tausch linked to the gametocidal gene (Adonina
et al., 2018), which is surely a valuable trait under West
Siberian conditions, we were unable to obtain a variety
outperforming the current standards while carrying this
gene, despite the availability of vast source material (over
4000 lines from crosses between four varieties, namely
Novosibirskaya 15, Novosibirskaya 31, Udacha, and Sibir-
skaya 17) as early as 2015.

Wheat leaf rust resistance of the Odintsovskaya variety
(selection from population Chelyaba 75 x AHK-17B) may
be controlled by the LrSp2 gene transferred from Chelya-
ba 75 and linked to the gametocidal gene (Adonina et al.,
2018), since the variety resisted infection, but no ampli-
fication products of markers linked to other resistance
genes were detected. Lr/ gene was detected as a result
of genotyping in the Omskaya 44 variety in addition to
Lr19 and Lr26 identified earlier by L.V. Meshkova et al.
(Meshkova et al., 2021).

Voevoda and Tulaikovskaya 10 are of interest as a source
material for developing varieties with all around resistance
to leaf pathogen infections under West Siberian conditions.
These varieties demonstrate crop yields (509.8 for Voevoda
and 405.3 g/m? for Tulaikovskaya 10) on par with the
best standard varieties. On top of that, Tulaikovskaya 10
stands out in stem length (79.9 cm), and Voevoda in high
weight and number of grains per spike. Tulaikovskaya 10
was earlier used to develop the Novosibirskaya 61 spring
common wheat variety, which was submitted to the FSBI
“GOSSORTCOMMISSION” in 2017, but then withdrawn
from testing due to lack of advantages compared to standard
varieties in West Siberia branches of the FSBI “GOSSORT-
COMMISSION”. In addition, including Tulaikovskaya 10
into hybridization resulted in shorter vegetation period
in the lines selected from combinations with middle-late
variety Sibirskaya 17 (Leonova et al., 2019). The Voevoda
variety has not been involved in hybridization yet.

The analysis of the genotyping results shows that the
winter varieties characterized by wheat leaf rust resistance
in context of infectious background typically carry adult
plant resistance genes (Lr34, Lr12, and Lr13), in particular
combined with the juvenile resistance gene Lr26, whereas
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the spring varieties are primarily represented by donors of
juvenile resistance genes, which agrees with the findings
of E.I. Gultyaeva and E.L. Shaidayuk (2021). We believe
that these protective mechanisms are best suited for vari-
eties with different type of development, because there is
no evidence of leaf rust infection of winter wheat varieties
before the ear emergence stage in West Siberia, and there-
fore the transition of the pathogen from winter varieties to
the spring ones appears complicated.

The results of the present study with regard to intensity
of quantitative traits and crop yields of winter varieties
are rather modest, because the collection samples are
often characterized by low winter hardiness under local
conditions, which only allows us to evaluate resistance in
the context of infectious background. However, the Lr41
gene allowing the KS 93 U 62 line to resist the kLr24-
clone infection despite the presence of Lr24 in the geno-
type was only detected in winter lines (KS 90 WGRC 10,
KS 93 U 62). In addition, the Doka (with plant height of
66.5 cm and crop yield of 589.2 g/m?) and Cheshskaya 17
(80.0 cm and 547.7 g/m?) varieties may be used not only
as donors for effective resistance genes (Lr26 + Lr34 and
Lr9 + Lri2 + Lri3 + Lr34), but also as sources of dwarf
genes not causing losses in winter hardiness and crop yields
under West Siberian conditions.

Conclusions

The varieties carrying alien genes Lr6Agi2 (Tulaikov-
skaya 10) and Lr6Agil (Voevoda) show wheat leaf rust
resistance both in the field and in laboratory setting. Among
all spring varieties carrying the Lr24 gene analyzed in the
paper, the KWS Buran, KWS Akvilon, KW 240-3-13, and
Etyud varieties producing crop yields (417.2-514.1 g/m?)
comparable to the best standard variety Sibirskaya 17
(517.1 g/m?) can be reasonably used as donors under West
Siberian conditions. Omskaya 44 (440.8) characterized by
crop yield on par with the best standard variety can act as a
donor for resistance gene Lr/9, while also carrying the Lr26
gene (which is partially effective in West and East Sibe-
ria). Lr9 gene donors (Tuleevskaya and Altayskaya 110)
are recommended as a source material for resistance gene-
pyramided varieties. Breeding value of the donors of the
Lr28 (CS2A/2M) and Lr47 (Pavon) resistance genes trans-
ferred from Aegilops speltoides seems low under West
Siberian conditions due to low fitness of the samples to
local conditions. The winter varieties characterized by
white leaf rust resistance in the context of increased in-
fectious background typically carry adult plant resistance
genes (Lr34, Lri2,and Lri3), in particular, combined with
juvenile resistance gene Lr26. Lr41 identified in the winter
type line (KS 93 U 62) allowed it to maintain resistance
against the kLr24 clone, despite the presence of Lr24 in
the genotype. The Doka (with plant height of 66.5 cm and
crop yield of 589.2 g/m?) and Cheshskaya 17 (80.0 cm and
547.7 g/m?) varieties may be used as donors for effective
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resistance genes (Lr26 + Lr34 and Lr9 + Lri2 + Lri3 +
Lr34) and sources of dwarf genes not causing losses in cold
hardiness and crop yields under West Siberian conditions.
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The effect of salicylic and jasmonic acids on the activity
of SnNAGO genes in the fungus Stagonospora nodorum Berk.
in in vitro culture and during infection of wheat plants

M.Yu. Shein, G.E. Burkhanova, LV. Maksimov®

Institute of Biochemistry and Genetics — Subdivision of the Ufa Federal Research Centre of the Russian Academy of Sciences, Ufa, Russia
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Abstract. RNA interference is a gene silencing mechanism that plays an important role in genetic regulation in a
number of eukaryotes. Argonaute (AGO) proteins are central to the complex RNA interference system. However,
their role in this mechanism, both in the host plant organism and in the pathogen, has not yet been fully elucidated.
In this work, we identified and phylogenetically analyzed the SnAGO1, SnAGO2, SnAGO3, and SnAGO18 genes of
the pathogenic fungus Stagonospora nodorum Berk., and analyzed their expression under conditions of infection
of plants with varying degrees of resistance to the pathogen. The expression level against the background of plant
immunization with the resistance inducers salicylic and jasmonic acids was assessed. In addition, the activity of
these genes in the culture of the fungus in vitro was studied under the direct influence of resistance inducers on the
mycelium of the fungus. Earlier activation of the SnAGO genes in in vitro culture under the influence of salicylic and
jasmonic acids suggests their sensitivity to it. In an in vivo system, plant immunization to induce the accumulation
of pathogen SnAGO transcripts was found. At the same time, the SnAGO genes of the fungus S. nodorum, when
interacting with plant cells, reacted depending on the degree of host resistance: the highest level of transcripts in
the resistant variety was observed. Thus, our data prove that the SnAGO genes of the fungus S. nodorum effectively
interact with the host defense system in direct proportion to the degree of resistance of the latter to the pathogen.
It was proposed to use the ratio of the transcriptional activity of the fungal reference gene SnTub to the host TaRL/
gene as a marker of disease development in the initial period of the infectious process.

Key words: RNA interference; SnAGO genes; fungus Stagonospora nodorum; common wheat; pathogenesis, salicylic
acid; jasmonic acid.
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BiausiHMe caJInIIMIOBOM U >)KaCMOHOBO KMC/IOT
Ha aKTUBHOCTb reHOB SnNAGO rpuba Stagonospora nodorum Berk.
B KVJIbTYpEe U IPU MHPULUPOBAHUYN PACTEeHUI IMTIIIeHUIIbI

M.IO. Illenn, I.®. Bypxanosa, V1.B. Makcumos ®

VIHCTUTYT BUOXMMUNM 1 FeHETUKK — 060Co6IeHHOe CTPYKTYpHOE noapasaeneHie YOUMCKoro gpeepasnbHOro NCciefoBaTe/bCkoro LieHTpa
Poccuiickoii akagemun Hayk, Yoa, Poccua
@ igor.mak2011@yandex.ru

AHHoTayusa. PHK-nHTepdepeHums npencTaBnaeT co6oii MexaHW3M NofAaBEHUA FTEHOB, UTPAOLLMIA BaXXHYIO POSb B
reHeTnyeckon perynauum y sykapuor. benku Argonaute (AGO) 3aHMMaIOT LleHTpasibHOEe MeCTO B CNIOXKHOM cucteme
AsneHuna PHK-uHtepdeperuymnn. OpHaKo 1x posib B STOM MeXaHU3Me, Kak B OpraHu3Me pacTeHnA-X03AMHa, Tak Uy
naTtoreHa, o CVx Nop NOJIHOCTbIO He ncciefoBaHa. Mbl nposenu naeHTUdMKaLnio n GunoreHeTNYeCKnn aHanms re-
HoB SNAGOT1, SnAGO2, SnAGO3 n SnAGO18 naToreHHoro rpuba Stagonospora nodorum Berk., Bo36yauTens centopu-
03a MNLWeEeHNLbI, U NPOAHANN3NPOBaNV X SKCMPECCUIO B YCIOBUAX MHOULIMPOBaHMA pacTeHNIA C Pa3fIMuHoOl cTene-
HbIO YCTONUMBOCTY K NATOreHy. YpoBEeHb SKCMPECCHM OLEeHNBaNU Ha GoHe UMMYHM3ALMKN PacTEHNIA MHAYKTOPaMin
YCTOMUMBOCTM: CASIMLMIOBON U XaCMOHOBOW KNCIOTaMu. Tak»Ke U3yyeHa akTUBHOCTb YKa3aHHbIX FeHOB B KynbType
rpuba npv HeMnocpenCTBEHHOM BO3AENCTBAM UHAYKTOPOB YCTONYMBOCTI Ha MuLenuin rpuba. BoiasneHHas 6onee
paHHAA akTMBaLumA reHoB SNAGO B KynbType NoA BMAHNEM CaNMLINIOBOI 1 >KaCMOHOBOW KMC/OT yKa3blBaeT Ha UX
YYBCTBUTENbHOCTb K HUM. B cucTeme in vivo 06Hapy»KeHO, UTO MMMYHMW3aLMs pacTeHNIN NHAYLMPYET HaKOMNIeH e
TpaHckpunToB SNAGO natoreHa. Mpu 3Tom reHbl SNAGO rpuba S. nodorum npwv B3aMoaencTemm ¢ pacTUTENbHbIMU
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BnuaHmne cannumnoBom 1 »KacMOHOBOW KNCITOT
Ha aKTMBHOCTb reHoB SNAGO rpuba Stagonospora nodorum Berk.

KneTKamy pearmpoBanu B 3aBUCUMOCTU OT CTeMeHW YCTOMYMBOCTU X03AKHa: Hanbonee BbICOKUI YPOBEHb TPaHC-
KpUNTOB Habnogancsa B yCToumMBom copTe. Takum 06pa3om, nonyyeHHble AaHHble JOKa3bIBalOT, YTO reHbl SNAGO
rpuba S. nodorum 3¢p$eKTUBHO B3aUMOLENCTBYIOT C CUCTEMON 3alKTbl XO3AMHa B NPAMON 3aBUCMMOCTM OT CTe-
neHy yCTONUMBOCTY NOCNEAHErO K naToreHy. MpeanoxeHo NCNoNb30BaTb OTHOLLIEHUE TPAHCKPUMNLUVOHHON aKTuB-
HOCTW rpubHoro pedepeHcHoro reHa SnTub Kk xo3alickomy reHy TaRLI B kKauecTBe MapKepa pa3BuTuA 6onesHu B

HayvanbHbIN nepunog MH¢€KHMOHHOFO npouecca.

KnioueBble cnoBa: PHK-nHTepdepeHuus; reHbl SNAGO; rpub Stagonospora nodorum; MArkas nweHnua; natoreHes;

cannynmnoBan KNCoTa; XaCMOHOBaA KNC/OoTa.

Introduction
Phytopathogenic fungi are a powerful risk to food security,
which limits the biological potential of agricultural plants and
reduces the quality of the resulting products. At the present
stage, methods of plant protection are being developed based
on natural systemic and cellular phytoimmunity, where a spe-
cial place is occupied by a unique mechanism that disables
gene expression, described by the term “RNA interference”
(RNAI) —an evolutionarily conservative and at the same time
highly specific immune component for almost all eukaryotes.
Methodologically, when creating modern approaches to
plant protection, it is necessary to take into account that
during the interaction of plants with pathogens, especially
fungal ones, the RNAi components of not only the host, but
also the pathogen are activated. Induction of the activity of a
number of genes responsible for the functioning of RNAI in
pathogenic fungi suggests the possibility of their participa-
tion in the suppression of genes of the host defense system
(Weiberg et al., 2013). It should be noted that the role of the
RNAIi mechanism in the evolution and life of fungi is impor-
tant and can vary quite significantly depending on the survival
strategy, the method of infection and spread, as well as the
pathogens that infect the fungus itself (Neupane et al., 2019).
For example, it is known that artificial inactivation of one or
two genes encoding RNAI proteins in phytopathogenic fungi
disrupts virulence (Raman et al., 2017; Wang et al., 2018).
Argonaute proteins (AGOs) are considered key compo-
nents in the complex RNAi phenomenon and bind short
microRNAs (Feng et al., 2017; Neupane et al., 2019). The
most important function of AGO proteins, actively discussed
in the scientific literature, is participation in phytoimmunity.
For example, we previously observed that pre-treatment
of seeds with salicylic acid (SA) formed the resistance of
wheat to Septoria nodorum blotch (SNB), and at the same
time, active accumulation of 7aAGO1 gene transcripts was
observed in plant tissues infected with the causative agent of
this disease (Shein et al., 2021). So, in tobacco plants Nico-
tiana attenuata Torr. ex S.Watson, the accumulation of the
NaAGO4 protein turned out to be critical in the formation of
resistance to the fungus Fusarium brachygibbosum Padwick
(1945) through the jasmonate signaling pathway (Pradhan et
al., 2020). Disruption of this process turned off the synthesis
of jasmonic acid (JA) in plants and led to their infection, but
resistance to the fungus was restored after treating the plants
with JA. It can be assumed that the functioning of the plant
defense system, regulated by JA, mediates the operation of
the mechanism of the RNAi phenomenon. The importance of
plant proteins AGO18 in the formation of antiviral defense in
rice was discovered (Yang et al., 2020).

It is also known that AGO proteins are actively involved
in physiological processes occurring in the mycelium of vari-
ous types of fungi. Thus, genes encoding AGO proteins were
identified in the genome of the fungi Fusarium graminearum
(FgAGOI) (Chen et al., 2015) and Metarhizium robertsii
(MrAGO1I) (Meng et al., 2017). The participation of fungal
proteins of the AGO family in the formation of compatibility
between the host and the pathogen was demonstrated in the
fungi Verticillium dahlia and V. longisporum (Shen et al.,
2014). A similar effect was observed in the fungus Sclefotinia
sclerotiorum: mutants of the 4GO2 gene of this fungus had
slow growth and reduced virulence (Neupane et al., 2019).
Suppression of AGO2 (ODE-2) gene expression also reduced
virulence in the fungi Valsa mali (Feng et al., 2017) and Fu-
sarium oxysporum f. sp. lycopersici (Jo et al., 2018).

Thus, proteins of the AGO family are key components in the
functioning of not only plant but also fungal defense systems
mediated by RNAi mechanisms. At the same time, it should be
noted that so far little work has been devoted to the analysis of
the expression of genes encoding proteins of the RNAi mecha-
nism in various pathogens under conditions of plant infection
and preliminary immunization with phytohormones SA and
JA. In this work, such an analysis was carried out using a
model of the phytopathogenic fungus Stagonospora nodorum
Berk. (Septoria, Parastagonospora, Phaeosphaeria), which
causes SNB — one of the most harmful wheat diseases. The
main objective was to evaluate changes in the transcriptional
activity of the SNAGO genes encoding AGO proteins in an
in vitro culture of the fungus and under conditions of infection
of plants with this fungus, contrasting in resistance to SNB
against the background of SA and JA treatment.

Materials and methods

Object. In the experiment, we used a highly virulent strain
of the phytopathogenic fungus S. nodorum SnB against com-
mon wheat Triticum aestivum L. (Zhnitsa cultivar) from the
collection of the Institute of Biochemistry and Genetics —
Subdivision of the Ufa Federal Research Centre of the Rus-
sian Academy of Sciences. As plant material, we used two
cultivars of spring bread wheat 7. aestivum (BAD, 2n = 42)
contrasting in their resistance to SNB: Zhnitsa (susceptible)
and Omskaya 35 (resistant).

Cultivation of the fungus in vitro. The fungus was cul-
tivated on a liquid potato-glucose nutrient medium in Petri
dishes. To do this, a suspension of fungal spores was added to
the nutrient medium at a rate of 10° spores/ml and cultivated
in a KBW E6 climate chamber (Binder GmbH, Germany)
at a temperature of 18 °C for 14 days with periodic 16-hour
lighting. Solutions of SA with concentrations of 104, 105 and
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106 M, as well as JA solutions with concentrations of 103,
1076 and 107 M were previously added to the experimental
versions of the nutrient media. These concentrations were
chosen by us as optimal due to the data previously obtained
in our laboratory on the influence of SA and JA on the degree
of development of SNB in various wheat cultivars in the pa-
thosystem (Yarullina et al., 2011).

The design of the experiment. Wheat seeds were pre-
soaked for 24 hours in solutions containing 10 M SA and
10-7"M JA, or their composition. Control samples were kept in
distilled water for the same period of time. Then, the seedlings
in isolated vessels on Hoagland—Arnon nutrient medium were
placed in a KBW E6 plant growth chamber (Binder GmbH,
Germany), with a 16-hour photoperiod at a temperature of
20/24 °C (night/day). The noted concentrations of SA and JA
were selected as a result of preliminary experiments as the
most effective in inducing resistance of wheat plants against
S. nodorum (Yarullina et al., 2011). Then, sections of leaves
of 7-day-old control and experimental wheat seedlings were
placed in Petri dishes on damp cotton wool with the addition
of benzimidazole (40 mg/L). Some of the leaves were in-
fected with fungal spores by applying 4 pL of the suspension
(105 spores/mL), according to the method (Veselova et al.,
2021). Leaves inoculated with fungal spores in Petri dishes
were placed in a thermostat for 24 hours and then transferred to
a KBW E6 plant growth chamber (Binder GmbH, Germany).

Visual assessment of the degree of fungal development
on wheat leaves. The development of the fungus S. nodorum
on leaves was monitored daily. The area under the disease
development curve in the variants was determined according
to the method proposed by A.A. Marchenkova et al. (1991).
Leaf lesion area was measured using ImagelJ (https://imagej.
nih.gov/ij/download.html).

RNA extraction and study of the relative gene expres-
sions of the SnAGO genes. Isolation of total RNA from
wheat leaves fixed in liquid nitrogen, as well as mycelium of
the fungus S. nodorum SnB grown in vitro, was carried out
using the Lyra reagent according to the protocol of Biolabmix
(Russia, https://biolabmix.ru biolabmix.ru). The concentration
of nucleic acids was measured using a Thermo Scientific™
NanoDrop™ 1000 spectrophotometer (ND1000WOC) at
A260/A280. To synthesize cDNA, a reverse transcription
reaction was performed using M-MuLV reverse transcriptase
(Syntol, Russia). The nucleotide sequences of the studied
SnAGO genes of the fungus S. nodorum were selected from
the FunRNA database (http://funrna.riceblast.snu.ac.kr/,
04.12.2023). Primers for these genes were designed using the
Internet programs “Primer-Blast” (https://www.ncbi.nlm.nih.
gov/tools/primer-blast, 04.12.2023) and “PrimerQuest Tool”
(https:/eu.idtdna.com/Primerquest, 04.12.2023) (the Table). To
assess the level of gene transcription, we used the quantitative
real-time PCR method on the CFX Connect Real-Time System
device (Bio-Rad, USA). SYBR Blue reagent (Syntol, Russia)
was used as an intercalating dye. The transcriptional activity
of the fungal pathogen was assessed relative to the reference
gene SnTUB, encoding the fungal tubulin protein (Fraaije
et al., 2002). To assess the development of the fungus at the
RNA level, we used an analysis of the ratio of transcripts of
reference genes: the pathogen Sn7ub (Fraaije et al., 2002)
and the host TuRLI, encoding a wheat RNase L inhibitor-like

The effect of salicylic and jasmonic acids on the activity
of SnAGO genes in the fungus Stagonospora nodorum Berk.

Primers of SnAGO gene loci of the fungus S. nodorum

Gene designation Nucleotide sequence

SnAGOT homologue

SpACOT homologue | F GCAAGTICOCCATERACAATAA
R CAAACCTTCTGGACCATCTCTC

smcoz FGGAGACTCACAGTTCGAAGAAG
RTAGGAGAGGCAGAGGTTGTAA

T e
RGCCAGACGTTCACTCTGATATT

smcois FGTCAGTCGATCAAGGTGGATTTA
RCGTATAGTGCTGACGTCTCTTG

Ssmb@ FTGGTATGGGTACGCTTTIGATCTC
RGTAGCGACCGTTGCGGAAGTCAGA

e ke

protein (Giménez et al., 2011) in experimental plants. Accord-
ing to the works of these authors, the expression of the noted
genes of the fungus S. nodorum and wheat is not affected by
environmental factors.

Bioinformatic and statistical analyzes. The experiments
were carried out in triplicate. Mean values with standard er-
rors (+ SE) are shown in the figures. Statistical analysis of the
obtained data was carried out in the Bio-Rad CFX Maestro 1.1
Version: 4.1.2433.1219 program (Bio-Rad, USA). Differences
in the studied parameters between individual treatments were
analyzed using analysis of variance. Alignment of nucleotide
sequences and construction of a phylogenetic tree were carried
out using the MEGAT11: Molecular Evolutionary Genetics
Analysis version 11.0.13 program (Tamura et al., 2021). The
MUSCLE algorithm was used for alignment; phylogenetic
trees were constructed using the Maximum Likelihood method
(Tamura et al., 2021).

Results

Based on previous studies, we selected bread wheat cultivars
that contrast in their resistance to the fungus S. nodorum (Ve-
selova et al., 2021). Previously, the effect of treating wheat
seeds with SA and JA on the subsequent formation of resis-
tance to the fungus S. nodorum in seedlings was also assessed
(Yarullina et al., 2011). These works showed that SA and JA
could significantly reduce the severity of the development of
SNB in wheat.

In this work, at the first stage, we analyzed the degree of
fungal development in plant leaf tissues under normal con-
ditions and under conditions of inducing the plant defense
system using SA and JA pretreatment. The intensity of the
formation of an infectious spot and the rapid development
of necrosis in the leaves of the Zhnitsa cultivar showed a
high degree of susceptibility of this cultivar to the pathogen
strain we used (Fig. 1, a). The disease symptoms began to
appear in the form of brown spots already on the 4th day after
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Fig. 1. Comparative changes in leaf damage area (a, b) and the level of transcripts of the fungal reference SnTub gene in relation to
the wheat TaRLI gene (¢, d) in the leaves of susceptible (g, ¢) and resistant (b, d) cultivars of common wheat in the control (7) and
after pre-treatment with salicylic (2), jasmonic (3) acids and their composition (4).

inoculation of the leaves, and on the 7th day after infection,
the leaves were significantly affected. Under the same condi-
tions, on the resistant cultivar Omskaya 35, SNB developed
less intensively (see Fig. 1, b, d). Accordingly, during the
experiment, we confirmed the degree of susceptibility of the
studied cultivars in terms of resistance to the fungus S. nodo-
rum. In the variant of pre-treatment of seeds with SA and JA,
as previously found (Yarullina et al., 2011), inhibition of the
development of SNB on leaves infected with the fungus was
observed, which suggests a systemic immunizing effect of
these compounds. We found a particularly good protective
effect in the variant of pre-sowing treatment of wheat seeds
with a composition of SA and JA.

It is obvious that the successful development of the fungus
S. nodorum in plant tissues is accompanied by the accumula-
tion of its biomass and, accordingly, a change in the ratio of
proteins and nucleic acids between the host and the pathogen.
Based on this, we analyzed the ratio of transcript levels of
reference genes: the pathogen Sn7ub and the host 7aRLI in
experimental plants. As can be seen from the data obtained
(see Fig. 1, ¢, d), the ratio of cDNA of the SnTub gene to the
TaRLI gene in the susceptible Zhnitsa cultivar during the
observed period was much higher than in the resistant one.
This ratio noticeably decreased in plants pre-treated with SA
and JA, as well as their composition (most noticeable after
treatment of seeds with SA and JA).

In the resistant cultivars, the most pronounced decrease in
the SnTub/TaRLI ratio was observed after treatment with SA.
These data indicate the important contribution of the salicy-

late-induced pathway in the formation of resistance of wheat
plants against the S. nodorum pathogen. Accordingly, we can
say that the SnTub/TaRLI indicator is a convenient marker for
early rapid diagnosis of resistance of wheat plants to the patho-
genic fungus S. nodorum, as well as for assessing changes
in this resistance at different stages of the formation of the
relationship between the host plant and the specified pathogen.

To identify SnAGO genes encoding AGO family proteins
in the S. nodorum genome, an analysis of the FunRNA data-
base (Choi et al., 2014) was carried out using the annotated
S. nodorum genome sequence (Hane et al., 2007). This ap-
proach allowed us to identify the SNOG 12157 locus. The
phylogenetic tree of AGO genes is presented in Figure 2. As
can be seen, the structure of the same 4GO genes in different
organisms has greater homology than the structure of different
genes of a given family in representatives of the same genus/
taxon. Thus, the AGO!I gene we selected for analysis in the
pathogen S. nodorum turned out to be on the same branch as
the AGO1 genes of fungi from other genera or even divisions,
and not with the AGO2, AGO3 and AGO18 genes of the same
species. It is also noteworthy that, according to the obtained
result, the Ode2 genes, being homologues of 4GOI (Jo et
al., 2018), are located on a completely different phylogenetic
branch of fungal genes. This classification of AGO! into a
separate group from AGO2 and AGO3 correlates with similar
results obtained in other studies (Zhang et al., 2015; Ahmed
etal., 2021).

Subsequent BlastP sequence analysis identified multiple
genes putatively encoding fungal Sn4GOs based on matches
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The effect of salicylic and jasmonic acids on the activity
of SnAGO genes in the fungus Stagonospora nodorum Berk.
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Fig. 2. Phylogenetic tree of the AGO and QDE genes in various organisms. Sequences of fungi studied in this work are highlighted

in bold.

to known motifs characteristic of 4GO genes. On this basis, the
SnAGO genes were named SnAGO1, SnAGO2, SnAGO3, and
SnAGO18, respectively, and were selected for further analysis
of transcription activity. Primers for assessing the expression
of the SnAGO1, SnAGO2, SnAGO3 and SnAGO18 genes are
presented in the Table.

Previously, it was not known how the transcriptional activi-
ty of fungal genes responsible for the formation of the RNAi
phenomenon changes under conditions of infection of sus-
ceptible and resistant wheat cultivars. To do this, we analyzed
the level of SnAGO gene transcripts identified in the fungus
S. nodorum under infection conditions in bread wheat cultivars
contrasting in resistance to this pathogen, pretreated with SA
and JA, as well as with the SA + JA composite (Fig. 3). As can
be seen, when wheat leaves are infected with fungal spores
during the experiment, transcripts of the SnAGO1, SnAGO2
and SnAGO3 genes accumulate. Moreover, it is noteworthy
that on the resistant cultivar Omskaya 35, the level of gene
transcripts increases during the experiment.

Treatment of seeds with SA and JA, as well as their com-
position, was accompanied by locus-specific changes in the
levels of transcripts of fungal SnAGO genes in a pathogenic
system with both resistant and susceptible wheat cultivars (see
Fig. 3). Most loci showed transcript accumulation; however,
the extent of accumulation varied depending on the locus
and the treatment. For example, the SnAGO1, SnAGO2 and
SnAGOI18 genes on the resistant cultivar Omskaya 35 as a
result of seed treatment with JA were expressed to a greater
extent than under the influence of SA. The composition of
SA and JA reduced the activity of the SnAGO2 and SnAGO3
genes more pronouncedly in comparison with untreated and
infected samples.

In fungus-infected leaf tissues of a resistant cultivar, pre-
treated with both SA, JA, and their composition, after 24 hours
of the experiment, the level of transcription of all studied
genes (mostly SnAGOI) was higher compared to untreated
plants after the same time of infection, but after 72 hours, it
was lower than the corresponding levels in untreated plants
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Fig. 3. Changes in the level of transcripts of genes of the AGO family in the fungus S. nodorum in the leaves of susceptible (Zhnitsa)
(a, ¢, e, g) and resistant (Omskaya 35) (b, d, f, h) wheat grown from salicylic (SA) and jasmonic (JA) acids treated seeds in 6 (1), 24 (2)

and 72 (3) hours after infection.

a, b, SnAGOT (Snog_12157); ¢, d, SnAGO2 (Snog_10544); e, f, SnAGO3 (Snog_10546); g, h, SnAGO18 (Snog_12309).

(with the exception of SnAGO3 after JA treatment). In sus-
ceptible plants, throughout the experiment, the expression of
the SnAGO! and SnAGO3 genes increased approximately
equally under the influence of both SA and JA; separately,
the expression of the following genes increased to the greatest
extent: Sn4AGO2 under the influence of SA and the SnAGO18
gene under the influence of JA, compared with control infected
plants. When wheat seeds were treated with a mixture of SA
and JA, the expression level of all SnAGO genes in the sus-
ceptible cultivar increased after 6 hours of infection (3-fold
in the case of SnAGO18).

Thus, the obtained results showed that the SnAGO genes,
encoding one of the key enzymes of the RNAi mechanism,
in fungal cells, when interacting with plant cells, respond to

the degree of host resistance and increase their transcriptional
activity in resistant cultivars. Accordingly, the higher level of
SnAGO transcripts in pathogen-infected wheat leaves confirms
previous suggestions about the important role of this group of
proteins in the formation of compatible relationships between
wheat and the fungus S. nodorum (Shen et al., 2014).

From our point of view, it is interesting to evaluate the
direct response of the fungal genome to the effects of SA and
JA on a nutrient medium. Thus, using mycelium of the fungus
S. nodorum grown in liquid culture, we assessed the expression
status of SnAGO genes when SA and JA solutions of various
concentrations were added to the medium on days 5, 7, and 14
after planting on the medium (Fig. 4). It was found that when
the fungus was cultivated on a nutrient medium, the activity
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Fig. 4. Changes in the level of transcripts of the SnAGO genes of S. nodorum grown on a liquid nutrient medium with the addition
of salicylic (SA) (a, ¢, e, g) and jasmonic (JA) (b, d, f, h) acids of various concentrations (M) in 5 (1), 7 (2) and 14 (3) days after planting.

a, b, SnAGOT1 (Snog_12157); ¢, d, SnAGO2 (Snog_10544); e, f, SnAGO3 (Snog_10546); g, h, SnAGO18 (Snog_12309).

of the SnAGOI gene in control samples increased on the 7th
day after the start of cultivation. The activity of the SnAGO2
gene in control colonies of the fungus increased during the
experiment, but the effect was less pronounced. When SA
was added to the nutrient medium, a pronounced increase in
the level of transcripts of all the studied SnAGO genes was
observed already on the 5th day, and the degree of accumula-
tion of transcripts of these genes was directly proportional to
the concentration of the added substance. Similar data were
obtained when JA was added to the medium. At the same time,
it is noteworthy that the addition of signaling molecules at all
JA concentrations and relatively high SA concentrations shifts
the accumulation of transcripts to the earliest period — 5 days.
Particular attention should be paid to the fact that the Sn4GO1
and SnAGO18 genes turned out to be the most sensitive to the
addition of JA to the nutrient medium.

Discussion

Assessing the mechanisms of formation of plant resistance,
especially against pathogens, is an urgent task, the solution
of which will make it possible to effectively regulate it and
achieve higher productive properties. The diversity of feed-
ing methods of phytopathogenic fungi contributed to the
evolutionary formation of various ways of protecting plants
from them (McCombe et al., 2022). For example, against
biotrophic pathogens that feed on living plant tissues, de-
fense mechanisms are launched, where the SA-dependent
signaling pathway plays an active role, forming systemic
acquired resistance. JA triggers another signaling pathway,
called systemic induced resistance, which protects plants from
necrotrophic pathogens and insects. Numerous studies have
shown that the causative agent of SNB is characterized by a
hemibiotrophic mode of nutrition on wheat plants, combining
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a biotrophic phase of development at the very beginning of
pathogenesis with a subsequent necrotrophic one; however,
it is also capable of saprotrophic growth on nutrient media
(Oliver et al., 2012). Accordingly, depending on the timing of
pathogen development in plant tissues, host defense systems
must clearly recognize these transition stages.

We have previously shown that the highly virulent strain
of the pathogenic fungus S. nodorum SnB can overcome the
defense of wheat associated with the pro-/antioxidant system,
including the activation of catalases (Troshina et al., 2010)
and chitin deacetylases (Maksimov et al., 2011), and also the
accumulation of various effector molecules (Veselova et al.,
2021). In this work, we analyzed a number of S. nodorum
genes encoding SnAGO nuclease proteins involved in the
RNAIi mechanism, using it as a model object.

The RNAIi phenomenon represents a unique and ancient
mechanism for protecting the genome of eukaryotes, includ-
ing fungi, from foreign genetic information, and also serves
to regulate physiological processes. The most important key
components of this complex immune mechanism are AGO
RNA nucleases, which have been functionally characterized
in model organisms (Choi et al., 2014). It has been shown
that the RNAi mechanism in the eukaryotic immune sys-
tem during the interaction of hosts with their parasites is a
“double-edged instrument”, which, on the one hand, protects
the host from the pathogen, and on the other hand, helps the
pathogen disable the accumulation of the most essential key
protective proteins of the host, in order to use plant resources
for its own functioning. However, to date, the mechanisms
of RNAI operation in fungal systems, especially during the
development of diseases, have not been sufficiently studied,
which limits our understanding of this mechanism.

For example, the formation of compatibility between the
host and the pathogen with the participation of plant proteins
AGOIL of Brassica napus was shown under conditions of plant
infection by the fungi V. dahliae and V. longisporum (Shen
et al., 2014). In tomato and Arabidopsis plants, microRNAs
secreted by the fungus Botrytis cinerea used the host AGO1
proteins to selectively suppress the translation of host mitogen-
activated protein kinases (MAPKSs), peroxiredoxin, and cell
wall-associated kinase, and suppression of the accumulation of
this protein in mutant Arabidopsis plants resulted in reduced
susceptibility to the fungus (Weiberg et al., 2013). F. Dunker
and co-workers (2020) showed on Arabidopsis plants that
similar recruitment of the host protein complex AGO1 is also
characteristic of the oomycete Hyaloperonospora arabidopsi-
dis, a pathogen phylogenetically distant from fungi, suggesting
a property common to pathogens.

An important role of the RNAi mechanism in the growth
and development of fungi has been revealed, which is naturally
reflected in their ability to infect plants. Thus, Aagol mutants
of the fungus Colletotrichum higginsianum showed severe
defects in conidial morphology (Campo et al., 2016). Deletion
of the FigAGO?2 gene of the fungus Fusarium graminearum
did not affect the fungal phenotype during the asexual phase
(Chen et al., 2015), but this gene was found to be important
during the fungal sporulation and ascospore maturation stages
(Zeng et al., 2018). In another species of fungus, Fusarium
oxysporum f. sp. lycopersici strain 4287, mutants with sup-
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pressed expression of the FoODE-2 (AGO1I) gene (Jo et al.,
2018) exhibited reduced virulence against tomato plants.

At the moment, there are practically no works that would
discuss the behavior of fungal pathogen genes encoding pro-
teins responsible for RNAi under conditions of direct exposure
to biostimulants and resistance inducers, for example, SA
and JA, or indirect exposure through plant infection. There
is conflicting information about the role of plant resistance
inducers in the operation of the RNAi mechanism in plant tis-
sues under the direct influence of SA and JA and in response to
infection by pathogens. For example, some authors show that
SA-induced pathogen resistance affects plant RNAi mecha-
nisms only through the host RNA-dependent RNA polymerase
(RDR1) and is coordinated by this protein (Lee et al., 2016). At
the same time, there is information that in plants, for example,
rice, the expression levels of the OsAGOla, OsAGOZ2 and
OsAGO18 genes turned out to be associated with JA, and
in mutant rice plants coil-13, unable to transmit JA signals,
they were lower than in wild plants (Yang et al., 2020). This
is especially interesting due to the fact that in the pathogenic
wheat fungus S. nodorum, the role of RNAI in pathogenicity
still remains unresolved. At the same time, the participation of
RNAI in the development of pathogenicity of Zymoseptoria
tritici, another fungus that causes septoria leaf blight on wheat,
was recently analyzed after knockout of the AGOI and AGO?2
genes in its genome (Kettles et al., 2019; Ma et al., 2020). The
analysis did not reveal qualitative phenotypic changes in the
development of SNB symptoms on the susceptible wheat cul-
tivar Bobwhite. Fungal strains mutant for the 4GO genes did
not lose their virulence properties against wheat plants. From
the results obtained, the authors conclude that these proteins
do not play a significant role in the development of SNB.
At the same time, analysis of the expression status of genes
responsible for the operation of the RNAi mechanism in the
pathogenic fungus V. nonalfalfae, which causes verticillium
wilt in hops (Humulus lupulus L.), showed that more virulent
strains of the pathogen have a higher level of accumulation of
VnAGO transcripts (Jeseni¢nik et al., 2019).

We showed that in the pathogen-resistant to S. nodorum
wheat cultivar Omskaya 35, the accumulation of transcripts
of the studied SnAGO genes during fungal pathogenesis in
leaf tissues was more active than in the susceptible cultivar,
which suggests the involvement of the studied genes in the
process of overcoming the host’s defense system and the
possibility of regulating activity of these genes depending on
the degree of host resistance. These assumptions are further
confirmed in experimental variants where plants were immu-
nized by pre-sowing seed treatment with SA and JA, as well
as their composition. As can be seen, the level of transcripts
of pathogenic SnAGO genes in these variants also turns out
to be higher than in the control ones, although, judging by
the ratio of housekeeping genes SnTub/TaRLI, the content
of the SnTub gene in plants immunized with SA and JA is
significantly lower.

We obtained interesting results when assessing the tran-
scriptional activity of SnAGO genes after direct exposure of
the fungal mycelium in culture to SA and JA. High concentra-
tions of SA enhanced the accumulation of transcripts of the
studied SnAGO genes at earlier times of cultivation, while low
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concentrations did not produce this effect. JA stimulated the
accumulation of SnAGO1, SnAGO3, SnAGO18 transcripts at
early stages of cultivation and at lower concentrations com-
pared to SA. It can be assumed that fungal SnAGO genes are
sensitive to the direct effects on the fungal mycelium of these
signaling molecules, which are positioned as inducers of plant
defense systems against pathogens. Thus, we have shown that
the fungal RNAI system actively responds to the addition of
SA and JA to the cultivation medium, and also participates
in the process of plant infection. At the same time, artificial
stimulation of the protective properties of the plant also trig-
gers the accumulation of SnA GO transcripts of the pathogen.
Our data suggest that the 4GO genes involved in the RNAI
system of the fungus S. nodorum strain SnB interact effec-
tively with the infecting plant and, most likely, this interaction
depends on the degree of host resistance.

The possibility of assessing the degree of development of
pathogens in plant tissues using molecular biological methods
that assess the level of accumulation of pathogen nucleic acids
in tissues is very important, since visual assessment of disease
symptoms is often subjective and influenced by various fac-
tors. This work uses the SnTub/TaRLI method for assessing
the accumulation of pathogen genetic material in plant tissues
by comparing the ratio of transcript levels of fungal and wheat
housekeeping genes. Estimation of the Sn7ub/TaRLI transcript
ratio correlated with the results of visual observation of disease
development on leaves. The results also showed that the most
effective in inducing the protective properties of wheat plants
against SNB was pre-sowing treatment of seeds with JA, as
well as with a composition of JA and SA (see Fig. 1). Using
the level of the SnTub/TaRLI ratio, we confirmed the dyna-
mics of accumulation of biological material of the pathogenic
fungus, but at earlier periods of observation. In addition, we
demonstrated the possibility of using the data obtained on the
transcriptional activity of the AGO genes of the fungus S. no-
dorum strain SnB as an objective indicator of the activation
of its RNAIi system.
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Chitosan and its derivatives as promising plant protection tools
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Abstract. In modern conditions, the increase in the yield of agricultural crops is provided not by expanding the areas
of their cultivation, but mainly by introducing advanced technologies. The most effective strategy for this purpose is
the development of genetically resistant and productive cultivars in combination with the use of a variety of plant
protection products (PPPs). However, traditional, chemical PPPs, despite their effectiveness, have significant drawbacks,
namely, pollution of environment, ecological damage, toxicity to humans. Recently, biological PPPs based on natural
compounds have attracted more attention, since they do not have these disadvantages, but at the same time they
can be no less effective. One of such agents is chitosan, a deacetylation product of chitin, one of the most common
polysaccharides in nature. The high biological activity, biocompatibility, and safety of chitosan determine the breadth
and effectiveness of its use in medicine, industry, and agrobiology. The review considers various mechanisms of action
of chitosan as a biopesticide, including both a direct inhibitory effect on pathogens and the induction of plant internal
defense systems as a result of chitosan binding to cell surface receptors. The effect of chitosan on the formation of re-
sistance to the main classes of pathogens: fungi, bacteria, and viruses has been shown on a variety of plant objects. The
review also discusses various ways of using chitosan: for the treatment of seeds, leaves, fruits, soil, as well as its specific
biological effects corresponding to these ways. A separate chapter is devoted to protection products based on chitosan,
obtained by its chemical modifications, or by means of combining of a certain molecular forms of chitosan with various
substances that enhance its antipathogenic effect. The data presented in the review generally give an idea of chitosan
and its derivatives as very effective and promising plant protection products and biostimulants.
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XMTO3aH U ero IIpOM3BOOHLIE
KaK ITepCIIeKTMBHbIE CpeACTBa 3allilIThI paCTeHI/[ﬁ

A.B. llepbanb

KypuaToBcKkuii reHomHbi LeHTp Lul CO PAH, HoBocnbupck, Poccus
® atos@bionet.nsc.ru

AHHOTaLuA. B COBpEMEHHDBIX YCIOBUAX MPUPOCT YPOXKANHOCTN CENbCKOXO3ANCTBEHHDBIX KyNbTYyp 06ecrneyrBaeTcs He 3a
CYeT paclMpeHnsa NIoLwWaaen nx BO3AeNbiBaHWS, a raBHbIM 06pa3om 6narogapa BHeAPEHMWIO NepefoBbIX TEXHOMOT M.
Hanbonee 3¢dpekTnBHan cTpaTerns BKIOYAET CO34aHNE reHETUYECKU YCTONUMBBIX K HEGNAronpuaTHbIM dakTopam u
NPOAYKTUBHbIX COPTOB B COYETAHUN C MCMOJIb30OBAHMEM Pa3HOOOPA3HbIX CPEACTB 3aLUTbl pacTeHnin. OgHaKo TpaanuLuu-
OHHbIE, XMMMYECKIMEe, CPefCTBa 3alWTbl, HECMOTPSA Ha SOGEKTUBHOCTb, UMEIOT CyLLIECTBEHHbIE HEJOCTATKU: 3arpsA3HEHNE
OKpY»KaloLLeln cpefbl, HapyLIEeHKEe SKONOrnmM, TOKCMYHOCTb Af1A YesioBeKa. B nocneaHee Bpemsa Bce 60sblue BHUMaHWsA
npuenekatoT bronornyeckne (Ha OCHOBE NPUPOAHbIX COeAVHEHWI) CPeACTBA 3aLWWTbl PACTEHUI — OHY JINLLEHbI STUX He-
[lOCTaTKOB, NPY 3TOM MOFyT 6bITb He MeHee 3pdeKTNBHbIMU. K Takum cpefcTBaM OTHOCUTCA XUTO3aH — NPOAYKT fealle-
TUNNPOBAHUA XUTUHA, OQHOIO U3 Hanbonee PacnpPOCTPAHEHHbIX B NPUPOAE Nofvcaxapraos. Boicokas buonornyeckas
AKTUBHOCTb, GIOCOBMECTMMOCTb 11 6€30MaCcHOCTb XMTO3aHa ONpeaenstoT WUpPoTy 1 SPGEKTUBHOCTL €ro MPUMEHEHMs
B MeJM1UVHEe, MPOMbILLIEHHOCTY 1 arpobuonorun. B 063ope paccMoTpeHbl MEXaHU3Mbl AeCTBUSA XUTO3aHa B KauecTse
6uonecTMurAaa, BKoYaoLwye Kak NpsmMoe Nnoaasndiollee BO34eNCTBME Ha NAaTOreHbl, Tak Y UHAYKLMIO BHYTPEHHMX 3a-
LUTHBIX CUCTEM PACTEHUA B pPe3ysbTaTe CBA3bIBaHMA XMTO3aHa MOBEPXHOCTHBIMY PELIENTOPaMM KNeTOK. Ha MHOXecTBe
pacTUTeNbHbIX 0OGHEKTOB MOKa3aHO BAMAHME XUTO3aHa Ha GOPMMPOBAHME YCTONUMBOCTM K OCHOBHbIM Kilaccam nato-
reHoB: rpubam, 6akTepuam 1 supycam. Kpome Toro, B paboTe oLeHEHbI CMOCO6bI MPYIMEHEHNA XMTO3aHa, BKAOYaloLue
06paboTKy CeMsH, TMCTbEB, NIOLOB, NOYBbI, @ TAKXKE COOTBETCTBYIOLLME STUM METOAAM crneundudeckre buonormyeckne
3¢ dekTbl. OTANbHbIN pa3fen NoCBsALEH CPeACTBAM 3alLMTbl HA OCHOBE XUTO3aHa, MOJSTYYEHHbIM KaK NyTeM ero Xumumye-
cKo MoaudmrKaLmy, Tak 1 C MOMOLLbIO KOMOVHMPOBAHNA TEX UM UHBIX MONEKYNAPHBIX GOPM C pasfvyHbIMY BELLECTBa-
MU, YCUAMBAOLLMMU €r0 aHTUMATOreHHoe aenctaue. MpeactaBneHHble B 0630pe AaHHble AaloT NPeACTaBIEHNE O XUTO-
3aHe 1 ero NPou3BOAHbIX Kak 06 3GPeKTUBHbIX 1 MEPCNEKTUBHbIX CPEACTBAX 3aLLUTbl PaCTEHUI U BUOCTUMYNATOPAX.
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Introduction

The intensive growth of the world’s population poses a global
problem for agriculture to increase the yield of the main cul-
tivated plant crops. However, yield losses due to numerous
bio- and abiotic factors can be very significant. Particularly
actual is the control of various pathogens: bacteria, viruses,
fungi, which not only reduce yields, but also reduce the quality
of plant products as a result of the accumulation of toxins and
other metabolites during the infectious process. For a long time
this control has been carried out through the use of chemical
pesticides, which cover a wide range of pests, are easy to use
and have a low cost. But, along with this, they greatly pollute
the environment and negatively affect human health (Igbedioh,
1991). In addition, their accumulation in the environment and
living organisms can lead to irreversible consequences in eco-
systems and a decrease in biodiversity (Yasmin, D’Souza,
2010). The effect of chemical plant protection products can
be significantly weakened due to the emergence of resistant
forms of pathogens, which makes it necessary to increase the
rate of use of these agents or to create new ones (Kumaraswa-
my et al., 2018).

Another direction is the creation of new plant varieties that
are genetically resistant to stress factors and have increased
yields in various environmental conditions. However, although
this method is the most reliable and effective means of protec-
tion, it can also have a temporary effect due to the emergence
of new aggressive forms of pathogens. A typical example is the
emergence of anew Uganda 99 race of stem rust, a dangerous
fungal pathogen of cereals (Singh et al., 2011). In addition,
there is a risk of transfer from other areas of such forms of
pests to which certain varieties are susceptible.

Apparently, the most effective strategy for plant protection
is a combination of methods for the formation of genetic re-
sistance with the use of biostimulants, or biopesticides, which,
unlike chemical pesticides, do not cause environmental pol-
lution, ecosystem changes and a negative impact on human
health, but are no less effective (Tyuterev, 2014). Over the past
decades, a number of biostimulants have been developed that
are used to control the processes of plant growth and develop-
ment, increase their productivity, and also reduce sensitivity
to pathogens (Rouphael, Colla, 2020). Among them, a special
place is occupied by chitosan, a product of the processing of
chitin, the second most widespread natural biopolymer after
cellulose.

The aim of this review is to analyze the accumulated sci-
entific data on the effectiveness of the use of chitosan and
its derivatives to control plant diseases and increase their
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productivity. The mechanisms of induction of plant resistance
to stress factors under the influence of these plant protection
agents are discussed.

Chitosan

The precursor of chitosan is chitin, a biopolymer of the
group of nitrogen-containing polysaccharides, consisting of
N-acetyl-D-glucosamine and D-glucosamine (Fig. 1). Chitin
forms the external skeleton of most invertebrates and is also
a component of the cell walls of fungi, yeasts, and algae, ac-
counting for up to 16% of the body’s dry weight as a structural
polysaccharide (Muzzarelli, 2010).

The use of chitosan began in the 80s of the last century, and
since then there have been many works devoted to its use in
chemistry, medicine, and agrobiology (Rinaudo, 2006; Maler-
ba, Cerana, 2016). These applications are due to the unique
physicochemical properties of chitosan, such as: biocom-
patibility, non-toxicity and biodegradation. Some organisms,
such as zygomycetes, are capable of synthesizing chitosan in
significant amounts, which allows to use them to obtain this
valuable chitin derivative in various fields of biotechnology
(Karimi, Zamani, 2013).

In industry, chitosan is usually obtained from chitin by de-
acetylation during a chemical process using NaOH (Skryabin
et al., 2002). The products of this process are very hetero-
geneous in terms of the degree of deacetylation, molecular
weight, and other chemical parameters determining the dif-
ferences in their physical properties (viscosity, solubility),
which, in turn, determine the possibilities of using chitosan
and its biological effects (Orzali et al., 2017). In medicine, it
is successfully used for tissue regeneration due to its ability to
form elastic biofilms on the wound surface; it has also found
application in the creation of anticoagulant and antisclerotic
drugs (Skryabin et al., 2002; Chen et al., 2021). Among other
applications there are cosmetics, food processing, wastewater
treatment, environmental protection (Morin-Crini et al., 2019).
In many countries, chitosan and its derivatives have been used
for a long time as biostimulants that increase plant productivity
and their resistance to pathogens (Tyuterev, 2015). All these
effects of chitosan, along with its availability and relatively
low cost, make its use as a biological plant protection product
economically viable and justified (Xing et al., 2015).

Chitosan as an inducer of plant immunity

The induction of the internal mechanism of plant protec-
tion against pathogens is an effective and safe alternative to
chemical methods of protection. It is known that a number of

CH,OH CH,OH
H O H H O H
H \1; o i H >1;
OH H eacetylation OH H
HO \i : 0 +—H ——>  HO \i : 0 +—H
H HNC - CH3 Conc. NaOH H HN,,
Il
L o _In L _In

Chitin Chitosan

Fig. 1. The structure of chitin and its derivative - chitosan.
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Fig. 2. The effect of chitosan on plant defense mechanisms (a) and its antipathogenic effects (b).

substances can enhance resistance to pathogens as elicitors
(Gaffney etal., 1993; Malerba, Cerana, 2016). The polysaccha-
ride chitosan is one of the most effective resistance stimulators
(Falcon-Rodriguez et al., 2012). Its mechanism of action is not
yet well understood. It is assumed that chitosan binds to trans-
membrane cell receptors, which are not currently identified.
Also, no protein kinase cascades transmitting a signal from
receptors to transcription factors or protection genes have been
identified. Various models have been proposed to explain the
role of chitosan in plant immunity (Orzali et al., 2017). The
most common model suggests the induction of nonspecific
PAMP (pathogen-associated molecular pattern) by chitosan,
an immune system that includes a number of interrelated
signaling cascades (Tyuterev, 2002; Tang et al., 2012). The
central role in this system is played by hormonal pathways
associated with the synthesis of salicylic and jasmonic acids
(SA and JA). In particular, the octadecanoid pathway is acti-
vated, leading to the accumulation of JA in tissues (Ishiguro
etal., 2001). This hormone, along with SA, activates defense
genes encoding various PR (pathogenesis related) proteins
(Reinbothe et al., 2009).

Another pathway is initiated by the accumulation of free
oxygen radicals (ROS, reactive oxygen species), which are
formed in tissues at the earliest stage of stress. Besides the
direct toxic effects on pathogens, ROS are functioning as
cell signaling molecules that trigger plant defense responses
such as cell wall strengthening, hormone synthesis, and pro-
grammed cell death (Grant, Loake, 2000). The development
of systemic resistance also involves the nitric oxide (NO) sig-
naling pathway, which activates an early protective response,
including a hypersensitivity reaction, the formation of a callose
layer and the expression of a number of proteins: PR-1 and
PR-5, chitinase (CHI), polyphenol oxidase (PPO), peroxidase
(POX), superoxide dismutase (SOD), catalase (CAT), and
phenylalanine ammonium lyase (PAL) (Manjunatha et al.,
2008, 2009). Enzymes PPO, POX, SOD, and CAT are the main

enzymes that neutralize excess oxygen radicals (Elsharkawy
etal., 2022). PAL is involved in the biosynthesis of protective
phenolic compounds such as flavonoids, phenylpropanoids,
and lignin (Appert et al., 1994).

As a result of treatment with chitosan, phytoalexins, low
molecular weight antibiotic substances, accumulate in plant
tissues (Hadwiger, 2013). The synthesis of callose, a polysac-
charide, is also induced, which is deposited in the cell wall and
serves as a barrier to the penetration of pathogenic organisms
(Kohle et al., 1985; Conrath et al., 1989). The process of lig-
nification, which is enhanced under the influence of chitosan,
serves the same purpose (Hirano et al., 1999). In particular, it
was shown that the formation of structural barriers to the path
of the pathogen is the main plant response to chitosan in the
tomato Solanum lycopersicum L. (Benhamou et al., 2001).
Under the influence of chitosan, the suppression of proteolytic
enzymes released by pathogens for penetration into plant
tissues is enhanced (Penia-Cortes et al., 1988). The effect of
chitosan also manifests itself in the reduction of the size of
stomata as a result of a decrease in their sensitivity to light (Lee
et al., 1999). Possibly, this effect is related to the hormonal
activity of JA similar to that of abscisic acid, which is a key
regulator of the transpiration process (Sembdner, Parthier,
1993). Other authors have revealed the role of chitosan in
the biosynthesis of curcumin, a powerful natural antioxidant
deposited in the root tissue of turmeric Curcuma longa L.
(Sathiyabama et al., 2016). Thus, a wide range of regulatory
effects was established that enhance plant immunity under the
treatment with chitosan (Fig. 2, a).

In addition to the eliciting effect on plant cells, chitosan is
able to have a direct effect on pathogens.

Mechanisms of antipathogenic action of chitosan

Chitosan exhibits a variety of antipathogenic activity, which
depends, on the one hand, on its chemical properties and
method of preparation, and, on the other hand, on the charac-
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teristics of the host plant and environmental conditions. In
some studies, oligomeric forms of chitosan (penta- or hep-
tamers) exhibited higher fungicidal activity compared to larger
molecules (Rabea et al., 2003), while in other studies, on the
contrary, an increase in the antipathogenic effect was observed
with increasing molecular weight (Kulikov et al., 2006).
Unlike natural chitin, the molecules of which are not
charged and have no antimicrobial activity, chitosan has a
positive charge. According to one model, electrostatic interac-
tion of chitosan molecules with negatively charged surfaces
of pathogen cells results in an increase in the permeability
of plasma membranes and destruction of the cell wall (Je,
Kim, 2006). Another mechanism implies the formation of
an impermeable chitosan polymer layer on the cell surface,
which prevents the absorption of nutrients and, at the same
time, the excretion of metabolites into the intercellular space
(Xing et al., 2015). Chitosan is also able to chelate metal ions
and some nutrients necessary for the development of bacteria
or fungi, thereby inhibiting the reproduction of the latter and
the production of toxins by them (El Hadrami et al., 2010;
Xing et al., 2015). In a number of works, the inhibitory effect
of chitosan on various stages of pathogen development was
established (Rabea et al., 2005; Meng et al., 2010; Reglinski
et al., 2010; Badawy, Rabea, 2011). The mechanisms of the
antipathogenic action of chitosan are shown in Fig. 2, b.

The use of chitosan

for protection against various pathogens

Due to climate change, over the past 10—15 years, there has
been an increasingly intensive development of various infec-
tious diseases of the main crops of plants, which has led to a
significant drop in their productivity and a decrease in product
quality. The most widespread are fungal diseases, which ac-
count for more than 80 % of all diseases of agricultural plants
(Garibova, Sidorova, 1997). So, for example, common wheat
Triticum aestivum L. (2n = 42) can be affected by 25 fungal
diseases, including smut, rust, root rots, etc. Yield losses from
these diseases in separate areas of distribution can reach 70%
or more (Singh et al., 2011).

Under in vitro conditions, the fungicidal effect of chitosan
was shown against a number of pathogenic fungi, represen-
tatives of the genera Botrytis, Alternaria, Colletotrichum,
Rhizoctonia, etc. (Orzali et al., 2017). At the same time, the
suppressive effect of chitosan on various stages of fungal de-
velopment was demonstrated: mycelium growth, sporulation
stage, viability of spores and the efficiency of their germina-
tion, and the ability of fungus to produce virulence factors
(Badawy, Rabea, 2011). For example, chitosan completely
inhibited spore germination and mycelial growth in Alter-
naria kikuchiana S. Tanaka and Physalospora piricola Nose
(Meng et al., 2010). Also, in grape, it effectively suppressed
the growth of mycelium of the fungus Botrytis cinerea Pers
in vitro, as well as on leaves and fruit clusters (Reglinski et
al., 2010). E.I. Rabea et al. (2005) reported increased fungi-
cidal activity of 24 chemically modified chitosan derivatives
compared to conventional chitosan in a radial growth model
of hyphae of B. cinerea and Pyricularia grisea fungi. Other
authors showed that chitosan is able to penetrate the plasma
membrane of Neurospora crassa Shear and cause cell death
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as aresult of energy imbalance (Palma-Guerrero et al., 2009).
An increase in the resistance of tomato to Alternaria under the
influence of chitosan was demonstrated (Bayrambekov et al.,
2012). Its effectiveness against the anthracnose pathogen (Col-
letotrichum sp.) in cucumbers is comparable to that of chemi-
cal fungicides (Dodgson J.L.A., Dodgson W., 2017). Chitosan
treatment of common wheat plants prior to infection with the
fungal pathogen Fusarium graminearum Schwabe, the caus-
ative agent of Fusarium rot, has been shown to significantly
reduce the number of affected ears (Kheiri et al., 2016). In the
same culture, the effect of chitosan on resistance to another
dangerous fungal disease, brown leaf rust caused by Puccinia
triticina Erikss., was shown (Elsharkawy et al., 2022).

Chitosan and its derivatives inhibit the growth of various
bacteria (Fei Liu et al., 2001; Wisniewska-Wrona et al., 2007;
Rabea, Steurbaut, 2010; Badawy et al., 2014). However, the
latter are less sensitive to the action of chitosan than fungi
(Kong et al., 2010). Its minimum inhibitory concentration
varies from 0.05 to 0.1 % depending on the type of bacteria,
the molecular weight of chitosan, and the pH of the solution
(Katiyar et al., 2014). Some authors showed a stronger effect
of chitosan on Gram-positive bacteria compared to Gram-
negative ones (No et al., 2002; Tayel et al., 2010). This can be
explained by the fact that the latter form an additional outer
membrane, which is impermeable to high molecular weight
chitosan (Xing et al., 2015). However, as shown in other stud-
ies, under certain conditions (pH, Mg?* content), chitosan is
able to overcome this barrier, making Gram-negative bacteria
more sensitive to its action (Helander et al., 2001). Chitosan
negatively affects the growth of a number of pathogenic bac-
teria, including Xanthomonas (Li et al., 2008), Pseudomonas
syringae van Hall (Mansilla et al., 2013), Agrobacterium
tumefaciens (Smith et Townsend) Conn. and Erwinia caro-
tovora (Jones) Waldee (Badawy et al., 2014). The antimicro-
bial activity of chitosan derivatives against Escherichia coli
Migula and Staphylococcus aureu Rosenbach was also shown
(Su et al., 2009).

There are a lot of works devoted to the antiviral effects of
chitosan (Su et al., 2009). In plants, chitosan induces resistance
to viral diseases, preventing the spread of viruses and viroids
so that most treated plants do not develop a systemic viral
infection (Chirkov, 2002). It was found that chitosan enhances
the expression of RNases associated with the development of
resistance to potato virus X (PVX), suppressing its replica-
tion in cells (Iriti, Varoni, 2015). Chitosan-treated tomato
plants not only show resistance to tomato mosaic virus, but
also increased vegetative growth (Abd El-Gawad, Bondok,
2015). Chitosan also effectively inhibits the development of
alfalfa mosaic virus (AIMV), tobacco mosaic virus (TMV),
squash mosaic virus (SMV) (Nagorskaya et al., 2014). The
level of suppression of viral infection varies depending on the
molecular weight of chitosan. Low molecular weight chitosan
suppresses the formation of local necrosis caused by TMV in
tobacco by 50-90 % (Davydova et al., 2011).

Examples of the protective action of chitosan against va-
rious plant pathogens are given in the Table. The defense re-
action induced by chitosan depends not only on the type of
plant or pathogen, but also on the conditions and method of
its application.
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Examples of the protective action of chitosan in plants

Host Pathogen Effects References
Fungi
Durum wheat F. graminearum Activation of defense genes (PAL, POD) Orzalietal., 2014
and accumulation of phenolic compounds
Common wheat F. graminearum Accumulation of lignin and phenols Bhaskara Reddy et al., 1999
Millet A. kikuchiana ROS enzymes activation Meng et al,, 2010
Pearl millet S. graminicola Increasing nitric oxide (NO) level, activation of early Manjunatha et al., 2008, 2009
protection genes (PR-1), callose synthesis
Sunflower P. halstedii Activation of defense genes (PR-1a, CHI, POX, GLU, etc.) ~ Nandeeshkumar et al., 2008
Cherry tomato A. alternata Activation of defense genes (PPO, POD, PAL) Chenetal, 2014
Sweet pepper B. cinerea Fungal germ tube inhibition, polygalacturonase Ghaouth et al., 1997
suppression
Carrot S. sclerotiorum Destruction of the plasma membrane of the pathogen,  Qing etal,, 2015
activation of defense genes (POX, PPO)
Chilli pepper Colletotrichum sp. Lignin accumulation Photchanachai et al., 2006
Grape B. cinerea Activation of defense genes (PAL, etc.) Reglinski et al., 2010
Cucumber P. aphanidermatum Formation of structural barriers Ghauoth et al,, 1994
and activation of defense genes
Lychee P, litchii Accumulation of lignin, Jiang et al., 2018
increased expression of CHl and APX genes
Peach M. fructicola Increased expression of POX and GLU genes Maetal., 2013
Date palm F. oxysporumf£. sp. Activation of defense genes (POX, PPO) Hassni et al., 2004
albedinis and accumulation of phenolic compounds
Potato V. dahlia Inhibition of fungal growth Amini, 2015
P. infestans SA accumulation, activation of PAL, etc. Zheng et al., 2021
A. solani Pathogen cell wall degradation (CH/ activation) Abd El-Kareem, Haggag, 2014
Tomato F. oxysporum f. sp. Induction of hormones (SA, JA, abscisic acid), Suarez-Fernandez et al., 2020
radicis-lycopersici accumulation of phenolic compounds
and other stress-induced metabolites
B. cinerea Callose synthesis, JA accumulation, De Vega et al., 2021
Avr9/cf-9 expression
P. expansum Destruction of spore membranes, Liu et al., 2007
activation of defense genes
Bacteria
Apricot B. seminalis Pathogen membrane destruction, bacterial lysis Louetal, 2011
Tomato R. solanacearum Activation of CHI and GLU defense genes Algam et al., 2010
Melon A. citrulli Pathogen membrane destruction, bacterial lysis Lietal,2013b
Viruses
Potato PVX (virus X) Increased expression of RNases Iriti, Varoni, 2015
Tobacco TMV (mosaic virus) Increased activity of hydrolases, Nagorskaya et al., 2014
destruction of the virus
TNV (necrosis virus) Callose accumulation, microoxidative bursts, Iriti et al., 2006
hypersensitivity reaction
Tomato ToMV (mosaic virus) Stimulating the vegetative growth of plants, Abd El-Gawad, Bondok, 2015
synthesis of antioxidants (ascorbic acid)
Nematodes
Tomato M. incognita Direct effect on the parasite Khalil, Badawy, 2012
M. javanica Stimulating the vegetative growth of plants; El-Sayed, Mahdy, 2015

direct effect on the parasite
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Methods of chitosan application

Seed treatment
There are many examples of the effect of seed treatment on
plant resistance to infections (Benhamou et al., 1994; Algam
et al., 2010; Amini, 2015). In most cases, low molecular
weight chitosan demonstrated the highest efficiency (Orzali
et al., 2017). Mechanisms for increasing resistance in this
case differ depending on the pathogen. For example, it was
shown that the treatment of pearl millet seeds with a 4 %
solution of chitosan increased resistance to downy mildew
caused by the oomycete Sclerospora graminicola (Sacc.)
J. Schrot (Sharathchandra et al., 2004) by 48 %. In addition,
an increase in the expression of a number of proteins associ-
ated with the NO signaling pathway was found (see above).
A similar effect of seed treatment was found in sunflower in
relation to the causative agent of downy mildew Plasmopara
halstedii (Farl.) Berl. et de Toni (Nandeeshkumar et al., 2008).
Chitosan treatment of 7. aestivum seeds increased resistance to
obligate phytopathogens due to the accumulation of phenolic
compounds and lignification of cell walls at subsequent stages
of plant development after germination (Bhaskara Reddy et
al., 1999). An intensification of the lignification process was
found during the treatment of chili pepper seeds with chitosan,
which increased the survival rate of seedlings infected with
the anthracnose pathogen (Photchanachai et al., 2006). Seed
treatment with chitosan induced resistance in tetraploid wheat
Triticum durum Desf. to the causative agent of Fusarium
F. graminearum (Orzali et al., 2014). At the same time, the
analysis of plant tissues showed an increase in the activity of
enzymes: guaiacol-dependent peroxidase (POD), ascorbate-
dependent peroxidase (APX), as well as PPO and PAL.
Besides the antipathogenic effect, the effect of seed treat-
ment with chitosan is based on the enhancement of metabolic
processes in host plant. Thus, it was shown that soaking wheat
seeds in a solution of chitosan (in the form of a poly- or oligo-
mer) increased the length of the stem and roots in seedlings
6 days after treatment (Krivtsov et al., 1996). Later, these data
were confirmed by Chinese authors, who found that treatment
with low molecular weight chitosan increases the vigor of
wheat seed germination, as well as plant viability, biomass,
and yield, which is associated with accelerated carbon and
nitrogen metabolism (Zhang et al., 2017).

Treatment of soil

It is assumed that the addition of chitosan improves soil struc-
ture, and also affects the ratio of soil microorganisms, shifting
it towards beneficial ones. There is evidence of an increase in
the population of actinomycetes and pseudomonads, as well as
Bacillus subtilis in soils treated with chitosan (Mulawarman
et al., 2001). The latter also favorably affects the growth of
mycorrhizal fungi (Park, Chang, 2012). In addition, chitosan
is able to chemically neutralize toxic substances, pesticides,
and fertilizers (Xing et al., 2015). The positive effect of chi-
tosan in the soil also includes the induction of plant defense
mechanisms against soil pathogens. For example, in tomato,
significant inhibition of the pathogenic fungus Fusarium oxy-
sporum f. sp. radicis-lycopersici and nematode Meloidogyne
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Javanica Treub was observed as a result of depolarization of
root cell membranes that produce hormones, signal lipids, and
various protective substances, including phenolic compounds
(Suarez-Fernandez et al., 2020). However, in another work,
it was shown that the treatment of roots with chitosan did not
affect the development of fusariosis in sensitive celery variet-
ies, but effectively reduced the manifestations of the disease
in a tolerant variety (Bell et al., 1998).

Chitosan, applied as soil drainage, controlled the develop-
ment of the bacterial pathogen Ralstonia solanacearum Smith
in tomato, both as a result of direct action on the pathogen
and through eliciting effects, such as the synthesis of CHI
and B-2,3-glucanase (GLU), an enzyme that decomposes
large polysaccharides (Algam et al., 2010). Soil treatment
with chitosan effectively controlled the development of late
blight in sweet pepper (Kim et al., 1997) and strawberries
(Eikemo et al., 2003). In the date palm, chitosan activated
such enzymes as POD and PPO in root cells, as well as the
production of hydroxycinnamic acid, which promotes resis-
tance to F. oxysporum f. sp albedinis (Hassni et al., 2004).
There are a number of works showing the high efficiency of
chitosan applied to the soil to control nematodes of various
species, so that its action reduces the nematode population,
egg weight, and the degree of root damage (Khalil, Badawy,
2012; El-Sayed, Mahdy, 2015).

Leaf treatment

Treatment of vegetative plants with chitosan has been used
for many species for various purposes. For example, in the
barley Hordeum vulgare L., it caused an oxidative burst
and production of phenolic compounds in the leaves, which
created an unfavorable environment for the spread of fungi
(Faoro et al., 2008). Processes such as callose accumulation,
microoxidative bursts, and hypersensitivity reaction also
developed during tobacco leaf treatment, which ensured its
resistance to tobacco necrosis virus (TNV) (Iriti et al., 2006).
In another study, the effects of chitosan formulations on the
suppression of powdery mildew in grapes were studied (Iriti,
Varoni, 2015). In tomato, treatment of leaves with a solution
of chitosan caused resistance to the pathogenic fungus B. ci-
nerea (De Vega et al., 2021). This resistance correlated with
callose deposition at sites of infection, JA accumulation, and
expression of the Avr9/cf-9 elicitor protein.

In cucumber leaves, chitosan activated a number of de-
fense reactions against the oomycete Pythium aphaniderma-
tum (Edson) Fitzp., including the induction of protective bar-
riers (see above), activation of CHI, chitosanase, and GLU
(Ghauoth et al., 1994). The effect of chitosan preparations
against the fungus Phytophthora infestans (Mont.) de Bary
during leaf treatment of potatoes manifested in an increase in
the content of polyphenols in plant tissues and suppression of
the growth of the pathogen (Zheng et al., 2021). In the same
species, a similar effect was also demonstrated against the
causative agent of early late blight Alternaria solani Sorauer
(Abd El-Kareem, Haggag, 2014). In rice, several mechanisms
of inhibition of bacterial pathogens have been identified by
treating plant leaves with chitosan. On the one hand, there is
a direct effect causing lysis of cell membranes and destruction
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of bacterial biofilms, and on the other hand, an increase in
the production of plant defense proteins, including oxidative
stress proteins (peroxidases and oxidases), PAL, etc. (Li et
al., 2013a; Stanley-Raja et al., 2021). All these mechanisms
provided rice resistance to such pathogenic bacteria as Xan-
thomonas oryzae pv. oryzae and Xanthomonas oryzae pv.
oryzicola, pathogens of bacterial late blight and leaf streak,
respectively. The positive effect of leaf treatment on resistance
has also been shown in other plant species (Reglinski et al.,
2010; Lou et al., 2011; Li et al., 2013b).

Fruit treatment

The treatment of fruits with biostimulants is of great interest in
connection with the problem of tolerance of many pathogens
that develop on fruits after harvest to conventional chemical
pesticides, as well as in connection with the toxicity of the
latter to humans. It has been shown that chitosan reduces
the rate of respiration, the production of ethylene, the aging
hormone, and moisture loss, thereby contributing to the long-
term preservation of the quality of fruits and vegetables (L1,
Yu, 2001). Thus, the production of macerating enzymes of
cell walls that destroy pectins and cellulose in sweet pepper
fruits under the action of chitosan is reduced (Ghaouth et
al., 1997). In cherry tomato fruits, chitosan and its complex
with methyl jasmonate enhance the activity of PPO, POD,
and PAL in the presence of the fungus Alternaria alternata
(Fr.) Keissl. (Chen et al., 2014). Papaya fruits treated only
with chitosan or chitosan in combination with plant extracts
remain resistant to the anthracnose pathogen (Bautista-Bafios
et al., 2003). Treatment of lychee fruits with kadosan (a new
formulation of chitosan) effectively reduces their sensitivity
to late blight by increasing the activity of CHI, GLU, APX,
as well as the accumulation of lignin during storage (Jiang
et al., 2018). Chitosan treatment suppresses B. cinerea and
Penicillium expansum Link fungi (causative agents of gray
and blue mold, respectively) during storage of tomato fruits,
through a direct fungicidal mechanism, including destruction
of'the spore coat, and also due to the high activity of PPO and
POD in fruit tissues (Liu et al., 2007).

Another study showed that the combination of chitosan
with beeswax and lime essential oil had a fungicidal effect on
Rhizopus stolonifer (Ehrenb.) Vuill. by inhibiting mycelium
growth, spore germination and sporulation of this fungus in
potato (Ramos-Garcia et al., 2012). W. Qing et al. evaluated
the effect of chitosan on the control of Sclerotinia sclerotio-
rum (Lib.) de Bary (sclerotinia rot) in carrot (2015). As aresult,
various antipathogenic effects have been established, includ-
ing damage to plasma membranes, lipid peroxidation, protein
loss, along with an increase in PPO and POD activity in fruits
tissues. Other authors showed that soaking harvested sweet
cherries or irrigating them with a chitosan solution before
harvest effectively suppresses a range of fungal pathogens,
namely: B. cinerea, P. expansum, R. stolonifera, A. alternata,
and Cladosporium spp. (Romanazzi et al., 2003). The re-
duction in infection symptoms correlated with a protective re-
sponse associated with PAL accumulation. Z. Ma et al. found
that chitosan-induced induction of GLU, POD, CAT, CHI,
and other enzymes controls brown rot (Monillinia fructicola)
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affecting peach fruits (2013). However, the effect of chitosan
per se was not effective in all cases. For example, it did not
provide complete protection of pear fruits against blue mold
(P. expansum), although it was very effective in combination
with Cryptococcus laurentii and calcium chloride (Meng et
al., 2010).

Plant protection products based on chitosan
Despite the presence of a large number of positive effects of
chitosan in terms of plant disease control, at present, its use
in its pure form is rather limited due to insufficient efficiency.
An increase in the biological efficiency of preparations based
on chitosan is achieved by its chemical modification, which
affects the physical properties, by selecting the optimal ratio
of low- and high-molecular forms of chitosan for a particular
pathogen-host system, and also by creating complexes with
other biologically active substances. The latter, in particular,
include organic acids: salicylic, arachidonic, succinic, glu-
tamic, etc., which induce the mechanisms of local and sys-
temic plant resistance to pathogens and thereby increase plant
productivity under adverse conditions.

At the moment, a number of complex preparations have
been developed in Russia, such as “Narcissus”, “Chitozar”,
“Ecogel”, etc. Of particular interest is “Narcissus” (JSC
Agroprom — MDT Group of Companies), which includes
chitosan (50 %), succinic (30 %) and glutamic (20 %) acids.
It increases the resistance of wheat to leaf rust and root rot,
rice to blast, tomatoes to late blight and fusarium, cucumbers
to powdery mildew, etc. (Badanova et al., 2016). In addition,
the preparation destroys the chitinous membrane of root-
knot nematodes (Dobrokhotov, 2000; Gol’din, 2014). “Eco-
gel” (Biochemical Technologies Ltd., Moscow) was obtained
by magnetic enrichment of chitosan lactate with silver ions
(http://ekogel.ru/poleznaya-informaciya/laktat-hitozana-dlya-
rasteniy-svoystva-primenenie/). It improves plant growth and
root formation, increases the resistance of a number of crops,
such as sugar beet, sunflower, potato, etc., to fungal, bacterial
and viral diseases when applied by seed treatment and spray-
ing of plants (Tyuterev, 2015). The All-Russian Institute of
Plant Protection (St. Petersburg, Pushkin) has developed a
number of preparations under the general name “Chitozar”
based on chitosan and other biologically active substances.
In addition to chitosan, their composition includes: SA and
potassium phosphate (“‘Chitozar M), arachidonic acid (“Chi-
tozar F”’). These combined preparations were effective against
such pests as powdery mildew and downy mildew fungi,
California thrips (Kirillova, 2015; Badanova et al., 2016). In
particular, the activity of preparations with arachidonic acid
and SA against Phytophthora infestans (Mont.) de Bary and
virus Y, respectively, was demonstrated on potato. In the case
of phytophthora, the biological efficiency of the complex was
15 % higher compared to treatment with chitosan alone, and
in the case of virus Y plants showed complete resistance after
treatment with the complex (6.7 % infected in plants pretreated
with chitosan only) (Tyuterev, 2015).

As known, according to the type of nutrition, pathogens
are classified into biotrophs, necrotrophs, and hemibiotrophs
having different sensitivity to ROS, the level of which is con-
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trolled by the antioxidant system. The effect of immunomodu-
lators based on chitosan, vanillin, and SA on the resistance
of wheat to pathogens of leaf rust and dark brown spotting
differing in the type of nutrition was studied. Combined
preparations of chitosan with a certain ratio of vanillin and SA
were developed, which provided a high antipathogenic effect
against both pathogens due to the modulation of the activity
of enzymes of the antioxidant system (Popova et al., 2018).

A perspective direction in plant protection is the use of a
complex of chitosan with alginate — a polysaccharide that is
part of the cell wall of brown algae. This complex provides
encapsulation of beneficial microorganisms that can be used as
probiotics and pathogen antagonists (Saberi Riseh et al., 2021).

As mentioned above, there are conflicting data on the an-
tipathogenic activity of low and high molecular weight chito-
san, which is largely due to the lack of a unified and reliable
method for determining its molecular weight, as well as the
fact that in most cases chitosan preparations are a mixture of
molecules of different sizes. Along with the complexity and
high cost of analyzing the composition of these preparations
(the level of polymerization of molecules, the degree of their
acetylation, etc.), some chemical features of chitosan also
limit its use. For instance, the solubility and, consequently,
the efficiency of chitosan in neutral or alkaline media (soil or
aqueous solution) is significantly inferior to those in an acidic
environment (Katiyar et al., 2014). The solubility of chitosan
in a wide pH range can be increased by chemical modification
of the polymer molecule, for example, by interaction with
mannose (Yu et al., 2023), addition of methyl groups (Wang et
al., 2015), and also by intramolecular crosslinking. Recently, a
new chitosan derivative, novochizol, was obtained by the last
method. Unlike the linear chitosan molecule, the novochizol
molecule has a globular, close to spherical shape (https://www.
novochizol.ch). Such a molecular design gives it a number of
advantages over chitosan, namely: higher chemical stability,
low degree of biodegradation, solubility in aqueous solutions
with pH > 6, increased adhesion, and the ability to retain va-
rious active substances, such as fungicides, in globules and
slowly release them. The latter feature provides a significant
decrease in the effective concentrations of active substances
and, accordingly, a decrease in their negative impact on eco-
systems and humans.

The unique capabilities of novochizol allow to combine it
with almost any substances (of low or high molecular weight,
hydrophilic, hydrophobic, even insoluble), as well as bacteria,
fungi and their spores, viruses. Various combination methods
(by impregnation or emulsification) make it possible to control
the dose of active component and its release rate, the degree of
adhesion, and other parameters. It has recently been shown that
treatment with novochizol stimulates the germination of com-
mon wheat seeds in the soil, and also increases both the root
biomass and the total seedling biomass (by 1.5 and 1.8 times,
respectively) (Teplyakova et al., 2022). Unlike chitosan, the
effect of novochizol and its complexes on plant resistance to
pathogens is still poorly studied. It is only assumed that such
an action may have a much more pronounced effect due to
the synergistic action of novochizol per se, and the action of
other biologically active substances, for which it can serve as
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a carrier. There are already preliminary data confirming this
assumption obtained on various plant objects (https:/www.
novochizol.ch/agrotechnology/).

Conclusion

Among the approaches aimed at increasing the resistance of
plants to certain factors, biological protection products have
great prospects, since, unlike most of the chemical pesticides
used, they do not pollute the environment and are non-toxic
to humans. These products include chitosan, a deacetylated
derivative of chitin. According to numerous authors, treatment
with chitosan leads to an increase in plant biomass and an
increase in their resistance to abiotic and biotic environmental
factors. The antipathogenic effects of chitosan are associated
both with a direct effect on pathogens and with its elicitor
action associated with the induction of PAMP. The specific
biological effects of chitosan are determined by the types
of pathogen and host plant, environmental conditions and
method of application, depending on the plant organ being
treated. Despite the facts of the successful use of chitosan in
agrobiology, some of its physical and chemical properties: low
solubility and adhesion, chemical instability, limit this applica-
tion. Recently, a number of different preparations of chitosan
have been developed in combination with biologically active
substances that enhance its action, as well as an improved
chemical derivative, novochizol, which has great potential for
use as a biostimulant and an effective plant protection agent.
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Abstract. Doubled haploid technology is a valuable biotechnological approach in plant breeding that enables one
to quickly create new varieties through the single-stage production of homozygous lines. The aim of this study was
to assess the indicators of in vitro androgenesis in the anther culture of the initial breeding material of varieties and
combinations of F, and F, and to identify promising accessions with good responsiveness. For that purpose, the plant
material that proved promising for the breeding programs of Siberian Research Institute of Plant Production and
Breeding (SibRIPP&B) was used. Ten cultivars of common wheat and the F, and F, hybrids of nine combinations were
evaluated for the main parameters of in vitro androgenesis such as the number of new formations, albino, green and
all regenerated plants. Induction of androgenesis in vitro was carried out in anther culture in growth medium Chu (N6)
containing 1 mg/l of growth regulator 2,4-D. The studied samples showed different responses to induction. The maxi-
mum level of new formations was found in F, hybrids Novosibirskaya 15 x Lutescens ShT-335. The largest number of
green plants was found in F; Novosibirskaya 15 x Lutescens ShT-335. According to the results of variance analysis,
a significant (p < 0.01) influence of genotype on the studied traits was established. Varieties with good responsive-
ness to anther culture (Novosibirskaya 15) and lack of responsiveness to in vitro androgenesis (Novosibirskaya 31)
were identified. Novosibirskaya 16 was characterized by a low regeneration capacity of new formations. A significant
heterotic effect was revealed considering the number of new formations per 100 anthers among the hybrids of such
combinations as Novosibirskaya 15 x Lutescens ShT-335, Novosibirskaya 15 x Lutescens 111/09, and Zagora Novosi-
birskaya x Obskaya 2. Novosibirskaya 15 was recommended for inclusion in crossings as a parental form that provides
high hybrid responsiveness during in vitro androgenesis. The use of doubled haploid technology made it possible to
quickly create DH-lines based on the breeding material.

Key words: doubled haploids; in vitro androgenesis; anther culture; Triticum aestivum L.; heterosis.
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M3yueHMe MOTeHI[Mala ICXOQHOT'O CeJIEKIIMIOHHOr0 MaTepuasa
rmeHuilbl (Triticum aestivum L.) B aHOpOreHese in Vitro

H.B. ITerpam @, T.H. Kamnko, B.B. CoseTtos

CnbUPCKINiA HayYHO-UCCNeA0BaATENIbCKUIN MHCTUTYT PacTEHNEBOACTBA 1 cenekumm — punman OefepanbHOro NCcnefoBaTenbCKoro LeHTpa
WHCTWTYT umTonorum n reHetnkn Cnbupckoro otaeneHms Poccuinickor akagemnm Hayk, HoBocnbrpck, Poccus
® pnv1i@bionet.nsc.ru

AnHoTauua. Co3gaHne yABOEHHbIX rarnionjoB — LieHHbI 6UOTEXHONOMMYECKNI NMOAXOH B CENEKUUN pacTeHNIA, No-
3BONAOWMIA YCKOPEHHO CO3AaBaTb HOBble COPTa 3a CYET OJHOSTANHOrO NMOMyYeHNA rOMO3UIOTHbIX NMHWUIA. Lienbio
HaCTOALLErO UCCNeoBaHUA ObINO NPOBEAEHNE OLEHKM MOKa3aTenel aHgporeHesa in vitro B KynbType MblfibHUKOB
MNCXOLHOTO CEeNeKUVOHHOMo MaTepurana copTos 1 KombuHaumn F, 1 F, 1 BbiaBReHME NepcneKTUBHbIX 06pa3sLoB C X0-
poLueii 0T3bIBUMBOCTbIO. B paboTe 1cnonb3oBaH pacTUTESNbHbIN MaTepurars, NepCcnekTUBHbIN Af1A CeNeKLMOHHbIX NPOo-
rpamm CMOMpCKoro Hay4YHoO-1CCIe[0BaTeNIbCKOrO MHCTUTYTa pacTeHMEBOACTBA U cenekumnn — dunuana Nul CO PAH.
[llecAaTb cOpTOB MATKOW MiueHnUbl U rmbpugpl F; 1 F, 0eBATM KOMOMHALUMIA CKpeLLMBaHUA OLEHMBANIN MO OCHOBHbIM
napameTpam aHZporeHesa in vitro: Ynciy HOBOOOPA30BaHNI, YNCITY alIbOVHOCOB 1 3€MEHbIX PAaCTEHUIA-PEreHEPAHTOB
1 BCEX pereHepupoBaBLLMX pacTeHUNA. VIHAYKLUMIO aHgporeHesa in vitro NpoBOAUNY B KyNbTYpPe MbliIbHAKOB Ha N1Ta-
TenbHow cpege Chu (N6), B KauecTBe perynatopa pocta ucnonb3osanu 1 mr/n 2.4-[. Y nsyyaembix 06pa3uos obHa-
PY>KeH pasfiMyHbIA OTBET Ha MHAYKUMIO aHAporeHesa in vitro. OTMeUYeH MakcMasbHbIN BbIXOL HOBOOOPa30BaHUI y
rmépugos F, HoBocnbupckan 15 xJlioTecueHc LT-335. Hanbonbluee KONMYecTBO 3eNeHbIX pacTeHNIA-pereHepaHToB
ob6HapyeHo y F, HoBocnbupckas 15 xJllotecueHc LUT-335. Mo pe3ynbtatam ANCNEPCMOHHOTO aHav3a yCTaHOBIEHO
noctoBepHoe (p < 0.01) BAMAHME reHOTMNa Ha M3yyaemble Npr3HaKU. BbiaBneHbl copTa ¢ XopoLuel 0T3bIBYMBOCTbIO
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M3yuyeHne noTeHUrana MCXOAHOIo CeNeKkUMOHHOro MaTtepurana
nweHuubl (Triticum aestivum L.) B aHaporeHese in vitro

B KyNibType MblibHNKOB (HoBocmbupckas 15) 1 ¢ OTCYTCTBMEM OT3bIBUMBOCTY K aHAporeHesy in vitro (HoBocnbup-
ckas 31). Copt HoBocrbrpcKas 16 xapakTepu3oBancs HU3KOW pereHepaLMoHHOM CMOCOOHOCTbI0O HOBOOBPa3oBa-
HuiA. Cpefmn rmbpuaos 3HAUNTENbHDBIV FeTEPO3UCHBIV 3OPEKT OTMEUEH MO NPU3HAKY «YMCI0 HOBOOOPA30BaHMIN Ha
100 nbIIbHKOB» B KOMOUHaUmax HoBocnbupckas 15 x JliotecyeHc LUT-335, HoBocnbupckas 15 x JllotecueHc 111/09,
3aropa HoBocrbupckas x O6ckas 2. CopT HoBocnbupckas 15 peKoMeHLOBaH K BKIOYEHMIO B CKPELUMBAHUA Kak CoOPT,
obecneyrBaloLWMI BbICOKYIO OT3bIBUMBOCTb B aHApOreHese in vitro ruéprpaos. NpriMeHeHne TEXHONOMMM YABOEHHbIX
ranaovaoB No3Bonnno 6uicTpo co3aatb DH-nMHUM Ha OCHOBE 13yYaemoro matepuana.

KnioueBble cfioBa: yABOEHHbIe ranionAbl; aHAPOreHes in vitro; KynbTypa MblIbHUKOB; Triticum aestivum L.; reTepo3uc-

Hbl 3 eKT.

Introduction

Common wheat (7riticum aestivum L.) is a critical cereal
crop and the main source of vegetable protein for humans.
According to the Food and Agriculture Organization of the
United Nations (FAO), over 760 million tons of wheat was
annually produced around the world in 2019-2021, with Rus-
sia having harvested around 78.8 million tons!. As the world’s
population grows, increasing cereal production becomes a
necessity. According to projections, the world cereal produc-
tion is expected to reach 840 million tons by 2030 thanks to,
among other things, higher wheat yields2.

As for breeding efforts, their main goal of is to develop
new varieties combining high productivity, environmental
plasticity, and resistance to diseases and other environmental
stresses. Reaching this goal requires the use of new breeding
material and advanced biotechnological methods.

In addition to conventional wheat breeding methods includ-
ing hybridization and multistage selection followed by a series
of self-pollinations to achieve homogeneity and persistence,
various optimization approaches have been widely used in
recent years, such as production of DH (doubled haploids)
lines. The latter are completely homozygous lines obtained
by doubling the number of chromosomes in haploid plants.
Their use accelerates the breeding process and makes it less
laborious, while also providing unique genetic material for
mapping populations, phenotyping, and genotyping (Hao et
al., 2013; Hale et al., 2022).

DH make it possible to obtain homozygous lines from hy-
brid material in one generation, while conventional methods
take five-six self-pollination generations. This allows plant
breeders to produce a new variety in five-seven years and
respond quickly to the needs of the grain market.

In recent years, researchers have focused on improving DH
production protocols, which has allowed DH technology to
become a fast and accurate tool for achieving homozygosity
of the original breeding material (Maluszynski et al., 2003;
Wedzony et al., 2009; Segui-Simarro et al., 2021b). The re-
search received a boost with the discovery of Datura anther
culture’s ability to form haploid embryos and seedlings (Guha,
Maheshvari, 1964). At present, DH production protocols are
available for almost 400 species (Segui-Simarro et al., 2021a).
According to some authors, over 300 varieties have been pro-
duced using DH technologies in 12 plant species around the
world (Forster, Thomas, 2005).

T Crops and livestock products. https://www.fao.org/faostat/en/#data/QCL
2 OECD/FAO (2021), OECD-FAO Agricultural Outlook 2021-2030, OECD Pub-
lishing, Paris. https://doi.org/10.1787/19428846-en

Doubled haploids may be obtained in vivo and in vitro. The
use of in vivo systems implies obtaining a haploid embryo
by parthenogenesis, pseudogamy, distant hybridization with
subsequent elimination of alien pollinator chromosomes or
as a result of intraspecific crosses (pollination by pretreated
pollen, crosses with haploid induction lines). Chromosome
doubling is a required step in all these DH production tech-
niques. In vitro methods are based on obtaining plants from
gametophyte cells by gynogenesis (cultivation of ovaries
and flowers on nutrient media) or androgenesis (cultivation
of anthers and isolated microspores) (Forster, Thomas, 2005;
Segui-Simarro et al., 2021b).

The isolated microspore culture and anther culture are
widely used for production of haploids and DH plants in wheat
breeding programs (Dunwell, 2010; Lantos et al., 2013; Segui-
Simarro et al., 2021a). DH production by in vitro androgenesis
in anther culture (AC) is a simple and efficient method of
obtaining pure lines (Castillo et al., 2015; Urazaliyev, 2015;
Lantos, Pauk, 2016; Kolesnikova et al., 2021). The process
is based on changing microspore development program from
gametophyte way (pollen grain formation) to sporophyte,
and the obtained embryo-like structures (ELS) and calluses
are then used to grow regenerated plants (Embryological
Foundations..., 2005). These plants are of significant breeding
value because they develop from cells following the meiotic
division, and thus have unique gene combinations. Haploid
cells on the nutrient medium may undergo genome doubling
and produce spontaneous DH plants with 100 % homozygosity
as a result. In homozygous organisms, the effect of recessive
genes can be seen along with that of dominant genes, which
significantly accelerates genotype selection (Kasha, Malu-
szynski, 2003).

The efficiency of androgenesis in AC is affected by many
factors, including donor growth conditions, microspore deve-
lopment stage, pretreatment conditions, nutrient medium com-
position, but genotype is what affects it the most (Tuvesson
et al., 2000; Lantos, Pauk, 2020; Segui-Simarro et al., 2021b;
Hale, 2022). The success in obtaining androgenic regenerant
plants is limited due to albinism and significant genotypic
dependency (Li et al., 2013; Zhao L. et al., 2015). Genotype-
dependent variation in responsiveness can be seen both at
intraspecific and interspecific levels. For example, hexaploid
winter wheats show better in vitro androgenic responsiveness
than the spring ones (Sharma et al., 2005; Lazaridou et al.,
2016). A wheat-rye 1RS.1BL translocation has a positive effect
on plant regeneration in in vitro androgenesis (Agache et al.,
1989; Pershina et al., 2013; Timonova et al., 2022).
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Table 1. F,—-F, combinations and their parent varieties assessed with respect to in vitro androgenic responsiveness

in the anther culture

No. Varieties No. Combinations, generation F,, F, No.
combination
1 ............. NOVOSIb" S kaya15 ..................................... 1 1 .............. NOVOS|b|r5kaya 15X|_ u tesc e nSShT3 3 5 ................. NO 3 ...............

2 ............ NOVOSIb" S kayam ..................................... 1 2 ............. Novo5|b|r5kaya 15X|_ u tesc e ns1 11 /09 .................. No 2 ...............

3 ............ NOVOSIb" S kaya18 ..................................... 1 3 .............. NOVOS|b|rSkaya 16><|_ u tesc e ns1 11 /09 .................. No 7 ...............

4 ............ Novos|b|rskaya3‘| ...................................... 14 ............. Novos,bn—skaya18X|_utescens111/09 .................. N09 ...............

5 ............ NOVOSIb"Skaya75 ..................................... 15 .............. Novo5|b|rskaya1gxs|gma ..................................... N061 ..............
6 zagoraNovosbirskaya | 16 Novosibirskaya75xLutescens 11109 No.23
7 ............ ObSkayaz .................................................. 17 ............. NOVOS,b,rSkaya31XLutescenS”Vog .................. N014 .............
8 ............ S,gma ......................................................... 18 ............. ZagoraNOVOSIbIrSkaanLUtescens1”/09 .......... N026 .............
9 ............ LUte Scen 51 1 . 1 /09 ...................................... 1 9 ............. ZagoraNOVOSIbIrSkaanObSkaya 2 ...................... No 24 .............
10 ............ LUtescenSShT335 ................................................................................................................................................................

Additive, dominant, and epistatic relationships between
genes responsible for inheritance of androgenic traits in AC
were observed (Chaudhary et al., 2003; Dagiistii, 2008; Grauda
etal., 2016). At the same time, some authors showed that an-
drogenic responsiveness in AC followed a simple inheritance
scheme and was controlled by dominant genes (El-Hennawy
etal., 2011). B.E.S. Abd El-Fatah et al. (2020) demonstrated
that additive effects prevailed over dominance effects in terms
of genetic control of in vitro androgenic traits.

A viable strategy of overcoming genotypic dependency is
to use breeding material with high in vitro androgenic respon-
siveness, i. . one of the parents in the cross should induce the
development of green regenerants in hybrids (Tuvesson et al.,
2003; Kondic-gpika et al., 2011; Lantos, Pauk, 2020). Thus,
it seems reasonable to assess the initial breeding samples and
use the ones with good in vitro androgenic responsiveness in
Crosses.

The goal of the present study was to assess in vitro andro-
genic indicators in the anther culture of the initial breeding
material from spring varieties of common wheat and combi-
nations of F, and F,, as well as identify promising accessions
with good responsiveness.

Materials and methods

Spring common wheat samples showing promise under the
breeding program of Siberian Research Institute of Plant Pro-
duction and Breeding (SibRIPP&B) — Branch of ICG SB RAS
were used as breeding material. Nine combinations of F, and
F, and ten parent varieties were selected for the assessment
of in vitro androgenic responsiveness (Table 1).

Anther donor plants were grown on the field of Siberian
Research Institute of Plant Production and Breeding in 2022.
The spikes were harvested from leading shoots while most of
the microspores were at the mid to late uninucleate stage. In
terms of visual evidence, it meant that the middle of the spike
was at the same height as the second top leaf sheath. Micro-
spore development stage was identified using a Leica CME
microscope (Leica Microsistems, Russia) in acetocarmine-
stained cytological squash preparations.

The harvested spikes were stored in a temperature con-
trolled container with cooling agents, transported to the
laboratory, placed in test tubes with distilled water, and kept
in a refrigerated thermostat TVL-K at +4 °C for seven days.
After the cold pretreatment, the spikes were sterilized with
wipes soaked in 70 % and then 96 % alcohol and transported
to a biosafety box. The anthers were obtained from lateral
flowers from the middle of the spike, with the average of
about 50 anthers per spike. The experiments were performed
in triplicate with one Petri dish for each measurement and with
at least 100 anthers obtained for each accession.

The anthers from two spikes with the same genotype were
inoculated in 100 mm @ Petri dish with 15-20 ml of Chu’s
N6 induction medium (Chu, 1978), 90 g/l sugars (sucrose:
maltose in the ratio of 2:1); 100 mg/l myo-inositol; 1 mg/l
2,4-D, 0.5 mg/1 kinetin, and 6 g/l plant agar. Petri dishes with
anthers were incubated in the dark at 28 °C until the emergence
of the first microspore-derived structures, and then at 25 °C
for the further growth of the obtained structures. Following
the incubation period of 30—40 days, the ELSs and calluses
reaching 1.5-2 mm in diameter were placed in quantities
of 3 to 5 in 28 mm @ test tubes with Gamborg’s BS medium
(Gamborg etal., 1968), 30 g/l sucrose, 5 g/l plant agar without
growth regulators. Plantlets regenerated under LED lights with
photosynthetic photon flux density (PPFD) of 751.6 pmol/m?/s
at 18-20 °C for 20-30 days with photoperiod of 16 hours.

Green plantlets with well-developed roots and leaves were
taken out from the test tubes, with the remains of the nutrient
medium thoroughly washed away from the roots, and planted
into separate pots (0.8 1) with a mixture of coconut substrate,
all-purpose soil, and vermiculite in the ratio of 3:1:1. The
rooted plants were grown under the same LED lights at tem-
peratures of 19-21 °C and humidity of about 50-60 %. The
plants were grown to full maturity. Only the fertile plants
(spontaneous DH) were selected for further study, while
partially fertile or sterile plants were discarded.

The responsiveness of the AC was assessed using the fol-
lowing indicators: number of neoplasms (ELSs and calluses)
per 100 isolated anthers (N/100A); number of albino plantlets
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per 100 isolated anthers (AP/100A); number of green plant-
lets per 100 isolated anthers (GP/100A); total plantlets per
100 neoplasms (TP/100N).

Statistical processing of the data was performed using
Microsoft Excel 2010. Analysis of variance was carried out
using SNEDECOR software (Sorokin, 2004). True (Hy,, %)
and hypothetical (Hyy,, %) heterosis were calculated using
Egs. (1) and (2) based on (Omarov, 1975):

Hy=F, - Pbest/Pbest x 100 %o, (1)

Hpyp= Fj — Py /Py % 100 %, 2)
where F, is the value of interest in the hybrid; Py, is the same
value in the best parent; P,, is the average value between
parents (P1 + P2)/2.

The degree of phenotypic dominance (Hp) acting as an
inheritance indicator in the controlled crosses was calculated
using Eq. (3) based on (Griffing, 1956):

Hp = F, — MF/HF — MF, (3)
where Hp is the dominance value; F; is the observed mean
of F; MF is the average attribute value between parents; and
HF is the attribute value in the best parent. The interpretation
was as follows: Hp > 1 was recognized as positive heterosis,
Hp =0.5-1.0 as positive dominance, Hp from +0.5 to —0.5 as
intermediate inheritance, Hp = —0.5 to —1.0 as negative do-
minance, and Hp <—1.0 as negative heterosis. Inbreeding de-
pression (ID %) was calculated using Eq. (4) based on (Pe-
derson, 1971):

ID = (F, — F{/Fy) x 100 %, 4
where ID is the inbreeding depression, F; is the average at-
tribute value in the first-generation hybrid family, F, is the
average attribute value in the second-generation hybrid family.

Results and discussion

The success of DH technology in breeding programs depends
on the genotype’s ability to regenerate green plants in in vitro
androgenesis.

In the present paper, the assessment of in vitro androgenic
responsiveness is presented for 10 varieties and 9 combinations,
generations F; and F,. A total of 16,598 anthers have been iso-
lated and placed in induction medium, with at least 100 anthers
analyzed in triplicate for each accession. The single-factor
analysis of variance showed a significant effect of genotype
on all in vitro androgenic indicators of interest (Table 2).

The studied samples showed a variety of in vitro androgenic
responses (Table 3). The number of neoplasms per 100 isolated
anthers (N/100A) indicates the quantity of structures (ELSs
and calluses) developing from microspores. This attribute va-
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ried from 0 to 17.20 (Novosibirskaya 15 % Lutescens ShT-335,
F,), the average being 3.74. The average number of green
regenerants per 100 anthers (GP/100A) was 1.45. Maximum
values were observed in F; Novosibirskaya 15 x Lutes-
cens ShT-335 and Novosibirskaya 15 x Lutescens 111/09, at
12.15 and 12.50, respectively. The average number of albino
plantlets per 100 anthers (AP/100A) was 0.63. Maximum
values were observed in Novosibirskaya 15 (2.67), F, Novo-
sibirskaya 15 x Lutescens ShT-335 (2.40), and F; Zagora No-
vosibirskaya x Obskaya 2 (2.92). The average total number of
regenerants per 100 anthers was 2.08. Maximum values with
prevalence of green regenerants were observed in F; Novo-
sibirskaya 15 x Lutescens ShT-335 and Novosibirskaya 15 %
Lutescens 111/09. A total of 150 green plantlets were obtained
in the experiment.

The analysis showed that high neoplasm production was
not directly associated with a high number of regenerants. For
instance, varieties Novosibirskaya 15 (p <0.10) and Novosi-
birskaya 16 (p < 0.05) both showed above average neoplasm
production, but Novosibirskaya 15 also showed higher rege-
neration ability (TP/100A=4.33, p <0.05). Novosibirskaya 16
produced 12.40 neoplasms per 100 anthers with 1.80 regene-
rated plantlets per 100 anthers (see Table 3). This observation
confirms the literature data that in vitro androgenic indicators
are polygenically controlled and independently inherited
(Ekiz, Konzak, 1994; Nielsen et al., 2015; Abd El-Fatah et al.,
2020). Novosibirskaya 31 and, notably, its combinations in the
first and second generations did not produce any structures,
allowing us to assume that a non-responsive genotype worthy
of further research has been discovered.

The ability of calli and embryo structures to regenerate into
plantlets is reflected in the number of green regenerants per
100 neoplasms and the number of albino plantlets per 100 neo-
plasms (see the Figure). The experiment showed that the aver-
age number of regenerated green plantlets per 100 neoplasms
was higher than the number of albino plantlets, the respective
values being 26.41 and 18.74. The highest regeneration ability,
with more than half of neoplasms regenerating into plants, was
observed in hybrids F; No. 3 (Novosibirskaya 15 x Lutescens
ShT-335), No. 2 (Novosibirskaya 15 x Lutescens 111/09),
No. 7 (Novosibirskaya 16 x Lutescens 111/09), No. 61 (No-
vosibirskaya 18 x Sigma), No. 26 (Zagora Novosibirskaya x
Lutescens 111/09), and F, No. 26 (Zagora Novosibirskaya x
Lutescens 111/09) (see the Figure). Notably, the number of
green regenerants per 100 neoplasms was above 100 for hybrid
F; No. 3 (Novosibirskaya 15 x Lutescens ShT-335), possibly

Table 2. Single-factor analysis of variance for in vitro androgenic responsiveness indicators in the anther culture

of wheat varieties and F,-F, hybrids

Source of variation df N/100A

Eﬁect % ..................... ,_-fact .........
GenOtype ................................. 27 .............. 7344 .......................... 930* ......
Randomfactors ....................... 56 .............. 2656 .......................... _ .............

GP/100A AP/100A
........ Eﬁect’%FfactEﬁect%Ffad
........ 78571200*5182423*
........ 2143_4818_

*p < 0.01 (Fiap, 0.99 = 2.18); df is the number of degrees of freedom; Fy, is the calculated Fisher test value; N/100A is the number of neoplasms per 100 anthers;
GP/100A is the number of green plantlets per 100 anthers; AP/100A is the number of albino plantlets per 100 anthers.
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Table 3. In vitro androgenic responsiveness indicators in the anther culture of wheat varieties and F,—F, hybrids

N/100A

Genotype

GP/100A

AP/100A TP/100A

Note. N - neoplasms; GP - green plantlets; AP — albino plantlets; A — anthers; TP - total plantlets; Novosib. - Novosibirskaya; Lut. - Lutescens.
1 Differences from the mean are significant at p = 0.05; 2 differences from the mean are significant at p = 0.10.

due to secondary embryogenesis or an ELS developing into
polyembryoids (structures with several shoot growth points
(Seldimirova, 2009; Pershina et al., 2020)). Both mechanisms
produce clones or sister plants.

Albinism acts as a limitation for DH production in in vitro
androgenesis. Our experiment showed the prevalence of
green plantlets in the total number of plantlets in varieties as

follows: Obskaya 2, Lutescens ShT-335, F; hybrids Novo-
sibirskaya 15 x Lutescens ShT-335, Novosibirskaya 15 X
Lutescens 111/09, Novosibirskaya 16 x Lutescens 111/09,
Novosibirskaya 18 x Sigma, Zagora Novosibirskaya x Lute-
scens 111/09, and F, hybrids Novosibirskaya 18 x Lutescens
111/09, Novosibirskaya 75 x Lutescens 111/09, Zagora No-
vosibirskaya x Lutescens 111/09 (see the Figure). It follows
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Percentage of green and albino plantlets per 100 neoplasms in in vitro androgenesis of wheat varieties and F,-F, hybrids.

No. 3 - (Novosibirskaya 15 x Lutescens ShT-335); No. 2 — (Novosibirskaya 15 x Lutescens 111/09); No. 7 - (Novosibirskaya 16 x Lutescens 111/09); No. 9 -
(Novosibirskaya 18 x Lutescens 111/09); No. 61 — (Novosibirskaya 18 x Sigma); No. 23 - (Novosibirskaya 75 x Lutescens 111/09); No. 14 - (Novosibirskaya 31 x
Lutescens 111/09), No. 26 - (Zagora Novosibirskaya x Lutescens 111/09); No. 24 - (Zagora Novosibirskaya x Obskaya 2); LSDg g5 (GP/100N) = 19.51;

LSDy o5 (AP/100N) = 7.81.

from the analysis of variance that around 50 % of albinism
cases are genotype-related (see Table 2).

There are several factors increasing the chance of albinism,
including genotype, donor growth conditions, cultivation
conditions, medium composition, incompatibility of nuclear
and plastid genomes, and plastid DNA deletions or muta-
tions (Nielsen et al., 2015; Zhao P. et al., 2017). The high
significance of the genotype’s effect on the number of albino
plantlets is demonstrated in a number of papers (Lantos, Pauk,
2016; Castillo et al., 2019; Abd El-Fatah et al., 2020; Kanbar
et al., 2020).

Genotypic dependency of albinism is associated with tran-
scription activation of specific genes involved in chloroplast
biogenesis at early stages (Mozgova et al., 2006; Canonge
et al., 2021). Chloroplast DNA deletions were observed in
albino plants, along with inhibited transcription of the nuclear
genes coding for chloroplast-localized proteins, while levels of
transcripts coding for proteins not present in chloroplasts were
identical to those in green plants (Dunford, Walden, 1991).

To evaluate the prospects of using the studied varieties
in further crosses, the heterosis effect in their hybrids was
analyzed. Heterosis effect of in vitro androgenic responsive-
ness was described earlier, and its degree was shown to vary
between genotypes (Ouyang et al., 1973; Ekiz, Konzak, 1994).

True (Hy) and hypothetical (Hyy,) heterosis, inheritance
indicator (Hp), and inbreeding depression (ID %) were calcu-
lated based on the number of neoplasms per 100 anthers, since,
according to the analysis of variance, genotype significantly
contributes to this value (73.44 %, see Table 2) and directly
affects the subsequent in vitro androgenic responsiveness in-
dicators. Maximum hypothetical heterosis was observed in

Zagora Novosibirskaya x Obskaya 2, and minimum, in No-
vosibirskaya 31 x Lutescens 111/09 (Table 4). True heterosis
characterizes stronger manifestation of the trait in F; compared
to the best parent.

Maximum true heterosis of 100 % was observed in No-
vosibirskaya 15 x Lutescens 111/09, negative heterosis was
observed in hybrids with Novosibirskaya 31 demonstrating
androgenic non-responsiveness. Significant negative H,, was
also observed in Novosibirskaya 16 x Lutescens 111/09 and
Zagora Novosibirskaya x Lutescens 111/09.

Analysis of the inheritance indicator showed positive
heterosis for Novosibirskaya 15 x Lutescens ShT-335, Novo-
sibirskaya 15 x Lutescens 111/09, Zagora Novosibirskaya x
Obskaya 2. Intermediate inheritance was observed in com-
binations with Novosibirskaya 18. Negative dominance was
observed in Novosibirskaya 16 x Lutescens 111/09, and ne-
gative heterosis, in Novosibirskaya 75 x Lutescens 111/09
and Zagora Novosibirskaya x Lutescens 111/09.

The degree of manifestation of in vitro androgenic attri-
butes varies between F; and F, hybrids. The first generation
outperformed the second one in neoplasms per 100 anthers in
Novosibirskaya 15 x Lutescens 111/09, Novosibirskaya 16 x
Lutescens 111/09, Novosibirskaya 18 x Lutescens 111/09,
Novosibirskaya 18 x Sigma, Zagora Novosibirskaya x Ob-
skaya 2. Inbreeding depression was observed in Novosibir-
skaya 15 x Lutescens ShT-335, Novosibirskaya 75 x Lute-
scens 111/09, Zagora Novosibirskaya x Lutescens 111/09 (see
Table 4). Negative ID % value shows that F; hybrids outper-
form F, in terms of manifestation of the attribute.

To summarize the analysis of the inherited ability to produce
structures from microspores in various combinations, it is
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Table 4. Heterosis effect and inheritance indicator for the number of neoplasms per 100 anthers

in nine common wheat combinations

Combination Indicator

. thp . A) ............
Novosibirskaya 15 x Lutescens ShT335 2
Novosibirskaya 15 x Lutescens 111/09. 2705
Novosibirskaya 16 x Lutescens 111/09 asa
Novosibirskaya 18 x Lutescens 111/09. s
Novos'blrskaya 18 XSIgm a .................................................. _3797 .............
Novosibirskaya 75 x Lutescens 111/09 6124
Novosibirskaya 31 x Lutescens 111/09 00
Zagora Novosibirskaya x Lutescens 111/09 8300
ZagoraNovosibirskayax Obskaya2 528

Her % Hp ID%
............ O
............ e
............ L
............ e
............ N
............ e
............ e
............ s
............ P

Note. Hyy,, % is the hypothetical heterosis; H,,% is the true heterosis; ID % is the inbreeding depression; Hp is the degree of dominance; 1 positive heterosis;
2intermediate inheritance; 3 negative dominance; 4 negative heterosis; * not available due to absence of neoplasms.

worth focusing on positive values observed for combinations
with Novosibirskaya 15. These results agree with the previ-
ously obtained data on the responsiveness of F; and F, hybrids
Obskaya 2 x Novosibirskaya 15 compared to parent varieties
(Petrash et al., 2022). Studying the inheritance patterns in
multiple combinations makes it possible to estimate positive
in vitro androgenic responsiveness in hybrids to ensure effec-
tive pair selection for crosses under future breeding programs
using doubled haploid technology.

Conclusion

The goal of the paper was to study the potential of the initial
breeding material from the perspective of in vitro androgenesis
in 10 different common wheat varieties and 9 combinations of
F, and F,, with a total of 28 genotypes analyzed. The andro-
genic indicators analyzed included the number of neoplasms
(ELSs and calluses), green plantlets, albino plantlets, and the
total number of regenerated plants.

As a result, the varieties showing in vitro androgenic re-
sponsiveness (Novosibirskaya 15) and non-responsiveness
(Novosibirskaya 31) in the anther culture have been identi-
fied. Novosibirskaya 16 was characterized by low neoplasm
regeneration ability. A significant heterosis effect was observed
in hybrids Novosibirskaya 15 x Lutescens ShT-335, Novo-
sibirskaya 15 x Lutescens 111/09, Zagora Novosibirskaya x
Obskaya 2. Positive heterosis in terms of neoplasms per
100 anthers was observed in combinations with Novosi-
birskaya 15, and intermediate inheritance, in combinations
with Novosibirskaya 18. Novosibirskaya 15 is recommended
for inclusion into crosses as a variety ensuring high in vitro
androgenic responsiveness in hybrids compared to the second
parent. Doubled haploid technology made it possible to use
the discussed hybrid material to produce DH lines, which are
now being tested in the field.
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Abstract. The plant cell wall represents the outer compartment of the plant cell, which provides a physical barrier and
triggers signaling cascades under the influence of biotic and abiotic stressors. Drought is a factor that negatively affects
both plant growth and development. Cell wall proteins (CWP) play an important role in the plant response to water
deficit. The adaptation mechanisms of the cell wall to water loss are of interest for identifying important genetic factors
determining plant drought resistance and provide valuable information on biomarkers for further selection aimed at
increasing the yield of crop plants. Using ANDSystem, a gene network describing the regulation of CWPs under water
restriction conditions was reconstructed. The analysis of the gene network and the transcriptome data analysis allowed
prioritizing transcription factors (TF) based on their enrichment of differentially expressed genes regulated by them. As
aresult, scores were calculated, acting as indicators of the association of TFs with water deficit. On the basis of the score
values, eight most significant TFs were selected. The highest priority was given to the TF GBF3. CWPs were prioritized
according to the criterion of summing up the scores of transcription factors regulating these genes. Among the most
prioritized CWPs were the AT5G03350 gene encoding a lectin-like protein, AT4G20860 encoding BBE-like 22 required for
the oxidation of cellulose degradation products, and AT4G37800 encoding xyloglucan endotransglucosylase/hydro-
lase 7. Overall, the implemented algorithm could be used for prediction of regulatory interactions between transcrip-
tion factors and target genes encoding cell wall proteins in plants.

Key words: plant cell wall; drought; plants; differentially expressed genes; text mining; microarray; gene regulatory
network.
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AHHOTauusA. PacTuTenbHasa KneTouHasa CTeHKa NpefcTaBiseT coboi BHELIHWI KOMMAapPTMEHT PacTUTENIbHOW KNETKH,
KOTOpPbI BO MHOFOM obecneymBaeT Gpranyecknin 6apbep 1 3anyck CMrHanabHbIX Kackagos Npu AeicTBrm 61o- n abro-
TUYECKNX CTPeCCOPOB. 3acyxa HeraTVBHO BMAET Kak Ha POCT, Tak 1 pa3BuTME pacTeHU. benkn KNneTouHom CTeHKM
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Analysis of the gene network for cell wall function
in Arabidopsis thaliana leaves in response to water deficit

(BKC) nrpatoT cyLecTBeHHYIO POJib B OTBETE PACTEHUI Ha BOAHbIN AepuLmT. MexaHn3mbl afanTaumm KNeTOYHON CTEHKM
K noTepe BOAbl MOTyT ObiTb UCMONb30BaHbI Af1A BbIABEHNA BaXHbIX reHeTMYeCKUX GaKTopoB, onpeaensatoLmx ycTon-
YMBOCTb PACTEHNI K 3aCyXe, N NPeAOCTaBNAIOT LIEHHbIE flaHHble 0 BoMapKepax AnsA AanbHeNLWen cenekumm, Hanpas-
NEHHOWN Ha MOBbIEHNE YPOXKAMHOCTY KyNbTYpHbIX pacteHnid. C nomolybio ANDSystem peKoHCTpyrpoBaHa reHHas
ceTb, No3BonAwLWan onncbiBatb perynauuio bKC B ycnoBuax orpaHnyeHna noivsa. AHanmn3 reHHoM CeT COBMECTHO C
aHaNM30M TPaHCKPUNTOMHbBIX AaHHbIX MO3BOMIA NPOBECTY MPUOPUTM3ALINI0 TPAHCKPUMNLMOHHbIX dakTopos (TM) no ux
oboraleHHOCTU perynnpyembimy aAnddepeHLmanbHO IKCNPeCcCnpyoLWMMIUCA reHamu. B pesynbTate 6bin paccumTaHbl
Beca, ABnALWyMecs nHarnkatopamm accoynaumm TO ¢ BogHbIM aeduumtom. Mo 3HaueHMAM BecoB 0ToOpaHbl BOCEMb
Hav6onee 3Haunmbix TO. Hanbonbwmm nproputetom obnagan T® GBF3. MNproputusaumsa BKC npoBepeHa no Kpute-
PU0 CyMMUPOBAHUA BECOB TPAHCKPUMLIMOHHbIX GpaKTOPOB, PErynmpytoLmx 3Tu reHbl. K Hanbonee nproputetHbiM BKC
OTHeceHbl reH AT5G03350, KogupyoLnin NeKTUH-NoJo6HbIN 6enok; AT4G20860, kopupyowmii depmeHT 6epbepuHoOBO-
ro mocta BBE-like 22 (berberine bridge enzyme-like 22), Heobxoanmbiit Ans oKMCNeHNA NPOAYKTOB pacnaza Lennioso-
3bl, 1 AT4G37800, KOANPYIOLLNI KCUNOTTIOKaH SHAOTPaHCIMKO3Unasy/ruaponasy 7.

KnioueBble cfioBa: KNeToyHaa CTeHKa pacTeHUl; 3acyxa; pacTeHus; anddepeHUManbHO SKCNPeCCUMpYoLWMecs reHbl;
VHTENNEKTYasbHbI aHanm3 TeKCTa; MUKPOUN; PEryNATOPHaA reHHan CeTb.

Ana untuposaHua: BonaHckaa A.P, AHtponosa E.A., 3y6auposa Y.C., lemenkos IN.C., BeHzenb A.C., Opnos t0.J1., Maka-
posa A.A., iBaHuncerko T.B., Topwkosa T.A., Arbnamosa A.P., KonuaHos H.A., YeH M., MiBaHuceHKo B.A. PekoHCTpyKLmA 1
aHanu3 perynatopHow reHHom ceTn GyHKLVIOHMPOBAHWA KIETOUHOM CTeHKM NcTbeB Arabidopsis thaliana L. npu oteeTe
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Introduction

The plant cell wall is a complex structure composed of nu-
merous biopolymers. The structure and composition of the
cell wall change during plant development and are incredibly
diverse not only between plant species but also between tissue
types (Burton et al., 2010). Throughout their life cycle, plants
are exposed to abiotic stresses such as drought, flooding, salin-
ity, heavy metal pollution, nutrient deficiencies, and more. The
plant cell wall provides a structural basis for supporting plant
growth, serves as a source of various signals, and contributes
to plant resistance to stressors.

Drought is a significant environmental problem, severely
affecting plant growth, development, and yield. Plants sub-
jected to water deficit exhibit morphological changes, in which
proteins that are part of the cell wall play a critical role (Le
Gall etal., 2015; Ezquer et al., 2020). However, the functions
of these proteins, their regulation, and their interactions require
further investigation.

Plant adaptation to drought has been demonstrated to be
mediated by signaling pathways involving transcription fac-
tors (TFs) (Singh, Laxmi, 2015; Joshi et al., 2016). Therefore,
studying the role of TFs as the primary regulators of water
deficit-sensitive genes is particularly interesting. TFs regulate
the expression of water deficit-sensitive genes in an abscisic
acid (ABA)-dependent or ABA-independent manner (Yama-
guchi-Shinozaki, Shinozaki, 2006). ABA-dependent positive
regulators include the ABF/AREB (ABA-responsive element
(ABRE)-binding proteins/ABRE-binding factors) family of
the bZIP (basic leucine zipper) type, which recognizes ABA-
sensitive elements (ABRE) in the promoters of ABA-induced
genes (Choi et al., 2000). The ABA-dependent regulatory
pathway also includes several other families of transcription
factors, such as AP2/ERF, MYB, NAC, and bHLH. In contrast,
key ABA-independent regulators are members of the DREB
family (Fujita et al., 2011).

Reconstructing gene networks based on the analysis of
transcriptomic data obtained under water deficit conditions can
contribute to understanding the molecular-genetic mechanisms
underlying the formation and functioning of the plant cell

wall in drought resistance. Currently, approaches based on the
automatic analysis of scientific publication texts are actively
used for gene network reconstruction. Previously we have
developed the cognitive ANDSystem tool based on artificial
intelligence methods, which performs automatic extraction
of knowledge from scientific publications and factographic
databases (Ivanisenko et al., 2015, 2019, 2020, 2022a). AND-
System has been applied to a wide range of tasks, including
the interpretation of metabolomic data in the analysis of blood
plasma from COVID-19 patients (Ivanisenko et al., 2022b)
and the prioritization of genes associated with human dis-
eases (Saik et al., 2016, 2018a, b, 2019; Yankina et al., 2018;
Antropova et al., 2022). The ANDSystem technology has also
been used to solve problems in the field of plant biology. For
example, with the help of ANDSystem, the SOLANUM TU-
BEROSUM knowledge base (Saik et al., 2017; Ivanisenko et
al., 2018), which contains associative gene networks of plants,
was developed. The application of ANDSystem allowed the
identification of important genes involved in the response to
abiotic stresses caused by drought, soil salinity, and elevated
cadmium concentration (Demenkov et al., 2021).

To date, several studies have been carried out on the re-
construction of gene networks describing the response of
Betula platyphylla and barley to drought (Javadi et al., 2021;
Jia et al., 2022). Gene networks have also been constructed
that describe the biosynthesis of the secondary cell wall of
A. thaliana and the interactions of TFs that regulate cell wall
biosynthesis in rice (Taylor-Teeples et al., 2015; Zhao et al.,
2019). However, these gene networks have not been focused
on the involvement of the cell wall in response mechanisms
to water deficiency.

Using the ANDSystem software package (Ivanisenko et al.,
2015, 2019, 2020, 2022a), we reconstructed a gene network
based on the analysis of transcriptomic data for Arabidopsis
thaliana leaves under water deficit conditions (Perera et al.,
2008; Ding et al., 2009; Kiihn et al., 2014; Fang et al., 2016;
Noman et al., 2019). The reconstructed gene network and
transcriptomic analysis prioritized TFs and genes encoding
cell wall proteins (CWP) based on their involvement in the
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stress response during water deficit. The method of transcrip-
tion factor prioritization contributed to isolating key regulatory
proteins that are sensitive to the effects of water deficiency.
The identification of key TFs made it possible to identify a
list of target genes involved in the mechanisms of cell wall
resistance to water deficit conditions. The final gene network
containing priority genes included 8 TFs and 59 protein genes
present in the cell wall according to the WallProtDB database
(San Clemente, Jamet, 2015). According to the prioritiza-
tion results, the GBF3 gene encoding the TF made the most
significant contribution to the regulation of cell wall genes.
Among the cell wall genes, the lectin-like protein was the
most important. The results reveal potential molecular-genetic
mechanisms of the plant cell wall response to water deficit.

Materials and methods

Identification of Arabidopsis thaliana cell wall proteins.
The WallProtDB plant cell wall proteomics database (http://
www.polebio.lrsv.ups-tlse.fr/WallProtDB) (San Clemente,
Jamet, 2015) was used for finding the A. thaliana cell wall
proteins. WallProtDB contains proteins identified using
mass spectrometry technology in the cell wall proteome. Ac-
cording to the WallProtDB data, all cell wall proteins were
divided into nine functional classes: 1) proteins acting on
cell wall carbohydrates, 2) oxidoreductases, 3) proteases, 4)
proteins with protein or polysaccharide interaction domains,
5) structural proteins, 6) lipid metabolism-related proteins, 7)
proteins presumably involved in signal transduction, 8) vari-
ous proteins, and 9) proteins with unknown function (Jamet
etal., 2008). Enzymes synthesizing cell wall components and
forming necessary substrates are not included in the list, as
they are localized in other compartments and are, therefore,
not represented in the WallProtDB database.

Processing of transcriptomic data. Data on the differen-
tial expression of 4. thaliana genes under limited watering
conditions were taken from the DNA microarray experiments
database from the NCBI Gene Expression Omnibus (GEO)
(https://www.ncbi.nlm.nih.gov/geo/) (Perera et al., 2008; No-
man et al., 2019; Fang et al., 2016; Ding et al., 2009; Kiihn
et al., 2014). Bioinformatics analysis of transcriptomic data
was performed in the R programming environment using
Bioconductor packages (Gentleman et al., 2004). Reading
of the CEL files containing probe identifiers and intensities
was done using the read Affy() function from the affy package
(Gautier et al., 2004). Data normalization, background noise
correction, and gene expression level calculations were done
using the affy package’s rma() function. Differential gene
expression analysis was performed using the limma package
(Ritchie et al., 2015).

To identify differentially expressed genes (DEGs) across
multiple experiments, consistently activated or consistently
suppressed under water deficit conditions, binomial distribu-
tion (p-value = 0.05) was applied using the binomtest() func-
tion implemented in the scipy.stats library.

Reconstruction and analysis of the gene network. The gene
network describing regulatory relationships of TFs with target
genes associated with the cell wall response of A. thaliana
leaves to water deficit was constructed using the ANDSystem
software package (Ivanisenko et al., 2015,2019, 2020, 2022a).
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Prioritization of transcription factors and their target
genes.The prioritization of transcription factors was car-
ried out based on the score of the transcription factor (STF)
values. The STF for a given transcription factor was equal
to the number of DNA microarray experiments in which the
list of cell wall genes regulated by this TF was enriched with
DEGs. Enrichment was assessed using the hypergeometric
distribution.

The prioritization of cell wall genes was carried out using
the score of cell wall protein (SCWP), equal to the number
of connections between the cell wall gene and TFs in the
gene network.

Results

General analysis scheme

The overall workflow is shown in Figure 1. It consists of the
stage of transcriptome data analysis for A. thaliana leaves
under water deficit conditions (this analysis aims to determine
stably DEGs), gene network reconstruction stage (at this stage,
the cell wall gene regulatory network under water deficit
conditions was reconstructed using automated text analysis
methods for scientific publications, factographic databases,
and differential gene expression data), and the stage of pri-
oritizing genes based on their involvement in the response to
stress caused by water deficit.

Differentially expressed genes
under water deficit conditions
To determine the DEGs of A. thaliana under limited watering
conditions, an analysis of data from five DNA microarray
experiments from the NCBI GEO (https://www.ncbi.nlm.nih.
gov/geo/) was carried out (Table 1). All data were obtained on
the Affymetrix Arabidopsis ATH1 Genome Array platform. In
all experiments, the subject of the study was leaves, and the
duration of days without watering ranged from 4 to 14 days.
A p-value threshold and a log fold change threshold
(logFC) were used to determine differentially expressed genes:
p-value < 0.05 and logFC > 1. Table 2 shows the number
of DEGs for each of the five experiments. Expression data
analysis across five experiments, performed using the binomial
distribution, showed that changes in gene expression in two
or more experiments could indicate that the gene is a stable
DEG with a significance level of p-value < 0.05.

Gene network reconstruction
The input data for the gene network reconstruction consisted
of 1073 A. thaliana gene identifiers TAIR, encoding CWP,
obtained from the WallProtDB database (Supplementary
Table 1'). Using ANDSystem, a regulatory network was
reconstructed, containing interactions of these genes with
transcription factors. For 692 genes, 599 potential TFs were
identified. 381 CWP genes without interactions with TFs were
removed from the network.

In the next step, we selected TFs considering their in-
volvement in biological processes related to plant responses
to drought. In ANDSystem, four biological processes were

1 Supplementary Tables 1-5 and Supplementary Figure are available at:
https://vavilovj-icg.ru/download/pict-2023-27/appx34.xIsx
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Fig. 1. A pipeline for reconstructing a regulatory gene network describing the regulation of expression of A. thaliana cell wall
proteins in drought response.

DEG, differentially expressed genes; CWP, cell wall protein; TF, transcription factors.

Table 1. Publicly available DNA microarray data for A. thaliana leaves used in this study

Analysis of the gene network for cell wall function
in Arabidopsis thaliana leaves in response to water deficit

Development stage Days without watering

GSE10670 2 months 7 days
655566421m0nth14day5 ...................................
GSE155771month ............................ 6day5 .....................................
GSE720501month ............................ 5days .....................................
655609601m0nth ............................ 4day5 .....................................

Cell source Ecotype Reference

Leaves .............................. Co |0 ................................. Pere ra eta| 2 0 08 ..........
Leaves .............................. Co |0 ................................. Noma n ; e t a| . 201 9 .........
Leaves .............................. C0|0 ................................. Fangeta|2o16 .............
Leaves .............................. Co|0 ................................. Dmgeta|2009 .............
Leaves .............................. Co |0 ................................. Ku hn eta| 2014 ............

Table 2. Number of identified differentially expressed genes in the experiments

Study (GEO ID) Number of DEGs

GSE10670 .............................. 3153 ....................................... 21 ....................
GSE56642 .............................. 6017 ....................................... 33 ...................
GSE15577 .............................. 375312 ...................
GSE720501959” ....................
GSE60960160313 ...................

represented, with their names containing the keywords
“drought” and “water” in combination with “tolerance” and
“deprivation.” These processes included the response to water
deprivation, obsolete drought tolerance, drought recovery, and
response to water. Fifty-six TFs were associated with these
processes in ANDSystem (Fig. 2).

These 56 TFs were found to regulate 425 CWP genes
(Suppl. Table 2). As a result of the analysis of A. thaliana
leaves, it was shown that 23 TFs (Suppl. Figure) and 146 CWP

Number of TF genes among DEGs

Number of CWP genes among DEGs

genes demonstrated a stable unidirectional change in expres-
sion (Suppl. Table 3). However, not all CWP genes among
the targets of the 23 TFs in the gene network were stably uni-
directional DEGs. Therefore, we assessed the importance of
TFs for the plant response to drought based on the enrichment
analysis of their targets in the CWP DEG gene network. We
assumed that the more CWP DEGs are among the targets of
a transcription factor, the more significantly the transcription
factor is associated with the plant’s response to water deficit.
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Fig. 2. Associative network of transcription factors related to drought.
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Fig. 3. Gene network regulating the cell wall of Arabidopsis thaliana L. in response to water deficit and connection with key hormones.

Prioritization of transcription factors
and their target genes and reconstruction
of the resulting gene network
The prioritization of TFs and CWP genes for the response
to drought was based on the STF and SCWP criteria, which
characterized both their differential expression and their con-
nections with DEGs in the gene network (see methods). The
values of these indicators were calculated for the participants
of the gene network and are presented in Supplementary
Tables 4 and 5. The highest STF and SCWP values corre-
sponded to the highest priority.

Priority TFs were selected based on the statistically sig-
nificant enrichment of their target genes encoding CWPs in

DEGs in at least one of the transcriptomic experiments. Thus,
according to this criterion, out of 23 TFs, 8 priority TFs were
identified. The identified transcription factors belonged to
the TF families HD-ZIP, bZIP, ERF, NAC, and MYB. All
TFs were removed from the network to obtain the resulting
gene network, except for those identified as priority TFs. Cell
wall protein genes not connected to TFs were also removed.
After filtering, the gene network contained 8 TFs and 59 CWP
genes (see Suppl. Tables 4 and 5). We were also interested
in analyzing the possible regulation of the identified TFs by
active low-molecular-weight compounds (polyamines and
hormones). For this purpose, the gene network was expanded
with interactions of TFs with metabolites (Fig. 3).
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Discussion

The scientific literature actively studies the genetic regulation
of plant cell wall functioning under drought conditions. To
date, a large amount of information has been accumulated
on the molecular-genetic events of plant responses to water
deficit, including data from differential gene expression ex-
periments. Applying an approach based on the reconstruction
of gene networks allows for integrating disparate knowledge
to describe the molecular-genetic mechanisms of complex
cell processes. Here, we reconstructed a gene network using
ANDSystem and prioritized its participants based on their im-
portance for the response of 4. thaliana to drought conditions.
The reconstructed gene network contains eight transcription
factor genes and their protein products, six low-molecular-
weight compounds (hormones and polyamines), and 59 genes
encoding cell wall components regulated by the identified TFs
(see Fig. 3). These 59 genes belong to 8 of the nine functional
groups according to the classification presented in Supplemen-
tary Table 5. One functional class (structural protein group)
is not represented among the identified genes.

The most prioritized transcription factor

Interestingly, all eight identified genes encoding TFs showed
expression activation (see Suppl. Table 4). Among them,
GBF3 regulates the transcription of the most significant num-
ber of genes encoding CWP. At the same time, it was stably
expressed in all analyzed A. thaliana transcriptomes in this
study obtained under water restriction conditions. There is also
evidence that overexpression of GBF3 in A. thaliana led to
improved resistance to osmotic stress, salinity, and drought,
in addition to conferring insensitivity to ABA (Ramegowda
etal., 2017).

Proteins acting on cell wall carbohydrates

In the reconstructed gene network, the largest group was
represented by genes encoding proteins that act on cell wall
carbohydrates (21 genes), 10 of which showed activation and
11 showed suppression of expression. This functional class
includes expansins, glycosidases, and esterases. The highest
priority among this functional class was given to the gene
XTH7 (AT4G37800), encoding xyloglucan endotransgluco-
sylase/hydrolase 7. XTHs can hydrolyze and reconnect the
molecules of xyloglucan — the key hemicellulose of primary
cell walls (Rose et al., 2002). These enzymes are involved in
cell wall remodeling during plant cell growth and response to
various stressors. X THs are encoded by a large multigene fa-
mily, members of which are differentially expressed in various
physiological situations having peculiarities in activity mode
and regulation nuances (Zhang et al., 2017; Nazipova et al.,
2022). According to the SCWP indicator, XTH7 is ranked
third among the 59 considered cell wall genes (5 points, see
Suppl. Table 5). As can be seen from Figure 3, this gene is
regulated by TFs GTF3 and DREBIA (CBF3). The XTH7
enzyme and its activity have not been fully characterized yet.
According to gene expression data, XTH?7 is involved in salt
resistance and ethylene-dependent apple softening (Zhang et
al., 2017; Cai et al., 2023). It also participates in processes
such as cell enlargement and restructuring. According to our
differential expression analysis, it showed stable suppression,
as aresult of which its influence on limiting cell growth under

Analysis of the gene network for cell wall function
in Arabidopsis thaliana leaves in response to water deficit

drought conditions can be assumed. The other members of
this functional class had priority ratings ranging from one to
three points. The second-highest ranking gene is AT2G43570,
encoding the enzyme endochitinase CHI (3 points, see Suppl.
Table 5).

Proteases

The next most represented functional group was proteases,
with eight genes. Subtilases are the most represented fam-
ily of cell wall proteases (Jamet et al., 2008). Eight genes
belonging to the protease functional group were identified
in the regulatory gene network, with 4 showing activation
of expression and 4 showing suppression. According to the
SCWP indicator, three genes from this functional group scored
three points: 472G23000, encoding serine carboxypeptidase-
like 10 (SCPL10), which is necessary for the biosynthesis of
sinapoylated anthocyanins; AT73G 14067, encoding subtilisin-
like protease SBT1.4; and AT5G44530, encoding subtilisin-
like protease SBT2.3 (see Suppl. Table 5). SBT1.4 is also
called senescence-associated subtilisin protease due to its
role in leaf aging. It has been shown that SCPL10 slows
down the elongation of the main shoot, branching, and size
of inflorescences (Martinez et al., 2015). According to our
analysis, the expression of this gene increases under water
deficit conditions, suggesting that SCPL10 may play a direct
role in inhibiting plant growth under drought conditions. Other
representatives of this group scored 1 to 2 SCWP points.

Proteins with interaction domains

(with proteins or polysaccharides)

In our study, the highest SCWP score was obtained by the
AT5G03350 gene (7 points, see Suppl. Table 5), which belongs
to the functional class of proteins having interaction domains
with proteins or polysaccharides. This class includes lectins
and enzyme inhibitors, such as polygalacturonase inhibiting
protein, pectin methylesterase, and protease inhibitors. Among
the six differentially expressed genes of this functional group
identified under water deficit conditions, the expression of
four genes was suppressed, while two genes demonstrated
activation of expression. In a previous study conducted on
220 microarray samples of A. thaliana available in the GEO, it
was also shown that under drought conditions, the A75G03350
gene, encoding salicylic acid-induced legume lectin-like pro-
tein 1, was suppressed 7.9 times (Shaik et al., 2013). It seems
to be involved in 4. thaliana responses to multiple environ-
mental stresses (including cold, high light, oxidative, ozone,
and wound) and SA-mediated processes occurring in the
effector-induced immune response (Armijo et al., 2013; Bis-
was et al., 2022). Due to the unusual structure of the legume
lectin domain, proteins of this family may have a wide range
of carbohydrate-binding specificity (Sharma et al., 1997),
which possibly determines their diverse functions (including
involvement in symbiosis, defense mechanisms against bacte-
rial infection, enhanced tolerance against insects, salinity, and
stomatal closure) (Van Holle et al., 2017). According to our
results, the AT5G03350 gene is most significantly associated
with TFs differentially expressed under water deficit condi-
tions. These factors include HAT22, BH122, MYB44, ABF3,
and ATHB?7. Other representatives of this class scored between
1 and 3 SCWP points.
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Oxidoreductases

In the reconstructed regulatory network, five oxidoreductase
genes were identified; under water deficit conditions, the ex-
pression of two of these genes was activated, and three were
suppressed. According to our study, the AT4G20860 gene
ranks second in priority among the 59 investigated cell wall
genes, with an SCWP of 5 (see Suppl. Table 5). AT4G20860
encodes berberine bridge enzyme-like 22 (BBE-like 22),
which is necessary to oxidize cellodextrins (cellulose degra-
dation products). Its role under limited irrigation conditions
is unclear; however, it has been shown that A. thaliana with
increased expression of the A74G20860 gene product is more
resistant to the Botrytis cinerea fungus, presumably because
oxidized cellodextrins are a less valuable carbon source (Locci
etal., 2019). In the reconstructed gene network, A74G20860
may be regulated by TFs such as HAT22, GBF3, and ABF3
and is activated under water deficit conditions.

Other representatives of the oxidoreductase class — per-
oxidases — perform a dual function in plant cell walls: they
contribute to the weakening of the cell wall by releasing
hydroxyl radicals (OH-), which can cause polysaccharide
scission (Schweikert et al., 2000) and increase wall rigidity
by strengthening extensin cross-links and supporting ligni-
fication and suberization of the cell wall (Novakovi¢ et al.,
2018).

Proteins related to lipid metabolism

In the reconstructed gene network, six genes encode proteins
involved in the metabolism of cell wall lipids. According to
the analysis we conducted, under water deficit conditions, the
expression of two genes was enhanced, while the expression
of four genes was suppressed. Various studies have shown
that plants remodel lipid composition in response to drought
(Gigon et al., 2004; Liu et al., 2021). In experiments on milk
thistle, it was demonstrated that under drought conditions,
PLA2-ALPHA (472G06925), which encodes a secretory
phospholipase A2 enzyme, had reduced expression (Ghanbari
Moheb Seraj et al., 2022), which is also evident in our results.
Secreted PLA2s are low molecular weight calcium-dependent
enzymes, which specifically hydrolyze the sn-2 position of
phospholipids and can do that in an organized membrane
(Mariani, Fidelio, 2019). They are involved in many cell wall-
related processes; for example, Arabidopsis PLA2-ALPHA
is required for the trafficking of PIN-FORMED auxin efflux
transporters to the plasma membrane (Lee et al., 2010). The
PLA2-ALPHA gene scored 4 points on the SCWP indicator
(4th place in Suppl. Table 5), meaning it is significantly as-
sociated with regulatory factors differentially expressed under
water deficit conditions (HAT22 and GBF3).

Three other genes from this category, AT1G27950 for
LTPG1 (SCWP 3), AT5G59310 for LTP4 (SCWP 2), and
AT2G15050 for LTP7 (SCWP 1) (see Suppl. Table 5) encode
lipid transfer proteins. A7/G27950 is a membrane-localized
protein with a predicted GPI (glycosylphosphatidylinositol)-
anchor domain. It extensively exports intracellular lipids
(e.g., C29 alkane) to the surface to build the cuticular wax
layer (Lee et al., 2009). AT5G59310 and AT2G15050 belong
to non-specific lipid transfer proteins encoded by a large mul-
tigene family and occur only in land plants (Salminen et al.,
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2016). They are small proteins with a tunnel-like hydrophobic
cavity that makes them suitable for binding and transport of
phospholipids as well as galactolipids across membranes.
LTPs are suggested to play a role in wax or cutin deposition
in the cell walls (Salminen et al., 2016).

Signaling

Our study identified five genes encoding cell wall proteins in-
volved in signal transduction. The expression of all considered
genes was suppressed under water deficit conditions. Based
on the SCWP indicator, among the genes of this functional
group, the gene AT2G45470 (see Suppl. Table 5) scored the
highest number of points (3), encoding fasciclin-like arabino-
galactan protein 8 (FLAS). Numerous plant FLAs are chimeric
proteins that contain moderately glycosylated arabinogalactan
protein and one to two fasciclin domains with characteristic
highly conserved sequence stretches of around 15 residues
and a conserved central YH motif. FLAs are non-structural
components of the cell wall, might be linked to cell wall poly-
saccharides, and interact with various cell surface receptors
involved in various plant development processes, including
cellulose biosynthesis (Seifert, 2018). FLAS itself has been
poorly characterized. The A72G45470 gene is significantly
associated with the transcription factor GBF3.

Another identified representative of the signal protein
class is wall-associated kinase 2 (WAK2), encoded by the
Atlg21270 gene, scoring 2 points on the SCWP. Alongside
WAK1, WAK2 is a cell wall receptor with an intracellular
protein kinase domain, a transmembrane domain, and an
extracellular N-terminal domain capable of binding poly-
and oligogalacturonans (Wagner, Kohorn, 2001). By binding
pectins, WAK initiates signal transmission through mitogen-
activated protein kinases (MAPK) for activation of vacuolar
invertase and numerous other inducible proteins, regulating
turgor pressure and, as a result, increasing cell size (Kohorn et
al., 2006). Using antisense RNA, WAK2 is necessary for leaf
cell expansion (but not for cell division) (Wagner, Kohorn,
2001). By interacting with polygalacturonan fragments formed
as components of DAMP and PAMP under the influence of
biotic and abiotic events, WAK can also trigger (via MAPK
activation) a stress response. WAK expression is induced by
injury, pathogen infection, and exposure to other stress factors
such as ozone and heavy metals (Kohorn B.D., Kohorn S.L.,
2012). A study conducted on sweet orange graft showed that
WAK?2 expression was suppressed under drought conditions
in both sweet orange plants grafted on drought-tolerant and
drought-sensitive rootstocks (Gongalves et al., 2019). It can
be assumed that under water deficit conditions, plants reduce
WAK?2 expression to lower turgor pressure, suspend leaf cell
expansion, and induce other components of the stress response.

Miscellaneous

For this group, our study revealed seven genes — 5 with re-
duced and 2 with increased expression under water deficit con-
ditions. Among them, based on the SCWP indicator, two genes
scored 4 points each (5-6th places in Suppl. Table 5) — the
downregulated A75G 15230, encoding the poorly characterized
gibberellin-regulated protein 4 (GASA4), and the upregulated
AT5G42510, encoding dirigent protein 1 (DIR1). DIR family
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proteins are involved in lignin and lignin biosynthesis and
play a role in plant response to biotic and abiotic stresses
(particularly drought) that cause physical damage to the cell
wall (Paniagua et al., 2017). It has previously been shown
that the expression of several genes encoding DIR proteins
is sensitive to water and cold stress and treatment with ABA.
Moreover, in Brassica plants under water stress, the increased
expression of DIR genes was temporally coordinated with
an increase in lignin content (Thamil Arasan et al., 2013).
In Eucommia ulmoides Oliv seedlings, it was shown that
the expression level of DIR! increased almost 8-fold under
osmotic stress within 6 hours and increased nearly three times
under drought conditions within 12 hours (Li et al., 2021).
The other representatives of this functional group each scored
one point.

Hormones

Our reconstructed gene network also included hormones:
ethylene, abscisic acid, auxin, jasmonate, gibberellin, and
spermine — endogenous polyamine. These compounds affect
transcription factors (altering the expression level or protein
activity), subsequently leading to changes in the expression
levels of target genes for transcription factors. Regulatory
connections in the reconstructed network have been demon-
strated under various conditions. Additional experiments are
needed to explore whether they function under water deficit
conditions.

For example, it was shown that upon infection of 4. thaliana
with aphids, the concentration of ethylene increases, which in
turn induces the expression of the transcription factor MYB44
(Xiaetal., 2014). Another transcription factor in our gene net-
work, ABF3, is one of the key factors that transmit the abscisic
acid signal and regulate the expression of target genes during
water deficit (Yoshida et al., 2010). Under drought conditions,
abscisic acid also induces the expression of the transcription
factor ATHB7, which was observed within 30 minutes after
experimentally induced stress, and ATHB?7 transcription con-
tinued to increase after 21 hours (S6derman et al., 1996). The
expression of the transcription factor GBF3 is also activated
by abscisic acid (Lu et al., 1996).

Polyamine spermine is essential for plants to respond to
drought, as demonstrated in mutant A. thaliana plants knocked
out for genes encoding spermine-synthesizing enzymes
(Yamaguchi et al., 2007). Under water deficit conditions, the
stomata of such plants remained open. Another low-molecular-
weight compound in the gene network is gibberellin. Various
studies have shown that reducing its level improves plant
drought resistance (Shohat et al., 2021). Under cold condi-
tions, the transcription factor DREB1A (CBF3) suppresses
gibberellin accumulation (Zhou et al., 2017).

Based on the analysis of cell wall gene expression in dif-
ferent A. thaliana experiments under water deficit conditions,
it can be noted that the plant’s response to this abiotic factor
involves changes in the expression of genes encoding pro-
teins from almost all functional groups characteristic of the
cell wall. The exception was the group of structural proteins,
which may indicate that changes in the composition of cell
wall structural components in response to water deficit do not
occur or occur to a negligible extent. It can be observed that

Analysis of the gene network for cell wall function
in Arabidopsis thaliana leaves in response to water deficit

the expression of 23 examined genes is enhanced under these
conditions, while that of 36 is weakened. In each functional
group, there are both activated and deactivated genes, except
for the group of genes encoding signaling proteins, in which
the expression of all five examined genes was suppressed
under water deficit conditions.

Conclusion

An analysis of five 4. thaliana transcriptomes obtained under
water deficit conditions was conducted. The implemented al-
gorithm allowed to perform the prediction of potential regula-
tory interactions between transcription factors and target genes
encoding cell wall proteins, which may play an important role
in the response of A. thaliana to water deficit. Among the iden-
tified eight transcription factors regulating 4. thaliana cell wall
genes, GBF3 had the highest priority. Out of the 59 cell wall
genes examined, the AT5G03350 gene, encoding a lectin-like
protein, was identified as the most prioritized for association
with differentially expressed transcription factors under water
deficit conditions. It is associated with transcription factors
such as HAT22, BH122, MYB44, ABF3, and ATHB7. Also
highly significantly associated with transcription factors
are the AT4G20860 gene, encoding BBE-like 22, which is
necessary for the oxidation of cellulose degradation products
(associated transcription factors — HAT22, GBF3, and ABF3),
and AT4G37800, encoding xyloglucan endotransglucosylase/
hydrolase 7 (transcription factors GTF3 and DREB1A), among
others. Overall, the proposed algorithm that has been used to
analyze the gene network of cell wall proteins can be applied
to other model plant species.
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InterTransViewer: a comparative description
of differential gene expression profiles from different experiments
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Abstract. Meta-analysis of transcriptomic data from different experiments has become increasingly prevalent due to
a significantly increasing number of genome-wide experiments investigating gene expression changes under various
conditions. Such data integration provides greater accuracy in identifying candidate genes and allows testing new hy-
potheses, which could not be validated in individual studies. To increase the relevance of experiment integration, it is
necessary to optimize the selection of experiments. In this paper, we propose a set of quantitative indicators for a com-
prehensive comparative description of transcriptomic data. These indicators can be easily visualized and interpreted.
They include the number of differentially expressed genes (DEGs), the proportion of experiment-specific (unique)
DEGs in each data set, the pairwise similarity of experiments in DEG composition and the homogeneity of DEG profiles.
For automatic calculation and visualization of these indicators, we have developed the program InterTransViewer. We
have used InterTransViewer to comparatively describe 23 auxin- and 16 ethylene- or 1-aminocyclopropane-1-carboxy-
lic acid (ACC)-induced transcriptomes in Arabidopsis thaliana L. We have demonstrated that analysis of the characteris-
tics of individual DEG profiles and their pairwise comparisons based on DEG composition allow the user to rank ex-
periments in the context of each other, assess the tendency towards their integration or segregation, and generate
hypotheses about the influence of non-target factors on the transcriptional response. As a result, InterTransViewer
identifies potentially homogeneous groups of experiments. Subsequent estimation of the profile homogeneity within
these groups using resampling and setting a significance threshold helps to decide whether these data are appropri-
ate for meta-analysis. Overall, InterTransViewer makes it possible to efficiently select experiments for meta-analysis
depending on its task and methods.

Key words: transcriptome; data integration; auxin; ethylene; Arabidopsis thaliana L.
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InterTransViewer: cpaBHUTE/IbHOE OIICaAHIE
npoduiaein nud@epeHiaabHOM SKCIIPECCUN IT'eHOB
13 Pa3HbIX SKCIIEPMIMEHTOB
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1 DenepanbHbIit cCnefoBaTeNbCKIiN LEHTP UHCTUTYT LMTONOTUM 1 reHeTuKn CUBMPCKOro OTAeneHns POCcuitckol akaaemnn Hayk, HoBocubupck, Poccus
2 HoBocrbrpcKmii HaLoHanbHbI NCCefoBaTeNbCKUIA FOCYAAPCTBEHHbIN yHUBepcuTeT, HoBOCM6MpPCK, Poccna
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AHHOTauuA. B HacToALLee BpemA B CBA3M CO CTPEMUTENIbHLIM POCTOM KOJIMYECTBa MNOTHOrEHOMHbIX SKCMEePUMEHTOB
MO M3YyYeHUIO N3MEHEHNA SKCNPEeCCUU reHOB B Pas3fINYHbIX YCI0BUAX BCe 6onee WMpoKoe pacnpocTpaHeHne nomyya-
10T METOAbl METaaHaN3a TPAHCKPUMTOMHbBIX AaHHbIX U3 Pa3HbIX SKCMEPUMEHTOB, TaK Kak MHTErpaums JaHHbIX MOXeT
ob6ecneynTb 6OMbLIYID TOYHOCTb B BbIABIEHUN FEHOB-KaHAMAATOB U MNO3BOJIAET TECTUPOBATb HOBbIE MMMNOTE3bl, KOTO-
pble HEBO3MOXHO 6blSI0 MPOBEPUTL B OTAENbHbIX UCCNEefoBaHMAX. 1A NOBbIWeHUA NHGOPMATUBHOCTY TakoW UHTe-
rpaumv Heo6XxoAMMO ONTUMM3NPOBaTb NOABOP SKCNepUMEHTOB. B HacToALel paboTe Mbl npeanaraem Habop Konnye-
CTBEHHbIX NOKa3aTenei A1 BCeCTOPOHHEro CPaBHUTESIbHOTO ONUCAHUA TPAHCKPUNTOMHbIX AaHHbIX. TU NoKa3saTenu
nerko MoryT 6bITb BM3yanun3npoBaHbl Y MHTEPrpeTUpoBaHbl. OHW BKIOUYAIOT B cebsA KonnuectBo AnddepeHLymanbHo
aKcnpeccupytowmxca reHos ([30), gonto cneundmnyecknx (yHrKanbHbix) 3 B KaXXAom Habope AaHHbIX, NonapHoe
CXOACTBO 3KCMepUMEHTOB Mo cocTaBy [3[, oueHKy ogHopofHoCTV npodunein gudpdepeHUnanbHO SKCnpeccrpyio-
WKUXCA reHoB. [InA aBTOMATNYECKOro BbIUMCIEHNA 1 BU3yanmn3aLUmm STUX NokasaTenein mMbl pa3paboTtanu nporpammy
InterTransViewer. Mbl npumeHnnu InterTransViewer ana cpaBHUTENbHOIO ONMCAHUA TPAHCKPUMLMOHHbIX OTBETOB Ha
06paboTKy PpuToropMmoHamu y mogenbHoro pacteHus Arabidopsis thaliana L., B3aB B aHann3 23 eanHoobpasHo 06-
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paboTaHHbIX Npoduna anddepeHLManbHON SKCNPECcMU reHoB B OTBET Ha ayKCWH 1 16 npodunein auddpepeHumans-
HOW 3KCNPeccmm, MHAYLMPOBAHHBIX STUIEHOM WM ero npejLlecTBeHHNKOM — 1-aMUHOLMKNOMNPONaHOBOM KNCIOTOMN.
Mbl IPOAEMOHCTPUPOBANN, YTO KOMIMJIEKCHOE PAaCCMOTPEHME XapPaKTePUCTUK OTAENbHbIX Npodunein 151 B KOHTEKCTe
pe3ynbTaToB MonapHbIX CpaBHEHU Npodunen no coctasy A3 No3BonseT NO3ULMOHMPOBaTb SKCNEPUMEHTbI B KOH-
TeKcTe ApYr Apyra, oLueHrBaTb TEHAEHLMIO K UX MHTErpauuv Wiam cerperaymu, reHepupoBaTb rmnoTesbl O BAUAHUN
BECOMbIX HeLeneBblXx GaKTOPOB Ha MCCeayemblii TPAHCKPUMLUMOHHDBIN OTBeT. B pe3ynbrate 3T0 faeT BO3MOXHOCTb
BblAENIATb NOTEHUMANbHO OfHOPOAHBIE FPYNMbl SKCNeprMeHTOB. Mocneayownii aHanM3 ofgHOPOJHOCTY STUX rPymnn
npodunern ¢ NOMOLLbIO NpoLeaypbl peceMryiMHra 1 yCTaHOBIEHUA NOPOra YPOBHA 3HAYMMOCTU NMOMOraeT NPUHATbL
peLeHvie o LuenecoobpasHOCTM UCMOMNb30BaHKA 3TUX AaHHbIX AN1A MeTaaHanu3a. B uenom InterTransViewer nossonsaet
3bPekTnBHO GopPMMPOBaTL BBIGOPKM SKCMEPMMEHTOB B 3aBUCUMOCTI OT 3aiaull U METOAOB MeTaaHanusa.

KnioueBble cioBa: TPaHCKPUNTOM; MHTErpauma faHHbIX; ayKCUH; 3TuneH; Arabidopsis thaliana L.

Introduction

Analysis of differential gene expression under various condi-
tions is one of the most promising approaches for studying the
genetic regulation of traits (Stelpflug et al., 2016; Tello-Ruiz
etal.,2016). The rapid increase in the number of experiments
on whole-genome profiling of gene expression under different
conditions and the availability of their results in functional
genomics databases such as Gene Expression Omnibus (GEO)
(Clough, Barrett, 2016) or BioStudies (Sarkans et al., 2021)
open a wide space for comparative analysis of experimental
results from different studies aimed at generalizing them across
studies using meta-analysis (Cahan et al., 2007; Rung, Brazma,
2013; Keel, Lindholm-Perry, 2022). Such an approach allows
not only to extract the most robust differentially expressed
genes (DEGs) (Freire-Rios et al., 2020), but also to increase
sample size to identify weak patterns (Bairakdar et al., 2023) or
to test hypotheses that could not be investigated in individual
studies (Sudmant et al., 2015; Winter et al., 2019).

For successful integration, data must meet several criteria
(Cahan et al., 2007; Rung, Brazma, 2013; Yu, Zeng, 2018).
First of all, experiments should be characterized according
to the established minimum requirements for transcriptome
experiments (Brazma et al., 2001; Brazma, 2009). In addi-
tion, the experiments should investigate similar hypotheses
on the effect of the same factor. At the same time, one should
avoid or correct the so-called batch effect, when non-target
factors (biological characteristics of the object, experimental
conditions, sample preparation protocol, choice of the data
acquisition platform, etc.) affect the results of the experiment.

Simple data filtering by experimental conditions does not
always ensure optimal selection of data for meta-analysis. On
the one hand, a significant non-target factor may not be men-
tioned in the metadata, and formal matching of experimental
conditions does not always rule out a batch effect. On the
other hand, the results of experiments performed under non-
identical conditions can be fairly well matched. Comparative
description of transcriptome data from different experiments
allows to optimize the choice of data and methods for data
preprocessing. However, no standard has yet been developed
for this procedure, and there is a significant lack of appropriate
software tools, especially for graphical presentation of the
results. For example, MetaQC program used for microarray
quality assessment evaluates six quantitative metrics: (1) re-
producibility of co-expressed groups of genes across experi-
ments, (2) consistency of the co-expression pattern of known
genes with databases of metabolic and signaling pathways (i.e.
involvement of genes in the same process); (3—4) accuracy

of detecting the enrichment of the DEG group in Gene Onto-
logy terms (i.e., gene involvement in processes, association
with cellular components or molecular functions) and their
consistency across experiments; (5) accuracy of detection of
known biomarkers; (6) consistency of DEG ranking between
transcriptomes (Kang et al., 2012). However, MetaQC does
not visualize these metrics, and some of the quality metrics
rely on external databases and known markers rather than
internal features of expression profiles, which can obscure
insufficiently studied processes and complicate analyses for
non-model species.

Another program, ViDGER, designed to simplify the
interpretation of data from RNA sequencing experiments,
provides a wide range of visualizations but does not offer a
convenient means to compare DEG profiles (McDermaid et
al., 2019). NetworkAnalyst 3.0 emphasizes the reconstruction
of protein-protein interaction networks, but also provides the
ability to visually compare gene lists using interactive heat
maps, enrichment networks, Venn diagrams, and chord dia-
grams (Zhou et al., 2019).

In this paper, we propose a set of easily visualized and in-
terpreted indicators for a comprehensive comparative descrip-
tion of DEG profiles. These indicators characterize individual
differential expression profiles, their pairwise similarity, and
their tendency to integrate or segregate. To automatically
calculate and visualize these indicators, we developed the
InterTransViewer program, which we applied to comparati-
vely describe transcriptional responses to auxin (23 DEG pro-
files from 16 studies) and ethylene (16 DEG profiles from
8 studies) in Arabidopsis thaliana.

Materials and methods
Characteristics of individual differential expression pro-
files. In each hormone-induced transcriptome, we composed
the DEG list. Next, we estimated (1) the number of DEGs,
(2) the ratio of DEGs specific only for this DEG list to the
total number of DEGs in the list, and (3) the ratio between the
proportion of specific DEGs in the DEG list and the propor-
tion of the transcriptome DEGs in the joint DEG list from all
transcriptomes under study:

_%N
1 nl ’
where R; is the ratio between two proportions for the DEG
list i, §; is the proportion of DEGs specific for the DEG list 7,
n; is the number of DEGs in the DEG list i, N is the number
of DEGs in the joint DEG list for all transcriptomes under
study. The calculated indicators are graphically represented
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using mirrored histograms. Together with the metadata, they
provide a first approximation for the similarity of DEG profiles
and enable identification of potential outliers. For example,
a too small or a too large number of DEGs or a high R value
that do not correlate with specific experimental conditions or
biological properties of the sample may indicate the influence
of an unknown non-target factor or poor data quality.

Pairwise comparison of differential expression profiles
by DEG composition. If a smaller DEG list is nested within
a larger DEG list, and the deviation of the size of each DEG
list from the mean is insignificant or correlated with specific
experimental conditions or biological properties of the sample,
we consider the results of the two experiments to be consistent.
Therefore, to assess the similarity of any two DEG lists, we
calculated the similarity index 7 as follows:

c
"~ min{a,b}+c’

where ¢ is the number of DEGs shared between the DEG
lists, a is the number of DEGs present in the first and absent
in the second DEG list, b is the number of DEGs present in
the second and absent in the first DEG list. Thus, the simi-
larity index / reflects the proportion of shared DEGs in the
smaller DEG list. The similarity index can take values from
zero to one, with zero corresponding to the absence of shared
DEGs in two DEG lists, and one corresponding to full nest-
ing of one DEG list in the other. DEG list similarity matrices
are visualized as a heatmap, on the basis of which one can
not only infer the similarity of expression profiles by DEG
composition, but also identify individual groups of the most
similar experiments.

Clustering of differential expression profiles. The similari-
ty matrix described in the previous section compares the DEG
lists without considering fold changes in gene expression. To
identify groups of similar differential expression profiles, we
used hierarchical clustering based on a matrix of Euclidean
distances in the log,-transformed space of fold changes in
gene expression (log,FC), without considering statistical
significance of fold changes. To allow comparison of tran-
scriptional response profiles from different experiments, fold
changes were normalized to the range in each experiment and
standardized for each gene beforehand. Hierarchical clustering
was performed with the Bclast function from the shipunov
v.1.17.1 (https://CRAN.R-project.org/package=shipunov)
package, using the Ward.D2 method based on minimizing
the sum of squares of the Euclidean distances between each
object of the cluster and the cluster centroid.

Quantitative evaluation of homogeneity by DEG com-
position within a group of profiles. Let 4 be the set of genes
identified as DEGs in at least one of the m analyzed DEG
lists, and the number of these DEGs be |4| = N. The set 4
includes (1) DEGs, changes in the expression level of which in
a given sample of m DEG lists are determined predominantly
by the influence of a target factor, and (2) genes, changes in
the expression level of which are significantly affected by
non-target factors. Obviously, if we calculate the value of N;,
for a subsample of k£ DEG lists (k < m) and then, adding one
DEGQG list at a time to this subsample, calculate the values of
Ny, then the value of N;,; should not decrease as the i value
grows. In this case, the more heterogeneous the set of DEG
profiles (the more DEG lists formed under the influence of

InterTransViewer: a comparative description
of differential gene expression profiles from different experiments

Pseudo-sample m;
consisting of m DEG lists

No. 2
No. 2
No. 4 >
Initial dataset N
of m DEG lists
No. 1 Sampling
No. 2 of m elements .
No: 3 with replacement No.m-4
- > d;= Ny = Ny
Sampling
of k; elements No. 1
No.m  With replacement No. 1
No. 8
—> Ny
No.m-2

Pseudo-sample k;;
consisting of k; DEG lists

Fig. 1. The procedure for creating two pseudo-samples, each consisting
of m and k; (k; < m) DEG lists selected randomly with replacement, and
determining the difference d; between the number of DEGs in at least one
of the m and k; DEG lists (ij and Nk,-j, respectively).

The subscript j denotes the serial number of the pseudo-sample. The opera-
tion was repeated 5000 times (j € I, j = [1; 5000]), thus generating a distribu-
tion of d values, which allowed to assess the significance of the difference of
N values in the pseudo-samples. This procedure was repeated for each value
of kj(kj=m-1;ki,; =ki—1,wherei €N, i=[1;m-1]).

different non-target factors it contains), the stronger the growth
of the NV,.; value will be.

Using resampling, we created m — 1 sets of pseudo-samples
of DEG lists: in one set i (ieN, i = [1; m — 1]), each pseudo-
sample consisted of k; <m DEG lists (k; =m—1, k1, =k;— 1),
to estimate at what value of k; there would be a meaningful
decrease in N;; compared to N,,. To form a single pseudo-
sample, from the original set of DEG lists consisting of m
elements, we randomly selected k; DEG lists with replacement
(Fig. 1). For each pseudo-sample, we determined the number
of genes Ny; identified as DEGs in at least one of the k; DEG
lists (index j denotes the number of the pseudo-sample in the
same set). Simultaneously, we created a pseudo-sample of m
DEQG lists and calculated the corresponding value of N,;, then
calculated the difference d; = N,,;— Ny; (see Fig. 1). As aresult
of 5000 iterations (jeN, j = [1; 5000]), a variational series
of these differences was generated. The confidence interval
was determined using the percentile method (Rousselet et
al., 2021). If a significant difference between N,, and Ny, was
observed at some values of k;, the analyzed set of profiles was
considered heterogeneous. The distribution of d values was
visualized as a histogram.

Implementation of the Inter TransViewer program. The
InterTransViewer program is implemented as an R script
(v.4.1.2) and is available at (https://github.com/al-t1/Inter
TransViewer0/). InterTransViewer takes as input a table, in
which the first column contains one grouping variable (gene
identifiers, IDs) and each subsequent pair of columns contains
log,-transformed gene expression fold change values (logFC)
and the corresponding adjusted p values for each individual
experiment. If the user preprocessed the raw transcriptome
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data independently, such a table can be assembled using
InterTransViewer’s DEGweave function, which combines
the results generated by the limma topTable function (for
microarrays) and/or the DESeq2 results function (for RNA-
seqs). It is advisable to perform preprocessing of raw data as
uniformly as possible for each technology platform, and that
the design of each experiment should include at least two bio-
logical replicates in both control and treatment trials. During
the quality control step, it is recommended to pay particular
attention to the data variation among replicates: for example,
to employ the plotMDS function from the limma package for
microarrays (Ritchie et al., 2015); fastQC and fastp for raw
RNA-seq data (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/; Chen et al., 2018) and to utilize the plotPCA
function from the DESeq2 package for a count matrix (Love
et al., 2014). It is essential that all differential expression
profiles reflect the action of a single target factor. Technically,
a DEQG list is suitable for analysis with InterTransViewer if
it has at least one DEG at the selected significance level, but
it is recommended to have at least 10 DEGs in the DEG list.

The calculation of indicators for the comparative description
of DEG profiles and their visualization are implemented as
functions described in the InterTransViewer documentation.
For example, the number of DEGs, the fraction of experiment-
specific DEGs and the R; ratio for all experiments can be
obtained using the DEGsummary function and visualized as
bar charts using the TotalSpecPlot and RmetricPlot functions.
The GetSimMatrix function allows to obtain the similarity
matrix /. The DE bootstrap function allows resampling as
described above. Hierarchical clustering is performed using
the DE _clustering function. Finally, InterTransViewer gene-
rates a wide range of output data. For each transcriptome,
two tables are generated containing a DEG list and a list of
transcriptome-specific DEGs, both supplemented with the
corresponding logFC and p-adj values.

InterTransViewer also outputs the following: the total list
of genes that are DEGs in at least one experiment with the
number of experiments, in which the gene is a DEG; the sum-
mary table generated by the DEGsummary function, and the
corresponding histograms; the similarity matrix /, and the
corresponding heatmap; the dendrograms obtained by cluster-
ing; tables and diagrams with resampling results to assess the
homogeneity within groups of DEG lists.

Transcriptome datasets from publicly available sources.
We collected all publicly available transcriptomic data on the
treatment of 4. thaliana with phytohormones auxin, ethylene,
their precursors, or synthetic analogues. From those, we have
selected transcriptomes of whole seedlings or individual or-
gans of wild-type plants, in which hormone treatments were
complemented by control experiments (mock treatment or
no treatment). To allow subsequent comparative analysis, we
performed uniform preprocessing of the raw data. Microarray
data were downloaded from the GEO database (https:/www.
ncbi.nlm.nih.gov/geo/). RNA-seq data were extracted from
the NCBI Sequence Read Archive (SRA) (https://www.ncbi.
nlm.nih.gov/sra/). The genome sequence of 4. thaliana and its
annotation (TAIR 10) were downloaded from Ensembl Plants
(https://plants.ensembl.org/index.html, release 52).

All microarray experiments found were performed using
the ATH1 platform. Raw microarray data normalization and
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DEG calling were performed with the limma v.3.52.4 pack-
age (Ritchie et al., 2015). FastQC v.0.11.9 (http://www.bioin
formatics.babraham.ac.uk/projects/fastqc/) was used to assess
the quality of RNA-seq data. [llumina reads were trimmed and
quality filtered with fastp v.0.23.2 (Chen et al., 2018) using the
following parameters: -q 20 -u 30 -5 -3 -W 4 -M 20. The reads
were aligned to the A. thaliana genome with HISAT2 v.2.2.1
(Kim et al., 2019). SOLiD reads were aligned to the genome
using TopHat (Kim et al., 2013). To quantify the number of
uniquely mapped reads, we used the summarizeOverlaps
function from the GenomicAlignments R package v.1.30.0
(Lawrence et al., 2013) with A. thaliana genome annotation.
DEGs were called using the DESeq?2 package v.1.34.0 (Love
etal., 2014). For each dataset (both microarray and RNA-seq),
we applied the Benjamini-Hochberg multiple hypothesis
testing correction (Benjamini, Hochberg, 1995) to control the
false discovery rate (FDR) for DEG calling. To detect DEGs,
we used an FDR threshold of 0.05. As a result, we obtained
23 and 16 DEG lists for auxin and ethylene treatment, respec-
tively. Each list contained at least 300 DEGs (see the Table).

Results and discussion
In this work, we applied InterTransViewer to comparatively
characterize differential gene expression profiles in transcrip-
tional response to phytohormones in A. thaliana. We selected
23 auxin-induced transcriptomes from 16 different studies and
16 transcriptomes induced by ethylene or its precursor ACC
from 8 studies (see the Table and Materials and Methods).
Figure 2 schematically illustrates the metadata for each
transcriptome. It can be seen that despite the similarity of the
target factor, the experimental conditions are heterogeneous.
In particular, there were differences in the chemical nature of
the target factor, its concentration, the method and duration
of treatment, the growing conditions of the plants, their age
at the time of sample collection, the samples’ nature, and the
methods of expression profiling. Only two auxin-induced
DEG profiles (No. 9 and 10) from two studies and three
ethylene-induced DEG profiles (No. 1, 2, and 3) also from
two studies were obtained under similar conditions according
to the metadata. Thus, the aim of further comparative analysis
was to investigate the homogeneity of phytohormone-induced
transcriptomes depending on the conditions under which they
were obtained.

Auxin- and ethylene-induced DEG profiles

are variable in the number of DEGs

First, we characterized each DEG list using the DEGsummary
function. Auxin- and ethylene-induced DEG profiles appeared
to be heterogeneous in the number of DEGs: ranging from
410 to 11,966 in auxin-induced transcriptomes (median value
3205) and from 379 to 5253 in ethylene-induced ones (median
value 1428) (Fig. 3, a, b). The deviation of the DEG numbers
from the median value in most cases could be explained by
specific experimental conditions. Thus, low numbers of auxin-
sensitive DEGs were observed in the meristem and young
flowers after short-term auxin treatment (No. 1; 586 DEGs)
and in the root during long-term treatment (24 h) with low
IAA concentration (1 uM) (No. 21, 686 DEGs). The reason
for the low number of DEGs in the latter case is because the
peak of transcriptional activity changes in response to auxin

CNCTEMHAA N KOMIMbIOTEPHAA BUOJIOTUA / SYSTEMS AND COMPUTATIONAL BIOLOGY 1045


http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/sra/
https://www.ncbi.nlm.nih.gov/sra/
https://plants.ensembl.org/index.html
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

A.V.Tyapkin, V.V. Lavrekha, E.V. Ubogoeva
D.Yu. Oshchepkov, N.A. Omelyanchuk, E.V. Zemlyanskaya

Microarray and RNA-seq data used in this study

InterTransViewer: a comparative description
of differential gene expression profiles from different experiments

Treatment
(concentration, time)

Number
of replicates

Reference

1 UM IAA, 0.5 h; 1 UM 1AA,
1h;1uMIAA, 3 h

10 uM NAA, 2 h;
10 UM NAA, 6 h

10 UM NAA, 2 h;
10 UM NAA, 6 h

No. Accession  Type Tissue, developmental stage
number

1 ERP021928 P Meristem and young flowers
up to and including stage 10

2,4,9 GSE18975 M 7 DAG seedlings

3 SRP258689 P Roots of 3 DAG seedlings

5,15  GSE3350 M Roots without root apex
of 3 DAG seedlings, grown on MS
with 10 uM NPA

6 GSE35580 M Roots of 7 DAG seedlings

7,16 GSE42896 M Roots without root apex of 3 DAG
seedlings, grown on MS medium
with 10 uM NPA

8 GSE627 M 7 DAG seedlings

10 GSE58028 M 7 and 8 DAG seedlings

2015

1TUMIAA, 4 h; 1T uM IAA, 8 h;
1uUMIAA, 12 h; 1 UM IAA, 24 h

2017

23 mM 2,4-D, 72 h post
treatment (spraying)

2022

10 ppm ethylene gas, 4 h*
10 ppm ethylene gas, 12 h;
10 ppm ethylene gas, 24 h

20 GSE59741 M Cauline buds of 21-28 DAG seedlings
22 SRP074436 P Shoot apical meristem region
and axillary meristem region
of 14 DAG seedlings
23 GSE179303 M Leaves of similar sizes
and developmental stages
11,12 SRP118634 P 4 DAG seedlings
1,2, SRA063695 P 3 DAG etiolated seedlings
6,7
3 SRP069072 P 3 DAG etiolated seedlings
4,8 SRP076862 P Roots and shoots of 3 DAG etiolated
seedlings separately
5 SRP168223 P 3 DAG etiolated seedlings
9 GSE7432 M Roots of 3 DAG etiolated seedlings

13,14, GSE84446 M
15,16

1 UM ACC, 4 h; T uM ACC, 8 h;
1 UM ACC, 12 h; 1 uM ACC, 24 h

* In experiments No. 1 and 2, ethylene treatment was carried out under the same conditions.
The number of biological replicates available for each sample and used for DEG detection is indicated in the sixth column. For DEG calling, untreated control
samples collected at the initial time point were used in auxin treatments No. 2,4, 5,7,9, 16, 17,22, 23, and in ethylene treatments No. 1, 2, 6, 7; otherwise, separate
mock treated control samples were employed. R - RNA sequencing; M - microarray experiment; 2,4-D - 2,4-dichlorophenoxyacetic acid; NPA - naphthylphthalamic
acid; IAA - indole-3-acetic acid; NAA - 1-naphthaleneacetic acid; IBA — indole 3-butyric acid; DAG - days after germination.
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Fig. 2. Schematic representation of the experimental conditions, under which transcriptomes selected for compara-

tive analysis were obtained.

The asterisk indicates the root segment between the root apical meristem and the root-hypocotyl junction. Ethylene was
applied either as a gas (concentration in parts per million) or as its precursor ACC (uM). Auxin was applied as IAA, otherwise
indicated. Treatment duration is indicated in hours. Numbers in bold denote the serial numbers of the experiments from
Table. C - hormone concentration; black circles - etiolated seedlings; yellow circles - light-grown seedlings; & - spraying;
$— post-treatment; ? — concentration of gaseous ethylene is not given in the primary source.

is observed at 2—8 h of treatment (Lewis et al., 2013). Treat-
ment prolongation up to 12-24 h returns the transcriptional
activity of most genes to the level observed in the control (no
auxin treatment) samples, and the number of DEGs becomes
close to the one detected in short-term (1 h) auxin treatments.
A high number of DEGs (No. 22, 11,966 DEGs) was typical
for prolonged treatment (55 h) of shoot apices and axillary
meristems with 5 uM 2,4-D to induce callus initiation, which
is accompanied by significant reprogramming of genome
transcriptional activity (Xu et al., 2012). A fairly large num-
ber of DEGs was also found in shorter (4—6 h) treatments of
seedlings with 5-10 uM IAA, which corresponds to the peak
of transcriptional activity changes in response to auxin (Lewis
etal., 2013). Notably, a large number of DEGs was observed
in transcriptomes of whole roots or roots without root tips,
both possessing a wide variety of tissues (No. 11, 15, and 16;
9461, 7692, and 11,905 DEGs, respectively). In the root tip
(No. 17), on the contrary, the number of DEGs decreased to
4214, which can be explained by biological homogeneity of
the sample (columella, stem cell niche and first progenitors
of the initials).

Worth noting is the high value of the R ratio for the DEG
profile of meristem and young flowers (No. 1), indicating
that this auxin-induced transcriptome has a specific DEG
composition compared to all others presented in the study. The

reason for a significant deviation of the DEG number from the
median in profile No. 10 (410 DEG) could be stress induced
by a dramatic change in the seedling cultivation conditions,
when the seedlings grown on agarized medium for 6-7 days
were placed for a day in liquid medium with constant shaking
before auxin treatment. In this case, auxin-sensitive genes
associated with the stress response changed their expression
both in the experimental and in the control groups. As a result,
only genes unrelated to stress manifested as auxin-sensitive
DEGs. At the same time, considering the slightly increased
value of the R ratio for the DEG list No. 10 compared to the
median, we can assume that the quality of these data is not
high enough.

A low number of ethylene-sensitive DEGs was observed
in roots of light-grown seedlings after a short-term (4 h)
treatment with the ethylene precursor, ACC, at a low (1 M)
concentration (No. 13, 522 DEGs), which may be due to the
insufficient treatment duration to implement a full response
to ethylene. Treatment prolongation up to 8, 12, and 24 hours
(No. 14, 15, 16) increased the number of DEGs approximately
twofold in all cases (Harkey et al., 2018).

Thus, a complete response to ethylene and the number of
DEGs close to the median value were observed for 8-hour
and longer treatments. The low number of DEGs in the DEG
list No. 9 (379 DEGs) can be linked to technical features of
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Fig. 3. Comparative description of the transcriptional response to auxin and ethylene under different conditions in A. thaliana.

a, b - number of DEGs and proportion of specific (unique) DEGs in the auxin (a) and ethylene (b) datasets, and R metric for each data set; ¢, d - pairwise compari-
son of auxin experiments (c) and ethylene experiments (d). The similarity index I reflecting the proportion of common DEGs in the smaller list is described in the
Materials and Methods section. Experiment serial numbers correspond to those in Table.

the experiments, given the low number of DEGs in the auxin-
induced profile No. 13 (657 DEGs) from the same study (Ste-
panova et al., 2007). Nevertheless, there is no reason to con-
clude that the quality of these data is low, since the observed
deviations are not accompanied by a significant increase in the
R ratio value. It is noteworthy that DEG numbers close to the
median values were obtained in the experiments implemented
with SOLiD RNA sequencing (No. 1, 2, 6, and 7) regardless
of the treatment duration (Chang et al., 2013), as well as with
[llumina sequencing of shoots (No. 4) and plants of the Ler
(Landsberg erecta) ecotype (No. 5), but not Columbia, as in
all other cases. In contrast, [llumina sequencing of etiolated
shoots and roots yielded the numbers of DEGs greatly exceed-
ing the median value (No. 3, 8, and 10; 5253, 3715, and 4067
DEGs, respectively).

Differential gene expression profiles

in response to phytohormones in the samples

from different plant parts differ in DEG composition

Next, we investigated the similarity of the DEG lists by DEG
composition in more detail. Pairwise comparisons using
GetSimMatrix confirmed the specific nature of the transcrip-
tional response to auxin in the shoot meristem and young
flowers (profile No. 1) compared to all other organs (see
Fig. 3, ¢). Not surprisingly, a relatively high value of the
similarity index for this DEG list (/ = 0.47) was observed
only with the one of shoot and axillary meristems (No. 22).
Next, two groups of similar DEG lists represented the auxin
response in whole seedlings and in the roots. The difference

between seedling and root DEG profiles was also confirmed
with DE_clustering, and it is intuitively clear, since the shoot
is represented in the seedling along with the root (Fig. 4).
Notably, with the detected intragroup similarity, there was
still obvious variability among transcriptomes within each
group (see Fig. 2, ¢). Finally, the DEG lists with more DEGs
(No. 11, 15, 16, 22) showed a fairly high similarity index when
compared in pairs with all others (see Fig. 3, ¢).

The qualitative similarity of large DEG lists with each
other as well as with smaller DEG lists suggests their valid-
ity. Transcriptomic responses cauline leaf buds (No. 20) and
leaves (No. 23) showed moderate similarity (/ > 0.42) only
to the large DEG lists. It can be hypothesized that treatment
with high auxin concentrations (No. 11, 15, 16, 22) alters the
expression of different groups of genes, each responding to low
auxin concentrations only under certain conditions. In addi-
tion, the large number of DEGs in the late response may be due
to a wide representation of secondary auxin response genes.

Pairwise comparisons of ethylene-induced transcriptomes
revealed a discrete group (No. 13—-16) from the study by
A F. Harkey et al. (2018) (see Fig. 2, d). They described gene
expression changes in roots after treatment of seedlings grown
under continuous light conditions with the ethylene precur-
sor ACC. ACC is also thought to have ethylene-independent
biological activity (Vanderstraeten et al., 2019), and light has
a significant effect on shaping the transcriptional response to
ethylene in A. thaliana (Shi et al., 2016a, b; Luo, Shi, 2019).
We hypothesized that the chemical nature of the active com-
pound and the light conditions during seedling growth could
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Fig. 4. Hierarchical clustering of auxin- (a) and ethylene-induced (b) transcriptomes using the Ward.D2 method.

act as significant non-target factors in this case. However, DEG
lists No. 13—16 showed only moderate similarity to the ones
from roots of ethylene-treated seedlings grown under long day
(16 h) conditions (No. 10) (/ = 0.59, 0.54, 0.52, and 0.49),
and were quite different from ACC-induced transcriptomes of
whole seedlings grown under 12 h day/12 h night conditions
(No. 11 and 12) (0.22 <1< 0.42) (see Fig. 3, d). Thus, we
cannot exclude that the isolation of profiles No. 13—16 may
be due to a batch effect. The remaining profiles fell into two
groups of similar DEG lists.

The first one included the transcriptional response to ethy-
lene in the roots of seedlings regardless of light conditions,
as well as in whole seedlings grown in the presence of light.
The second group integrated the response to ethylene in
etiolated seedlings or shoots. Thus, we confirmed the known
fact that light plays an essential role in shaping the ethylene
response (Shi et al., 2016a, b; Luo, Shi, 2019), but additio-
nally we showed that this effect is observed in shoots but
not in roots. Notably, hierarchical clustering using log,FC
values showed that the time series for ethylene treatment of
etiolated seedlings from (Chang et al., 2013) stands out as a
separate group (see Fig. 4), which also raises the question of
a possible batch effect.

The set of seven ethylene-induced transcriptomes

is homogeneous in terms of DEG composition

The number of genes identified as DEGs in a set of transcrip-
tomes (i.e. detected as DEG at least in one of the transcrip-
tomes) essentially depends on the homogeneity of this set. In
our case, 20,552 and 10,988 genes were identified as DEGs in
at least one auxin- and ethylene/ACC-induced transcriptome,
respectively. Given the size of the 4. thaliana genome, which
contains just over 30,000 genes, this is an unexpectedly large
number of DEGs, which is markedly higher than the number
of DEGs in individual experiments, and is likely explained by
the dependence of transcriptome induction on experimental

conditions. Quantification of the homogeneity of the DEG
list sets by resampling (using the DE bootstrap function)
expectedly showed their heterogeneity in DEG compositions
(Fig. 5, a, b).

At the same time, based on the results of pairwise compari-
son of DEG lists described in the previous section (see Fig. 3,
¢, d), we can suggest the potential homogeneity of auxin-
induced DEG profiles in the root (No. 5-7, 12-14, 18-21)
and ethylene-induced DEG profiles in etiolated seedlings/
shoots (No. 1-3, 5-8). To test this hypothesis, we analyzed
the corresponding sets of DEG lists using the DE_bootstrap
function. While the set of auxin-induced root transcriptomes
still showed heterogeneity (different durations of treatment
probably caused differences in DEG composition), no sig-
nificant differences in the number of ethylene-induced DEGs
in etiolated seedlings were found. Thus, the set of ethylene-
induced transcriptomes in etiolated seedlings/shoots (No. 1-3,
5-8), due to their homogeneity, can be reasonably used for
meta-analysis (e. g., to better identify weak patterns).

Conclusion

Meta-analysis of transcriptomic data provides great opportuni-
ties for increasing the power of statistical analysis, if the data
are homogeneous. However, reasonable selection of experi-
ments for meta-analysis is often hampered by the lack of stan-
dards in this field and the absence of convenient software tools
for comparative description of DEG lists, in particular, for the
construction of user-friendly visualizations. In this work, we
proposed a set of quantitative indicators for comparative de-
scription of DEG lists (# —number of DEGs; 6 — proportion of
DEGs specific for a given transcriptome; R — ratio describing
the specificity of the transcriptional response; / — similarity
index for a pair of transcriptomes based on DEG composition;
assessment of the homogeneity of DEG lists) and implemented
their calculation and visualization as the InterTransViewer
program. We demonstrated that an integrated analysis of the
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Fig. 5. Assessment of homogeneity of auxin- (g, b) and ethylene-induced (c, d) transcriptomes by resampling.

The bars represent the 95 % confidence interval of values d = N, - Ny, where N, is the number of genes that are DEGs in at least one of
the DEG lists in the pseudo-sample of size m; N is the number of genes that are DEGs in at least one of the DEG lists in the pseudo-sample
of size k, m > k. A detailed description of the procedure is presented in the Materials and Methods. a - results for m = 23 (all auxin-induced
transcriptomes); b - results for m = 9 (auxin-induced transcriptomes No. 5-7, 12-14, 18, 19, 21); ¢ - results for m = 16 (all ethylene-induced
transcriptomes); d - results for m = 7 (auxin-induced transcriptomes No. 1-3, 5-8). The bold red line indicates the value of d = 0.

characteristics of individual DEG lists (7, 8, R) in the context
of the results of pairwise comparisons of transcriptomes by
DEG composition (both using the similarity index / and by
clustering based on the fold changes in expression levels) al-
lowed us to range the experiments in the context of each other,
to assess the tendency for their integration or segregation, and
to generate hypotheses about the influence of significant non-
target factors on the transcriptional response. As a result, this
made it possible to identify potentially homogeneous groups
of DEG lists.

Subsequent analysis of the homogeneity of these groups
using a resampling procedure and the establishment of a sig-
nificance threshold allowed us to decide whether these data
should be used for meta-analysis. Thus, InterTransViewer
allows for efficient sampling of the induced transcriptomes
depending on the meta-analysis aim and methods.
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